
ABSTRACT 

HAROGLU, DERYA. Polymer Optical Fiber Sensor and the Prediction of Sensor Response 
Utilizing Artificial Neural Networks. (Under the direction of Nancy Powell and Abdel-Fattah 
M. Seyam). 

The global market researches showed that there is a growing trend in the field of polymer 

optical fiber (POF) and POF sensors. Telecommunications, medicine, defense, aerospace, 

and automotive are the application areas of fiber optic sensors, where the automotive industry 

is the most promising application area for innovations in the field of POF sensors. The POF 

sensors in automobiles are particularly for detection of seat occupancy, and intelligent 

pedestrian protection systems.  

This dissertation investigates graded index perfluorinated polymer optical fiber as an 

intensity modulated intrinsic sensor for application in automotive seat occupancy sensing. 

Since a fiber optic sensor has a high bandwidth, is small in size, is lightweight, and is 

immune to electromagnetic interference (EMI) it offers higher performance than that of its 

electrical based counterparts such as strain gauge, elastomeric bladder, and resistive sensor 

systems. This makes the fiber optic sensor a potential suitable material for seat occupancy 

sensing. 

A textile-based fiber optic sensor was designed to be located in the area beneath the typical 

seated human’s thighs. The pressure interval under which the proposed POF sensor design 

could perform well was found to be between 0.18 and 0.21 N/cm2, where perfluorinated (PF) 

graded index (GI) POF (62.5/750 µm) was used as the POF material. In addition, the effect 

of the automotive seat covering including face material (fabric) and foam backing to the 

sensor’s performance was analyzed. The face fabric structure and the thickness of foam 

backing were not found to be significant factors to change the sensor results.  

A research study, survey, was conducted of which purpose was to better understand market 

demands in terms of sensor performance characteristics for automotive seat weight sensors, 

as a part of the Quality Function Deployment (QFD) House of Quality analysis. The 

companies joined the survey agreed on the first 5 most important sensor characteristics: 

reproducibility, accuracy, selectivity, aging, and resolution. 



Artificial neural network (ANN), a mathematical model formed by mimicking the human 

nervous system, was used to predict the sensor response. Qwiknet (version 2.23) software 

was used to develop ANNs and according to the results of Qwiknet the prediction 

performances for training and testing data sets were 75%, and 83.33% respectively. 

In this dissertation, Chapter 1 describes the worldwide plastic optical fiber (POF) and fiber 

optic sensor markets, and the existing textile structures used in fiber optic sensing design 

particularly for the applications of biomedical and structural health monitoring (SHM). 

Chapter 2 provides a literature review in detail on polymer optical fibers, fiber optic sensors, 

and occupancy sensing in the passenger seats of automobiles. Chapter 3 includes the research 

objectives. Chapter 4 presents the response of POF to tensile loading, bending, and cyclic 

tensile loading with discussion parts. Chapter 5 includes an e-mail based survey to prioritize 

customer needs in a Quality Function Deployment (QFD) format utilizing Analytic 

Hierarchy Process (AHP) and survey results. Chapter 6 describes the POF sensor design and 

the behavior of it under pressure. Chapter 7 provides a data analysis based on the 

experimental results of Chapter 6. Chapter 8 presents the summary of this study and 

recommendations for future work 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



 

 

 

 

 

 

 

 

 

 

 

© Copyright 2014 by Derya Haroglu 

All Rights Reserved



Polymer Optical Fiber Sensor and the Prediction of Sensor Response Utilizing Artificial 
Neural Networks 

 

 

by 
Derya Haroglu 

 

 

A dissertation submitted to the Graduate Faculty of 
North Carolina State University 

in partial fulfillment of the  
requirements for the degree of 

Doctor of Philosophy 
 

Textile Technology Management 

 

 

Raleigh, North Carolina 

2014 

 

APPROVED BY: 

 

 

_______________________________  ______________________________ 
Nancy Powell      Abdel-Fattah M. Seyam 
Committee Co-chair     Committee Co-chair 
 
 
 
 
________________________________  ________________________________ 
Kara J. Peters      William Oxenham 



 

ii 

DEDICATION 

Dedicated to my family including my parents, Abdulvahap and Vecihe Haroglu as well as 

my brother Hasan and sister Gulin. My academic career at NCSU would not have been 

completed without their support mentally and emotionally. 

 



 

iii 

BIOGRAPHY 

Derya Haroglu was born in Elazig, Turkiye on March 31, 1979 to Abdulvahap and Vecihe 

Haroglu. She is two years younger than her brother, Hasan, and five years older than her 

sister, Gulin. Derya attended Ege University and graduated with her Bachelor of Science 

degree from the Department of Textile Engineering in July of 2002. After that she started to 

work as a textile engineer in the company of ISKO, a Sanko group company in Turkiye, until 

March of 2005. Then, she worked as a textile engineer in the company of Kipas Denim, a 

Kipas group company in Turkiye, for three and a half years. During the working period, 

Derya received her Executive MBA degree from the Department of Graduate School of 

Social Sciences, Istanbul Technical University, in July of 2007. In August of 2010 she joined 

North Carolina State University to pursue her Ph.D. in ‘Textile Technology Management’. 



 

iv 

ACKNOWLEDGMENTS 

First, I would like to thank my supervisor Prof. Nancy Powell for her mentoring and giving 

me the opportunity to pursue my Ph.D. at NCSU, and Prof. Abdel-Fattah M. Seyam for his 

guidance and support as my co-advisor. I would like to extend my gratitude to my committee 

members, Dr. Kara J. Peters for her valuable discussions and suggestions, and Dr. William 

Oxenham for his assistance with my graduate studies. 

I would like to express my sincere gratitude to Mr. Can (John) Kobaner, Arden Companies, 

for letting me use their SCHAP PC based IFD Tester, to Mr. Chris Heard, Sage Automotive 

Interiors, for providing the automotive fabrics, to Mr. Roberto Rodriguez, Olympic Products 

LLC, for providing the foam materials, to Dr. Bruno Huttner for his valuable assistance with 

OTDR analysis, to Dr. Tushar K. Ghosh for letting me use his MTS testing machine, to Mr. 

Henri Parker and Mr. Evan A. Archer, Guilford North America, for their informational 

assistance, to Mr. Tri Vu, NCSU College of Textiles (COT), for his great contribution as a 

lab technician, to Teresa White for her assistance with MTS Q-Test/5 Universal Testing 

Machine in the Dame S. Hamby Physical Testing Lab in the COT, and to Ms. Traci Figura, 

NCSU College of Textiles, for her kind collaboration to handle the administrative issues.  

I appreciate the funding from NCSU Graduate School Graduate Student Support Plan as I 

was supported as research assistantship for three and a half years. 

Next, I would like to thank my friends Aylin Karahan Toprakci, Xiaomeng Fang, Lingchen 

Li, Seyma Ozcan, Nilufer Varan, Rita Brugarolas, and other friends at NCSU for their 

support, friendship, and motivation. 



 

v 

TABLE OF CONTENTS 

LIST OF TABLES ................................................................................................................. viii 

LIST OF FIGURES ................................................................................................................. xi 

LIST OF ABBREVIATIONS ............................................................................................... xvii 

LIST OF SYMBOLS ............................................................................................................. xix 

CHAPTER 1. INTRODUCTION ....................................................................................... 1 

REFERENCES ................................................................................................................... 4 

CHAPTER 2. LITERATURE REVIEW ............................................................................ 5 

2.1 Polymer Optical Fiber (POF) .................................................................................. 5 

2.1.1 Introduction .............................................................................................. 5 

2.1.2 Polymer Optical Fiber (POF) versus Glass Optical Fiber (GOF) ............ 7 

2.1.3 Optical Fiber as a Light Waveguide ........................................................ 8 

2.1.4 Dispersion .............................................................................................. 10 

2.1.4.1 Mode dispersion ...................................................................... 10 

2.1.4.2 Chromatic dispersion .............................................................. 11 

2.1.4.3 Polarization-mode dispersion .................................................. 12 

2.1.5 Modes ..................................................................................................... 13 

2.1.5.1 Single-mode step index fiber .................................................. 14 

2.1.5.2 Multi-mode step index fiber .................................................... 15 

2.1.5.3 Multimode graded index fiber ................................................ 15 

2.1.6 Materials Used in POF ........................................................................... 15 

2.1.7 Attenuation ............................................................................................. 21 

2.1.7.1 Intrinsic Losses of POF ........................................................... 24 

2.1.7.2 Extrinsic Losses of POF .......................................................... 30 

2.1.8 Attenuation measurement methods ........................................................ 32 

2.1.8.1 Cutback method ...................................................................... 32 

2.1.8.2 Optical time domain reflectometer (OTDR) ........................... 32 

2.2. Fiber Optic Sensors .............................................................................................. 41 



 

vi 

2.2.1 Introduction ............................................................................................ 41 

2.2.2 Classification of fiber optic sensors (FOSs) .......................................... 42 

2.2.2.1 Intensity modulated fiber optic sensors .................................. 44 

2.2.2.2 Wavelength modulated fiber optic sensors ............................. 46 

2.2.2.3 Phase modulated fiber optic sensors ....................................... 48 

2.2.2.4 Polarization modulated fiber optic sensors ............................. 50 

2.3 Occupancy sensing in the passenger seats of automobiles ................................... 52 

2.3.1 Introduction ............................................................................................ 52 

2.3.2 Automotive seat assembly ..................................................................... 54 

2.3.3 Seat weight sensor technology ............................................................... 57 

REFERENCES ................................................................................................................. 62 

CHAPTER 3. OBJECTIVES  ........................................................................................... 80 

CHAPTER 4. MECHANICAL RESPONSE OF POLYMER OPTICAL FIBER  .......... 82 

4.1 The Response of Polymer Optical Fiber (POF) to Bending ................................. 82 

4.1.1 Introduction ............................................................................................ 82 

4.1.2 Experimental Methods and Data ............................................................ 84 

4.1.3 Discussion .............................................................................................. 91 

4.2 The Response of Polymer Optical Fiber (POF) to Axial Tension ........................ 93 

4.2.1 Introduction ............................................................................................ 93 

4.2.2 Yield Point ............................................................................................. 95 

 4.2.2.1 Experimental Methods and Data ............................................. 97 

4.2.2.2 Discussion ............................................................................. 103 

4.2.3 Photoelastic Effect ............................................................................... 104 

 4.2.3.1 Experimental Methods and Data ........................................... 108 

4.2.3.2 Discussion ............................................................................. 125 

4.3 The Response of Polymer Optical Fiber (POF) to Cyclic Tensile Loading ....... 127 

4.3.1 Introduction .......................................................................................... 127 

4.3.2 Experimental Methods and Data .......................................................... 127 

4.3.3 Discussion ............................................................................................ 138 



 

vii 

REFERENCES ............................................................................................................... 140 

CHAPTER 5. AN E-MAIL BASED SURVEY TO PRIORITIZE CUSTOMER NEEDS 

IN QUALITY FUNCTION DEPLOYMENT (QFD) UTILIZING ANALYTIC 

HIERARCHY PROCESS (AHP) ................................................................................... 145 

5.1 Introduction ......................................................................................................... 145 

5.2 Survey ................................................................................................................. 149 

5.2.1 Survey Results ..................................................................................... 149 

5.3 Discussion ........................................................................................................... 162 

REFERENCES ............................................................................................................... 164 

CHAPTER 6. POLYMER OPTICAL FIBER (POF) SENSOR DESIGN ..................... 167 

6.1 Introduction ......................................................................................................... 167 

6.2 Experimental Methods and Data ......................................................................... 171 

6.2.1 Sensor Design 1 ................................................................................... 183 

6.2.2 Sensor Design 2 ................................................................................... 192 

6.2.3 Discussion ............................................................................................ 213 

6.3 Mechanical Conditioning .................................................................................... 215 

6.3.1 Experimental Methods and Data .......................................................... 216 

6.3.2 Discussion ............................................................................................ 221 

REFERENCES ............................................................................................................... 223 

CHAPTER 7. DATA ANALYSIS ................................................................................. 226 

7.1 Introduction ......................................................................................................... 226 

7.2 ANN Development ............................................................................................. 227 

7.3 Discussion ........................................................................................................... 230 

REFERENCES ............................................................................................................... 233 

CHAPTER 8. CONCLUSION AND FUTURE RECOMMENDATIONS .................... 237 

REFERENCES ............................................................................................................... 239 

APPENDIX A ....................................................................................................................... 241 

APPENDIX B ....................................................................................................................... 243 

APPENDIX C ....................................................................................................................... 245 



 

viii 

LIST OF TABLES 

Table 2.1. The material properties of PMMA and silica .......................................................... 7	  

Table 2.2. Properties of PMMA, PS, and PC .......................................................................... 16	  

Table 2.3. Early history of loss reduction for SI POFs ........................................................... 19	  

Table 2.4. The material properties of Cytop and PMMA ....................................................... 21	  

Table 2.5. The attenuation by intrinsic and extrinsic losses ................................................... 23	  

Table 2.6. Loss factors and loss limits (dB/km) of PMMA core POF .................................... 23	  

Table 2.7. The wavelengths yielded experimentally for the fundamental vibrations of the 

bonds C-X ....................................................................................................................... 26	  

Table 4.1. The characteristics of the GI-PF-POFs .................................................................. 84	  

Table 4.2. The optical specifications and the setting parameters of the OTDR ..................... 86	  

Table 4.3. The value of interval (mm) and bend-induced loss (dB) ....................................... 87	  

Table 4.4. The values of interval (mm) and bend-induced loss (dB) ..................................... 90	  

Table 4.5. The yield stress values of the Cytop-1 – batch-2 at a strain rate of 4 mm / min ... 99	  

Table 4.6. The yield stress values of the Cytop-1 – batch-2 at strain rate of 60 mm / min .. 100	  

Table 4.7. The yield stress values of the Cytop-2 at a strain rate of 4 mm / min ................. 102	  

Table 4.8. The yield stress values of the Cytop-2 at strain rate of 60 mm / min .................. 103	  

Table 4.9. The yield stress and yield strain values of the Cytop-1 – batch-2 and Cytop-2 .. 104	  

Table 4.10. The elastic sensitive strain regions of the POFs ................................................ 126	  

Table 4.11. The responses of the POFs to the cyclic tensile loading at a strain rate of 4 mm / 

min ................................................................................................................................ 139	  

Table 5.1. Average Random Consistency Index (R.I.) ......................................................... 147	  

Table 5.2. Categories of occupant types specified by the companies ................................... 149	  

Table 5.3. The results of the ‘Professional Background’ (Appendix C) .............................. 150	  

Table 5.4. The original comparison chart (matrix) completed by Company 1 ..................... 152	  

Table 5.5. The normalized matrix of Company 1 ................................................................. 153	  

Table 5.6. The ranking of the values of final vector of Company 1 from highest to lowest 154	  

Table 5.7. The original comparison chart (matrix) completed by Company 2 ..................... 155	  



 

ix 

Table 5.8. The ranking of the values of final vector of Company 2 from highest to lowest 156	  

Table 5.9. The original comparison chart (matrix) completed by Company 3 ..................... 157	  

Table 5.10. The ranking of the values of final vector of Company 3 from highest to lowest

 ....................................................................................................................................... 158	  

Table 5.11. The original comparison chart (matrix) completed by Company 4 ................... 159	  

Table 5.12. The ranking of the values of final vector of Company 4 from highest to lowest

 ....................................................................................................................................... 160	  

Table 5.13. The original comparison chart (matrix) completed by Company 5 ................... 161	  

Table 5.14. The ranking of the values of final vector of Company 5 from highest to lowest

 ....................................................................................................................................... 162	  

Table 5.15. Consistency ratios of the companies .................................................................. 162	  

Table 6.1. The properties of the face and the foam materials ............................................... 172	  

Table 6.2. The dimensions of the samples ............................................................................ 184	  

Table 6.3. The thickness values of the combinations of sensing mechanism (POF + woven 

fabric) + 4 mm foam + Fabrics 1, 2, 3, 4, 5, and 6 ....................................................... 189	  

Table 6.4. Values of the mean and the standard deviation of T0, T1, and hysteresis loss ratio 

in Table 6.3 ................................................................................................................... 190	  

Table 6.5. The thickness values of the combinations of sensing mechanism (POF + woven 

fabric) + 2 mm foam + Fabrics 1, 2, 3, 4, 5, and 6 ....................................................... 191	  

Table 6.6. Values of the mean and the standard deviation of T0, T1, and hysteresis loss ratio 

in Table 6.5 ................................................................................................................... 192	  

Table 6.7. The stress-induced loss (dB) versus the compression force of sensing mechanism 

+ 2 mm foam ................................................................................................................. 201	  

Table 6.8. The stress-induced loss (dB) versus the compression force of sensing mechanism 

+ 2 mm foam ................................................................................................................. 202	  

Table 6.9. The stress-induced loss (dB) versus the compression force of sensing mechanism 

+ 4 mm foam ................................................................................................................. 203	  

Table 6.10. The stress-induced loss (dB) versus the compression force of sensing mechanism 

+ 2 mm foam ................................................................................................................. 206	  



 

x 

Table 6.11. The stress-induced loss (dB) measured with the OTDR at 11.5 N of the system of 

the sensing mechanism (POF + woven fabric) + 2 mm foam + Fabric 1 to 6, and of the 

system of the sensing mechanism (POF + woven fabric) + 4 mm foam + Fabric 1 to 6

 ....................................................................................................................................... 207	  

Table 6.12. Values of the mean and the standard deviation of the stress-induced losses in 

Table 6.11 ..................................................................................................................... 208	  

Table 6.13. The thickness values of the combinations of sensing mechanism (POF + woven 

fabric) + 2 mm foam + Fabrics 1, 2, 3, 4, 5, and 6 for the steps of 2, 4, and 6 ............. 209	  

Table 6.14. Values of the mean and the standard deviation of T0, T1, and hysteresis loss ratio 

in Table 6.13 ................................................................................................................. 209	  

Table 6.15. The thickness values of the combinations of sensing mechanism (POF + woven 

fabric) + 4 mm foam + Fabrics 1, 2, 3, 4, 5, and 6 for the steps of 2, 4, and 6 ............. 210	  

Table 6.16. Values of the mean and the standard deviation of T0, T1, and hysteresis loss ratio 

in Table 6.15 ................................................................................................................. 211	  

Table 7.1. Training data set ................................................................................................... 228	  

Table 7.2. Testing data set .................................................................................................... 229	  

Table 7.3. Properties of the ANN ......................................................................................... 229	  

 

 

 

 

 

 

 

 

 

 

 

 



 

xi 

LIST OF FIGURES 

Figure 2.1. History of POF ....................................................................................................... 5	  

Figure 2.2. Cross-section of a polymer optical fiber ................................................................ 8 

Figure 2.3. Total internal reflection .......................................................................................... 9	  

Figure 2.4. Pulse broadening in an optical fiber ..................................................................... 10	  

Figure 2.5. Rays with different path lengths ........................................................................... 11	  

Figure 2.6. Modes  .................................................................................................................. 14	  

Figure 2.7. Molecular structure of PMMA ............................................................................. 16	  

Figure 2.8. Molecule structure of PS ...................................................................................... 18	  

Figure 2.9. Molecule structure of PC  ..................................................................................... 19	  

Figure 2.10. Energy levels for electrons according to MO theory .......................................... 28	  

Figure 2.11. Rayleigh scattering ............................................................................................. 29	  

Figure 2.12. Cut-back method ................................................................................................ 32	  

Figure 2.13. The dynamic range of an OTDR ........................................................................ 36 

Figure 2.14. Sensor classification according to the sensing mechanism ................................ 41	  

Figure 2.15. a) Extrinsic fiber optic sensor b) Intrinsic fiber optic sensor ............................. 43 

Figure 2.16. Classification of fiber optic sensors ................................................................... 44	  

Figure 2.17. Microbending sensor .......................................................................................... 45	  

Figure 2.18. Evanescence wave coupling sensor .................................................................... 46	  

Figure 2.19. Principle of FBG ................................................................................................. 47	  

Figure 2.20. a) Mach-Zehnder interferometer b) Michelson interferometer .......................... 49	  

Figure 2.21. a) Thin film based Intrinsic Fabry-Pérot sensor b) Capillary tube based Extrinsic 

Fabry-Pérot sensor  ......................................................................................................... 50	  

Figure 2.22. Seat structural frame ........................................................................................... 54 

Figure 2.23. Seat covering ...................................................................................................... 55 

Figure 4.1. Bend loss in a multimode GI POF ........................................................................ 82 

Figure 4.2. a) Experimental set up for bending test  b) Half loop adjustment ........................ 85	  

Figure 4.3. End-to-end distance .............................................................................................. 88	  



 

xii 

Figure 4.4. The OTDR traces of the POFs at the intervals of 6.35 mm (green trace) and 12.7 

mm (red trace) ................................................................................................................. 89	  

Figure 4.5. The OTDR traces of the POFs at the intervals of 19.05 mm (red trace) and 25.4 

mm (green trace) ............................................................................................................. 90	  

Figure 4.6. The OTDR traces of the POFs at the intervals of 31.75 mm (red trace) and 38.10 

mm (green trace) ............................................................................................................. 91	  

Figure 4.7. Stress-strain curve of a GI POF ............................................................................ 95	  

Figure 4.8. Considère’s construction ...................................................................................... 96 

Figure 4.9. The stress (MPa) vs. strain (%) curves of the Cytop-1 - batch-2 at a strain rate of 

4 mm / min ...................................................................................................................... 98	  

Figure 4.10. The stress (MPa) vs. strain (%) curves of the Cytop-1 at strain rate of 60 mm / 

min .................................................................................................................................. 98 

Figure 4.11. The stress (MPa) vs. strain (%) curves of the Cytop-2 at a strain rate of 4 mm / 

min ................................................................................................................................ 101	  

Figure 4.12. The stress (MPa) vs. strain (%) curves of the Cytop-2 at a strain rate of 60 mm / 

min ................................................................................................................................ 101 

Figure 4.13. Graphical representation of a unit cube, a volume element, corresponding to 

each strain component ................................................................................................... 105	  

Figure 4.14. The coordinate system for an optical fiber ....................................................... 106	  

Figure 4.15. The dimensions of the object ............................................................................ 109	  

Figure 4.16. The load (N) - strain (%) curve of a POF sample with 3D media at a strain rate 

of 60 mm / min .............................................................................................................. 110	  

Figure 4.17. The stress-induced loss (dB) versus strain (%) at strain rate of 4 mm / min .... 111	  

Figure 4.18. The stress-induced loss (dB) at 3.6% strain (red trace) and after 3.6% strain 

(green trace) .................................................................................................................. 112	  

Figure 4.19. The stress-induced loss (dB) versus strain (%) at strain rate of 4 mm / min .... 113	  

Figure 4.20. The stress-induced loss (dB) versus strain (%) at strain rate of 60 mm / min .. 114	  

Figure 4.21. The stress-induced loss (dB) at 4% strain (red trace) and after 4% strain (green 

trace) ............................................................................................................................. 114 



 

xiii 

Figure 4.22. The stress-induced loss (dB) versus strain (%) at strain rate of 4 mm / min .... 115	  

Figure 4.23. The stress-induced loss (dB) at 2.7% strain (red trace) and after 2.7% strain 

(green trace) .................................................................................................................. 116	  

Figure 4.24. The stress-induced loss (dB) versus strain (%) at strain rate of 4 mm / min .... 117	  

Figure 4.25. The stress-induced loss (dB) at 3% strain (green trace) and after 3% strain (red 

trace) ............................................................................................................................. 117 

Figure 4.26. The stress-induced loss (dB) versus strain (%) at strain rate of 60 mm / min .. 118	  

Figure 4.27. The stress-induced loss (dB) versus strain (%) at strain rate of 4 mm / min .... 119	  

Figure 4.28. The stress-induced loss (dB) at 3.4% strain (red trace) and after 3.4% strain 

(green trace) .................................................................................................................. 120	  

Figure 4.29. The stress-induced loss (dB) versus strain (%) at strain rate of 60 mm / min .. 120 

Figure 4.30. The stress-induced loss (dB) at 4% strain (red trace) and after 4% strain (green 

trace) ............................................................................................................................. 121	  

Figure 4.31. The stress-induced loss (dB) versus strain (%) at strain rate of 4 mm / min .... 122	  

Figure 4.32. The stress-induced loss (dB) at 2.6% strain (green trace) and after 2.6% strain 

(red trace) ...................................................................................................................... 122 

Figure 4.33. The stress-induced loss (dB) versus strain (%) at strain rate of 4 mm / min .... 123	  

Figure 4.34. The stress-induced loss (dB) at 3% strain (green trace) and after 3% strain (red 

trace) ............................................................................................................................. 124	  

Figure 4.35. The stress-induced loss (dB) versus strain (%) at strain rate of 60 mm / min .. 124 

Figure 4.36.The stress-induced loss (dB) at 3% strain (red trace) and after 3% strain (green 

trace) ............................................................................................................................. 125	  

Figure 4.37. The load (N)-strain (%) curve of the 62.5/750 µm GI PF POF at 3% strain 

amplitude at 4 mm / min ............................................................................................... 128	  

Figure 4.38. The load (N)-strain (%) curve of the 62.5/750 µm GI PF POF at 4.5% strain 

amplitude at 4 mm / min ............................................................................................... 129	  

Figure 4.39. The load (N)-strain (%) curve of the 62.5/750 µm GI PF POF at 3.4% strain 

amplitude at 60 mm / min ............................................................................................. 130	  



 

xiv 

Figure 4.40. The load (N)-strain (%) curve of the 62.5/750 µm GI PF POF at 3.1% strain 

amplitude at 60 mm / min ............................................................................................. 131	  

Figure 4.41. The load (N)-strain (%) curve of the 62.5/750 µm GI PF POF at 2.6% strain 

amplitude at 60 mm / min ............................................................................................. 132	  

Figure 4.42. The load (N)-strain (%) curve of the 62.5/490 µm GI PF POF at 3% strain 

amplitude at 4 mm / min ............................................................................................... 133	  

Figure 4.43. The load (N)-strain (%) curve of the 62.5/490 µm GI PF POF at 3.5% strain 

amplitude at 4 mm / min ............................................................................................... 134	  

Figure 4.44. The stress-induced loss (dB) after 3.5% strain (red trace) and before 3.5% strain 

(green trace) .................................................................................................................. 134	  

Figure 4.45. The load (N)-strain (%) curve of the 62.5/490 µm GI PF POF at 3.4% strain 

amplitude at 60 mm / min ............................................................................................. 135	  

Figure 4.46. The load (N)-strain (%) curve of the 62.5/490 µm GI PF POF at 2.5% strain 

amplitude at 4 mm / min ............................................................................................... 136	  

Figure 4.47. The stress-induced loss (dB) after 2.5% strain (red trace) and before 2.5% strain 

(green trace) .................................................................................................................. 136	  

Figure 4.48. The load (N)-strain (%) curve of the 62.5/490 µm GI PF POF at 2% strain 

amplitude at 4 mm / min ............................................................................................... 137	  

Figure 4.49. The load (N)-strain (%) curve of the 62.5/490 µm GI PF POF at 2.1% strain 

amplitude at 60 mm / min ............................................................................................. 138	  

Figure 5.1. House of Quality (HOQ) .................................................................................... 146	  

Figure 6.1. Forces acting on a human body .......................................................................... 167	  

Figure 6.2. Distribution of stresses on POF under the seat trim component ........................ 168	  

Figure 6.3. The location of the sensing mechanism .............................................................. 169	  

Figure 6.4. Load-strain curve ................................................................................................ 170	  

Figure 6.5. POF cable ........................................................................................................... 171	  

Figure 6.6. The load versus strain curves of the fabrics in the warp direction at 4 mm / min

 ....................................................................................................................................... 173	  



 

xv 

Figure 6.7. The load versus strain curves of the fabrics in the warp direction at 60 mm / min

 ....................................................................................................................................... 174	  

Figure 6.8. The load versus strain curves of the fabrics in the weft direction at 4 mm / min174	  

Figure 6.9. The load versus strain curves of the fabrics in the weft direction at 60 mm / min

 ....................................................................................................................................... 175	  

Figure 6.10. The load versus strain curves of the PES at 4 mm / min and 60 mm / min ...... 176	  

Figure 6.11. The weave design ............................................................................................. 177	  

Figure 6.12. 3D Model formed through the EAT DesignScope Victor software ................. 178	  

Figure 6.13. The load versus strain curves of the woven fabric at 4 mm / min and 60 mm / 

min ................................................................................................................................ 180	  

Figure 6.14. The load versus strain curves at 4 mm / min and 60 mm / min ........................ 181	  

Figure 6.15. The load versus strain curves of the woven fabric + Cytop-1 (62.5/750 µm) - 

batch-2 at 4 mm / min and 60 mm / min ....................................................................... 182	  

Figure 6.16. The load versus strain curves of the woven fabric + Cytop-2 (62.5/490 µm) at 4 

mm / min and 60 mm / min ........................................................................................... 182 

Figure 6.17. Seat frame with dimensions .............................................................................. 183	  

Figure 6.18. a), b) Dimensions of the 3D media used to secure the POF ............................. 184	  

Figure 6.19. SCHAP PC based IFD Tester with the testing setup ........................................ 185 

Figure 6.20. Hysteresis loss ratio .......................................................................................... 186	  

Figure 6.21. The stress-induced loss (dB) versus the compression force (N) of the sensing 

mechanism (POF + woven fabric) ................................................................................ 187	  

Figure 6.22. The stress-induced loss (dB) versus the compression force (N) ...................... 188	  

Figure 6.23. The stress-induced loss (dB) versus the compression force (N) ...................... 188 

Figure 6.24. The stress-induced loss (dB) versus the compression force (N) ...................... 190 

Figure 6.25. IFD tester detail showing dimensions of the compression circular plate and the 

testing frame of Sensor Design 2 .................................................................................. 193	  

Figure 6.26. The dimensions of the 3D medium used as an attachment mechanism for 

securing the POF ........................................................................................................... 194	  



 

xvi 

Figure 6.27. The stress-induced loss (dB) versus the compression force (N) of Fabric 1 & 

Fabric 2 ......................................................................................................................... 196	  

Figure 6.28. The stress-induced loss (dB) versus the compression force (N) of Fabrics 3, 4 & 

6 ..................................................................................................................................... 197	  

Figure 6.29. The stress-induced loss (dB) versus the compression force (N) ...................... 199	  

Figure 6.30. The load (N) versus strain (%) curve at 4 mm / min for the POF and PVC jacket

 ....................................................................................................................................... 200	  

Figure 6.31. The stress-induced loss (dB) versus the compression force (N) of Fabrics 1 - 6

 ....................................................................................................................................... 203	  

Figure 6.32. The stress-induced loss (dB) versus the compression force (N) of Fabrics 1 - 6

 ....................................................................................................................................... 204	  

Figure 6.33. Deformation in a POF in pure bending ............................................................ 211	  

Figure 6.34. The load (N)-strain (%) curve of the 62.5/750 µm GI PF POF at 2.3% strain 

amplitude at 4 mm / min ............................................................................................... 217	  

Figure 6.35. The load (N)-strain (%) curve of the 62.5/750 µm GI PF POF at 2.3% strain 

amplitude at 4 mm / min ............................................................................................... 218	  

Figure 6.36. The load (N)-strain (%) curve of the 62.5/750 µm GI PF POF at 2.6% strain 

amplitude at 4 mm / min ............................................................................................... 219	  

Figure 6.37. The remained higher Rayleigh backscattering (between 6.8 – 7.4 m) after 1.8% 

strain (red trace) and after 2.3% strain (green trace) .................................................... 220	  

Figure 6.38. The load (N)-strain (%) curves of the mechanical conditioned and unconditioned 

samples at 4 mm / min. ................................................................................................. 221	  

Figure 7.1. Neural Network .................................................................................................. 230	  

Figure 7.2. RMS error for training, testing, and cross validation sets versus epochs ........... 231	  

Figure 7.3. Desired outputs (red line) versus neural network outputs (blue line) ................ 231 

 

 

 



 

xvii 

LIST OF ABBREVIATIONS 

ANN  Artificial neural network 

AF  Amorphous fluoropolymer 

CAGR  Compound Annual Growth Rate 

CI  Consistency index 

Co  Cobalt 

Cr  Chromium 

CTFE  Chlorotrifluoroethylene 

Cu  Copper 

Cytop® Perfluoro-butenylvinylether 

d-MMA Deuterated methylmethacrylate 

d-PFMA Deuterated polyfluoromethacrylate  

DPSO  Diphenyl sulfoxide 

EMI  Electromagnetic interference 

FBG  Fiber Bragg grating 

Fe  Iron 

FMVSS Federal Motor Vehicle Safety Standard   

FOS  Fiber optic sensor 

FSR®  Force Sensing Resistor 

GI  Graded index 

GOF  Glass optical fiber 

GTWM The Georgia Tech Wearable Motherboard 

IEC  The International Electrotechnical Commission 

IR  Infrared 

LAN  Local area networks  

LPFG  Long period fiber grating 

Mn  Manganese 

NHTSA National Highway Transportation and Safety Administration 



 

xviii 

Ni  Nickel 

OC  Occupant classification  

OTDR  Optical time domain reflectometry 

P (p-ClSt) poly (p-Chloro styrene) 

PBVE  Perfluoro-3-butenyl-vinyl ether   

PC  Polycarbonate 

PDD  2,2-bistrifluoromethyl-4,5-difluoro-1,3-dioxole  

PEVE  Perfluoroethyl vinyl ether 

PES  Polyester 

PET  Polyethylene terephthalate   

PF  Perfluorinated 

PS  Polystyrene 

PMMA Polymethylmethacrylate 

POF  Polymer optical fiber 

PPVE  Perfluoro propyl vinyl ether 

PUR  Polyurethane 

PVDF  Polyvinylidene fluoride 

RI  Random index 

RMSE  Root mean square error 

QFD  Quality function deployment 

SHM  Structural health monitoring 

SI  Step index 

SLS  Standard Linear Solid 

SNR  Signal to noise ratio 

TFE  Tetrafluoroethylene 

TrFE  Trifluoroethylene 

UV  Ultraviolet 

VF  Vinyl fluoride  

VF2  Vinylidine fluoride  



 

xix 

LIST OF SYMBOLS 

AN Numerical Aperture 

A Cross sectional area 

B Dielectric impermeability tensor 

Cf  Fabric cover factor 

F Force 

α The attenuation coefficient in km-1 

c Velocity of light in a vacuum 

g The profile exponent 

h Planck’s constant  

L Length 

λ Wavelength of light 

n Refractive index 

P Power of light 

pij Pockel constants 

T Temperature 

Tg  Glass transition temperature 

t Time 

ν Frequency 

Λ The grating period  

φ Yarn packing factor 

η Learning rate 

µ Coefficient of momentum 



 

1 

CHAPTER 1. INTRODUCTION 

The polymer optical fiber (POF) and the POF sensor markets have grown significantly in 

recent years. The worldwide plastic optical fiber (POF) market was more than $3.5 billion in 

2013, growing to over $4 billion in 2014 and forecasted to reach $6.5 billion by 2019 (IGI 

Consulting, 2014). Mitsubishi Rayon (Eska™), Asahi Glass (Lucina®), Toray (Raytela™), 

Chromis Fiberoptics, and Paradigm Optics are the leading companies in the market of POFs. 

The global market for fiber optic sensors was about $1.8 billion in 2013, and is expected to 

increase to $2.2 billion by 2018 at a Compound Annual Growth Rate (CAGR) of 4.5% for 

the period of 2013 to 2018 (BCC, 2014). According to BCC Research, the US market for 

fiber optic sensors was worth $235 million in 2007, and is expected to increase to $1.6 billion 

in 2014 at a CAGR of 30% (FOS, 2008). 

POF offers significant advantages such as electromagnetic interference, small size, 

lightweight, and low cost to the sensor world. The development of low loss graded index 

(GI) POF by Koike and Asahi Glass has increased the use of POF for short-range data 

transmissions and sensor systems.  

Fiber optic sensors can be divided into four classes: intensity modulated, wavelength 

modulated, phase modulated, and polarization modulated fiber optic sensor. The fiber optic 

sensor studied in this research is intensity modulated, where the loss in the light intensity due 

to stress or strain was measured by optical time domain reflectometry (OTDR).  

Textile structures have been used in fiber optic sensing design particularly for the 

applications of biomedical and structural health monitoring (SHM). The Georgia Tech 

Wearable Motherboard (GTWM) was developed as the world’s first Wearable 

Motherboard™, single piece woven undershirt, utilizing POF, especially for health 

monitoring of soldiers (Gopalsamy, Park, Rajamanickam, Jayaraman, 1999). The POF was 

integrated into the structure continuously, without any cutting of the fiber, during the 

weaving process (Gopalsamy et al., 1999). The function of the POF in the GTWM was to 

detect the location of a bullet’s penetration when the soldier has been shot during combat 

(Gopalsamy et al., 1999). The OFSETH (Optical Fiber Sensors Embedded into technical 
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Textile for Healthcare monitoring) investigated a textile based respiratory sensor in order to 

monitor the respiratory movement of the abdomen or thorax of an anesthetized person (Witt, 

Krebber, Kinet, Narbonneau, 2007). The belt shaped sensor was composed of two different 

textile structures: a short hard elastic bandage, where the POF was embedded into the elastic 

bandage with a sinusoidal shape by stitching, which was the sensing region, and a long non-

elastic fabric (Witt et al., 2007). When the belt shaped sensor, the elastic region, was placed 

around the abdomen or thorax of the patient mechanical strains occurred on the POF due to 

the breathing movement (Witt et al., 2007). Thus, the respiratory rate (breaths per minute) 

could be calculated by simultaneously recording the stress induced intensity changes through 

the POF (Witt et al., 2007). In the applications of SHM, POF can be integrated into textile 

structures either by stitching or directly by warp knitting (Guemes & Messervey, 2010). The 

European project POLYTECT (Polyfunctional Technical Textiles against Natural Hazards) 

developed the POF sensor integrated textile structures to detect, localize, and monitor cracks 

in masonry structures, and strains in geotechnical applications (Liehr, 2011). The project 

illustrated that the deformations could be transferred well from the soil to the textile-based 

POF sensors (Liehr, 2011). The textile-based fiber optic sensor studied in this research is an 

original study in the application of sensors for advancing automotive safety. 

The automotive industry is the most promising application area for innovations in the field of 

POF sensors as the industry currently uses the POF mostly for data transmissions. 

The establishment of advanced airbag regulation by the National Highway Transportation 

and Safety Administration (NHTSA), after 150 fatalities including 87 children attributed to 

airbags in the period of 1990 to 1999, has given rise to the development of new sensing 

systems for occupant recognition (Rosenbluth, 2001). Especially since regulation in 2000, 

seat weight sensors have been used in automobiles in order to recognize if the occupant is an 

infant, a child, and an adult or if the seat is empty. 

The existing seat weight sensor technology is based on electrical based sensors such as a 

strain gauge, elastomeric bladder, and resistive sensor systems. The superior characteristics 

of polymer optical fibers including immunity to electromagnetic interference (EMI), small 
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size, lightweight, and flexibility relative to the electrical based sensors potentially make them 

a more suitable material for seat occupancy sensing. 

Although there are some researches on FBG sensors, fiber optic as pressure sensor consisting 

of compressible light scattering foam, and fiber optic evanescent field sensors, the knowledge 

on fiber optic occupancy sensing is limited and needs to be improved. 
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CHAPTER 2. LITERATURE REVIEW 

2.1 Polymer Optical Fiber (POF) 

2.1.1 Introduction 

Optical communication technology is first noted in the 19th century (Tricker, 2002; Hecht, 

2006; Kuzyk, 2007). Figure 2.1 shows the history of polymer optical fiber (POF).  

 

 

 

 

 

 

 

 

 

Figure 2.1. History of POF (Tricker, 2002, Kuzyk, 2007) 

In 1881, British scientist Alexander Graham Bell patented his ‘Photophone’, which encoded 

a voice signal on a beam of light, and transmitted the light to a detector that decoded it to an 

acoustical signal (Kuzyk, 2007). In the 1920’s, the idea of using transparent rods to transmit 

images for television and facsimiles was patented by British scientist John Logie Baird and 

American Clarence W. Hansell (Tricker, 2002). In 1966, Chinese researcher Charles K. Kao 

and British researcher George Hockham found that light losses could be reduced below 20 

decibels per kilometer (dB/km), which would lead to more scientific research on reduction of 

light loss (Tricker, 2002). In 1970, Robert Maurer, Donald Keck and Peter Schultz, 
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researchers at Corning Glass Works, developed a single-mode fiber by doping silica with 

titanium, for long distance communications with an attenuation of below 20 dB/km, which 

resulted in the dissemination of fiber optics (Tricker, 2002). Charles K. Kao received the 

Nobel Prize in Physics 2009 because of his great contribution in the development of the low 

loss optical fiber systems (Nobel Prize, 2009; Y. Koike & Koike, 2011).  

Optical fibers were being made of glass, quartz, nylon, and polystyrene in the early 1950s  

(Hopkins & Kapany, 1954; as cited in Kuzyk, 2007). The first commercially available 

polymer for plastic or POF is polymethylmethacrylate (PMMA) that was first produced by 

DuPont in 1963 under the name of CrofonTM (Kuzyk, 2007; Large, Poladian, Barton & 

Eijkelenborg, 2007; Mitschke, 2009; Y. Koike & Koike, 2011). The development of 

perfluorinated (PF) graded index (GI) PMMA (Lucina®) by Koike and colleagues in 1995 

has had a great impact on the growth of POFs (Polishuk, 2006). The light attenuation of the 

Lucina® was less than 50 dB/km in a range of wavelengths of 650-1300 nm, which was 150 

dB/km at 650 nm before the Lucina®  (Polishuk, 2006). Furthermore, the microstructured 

POFs first reported by van Eijkelenborg have appeared as a new technology since 2001 

especially for producing large mode area GI multi-mode POFs (Polishuk, 2006). 

The POF market can be divided into two classes of application: lighting and data 

communication (Nakamura, Tsukamoto, Kimura, 2012). Nakamura et al. (2012) indicated 

that data communication formed almost 70% of the total market volume of POF in 2011 

while the volume percentage of lighting has been decreasing since the 1980’s. The 

application markets for POF are automotive, industrial control, home network, medical 

products, aerospace, and aircraft. However, the major application is in the automotive 

industry that formed around 35% of the POF market in 2006 and is expected to grow more in 

the coming years (Polishuk, 2006; Nakamura et al., 2012).  POF is mostly used as a data 

transmission medium in automotive networks (Otake, 2012). BMW developed the POF star 

network called ByteFlight for the airbag system, where 12 sensors are linked via POF 

guaranteeing a data transmission rate around 10-50 Mbit/s (Polishuk, 2006; Dong & Martin, 

2011). 
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2.1.2 Polymer Optical Fiber (POF) versus Glass Optical Fiber (GOF) 

Glass optical fibers (GOFs) have been used in the optics industry since the 1800s (Hecht, 

2006). Glass optical fibers are inherently rigid and brittle; however they have high tensile 

strength and transparency (Hecht, 2006; Kuzyk, 2007). POFs are more flexible and less 

brittle relative to glass fibers (Hecht, 2006; Kuzyk, 2007). Furthermore, POFs are cheaper 

due to their low manufacturing costs; lighter due to their low density, and easier to handle 

because of their large core diameters and high numerical apertures (Hecht, 2006; Kuzyk, 

2007). Both glass and plastic optical fibers are immune to electromagnetic interference 

(Lopez et al., 2005; Peters, 2011). The main drawback of POFs has been their relatively high 

transmission losses, which makes them impractical for more than 100-meter distance 

transmissions (Hecht, 2006; Large et al., 2007). In addition, the long-term degradation of 

POFs at high operating temperatures, higher than 105ºC, restricts their application areas 

(Hecht, 2006; Ziemann, Krauser, Zamzow & Daum, 2008). PMMA is the most frequently 

used optical polymer for POFs (Daum, Krauser, Zamzow & Ziemann, 2002; Y. Koike & 

Koike, 2011). Table 2.1 illustrates the material properties of silica (glass) and PMMA (Large 

et al., 2007). 

Table 2.1. The material properties of PMMA and silica (Williams, Smith, Muhs, 2006; Large 

et al., 2007, p. 7) 

Property PMMA Silica 

Density (kg/m3) 1195 2200 

Young’s modulus (GPa) 3.2 72 

Elastic strain limit (%) 10 1 

Refractive index (n) (at 850 nm) 1.49 1.46 

Thermal expansion coefficient (K-1) 9 x 10-5 5.5 x 10-7 

Thermo-optic coefficient (K-1) -1.1 x 10-4 9.2 x 10-6 
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The thermo-optic coefficient, dn/dT, indicates the change in refractive index (n) with 

temperature (T), where the change in refractive index is especially caused by the change in 

density for an amorphous polymer (Eldada, 2003). The thermal expansion coefficient is a 

material characteristic and signifies the change in dimensions of a material with temperature. 

The superior absolute values of thermal expansion and thermo optic coefficient of PMMA 

improve particularly its strain and temperature sensitivity, which makes PMMA more 

favorable in fiber optic sensing (Lopez et al., 2005). PMMA has higher elastic strain limits, 

around 10%, than silica, around 1%, which provides the advantage to POF in sensing 

especially for strain sensor applications (Large, Moran, Ye, 2009; Peters, 2011). 

2.1.3 Optical Fiber as a Light Waveguide 

A typical optical fiber consists of an inner core material surrounded by a cladding material, 

where the refractive index of cladding is less than that of the core material (Kaino, 1992; 

Tricker, 2002; Hecht, 2006). A polymer coating covers the entire fiber and protects the fiber 

surface from environmental damages (Hecht, 2006; Ziemann et al., 2008). Figure 2.2 shows 

the cross-section of the Lucina® fiber. 

 

 

 

 

 

Figure 2.2. Cross-section of a polymer optical fiber (Daum et al., 2002) 
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Optical fibers guide light by total internal reflection (Figure 2.3), where the refractive index 

of the core material must be higher than that of the cladding material. 

 

 

 

 

Figure 2.3. Total internal reflection (adapted from Hecht, 2006, p. 68) 

n1 * sin θ1 = n2 * sin θ2 (Snell’s law)                 (2.1) 

Total internal reflection: 

sin θ1 = sin θcritical                    (2.2) 

n1 * sin θcritical = n2 * sin θ2, sin θ2 = Sin 90° = 1               (2.3) 

sin θcritical = n2 / n1                   (2.4) 

Numerical Aperture (AN) = Sin θhalf acceptance = (n1
2 – n2

2)1/2              (2.5) 

The critical angle is the angle of incidence when the angle of refraction is 90° (Tricker, 

2002). When the angle of incidence is greater than the critical angle, total internal reflection 

occurs, which can be explained by Snell’s law (Tricker, 2002).    

The full acceptance angle is the angle that involves the angles providing the total internal 

reflection in the fiber’s core (Hecht, 2006). The half acceptance angle equals the half of the 

full acceptance angle (Daum et al., 2002; Hecht, 2006). The sine of the half acceptance angle 

is called the numerical aperture (AN). 



 

10 

2.1.4 Dispersion 

Dispersion is the decreasing of input power as a function of time due to pulse broadening as 

they propagate along an optical fiber (Weinert, 1999; Daum et al., 2002; Hecht, 2006). 

 

 

 

Figure 2.4. Pulse broadening in an optical fiber (adapted from Daum et al., 2002, p. 21) 

∆t = (t2
out – t2

in)1/2                               (2.6) 

Dispersion = ∆t / L                   (2.7) 

L: the length of optical fiber (m) 

tout: the width of output pulse (full width at half maximum) (s) 

tin: the width of input pulse (full width at half maximum) (s) 

Dispersion can be divided into three groups: mode dispersion, chromatic dispersion, and 

polarization mode dispersion. 

2.1.4.1 Mode dispersion 

The rays emitted from the light source enter the fiber at different angles, and each ray follows 

its own light path through an optical fiber (Mitschke, 2009). The pulses that have equal 

intensity at time zero arrive at the output of the fiber at different times due to their different 
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path lengths, which is called pulse broadening and depends greatly on the numerical aperture 

of the optical fiber (Weinert, 1999; Daum et al., 2002). 

Figure 2.5 shows two different rays with different path lengths, where the ray (1) is faster 

than the ray (2) (Daum et al., 2002). 

 

 

 

 

 

Figure 2.5. Rays with different path lengths (L1: the length of light of the first ray, L2: the 

length of light of the second ray) (adapted from Daum et al., 2002) 

2.1.4.2 Chromatic dispersion 

Chromatic dispersion includes the material dispersion and waveguide dispersion (Weinert, 

1999; Daum et al., 2002; Tricker, 2002; Hecht, 2006).  

Material dispersion arises from the change in a material’s refractive index with wavelength 

(Daum et al., 2002; Hecht, 2002; Hecht, 2006). 

λ = cmedium / ν = c / (n*ν)                  (2.8) 

λ = λ0 / n                    (2.9) 

n = c / cmedium                  (2.10) 

cmedium: the velocity of light in a medium 

c: the velocity of light in a vacuum 

λ0: the wavelength in a vacuum 
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λ: the wavelength in a medium 

ν: the frequency of light 

n: the refractive index 

When light enters the transmitting medium the wavelength of light decreases because the 

speed of light decreases while the frequency of light doesn’t change (Hecht, 2002). The 

higher the refractive index, the slower the light travels through the medium (Hecht, 2006). 

Thus, when a pulse with a range of wavelengths passes through a transmitting medium it is 

exposed to material dispersion (Hecht, 2006). 

Waveguide dispersion is caused by the penetrating of some portion of light into the cladding 

(Hecht, 2006). Light waves can spread out into the fiber cladding in various depths, which 

depends on the wavelength of the light (Daum et al., 2002; Mitschke, 2009). The greater the 

wavelength, the more the wave spreads out, and the higher the penetration of light into the 

cladding (Weinert, 1999). Because the cladding has a relatively lower refractive index the 

speed of a further portion of light in the cladding becomes higher than the speed of the 

portion of light in the core (Weinert, 1999). 

2.1.4.3 Polarization-mode dispersion 

Light is a combination of electric and magnetic fields, two polarization modes, which are 

aligned perpendicular to each other and transversely to the direction of propagation of light 

(Rogers, 1997). Due to the geometric, optical, and mechanical deviations in the fiber core the 

two polarization modes of light may travel at slightly different speeds through the fiber 

(Hecht, 2006; Mitschke, 2009). That is, the variations in the diameter of the core and in the 

refractive index cause slight differences in the speed of the two polarization modes of light 

(Mitschke, 2009). This phenomenon is called polarization mode dispersion (Hecht, 2006; 

Mitschke, 2009). The value of polarization mode dispersion can be neglected in the 

calculations of dispersion for multimode fibers (Hecht, 2006). 
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τtotal = (τ2
chrom + τ2

mod + τ2
PMD  )1/2               (2.11) 

τtotal: Total dispersion 

τchrom: Chromatic dispersion 

τmode: Mode dispersion  

τPMD: Polarization-mode dispersion 

2.1.5 Modes 

An optical fiber transmits each wave as a mode (Hecht, 2006; Ziemann et al., 2008). The 

number of modes transmitted (N) is approximately described by (Daum et al., 2002): 

N ≈ (½) * (g/(g+2)*V2                (2.12) 

V = 2*π*r*(AN/λ)                 (2.13) 

AN: the numerical aperture 

λ: the wavelength of light 

r: the core radius 

g: the profile exponent (for step-index profiles g → ∞, thus N ≈ ½*V2; for parabolic profiles 

(graded index) g = 2, thus N ≈ ¼*V2) 

For example, for a polymer optical fiber: 

AN = 0.5, r = 0.5 mm, λ = 650 nm = 650 * 10-6 mm 

V = 2 * (22/7) * 0.5 * (0.5 / (650 * 10-6) ≈ 2,417.58 

N ≈ ½ * V2 ≈ ½ * (2,417.58)2 ≈ 2,922,346.528 

Thus, a polymer optical fiber with a step-index profile can carry approximately 2.9 million 

modes (Daum et al., 2002). There are two modes of propagation, which are single mode and 

multimode as shown in Figure 2.6 (Tricker, 2002). 
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Figure 2.6. Modes (v1: velocity of the light in the center of the core; v2: velocity of the light 

close to the core cladding interface) (adapted from Weinert, 1999, p. 19) 

2.1.5.1 Single-mode step index fiber 

The core diameter (~ 9 µm) of a single mode step index fiber is expected to allow only one 

mode of light to travel through the fiber (Tricker, 2002). Single mode fibers have extremely 

high bandwidths (Tricker, 2002; Hecht, 2006). Daum et al. (2002, p.30) described the 

bandwidth as “the frequency at which the amplitude of a sinus modulated monochromatic 

signal has been reduced to ½ of the optical level”. Thus, single mode fibers can carry signals 

at much higher speeds than multimode fibers (Tricker, 2002; Hecht, 2006). The dispersion 

limits the maximum transmission rate (bandwidth in MHz or Mbit/s; as a rule of thumb for 

digital systems: maximum bit rate [Mbit/s] = 2 x bandwidth [MHz]) in optical fibers 

(Weinert, 1999; Daum et al., 2002; Hecht, 2006). Single mode fibers are particularly exposed 

to chromatic dispersion rather than mode dispersion (Tricker, 2002; Ziemann et al., 2008). 
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2.1.5.2 Multi-mode step index fiber 

The large core of a multi mode step index fiber, generally in the range of 50 µm - 1000 µm, 

allows many light modes to propagate through the fiber (Tricker, 2002; Ziemann et al., 

2008). Thus, multi-mode step index fibers are exposed to mode dispersion as a function of 

time (Tricker, 2002; Ziemann et al., 2008). 

2.1.5.3 Multimode graded index fiber 

The development of multimode graded index fibers of which core diameters are typically 50 

µm or 62.5 µm, reduced the effect of mode dispersion by equalizing the propagation times of 

different modes (Tricker, 2002; Hecht, 2006; Ziemann et al., 2008). The refractive index, 

which is at its highest degree in the center of the core, decreases gradually towards the 

cladding, and once it arrives at the core-cladding boundary the refractive index of the core 

becomes equal to the refractive index of cladding (Hecht, 2006; Ziemann et al., 2008). The 

fact that light farther away from the fiber axis will travel faster than that of in the center due 

to the decreasing refractive index equalizes the propagation times of different modes 

(Tricker, 2002; Hecht, 2006). 

2.1.6 Materials Used in POF 

The polymers typically used for step index (SI) POF are: Polystyrene (PS), Polycarbonate 

(PC), PMMA, and for graded index (GI) POF are: PMMA and fluoropolymers (Khoe, Boom 

& Monroy, 2004). Figure 2.7 shows the molecular structure of PMMA. 
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Figure 2.7. Molecular structure of PMMA (Daum et al., 2002, p. 73) 

PMMA is an organic compound and resistant to water, diluted acids, petrol, and mineral oil 

(Daum et al., 2002; Ziemann et al., 2008). Furthermore, it has a thermal stability and 

excellent corrosion resistance (Y. Koike & Koike, 2011). Table 2.2 demonstrates the typical 

values of PMMA. 

Table 2.2. Properties of PMMA, PS, and PC (Regalado & Malacara, 2001; Niessner & 

Gausepohl, 2003, p. 37; Lekishvili, Nadareishvili, Khananashvili & Zaikov, 2005, p. 99; 

Ziemann et al., 2008, p. 155) 

Parameter PMMA PS PC 

Refractive index 1.490 1.591 1.585 

Glass transition temperature 

(Tg) (°C) 
115 100 150 - 170 

Density (ρ) (g/cm3) 1.18 1.06 1.20 

Thermal conductivity (W/m.K) 0.17 0.17 0.19-0.22 

Thermal expansion coefficient 

(α) (1/°C) 
65x10-6 80x10-6 70x10-6 

Rockwell hardness (M) 95 90 70 

Resistivity (Ohm.cm) 1015 > 1014 > 1014 
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Dopants, small molecules, can be inserted between the long chains of the PMMA to increase 

the refractive index, which is called the doping process and is applied in order to produce 

graded index POF (Daum et al., 2002). Naritomi, Murofushi & Nakashima (2004) indicated 

that the molecular size of the dopant should be smaller than one tenth of the wavelength 

involved. The doping process significantly lowers the Tg of the PMMA due to the 

plasticization (Asai, Yamaki, Takahashi & Koike, 2011). Furthermore, the decreasing rate of 

Tg increases with an increasing dopant concentration (Naritomi et al., 2004; Asai et al., 

2011). This is a handicap especially for vehicle networks, where high thermal stability is 

required (Asai et al., 2011). Ishigure, Sato, Kondo, Tsukimori & Koike (2002) showed that 

there was no increase in the attenuation of the PMMA-DPSO (diphenyl sulfoxide), as 

hydrophilic as PMMA, doped GI POF (ncore = 1.507, λ = 650 nm) at 70°C, 80% RH after 

30-40 h ageing (Ishigure et al., 2002). Ishigure et al. (2002) claimed that selecting an 

appropriate dopant that would be as hydrophilic as PMMA would be a key issue for 

obtaining high humidity stability because high temperature and high humidity could cause 

the PMMA-dopant system GI POF to absorb the aggregated water molecules in the long 

term; thus, they could cause large heterogeneous structures and excess scattering loss.  

Furthermore, Asai et al. (2011) developed the PMMA-BPT (9-bromophenanthrene) doped 

GI-POF that had the minimum Tg of 107°C, which made it more thermally stable. The fiber 

had the attenuation of 240 dB/km at 650 nm, which would be sufficient for vehicle networks 

that required the attenuation below 400 dB/km at 650 nm (Asai et al., 2011). Sato, Mukawa, 

Nakao, Kondo & Koike (2012) investigated the thermostability of poly(p-Chloro styrene) (P 

(p-ClSt))-BPT based GI POF and concluded that the thermal stability (Tg ∼ 107°C) of the 

polymer at issue of which the numerical aperture was approximately 0.2, was sufficient for 

the material to be used as a core material for local area networks (LANs) inside automobiles. 

The bandwidth of the material was 1.2 GHz for the 18 m, which met the required property 

for LANs inside automobiles (Sato et al., 2012). 

The dopant selection is critical especially for perfluorinated (PF) graded index (GI) POF 

because low solubility and miscibility of suitable dopants in the PF polymer cause excess 

scattering losses through structural imperfections (Naritomi et al., 2004). Naritomi et al. 
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(2004) investigated 17 dopants and found that 2,4,6-Tris(pentafluorophenyl)-1,3,5-triazine 

increased the refractive index (> 1.015*ncladding) and Tg (> 90°C) at the core of the doped 

polymer the most relative to others; however, the solubility of the dopant was around 10% in 

the PF polymer. The attenuation of the PFGI-POF under discussion was 15-20 dB/km at 850 

nm (Naritomi et al., 2004).  

Figure 2.8 illustrates the molecule structure of PS. 

 

 

 

Figure 2.8. Molecule structure of PS (Daum et al., 2002, p. 80) 

PS does not exhibit any superior performance in terms of light transmission relative to 

PMMA; therefore, this material is of no practical significance (Daum et al., 2002; Ziemann et 

al., 2008). The higher refractive index and molecular anisotropy of PS due to the benzene 

ring in its structure increase the Rayleigh scattering and thus decrease the transmission of PS 

(Emslie, 1988). Furthermore, the benzene ring increases the absorption loss of electronic 

transition of PS in the UV region (Makino et al., 2012).  

Barrall, Cantow & Johnson (1968) illustrated that the refractive index of PS depends on its 

molecular weight up to 300,000. Makino et al. (2012) argued that PS based GI POF with 

narrow molecular weight distribution had an attenuation of 160 dB/km at 670 nm, where PS 

was polymerized without a chain transfer agent, whereas PS based GI POF with broad 

molecular weight distribution had an attenuation more than 300 dB/km at the same 

wavelength. The broad molecular weight distribution causes the variations in refractive 

index, which increases the scattering loss of PS (Makino et al., 2012). 

Figure 2.9 illustrates the molecule structure of PC. 
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Figure 2.9. Molecule structure of PC (Daum et al., 2002, p. 78) 

Like polystyrene, the transmission loss of polycarbonate is higher than that of PMMA (Daum 

et al., 2002). Table 2.3 shows the early history of attenuation values of PMMA, PS and PC. 

According to the table the PMMA has lower attenuation values relative to PS and PC. 

Table 2.3. Early history of loss reduction for SI POFs (Y. Koike & Koike, 2011, p.5) 

Year Company 
Core 

Material 

Attenuation 

(dB/km) 

Wavelength 

(nm) 

1968 Dupont PMMA 1000 650 

1972 Toray PS 1100 670 

1978 Mitsibushi Rayon PMMA 300 650 

1981 NTT PS 114 670 

1981 NTT PMMA 55 568 

1983 Mitsibushi Rayon PMMA 110 570 

1985 Asahi Chemical PMMA 80 570 

1986 Fujitsu PC 450 770 

PMMA, PS, and PC have molecular structures with sufficient asymmetry so that they cannot 

crystallize (Warner, 1995). Thus, they are amorphous, transparent polymers and can be used 

as core materials of POFs (Kaino, 1992; Warner, 1995). However their use temperature is 

limited by glass transition temperature (Tg) due to their noncrystalline structures (Warner, 
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1995). At the glass transition temperature a large drop occurs in the modulus of these 

polymers and above Tg mers become mobile (Warner, 1995). 

DuPont Teflon® AF (amorphous fluoropolymers) and Asahi Glass Cytop® can be used for 

optical fiber production due to their characteristics of optical clarity, low refractive index, 

excellent light transmission, UV stability, chemical, thermal, mechanical, and electrical 

properties (Zhou, 2002; Dupont, 2012). Teflon amorphous fluoropolymers are obtained by 

the copolymerization of 2,2-bistrifluoromethyl-4,5-difluoro-1,3-dioxole (PDD) with 

tetrafluoroethylene (TFE) and other fluorine-containing monomers, such as vinylidine 

fluoride (VF2), chlorotrifluoroethylene (CTFE), vinyl fluoride (VF), and perfluoro(alkyl 

vinyl ethers) such as perfluoroethyl vinyl ether (PEVE) and perfluoro propyl vinyl ether 

(PPVE) (Zhou, 2002). The PDD-TFE copolymers should include at least 20% PDD in order 

for them to be amorphous, and the Tg of these copolymers changes from 80°C (20% PDD) to 

335°C (100% PDD) depending on the PDD content (Zhou, 2002). Cytop® is an amorphous 

perfluoro-homopolymer (Tg∼108°C), and synthesized by the cyclopolymerization of 

perfluoro-3-butenyl-vinyl ether (PBVE) (Nakamura et al., 1990). However, high preparation 

costs of amorphous perfluoropolymers limit their applications (Okamoto & Teng, 2009; 

Teng, 2012). Table 2.4 shows the material properties of Cytop® and PMMA. 
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Table 2.4. The material properties of Cytop and PMMA (Sugiyama, 1997, p.547; Asahi 

Glass, 2013) 

Property Cytop PMMA Remarks 

Refractive index 1.34 1.49 
Abbe’s 

refractometer 

Dielectric constant 2.0∼2.1 4 
Room temperature 

100 Hz to 1 MHz 

Volume resistivity (Ω/cm) >1017 >1018 
Room temperature, 

in Air 

Light transmittance (%) 95 93 
Visible light range, 

200 µm 

Glass transition temperature (°C) 108 105∼120 DSC 

Melting point (°C) 
Not 

observed 

160 

(isotactic) 
By DSC 

Density (g cm-3) 2.03 1.09∼1.20  

Water absorptivity (%) <0.01 0.3 60°C in H2O 

Tensile strength (MPa) 41∼49 65∼73  

Tensile extension ratio (%) 162∼192 3∼5  

Tensile modulus (MPa) 1400∼1600 3000  

2.1.7 Attenuation 

Attenuation takes place due to the intrinsic and extrinsic losses (Table 2.5) when light passes 

through an optical fiber (Kaino, 1985; Harmon, 2001; Y. Koike & Koike, 2011). While the 

intrinsic losses are mostly due to the core material, the extrinsic losses are arising from the 

manufacturing process (Kaino, 1985; Harmon, 2001; Y. Koike & Koike, 2011). Because 

optimizing the production conditions can minimize extrinsic losses improving the core 
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material would make a great contribution in decreasing the attenuation (Kaino, 1987; Kaino, 

1992). 

The power of light after passing a fiber of Length L (km) can be calculated as follows 

(Weinert, 1999):  

PL = P0 * 10 – (α* L/10)                            (2.14) 

α = (10/L) log (P0 / PL)                 (2.15) 

A = α * L                  (2.16) 

A = 10 log (P0 / PL)                 (2.17) 

α: the attenuation coefficient in km-1  

A: the attenuation value (dB) 

PL: the power of the light after passage through a fiber of length L in km 

P0: the power of the light at the beginning of the fiber 

L: the length of fiber 

The transmissions of PMMA and Cytop are at their highest levels in the visible wavelength 

range, 400 – 700 nm and between 850 – 1300 nm respectively; whereas silica transmits most 

of the light in the near infrared wavelength range, 1300 – 1600 nm (Kaino, 1992; White, 

Blyler, Ratnagiri, Park, 2002; Peters, 2011). The impacts of loss factors to attenuation vary 

depending on the material (glass or polymer) of the optical fiber (Kaino, 1992). 
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Table 2.5. The attenuation by intrinsic and extrinsic losses (Kaino, 1985, p. 1661; Zubia & 

Arrue, 2001, p. 113; Y. Koike & Koike, 2011, p. 5) 

Intrinsic Losses Extrinsic Losses 

Absorption: 

- high harmonics (molecule 

vibrations)  of the C-H bondings 

- electronic transitions 

Scattering: 

- Rayleigh scattering 

- density fluctuations 

- orientation fluctuations 

- composition fluctuations 

Absorption: 

- organic contaminants 

- water absorption 

- transition metals 

Scattering: 

- microporosity 

- microcracks 

- fluctuation of core diameter 

- core-cladding boundary 

imperfections 

The attenuation of PMMA is mainly arising from the high harmonics caused by carbon-

hydrogen (C-H) vibrational absorption in the visible and near infrared region as shown in 

Table 2.6 (Kaino, 1985; Y. Koike & Koike, 2011). 

Table 2.6. Loss factors and loss limits (dB/km) of PMMA core POF (adapted from Kaino, 

1992, p. 26) 

Loss factor (dB/km) 

Wavelength (nm) 

516 568 650 

Absorption 11 17 96 

Rayleigh scattering 26 18 10 

Loss limit (Absorption + Rayleigh scattering) 37 35 106 

Structural imperfections 20 20 20 

Total loss (Loss limit + Structural imperfections) 57 55 126 
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2.1.7.1 Intrinsic Losses of POF 

Absorption 

Materials absorb light energy and the amount of absorption depends on the wavelength and 

the chemical structure of the material (Harmon, 2001; Zubia & Arrue, 2001; Hecht, 2006; Y. 

Koike & Koike, 2011). The light loss of PMMA in the visible region (400-700 nm) is mainly 

arising from the absorption loss that is due to the molecular vibration of carbon-hydrogen (C-

H) bonding and the electronic transitions, where the molecular vibration causes higher losses 

when compared with the electronic transitions (Kaino, 1985; Takezawa, Taketani, Tanno & 

Ohara, 1991; Y. Koike & Koike, 2011). 

Molecules always vibrate at their equilibrium positions depending on their geometrical 

configurations and constituent atoms above the temperature of absolute zero (0 Kelvin)  

(Kendall, 1966; Leng, 2008). There are 3N-6 “fundamental (normal)” vibrational modes for a 

nonlinear molecule, and 3N-5 “fundamental (normal)” vibrational modes for a linear 

molecule, where N is the number of atoms in a molecule (Steele, 2001; Atkins, 2009). 

Molecular vibration modes can be classified simply into two categories: stretching vibration 

and bending vibration (Leng, 2008). In stretching vibrations, the bonds stretch and contract in 

phase, where bonds stretch and contract simultaneously or out of phase, where one bond 

stretches while the other contracts (Christy, 2001; Leng, 2008). In bending vibrations, the 

angles between the bonds change in plane or out of plane where the displacement occurs 

vertically to the plane of the molecule (Christy, 2001; Leng, 2008). Generally, stretching 

vibration requires higher energy than corresponding bending vibration, and the stretching 

frequencies of triple bonds are higher than those of corresponding double bonds, and single 

bonds (Zhang, 2009). 

The electromagnetic radiation (light) oscillates in the electric and magnetic fields that are 

aligned perpendicular to each other and transversely to the direction of propagation (Christy, 

2001; Steele, 2001). The magnetic field can be ignored for the vibrational spectroscopy 

because the interactions in this spectroscopy occur through the electric field (Steele, 2001). 
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The vibrational frequencies (energies) of molecules (1012 – 1014 Hz) and the frequencies of 

the infrared region of the electromagnetic radiation lie within the same range (Kendall, 1966; 

Steele, 2001; Leng, 2008). When vibrating molecules are exposed to IR radiation, the 

frequency of one particular photon may match one characteristic vibration frequency of one 

particular molecule (Kendall, 1966; Leng, 2008). As a result, the radiation energy is absorbed 

by the molecule and is transferred into the vibrational energy (Kendall, 1966; Leng, 2008). 

The increasing vibrational energy causes the molecule to collide with neighboring molecules 

by converting the excess energy to translational energy that gives rise to the increase in 

temperature of the system (Kendall, 1966). The molecule then returns to its initial 

equilibrium state (Kendall, 1966). 

In order for a molecule to be infrared active, to absorb infrared (IR) radiation, the magnitude 

or direction of the dipole moment of the molecule must change during the vibration (Kendall, 

1966; Steele, 2001). The dipole moment is arising from the charge distribution on atoms 

during the vibration (Kendall, 1966). The molecule does not need to have a permanent dipole 

moment, but the oscillation of the dipole moment is required when the molecule vibrates 

(Kendall, 1966; Atkins, 2009). As there is no change in the dipole moment of homonuclear 

diatomic molecules, monatomic molecules, or ions during their vibrations, these molecules 

are infrared inactive; they do not absorb IR radiation (Kendall, 1966).  

The intrinsic losses of POF are mostly caused by the vibrations of the molecular bonds C-H, 

and C=O (Zubia & Arrue, 2001). The fundamental wavelengths of the vibration modes for 

the typical bonds in the POF polymers are listed in Table 2.7 (Harmon, 2001; Zubia & Arrue, 

2001). 
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Table 2.7. The wavelengths yielded experimentally for the fundamental vibrations of the 

bonds C-X (Harmon, 2001, p. 12; Zubia & Arrue, 2001, p. 114) 

Atomic Bond λ (µm) 

C-H 3.3 – 3.5 

C-D 4.4 

C-F 8.0 

C-Cl 11.7 – 18.2 

C-O 7.9 – 10.0 

C-C 7.9 – 10.0 

C=O 5.3 – 6.5 

O-H 2.8 

Si-O 9.0 – 10.0 

In order to reduce the losses of vibrational absorption, PMMA POFs have been deuterated, 

where hydrogen has been substituted with deuterium (Kaino, 1987; Zubia & Arrue, 2001; 

Daum et al., 2002). When the atoms of hydrogen in PMMA are replaced by heavier atoms 

like deuterium, the vibrations shift toward longer wavelengths due to lower vibration 

frequency of a heavier core (Kaino, 1987; Zubia & Arrue, 2001; Daum et al., 2002). 

Therefore, the influence of the vibrational absorption in the infrared frequencies becomes 

negligible (Kaino, 1987; Zubia & Arrue, 2001). 

Yoshimura, Hikita, Tomaru & Imamura (1998) used two monomers, deuterated 

methylmethacrylate (d-MMA) and deuterated polyfluoromethacrylate (d-PFMA), in order to 

lower optical losses caused by C-H vibrational absorption in the infrared region (1.0-1.6 µm). 

They produced two single mode POFs; one had a d-MMA core and the other had a PMMA 

core, and both of them had d-PFMA cladding (φcore = 8 µm, the refractive index difference 

between the core and the cladding = 0.3%) (Yoshimura et al., 1998). The resulting d-MMA-

POF had significantly lower attenuation, 0.1 dB/cm, than PMMA-POF at <1 µm and 1.3 µm 

wavelength regions (Yoshimura et al., 1998). However, the absorption loss of d-MMA-POF 
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was higher than that of the PMMA-POF in the 1.55 µm wavelength region, where C-D had 

higher vibrational absorption (Yoshimura et al., 1998). The thermal stability of d-PFMA with 

2% fluorine content was 114°C (Yoshimura et al., 1998). 

On the other hand, water molecules can be easily absorbed by deuterium (Zubia & Arrue, 

2001; Daum et al., 2002; Chu, 2005). This would increase the attenuation of the fiber, 

especially in the near infrared region, because of the vibrational absorption of existing O-H 

groups after moisture absorption (Zubia & Arrue, 2001; Daum et al., 2002). In order to 

overcome this problem, the fiber could be coated with a material resistant to water (Daum et 

al., 2002). However, this would increase the price of the fiber (Zubia & Arrue, 2001; Daum 

et al., 2002). 

Koike and Asahi Glass Company developed Cytop® (perfluoro-butenylvinylether), an 

amorphous perfluorinated homopolymer (Tg = 108°C, n = 1.34) in 1990, and the resulting 

Cytop® core multimode GI POF (LucinaTM) had loss less than 50 dB/km over a range of 

650-1300 nm (Zubia & Arrue, 2001; Zhou, 2002; Koike, K., Teng, Mikes, Koike, Y. & 

Okamoto, 2012). In a perfluorinated (PF) polymer all the atoms of hydrogen are replaced by 

the atoms of fluorine (Zubia & Arrue, 2001; Daum et al., 2002). Cytop® includes C-F, C-C, 

and C-O bonds, and these bonds do not cause vibrational absorption at the visible and near 

infrared wavelength regions (Zhou, 2002). Although Cytop® is the most promising material 

for GI POFs so far its complicated synthesis procedure costs are high, which causes the less 

expensive amorphous perfluorinated polymers to be researched (Okamoto & Teng, 2009; 

Koike et al., 2012).  

Perfluorinated polymers absorb low water in contrast to deuterated polymers (Zubia & Arrue, 

2001). However, PF polymers together with fluoropolymers have two main handicaps: one is 

that they have an amorphous structure and could tend to crystallize during fiber production, 

which would reduce the transparency of the material due to scattering losses (Daum et al., 

2002). The second handicap is that they have very low refractive index values, which makes 

finding a suitable cladding material difficult to produce step index polymer optical fiber (SI-

POF) when they are in the core (Daum et al., 2002). 
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The loss of absorption due to the electronic transitions happens in the ultraviolet (UV) region 

(Harmon, 2001). The polymer in the core of the POF absorbs a photon in the UV region, 

which causes an electronic transition toward higher energy levels (Zubia & Arrue, 2001).  

When energy goes up in the order σ, π, n, π*, σ* as shown in Figure 2.10, the transitions 

increase in energy in the order: n→π* < π→π* < n→σ* <<<< σ→σ*, where the transition of 

σ→σ* requires the most energy (Harmon, 2001). 

 

 

 

 

Figure 2.10. Energy levels for electrons according to MO theory (Harmon, 2001, p. 10) 

The event of electronic transition can be explained by molecular orbital (MO) theory that 

explains positions and energies of electrons in molecules in terms of molecular orbitals that 

are σ, π, n, π*, σ* (Averill & Eldredge, 2007).  

PMMA exhibits the n→π* transition of the ester groups (-COO-), the most significant one, 

the π→π* transition of the azo groups, and the n→σ* transition of chain transfer agents 

(Kaino, 1985; Harmon, 2001; Y. Koike & Koike, 2011). PS and PC exhibit the π→π* 

transition of the phenyl groups (Kaino, 1985; Y. Koike & Koike, 2011). 

Rayleigh scattering 

When light is propagated in the fiber core it can be scattered in different directions at the 

same wavelength due to the impurities in the core, which is called Rayleigh scattering and 

has a cumulative characteristic (Hecht, 2006; Leng, 2008). Figure 2.11 illustrates Rayleigh 

scattering of light. 
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Scattering arises from microscopic material density fluctuations that are caused by the 

anisotropy of the mers and by the crystallinity of the polymer links; thus, it strongly depends 

on the material (Zubia & Arrue, 2001; Harmon, 2001; Hecht, 2006). 

 

 

 

 

 

Figure 2.11. Rayleigh scattering (adapted from Hecht, 2006, p. 95) 

Furthermore, the closer the wavelength is to the size of the impurity, the more scattering 

occurs (Hecht, 2006). 

For a transparent solid material, the scattering loss in decibels per kilometer (dB/km) is given 

by (Harmon, 2001; Hecht, 2006): 

Rayleigh Scattering = A*λ-4                (2.18) 

A: [C * (n2-1)2 * (n2+2)2 * k * T * βT]              (2.19) 

A: a constant depending on the material 

λ: wavelength of  the light  

C: a constant 

n: the refractive index of the polymer 

βT: isothermal compressibility at the temperature T 

k: the Boltzman constant 

Upon reviewing the formula, it can be seen that the amount of scattering increases rapidly as 

the wavelength decreases (Hecht, 2006). Scattering diminishes when the refractive index of 

the polymer decreases (Harmon, 2001). 
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Bunge, Kruglov & Poisel (2006) investigated Rayleigh and Mie scattering under lateral 

illumination by utilizing several different POF fibers from different manufacturers. Like 

Rayleigh scattering Mie scattering is caused by the non-perfect cylindrical structure of the 

POF, however Mie scattering has much weaker wavelength dependence and is mostly 

unidirectional when compared with Rayleigh scattering (Kartalopoulos, 2011). Bunge et al. 

(2006) illustrated that Rayleigh scattering occurred only in the core region, and Mie 

scattering was assumed to occur at the core-cladding interface. Furthermore, the research 

demonstrated that approximately 95% of the total scattering resulted from Rayleigh 

scattering when the PMMA based step-index POFs were utilized for two wavelengths, λ1 = 

488 nm and λ2 = 633 nm (Bunge et al., 2006). The size of the inhomogeneities was reported 

in the research to be in the range of 200 and 400 nm (Bunge et al., 2006).  

Research by Aldabaldetreku, Bikandi, Illarramendi, Durana & Zubia (2010) demonstrated 

that inhomogenities placed at the core/cladding interface had more significant effect on 

scattering relative to those placed at the core region. The research was carried out by 

measuring the total amount of scattered intensity along the PMMA based step-index POF 

(φcore = 980 µm, φclad = 1000 µm, ncore = 1.49, AN = 0.5) under different launching angles and 

lateral positions of the point of incidence (Aldabaldetreku et al., 2010). According to the 

research, the most significant inhomogeneities were likely to be of at least 200 nm, where the 

measurements were made at λ = 633 nm (Aldabaldetreku et al., 2010). 

2.1.7.2 Extrinsic Losses of POF 

Absorption 

Organic contaminants such as polymerization initiators, chain transfer agents, and transition 

metal ions such as cobalt (Co), chromium (Cr), manganese (Mn), iron (Fe), copper (Cu), 

nickel (Ni), and hydroxyl groups (OH-) due to water absorption, in the core of POFs increase 

the loss of POF in the visible wavelength region (Kaino, 1985; Harmon, 2001, Zubia & 
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Arrue, 2001; Appajaiah, 2004). It was illustrated that 2 ppb (parts per billion; 1 impurity 

atom per 109 atoms) of Co ions increase the attenuation of POF with the magnitude of nearly 

10 dB/km (Kaino, 1985; Zubia & Arrue, 2001). When monomers are well purified, the 

extrinsic losses caused by organic contaminants and transition metal ions could be avoided 

(Kaino, 1985; Kaino, 1992). 

The vibrational absorption of hydroxyl groups (OH-) cause higher losses when compared 

with organic contaminants and transition metal ions, which becomes much more evident 

especially at wavelengths longer than 700 nm in humid environments (Kaino, 1985; Harmon, 

2001, Zubia & Arrue, 2001). As discussed before, this is the main problem of deuterated 

methylmethacrylate (d-MMA) based POFs (Zubia & Arrue, 2001; Daum et al., 2002). 

Scattering 

Structural imperfections such as microporosity, microcracks, fluctuation of core diameter, 

and core cladding boundary imperfections caused by either polymerization process or fiber 

drawing conditions give rise to scattering loss, independent of wavelength, in the fiber core 

(Kaino, 1985; Zubia & Arrue, 2001; Appajaiah, 2004). These scattering losses can be 

avoided by optimizing POF manufacturing conditions (Kaino, 1985; Kaino, 1992). 

Kaino (1992) stated when the core diameter fluctuation exceeded 10% the scattering loss 

significantly increased. The variation in fiber diameter can be caused by the variations in 

temperature, and viscosity during fiber drawing. Furthermore, weak adhesion between core 

and cladding materials causes core cladding boundary imperfections, which is dominated by 

cladding material and fiber drawing process (Kaino, 1992; Nakamura et al, 1999). 

Molecular orientation that can happen during fiber formation results in heterogeneities in the 

amorphous structure of POF (Zubia & Arrue, 2001). 
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2.1.8 Attenuation measurement methods 

2.1.8.1 Cutback method 

Cutback measurement is a simple but destructive method, and the system performance 

depends on the accuracy of the receiver (Hui, 2009). Furthermore it cannot be used to 

evaluate the fibers already embedded into the structures (Hui, 2009). In this method, first the 

output power PL2 after the length of L2 is measured; then, after the length of L1 from the light 

source, without changing the launching conditions, the output power PL1 is measured, and the 

attenuation is calculated by the following formula (Daum et al., 2002). 

 

 

 

 

 

 

 

Figure 2.12. Cut-back method (adapted from Daum et al., 2002, p. 296) 

Attenuation = α = 10/(L2-L1) * log (PL1/PL2)              (2.20) 

PL1: the output power for the length L1 

PL2: the output power for the length L2 

2.1.8.2 Optical time domain reflectometer (OTDR) 

Optical reflectometric techniques can be classified into time-domain (optical time domain 

reflectometry (OTDR)) and frequency-domain (incoherent optical frequency domain 
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reflectometry (IOFDR), low coherence optical frequency domain reflectometry (OLCR), 

coherent optical frequency domain reflectometry (OFDR), and incoherent optical frequency 

domain reflectometry (IOFDR)) techniques (Becker, 2005; Soller, Gifford, Wolfe & 

Froggatt, 2005). Time domain techniques measure the power of the signal by considering 

time as an independent variable, whereas frequency domain techniques measure the phase 

and the amplitude of the signal by considering frequency as an independent variable (Becker, 

2005). 

The optical time domain reflectometer (OTDR) is based on the optical Rayleigh 

backscattering method that was developed by Dr. Barnoski and Dr. Jensen in 1976 (Barnoski 

& Jensen, 1976). In an OTDR, where both the light source and the detector are collocated, an 

intense light pulse is coupled at one end of the fiber under testing (Thyagarajan, 2007; Hui, 

2009). Because it requires accessing only one end of the fiber, the method is nondestructive 

(Barnoski, Rourke, Jensen & Melville, 1977; Ziemann et al., 2008). Furthermore an OTDR 

can detect both the backscattered light power and the light run time, which makes it possible 

for the OTDR to find the attenuation along the fiber length (Titus, 2001; Thyagarajan, 2007). 

Accordingly, the location of breaks, connectors or other loss mechanisms in the fiber can be 

estimated by the OTDR trace analysis (Titus, 2001; Thyagarajan, 2007).     

When the light pulse enters the fiber the loss of Fresnel reflection occurs at the interface of 

the OTDR and the fiber, which is caused by the refractive-index contrast between the two 

media (Thyagarajan, 2007). The angle of incidence at the interface and the magnitude of 

change in the refractive index affect the amount of the reflection (Anritsu, 2011). At normal 

incidence (θi = 0°, θi = angle of incidence), reflected power (R) = (n1 – n2)2 / (n1 + n2)2, 

where n1 is the refractive index of the medium on one side of the interface, and n2 is the 

refractive index of the medium on the other side of the interface surface (Weik, 2000). As a 

result, a tiny fraction of light is reflected back to the light source, and a major fraction of the 

remaining light enters the fiber (Thyagarajan, 2007). As the light pulse propagates through 

the fiber, the power of the light decreases, which is mainly due to the losses of absorption 

and Rayleigh scattering in polymer optical fibers (Crisp, 2005; Ziemann et al., 2008). 

Rayleigh scattering is caused by the microscopic material density fluctuations in the fiber, 
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which results in the scattering of the light in all directions (Zubia & Arrue, 2001). A little 

fraction of the light is back scattered and the backscattered power Pr (z) is calculated as 

follows (Anderson, 2004; Ziemann et al., 2008): 

Pr (z) = ½ * P0 * S * α’s * ti * v * e-2*
α
’*z              (2.21) 

S = (An / ncore)2 / 4.00 : graded index multimode fiber 

      4.55: step index single mode fiber 

      2.67: step index multi mode fiber 

αs [dB] = - 10 * log (0.5 * α’s * S * ti )              (2.22) 

P0 = the input power 

S = the back scattering factor 

α’s = the attenuation coefficient due to Rayleigh scattering [km-1] 

ti = the time width of the launched pulse (ns) 

v = the group velocity 

α’ = the overall attenuation coefficient [km-1]  

z = the length of fiber 

An = the numerical aperture 

ncore = the refractive index of the core 

αs = the attenuation coefficient through Rayleigh scattering [dB] 

Since an OTDR measures the time of the light pulse starting from its launch into the fiber to 

its backscattering to the starting point, an OTDR calculates the length of the optical fiber, L, 

by multiplying the time of the light pulse with the group velocity, v (Titus, 2001; Anderson, 

2004; Ziemann et al., 2008). 

L = v * (Δt/2) = (c/ng) * (Δt/2)               (2.23) 

L = the length of fiber 

Δt = the run time of the pulse 
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c = the velocity of light in vacuum 

ng = the group refractive index 

v = the group velocity 

The equation is divided by a factor of 2 because the light pulse passes the length of fiber two 

times. 

Analog versus Photon-counting OTDR 

An optical time domain reflectometry (OTDR) system can use analog and photon counting 

techniques to analyze the signals (Healey, 1984; Becker, 2005). An analog receiver model is 

basically composed of a photodiode, an input resistor, and an amplifier (Healey, 1984; 

Ziemann et al., 2008; Jaeger, 2011). The photodiode (photodetector) converts light into an 

electrical current (Jaeger, 2011). The electrical current is converted into a voltage at the input 

resistor (Ziemann et al., 2008). The amplifier that can be a transistor, or an operational 

amplifier, manipulates the signal voltage, current, and/or power (Jaeger, 2011). An analog 

system performs better at high intensity signals because at low intensity signals the signal to 

noise ratio becomes inadequate to analyze the analog data (Jobin Yvon Inc., 2000; Becker, 

2005). 

A photon-counting OTDR principally operates by counting the number of individual 

photons, where each photodetector pulse corresponds to a single photon, over very short time 

intervals (Becker, 2005; Saunders, 2006). Thus, low intensity noise pulses can be removed 

from the system, which increases the signal to noise ratio (Jobin Yvon Inc., 2000). 

Particularly in PMMA POFs the backscattered light due to Rayleigh scattering at 650 nm is 

not too much, where the attenuation is dominated by the absorption loss due to the vibrations 

of the molecular bond carbon-hydrogen (Yago et al., 2001; Daum et al., 2002). Thus, photon-

counting OTDR achieves high sensitivity and high resolution, which makes this technique 

more appropriate for POF applications (Brendel, 2001; Yago, Abe & Tokura, 2001). 
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Dynamic range 

The most important performance characteristics of an OTDR are the dynamic range and the 

dead zone. 

The dynamic range determines the total observable fiber length, in other words the total loss 

in the fiber an OTDR can detect and is specified in decibels (dB) (Titus, 2001). Therefore, 

the higher the dynamic range the longer the observable length and the higher the signal to 

noise ratio (SNR) (Laferriere, Lietaert, Taws & Wolsczak, 2012). 

There are several methods to measure the dynamic range. In general, the methods in use are 

the SNR (the Root Mean Square (RMS)), the International Electrotechnical Commission 

(IEC), and the Bellcore method presented by Bell Communications Research, Inc. (Bellcore), 

renamed Telcordia Technologies since 1999 (Anderson, 2004). 

The SNR dynamic range signifies the range between the start of the OTDR’s backscattered 

signal where the light enters the fiber, and the noise level at which the SNR equals 1 (Figure 

2.13) (Titus, 2001). The signal to noise ratio is the ratio of the signal power desired to be 

measured to the random electronic noise (Tricker, 2002). 

 

 

 

 

 

 

 

 

 

Figure 2.13. The dynamic range of an OTDR (peak dynamic range: IEC (98%); rms dynamic 

range: SNR) 
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On the other hand, the IEC (98%) dynamic range, the peak dynamic range, represents the 

range between the start of the OTDR’s backscattered signal and the noise level containing 

98% of all the noise as shown in Figure 2.13 (Titus, 2001). Because the SNR provides a 

larger value than IEC (98%), the SNR is more preferred (Titus, 2001). 

Bell Communications Research, Inc. (Bellcore), now Telcordia Technologies, presented the 

first standards on the performance characteristics of OTDR in 1988 (Anderson, 2004). 

Bellcore published a first definition of dynamic range (measurement range) with the Generic 

Requirements (GR) for OTDR Type Equipment in 1993 and the revised versions in 1995 and 

1998 (Beller, 1997; Champavere & Goltermann, 1999). The Bellcore method, GR-196-

CORE (issue 1, rev 2, Dec 98), defines the dynamic range as the limit at which an OTDR can 

measure a 0.5 dB insertion loss of a splice with a deviation not exceeding +/- 0.1 dB and an 

event resolution of less than 1 km (Beller, 1997; Champavere & Goltermann, 1999). 

Dead zone 

Fresnel reflection takes place at the beginning and end of the fibers, at fiber breaks, and 

sometimes at splice points (Anritsu, 2011). The power arising from the reflection occurred at 

the beginning, at the interface of the OTDR and the fiber, can be more than a thousand times 

higher than the backscattered signal that is only a small fraction of the light (Ferrari, 

Greborio, Montalti, Regio & Vespasiano, 2008). The OTDR detectors are generally designed 

by considering the lower backscattering signals (Ferrari et al., 2008). Therefore, due to the 

strong reflection, that is the strong backscattering signal, the detector becomes saturated for 

some time of which magnitude depends on the energy of pulse, reflection, and the recovery 

time of the detector (Ferrari et al., 2008; Ziemann et al., 2008). As a result, until the detector 

recovers from the saturated condition, the OTDR cannot detect any backscattered signal 

(Titus, 2001; Ferrari et al., 2008). During the recovery period, the fiber length through which 

the OTDR cannot analyze any signal is called the dead zone (Titus, 2001; Ferrari et al., 

2008). 
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The dead zone can be defined as an event dead zone or an attenuation dead zone (Titus, 

2001; Ferrari et al., 2008). The event dead zone is the minimum distance after a reflective 

event at which an OTDR can detect a following event but it cannot accurately detect the loss 

of the following event (Titus, 2001; Gagnon, 2008). The end of the event dead zone is the 

point where the light power is 1.5 dB down from the peak (Titus, 2001; Ferrari et al., 2008). 

The attenuation dead zone determines the minimum distance after a reflective event at which 

an OTDR can precisely detect the loss of a following event (Gagnon, 2008). The attenuation 

dead zone starts when a reflective event begins and finishes when the light power on the back 

reflection line is 0.5 dB over the fiber’s backscattering level (Gagnon, 2008; Ferrari et al., 

2008). Because the OTDR detector fully recovers from the saturation condition at the end of 

the attenuation dead zone, the attenuation dead zone is longer than the event dead zone 

(Titus, 2001; Ferrari et al., 2008). Furthermore, the higher the energy of the backscattered 

signals to the OTDR the longer the attenuation dead zone (Crisp, 2005; Ferrari et al., 2008). 

When the refractive index of the core ncore = 1.5, the attenuation dead zone is calculated as 

follows (Sorin, 1998; Crisp, 2005; Ziemann et al., 2008): 

Δz ≅ (v * Δts) / 2                 (2.24) 

v = speed of light in free space (ms-1) / refractive index of the core           (2.25) 

Δz = the attenuation dead zone (spatial resolution) 

Δts = the system response time 

v = the group velocity  

v = 3 x 108 / 1.5 = 2 x 108 ms-1 

When there is sufficient time for the recovery of the detector Δts can be considered as the 

pulse width (Sorin, 1998). That is, a pulse width of 10 ns, 1 ns = 10-9 s, corresponds to a 

length of approximately 1 m = (2x108x10-9x10)/2, 1 ns corresponds to 10 cm = (2x108x10-

9x100)/2, 1 m = 100 cm. The equation is divided by a factor of 2 because of the double path 
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of the light pulse. When the response time of the detector is quite different from the pulse 

width, then the parameter Δts can be modified as (Sorin, 1998): 

Δts ≅ (τp
2 + τd

2)1/2                 (2.26) 

τp = the optical pulse width 

τd = the response time of the detector 

Shorter pulse width decreases the dead zone, which improves spatial resolution that signifies 

the ability of an OTDR to resolve two adjacent events (Beller, 1998; Brendel, 2009; Gagnon, 

2008). However, shorter pulse widths carry less energy, which cannot be sufficient to analyze 

greater fiber lengths (Titus, 2001; Ziemann et al., 2008). That is, because the shorter pulse 

decreases the dynamic range events cannot be detected and distinguished from noise by the 

OTDR (Titus, 2001; Brendel, 2009). This causes tradeoff between dynamic range and the 

dead zone. 

The signal to noise ratio (SNR) 

Noise in electronic systems can be defined as an error added to the ideal signal, which 

restricts the operational performance of the system (Jones, 1993; Vasilescu, 2005; Zhong & 

Xie, 2006). 

Noise can be classified as intrinsic and extrinsic (Vasilescu, 2005). Intrinsic noise is arising 

from the design of the electronic system including circuit topology and type of active device; 

whereas extrinsic noise is arising from the outside perturbations including lighting discharges 

in thunderstorms, electrostatic discharge, cellular phones, TV, radio; extrinsic noise is caused 

by the electromagnetic disturbances (Vasilescu, 2005). Thus, to calculate the extrinsic noise 

is not easy and requires complicated differential equations (Vasilescu, 2005). This 

emphasizes how important it is to be immune to electromagnetic interference in electronic 

systems, where optical fibers offer great advantage. 
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The important intrinsic noise sources in an analog receiver are the shot noise and the thermal 

noise (Ghatak, 1998). Shot noise arises from the randomly generated electrons caused by the 

power of the incident light hitting the photodiode (Ghatak, 1998; Ziemann et al., 2008). A 

photodiode is basically based on a p (anode)-n (cathode) junction, where the absorption of 

photons leads to new electron-hole pairs (Jaeger, 2010). Thermal noise, also called Johnson 

noise, arises from the thermal velocity fluctuations of electrons in the input resistor (load 

resistor), which generates a random current and is added to the photodiode signal current 

(Ghatak, 1998; Thyagarajan, 2007; Ziemann et al., 2008). The equations related to the 

intrinsic noise sources could be found in the textbooks involved (Ghatak, 1998; Thyagarajan, 

2007; Ziemann et al., 2008). 

In analog systems, tradeoff occurs between two important characteristics of an OTDR, 

dynamic range and spatial resolution. When the system bandwidth is increased the SNR is 

decreased and consequently the dynamic range is decreased. However, the high detection 

bandwidth together with short laser pulses increases the spatial resolution. 

Unlike analog OTDRs, photon counting OTDRs do not give rise to a trade-off between 

dynamic range and spatial resolution (Brendel, 2009). However, long measurement time is 

required in order to achieve high dynamic range, in other words low noise power (Brendel, 

2009; Eraerds et al., 2010). When the measurement is repeated N times the noise amplitude is 

reduced by 1/(N)1/2 (Jones, 1993; Zhong & Xie, 2006). Consequently, increasing the number 

of pulses and averaging the measurement results give rise to noise reduction, which improves 

the dynamic range (Titus, 2001). However, it takes a long time to measure thousands of 

pulses, which increases the total test time (Titus, 2001). Thus, the tradeoff occurs between 

dynamic range and fast measurement time (Titus, 2001). The standard test time of a typical 

mini OTDR is to a great extent three minutes (Titus, 2001; Coffey, 2010). 
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2.2. Fiber Optic Sensors 

2.2.1 Introduction 

A sensor is a mechanism that transforms any type of stimulus such as pressure, force, or 

chemical into an electrical signal (Fraden, 2010). According to the sensing mechanism, 

sensors are classified as capacitive, piezoelectric, inductive, electromagnetic wave, resistive, 

microwave, thermal, and optical sensors as shown in Figure 2.14 (Pallas-Areny, 2001; 

Fraden, 2010). 

 

 

 

 

 

 

 

 

Figure 2.14. Sensor classification according to the sensing mechanism (Pallas-Areny, 2001; 

Fraden, 2010) 

An optical sensor includes a light source, a photodetector, and optical elements (Haus, 2010). 

Optical elements guide and modulate light features, which forms the basis of the optical 

sensing principle (Gholamzadeh & Nabovati, 2008; Haus, 2010). When optical fiber is used 

as an optical element either for guiding or both guiding and sensing, the system is called fiber 

optic sensor. 
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Fiber optic sensor technology that has been available for more than 40 years has evolved in 

parallel with optical fiber technology (Culshaw, 1983; Culshaw & Habel, 2004). The 

research done by Simon & Spitz (1963) and Kao & Hockham (1986), and the development of 

a low loss single-mode optical fiber in 1970 contributed to the publication of the first patents 

on fiber optic sensors (as cited in Culshaw, 2004). POF sensors first came into existence in 

the late 1980s and early 1990s, which was quite after the appearance of glass optical fiber 

sensors (Bartlett et al., 2000; Kalymnios, Scully, Zubia & Poisel, 2004). Since a fiber optic 

sensor has a high bandwidth, is small in size, is lightweight, and is immune to 

electromagnetic interference (EMI) it offers higher performance than that of its electrical 

based counterparts. Telecommunications, medicine, defense, aerospace, and automotive are 

the application areas of fiber optic sensors. The polymer optical fiber (POF) sensors in 

automobiles are used particularly for detection of seat occupancy, and intelligent pedestrian 

protection systems. As polymer optical fiber is less expensive, more flexible, and easier to 

handle than glass optical fiber research is mostly done on polymer optical fibers. 

2.2.2 Classification of fiber optic sensors (FOSs) 

The fiber optic sensors can be classified as intrinsic and extrinsic or hybrid sensors (Udd, 

1995; Gholamzadeh & Nabovati, 2008; Mrad & Li, 2008). In the extrinsic fiber optic sensors 

(Figure 2.15-a), the optical fiber only transmits light and the modulation of light occurs in the 

sensitive element that may not involve optical fibers (Gholamzadeh & Nabovati, 2008; Mrad 

& Li, 2008). In intrinsic fiber optic sensors (Figure 2.15-b), the optical fiber itself is the 

sensitive element, and the environmental stimuli may cause a change in the light intensity, 

phase, frequency, and polarization when the light propagates through the optical fiber 

(Gholamzadeh & Nabovati, 2008; Mrad & Li, 2008). 

According to the modulation mechanism fiber optic sensors can typically be classified as 

intensity modulated, wavelength modulated, phase modulated, and polarization modulated 

fiber optic sensor as shown in Figure 2.16 (Grattan & Sun, 2000; Gholamzadeh & Nabovati, 

2008; Mrad & Li, 2008; Nogueira, Bilro, Alberto, Lima & Pinto, 2012). 
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b) 

Figure 2.15. a) Extrinsic fiber optic sensor b) Intrinsic fiber optic sensor (adapted from Mrad 

& Li, 2008, p. 14-4) 
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Figure 2.16. Classification of fiber optic sensors 

2.2.2.1 Intensity modulated fiber optic sensors 

Intensity modulated fiber optic sensors consist of microbending sensors, reflection (movable 

mirror) based sensors, and evanescent wave coupling sensors (Gholamzadeh & Nabovati, 

2008; Mrad & Li, 2008). Environmental stimuli such as pressure, displacement, proximity, 

pH, and temperature change the light power either transmitted or reflected through the optical 

fiber (Morris, 2001). The intensity loss can happen due to microbending, breakage, 

absorption, scattering, transmission, reflection, and evanescent wave coupling (Gholamzadeh 

& Nabovati, 2008; Nogueira et al., 2012). The sensor system simply includes a light source, 

an optical fiber, and a photodetector, which offers a simple signal analysis technique and low 

cost (Nogueira et al., 2012). However, the losses arising from other sources (connectors, 

splices, misalignment of the system components) and light source’s fluctuations can affect 

the sensor accuracy (Krohn, 1986; Gholamzadeh & Nabovati, 2008; Mrad & Li, 2008). 

A microbending sensor (Figure 2.17) first reported in 1980, relies on mechanical bending of 
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a multimode optical fiber, where the modes in the core couple to the cladding mode because 

they exceed the critical angle due to bending (Fields, Asawa, Ramer, Barnoski, 1980; 

Berthold, 1995; Efendioglu, Yildirim, Fidanboylu, 2009). Thus, light loss occurs through the 

fiber cladding, and the light intensity decreases (Krohn, 1986; Berthold, 1995; Efendioglu et 

al., 2009). 

 

 

 

 

 

Figure 2.17. Microbending sensor (Berthold, 1995, p. 1193) 

Reflection based sensors include a bifurcated multimode optical fiber assembly, where the 

emitting and receiving fibers are laid side by side along the length of the bifurcated cable 

placed in the vicinity of a reflector (movable mirror) (Krohn, 1986; He & Cuomo, 1991; 

Gholamzadeh & Nabovati, 2008). The light is propagated through the emitting fiber, leaves 

it, and arrives at the movable reflector (Krohn, 1986; He & Cuomo, 1991; Gholamzadeh & 

Nabovati, 2008). The light is reflected back, and coupled into the receiving fiber where the 

distance between the movable reflector and the bifurcated cable determines the reflected light 

intensity, and detected signal (Krohn, 1986; He & Cuomo, 1991; Gholamzadeh & Nabovati, 

2008). The accuracy of the sensor depends on the fiber configuration such as coaxial, 

hemispherical, random, fiber pair, or single, in the bifurcated cable (Krohn, 1986). For 

example, the dynamic range of a hemispherical orientation is higher than that of a random 

one, however the sensitivity of a hemispherical orientation is less relative to a random one 

(Krohn, 1986). The high numerical aperture and large core diameter of POF make it suitable 

for this type of displacement sensor (Bunge & Poisel, 2012). 

Evanescent wave is a phenomenon that happens when light penetrates into the cladding in 

various depths during propagation in a single mode optical fiber (Kodl, 2004). The portion of 
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light in the cladding is called an evanescent wave that depends on the wavelength of the light 

beam, refractive indices of core and cladding, and the acceptance angle of the light beam 

(Mitschke, 2009; Nogueira et al., 2012). Evanescent wave coupling sensors (Figure 2.18) 

include two single mode optical fibers (Gholamzadeh & Nabovati, 2008). When light travels 

in one of the fibers a portion of the evanescent wave of that fiber couples into the second 

fiber, where environmental stimuli such as pressure and temperature, determines the coupling 

intensity by changing the distance between two fiber cores (Gholamzadeh & Nabovati, 

2008). 

 

 

 

 

 

 

Figure 2.18. Evanescence wave coupling sensor (Gholamzadeh & Nabovati, 2008, p. 299) 

2.2.2.2 Wavelength modulated fiber optic sensors 

Wavelength modulated fiber optic sensors consist of fiber Bragg gratings (FBGs) and long 

period fiber gratings (LPFGs). The FBGs (Figure 2.19), first discovered by Hill, Fujii, 

Johnson & Kawasaki in 1978 in Canada, are formed by exposing an intense interference 

pattern of ultraviolet (UV) light to the fiber core (Hill & Meltz, 1997). The irradiation of the 

fiber core by UV light changes the refractive index of the core periodically along the fiber 

length, which is called photosensitivity (Hill & Meltz, 1997; Rao, 1997). When the FBG is 

illuminated by a light source through the fiber axis the back reflections occur from each 

successive altered index plane (Hill, 2010). The reflecting beams from each plane form 

constructive interference at the Bragg wavelength (λB), where the reflected light signal in 
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total can approach 100% (Rao, 1997; Hill, 2010). The Bragg wavelength, λB = 2neffΛ, where 

neff is the effective core index (modal index) and Λ is the grating period (Hill, 2010). When 

the FBG is exposed to environmental stimuli such as pressure, strain, temperature, and 

acceleration, the modal index (neff) or the grating period (Λ) changes, and consequently the 

Bragg wavelength shift (ΔλB) occurs (Hill & Meltz, 1997; Nogueira et al., 2012). The 

gratings are mostly written in single mode germanium-doped core silica optical fibers, where 

the Bragg wavelength shift of the silica is restricted due to the elastic strain limit of the silica 

(1%) (Large et al., 2007; Hill, 2010; Cheng et al., 2011; Nogueira et al., 2012). Thus, the 

FBG sensors made up of silica have limited resolution and require expensive detecting 

devices (Cheng et al., 2011). The first Bragg grating written in a POF in 1999 has initiated 

the research on POF grating (Cheng et al., 2011; Nogueira et al., 2012). Because POF has 

higher elastic strain limits (10%) the FBG sensors made up of POF have higher sensitivity 

(Large et al., 2007; Cheng et al., 2011; Nogueira et al., 2012). However, POF causes some 

difficulties during the Bragg grating production process such as the small refractive index 

change, long exposure time to the UV light, which could be eliminated by increasing the 

photosensitivity of the core (Cheng et al., 2011). Furthermore, FBG sensors are sensitive to 

both strain and temperature, which causes the problem of cross-sensitivity (Nogueira et al., 

2012). 

 

 

 

 

Figure 2.19. Principle of FBG (adapted from Witt, Dantan, Thiel & Krebber, 2006, p. 14) 

Long period fiber gratings (LPFGs), first introduced in the mid 1990s, have the grating 
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period (Λ) in the order of hundreds of micrometers (100 µm – 1 mm), which is greater than 

that of FBG (< 1 µm) (Vengsarkar et al., 1996; Witt et al., 2006; Wang & Tang, 2010). UV-

irradiation (λ = 242 nm – 248 nm), irradiation by carbon-dioxide laser, exposure to electric 

arc discharge, femtosecond pulse irradiation, and ion implantation are the fabrication 

methods of LPFGs to change the core refractive index periodically of silica glass optical 

fibers (Kalachev, Pureur & Nikogosyan, 2005; Witt et al., 2006). LPFGs couple the forward 

propagating fundamental core mode into several forward propagating cladding modes, which 

makes them sensitive to the change of refractive index of the material around the cladding 

(Rao, 1997; Witt et al., 2006). Back reflection minimally occurs in LPFGs, and the 

transmitted peak wavelength is, λm = (nco
eff – ncl,m

eff)*Λ, where λm is the wavelength 

corresponding to the mth forward propagating cladding mode, nco
eff  the effective refractive 

index of the fundamental core mode, ncl,m
eff the effective refractive index of the mth cladding 

mode and Λ is the period of the grating (Sun, Chan, Tan, Dong & Shum, 2007). Bhatia & 

Vengsarkar (1996) showed that LPFGs could be used as strain, temperature, and refractive 

index sensors, where LPFGs were more sensitive than FBGs. However, both LPFGs and 

FBGs can have the problem of temperature cross sensitivity when they are targeted as strain 

sensors (Bhatia & Vengsarkar, 1996). Furthermore, LPFGs are highly sensitive to micro-

bendings (Bhatia & Vengsarkar, 1996; Witt et al., 2006).  

2.2.2.3 Phase modulated fiber optic sensors 

Phase modulated fiber optic sensors involve Mach-Zehnder, Michelson, and Fabry-Pérot 

interferometers (Jackson, 2004; Baldwin, 2008). The operating principle of the Mach-

Zehnder and Michelson interferometers is that environmental stimuli such as pressure, strain, 

temperature, and chemical reaction, cause phase difference between two light paths travelling 

along two equal single mode fibers (Mrad & Li, 2008; Nogueira et al., 2012).  

In the Mach-Zehnder interferometer (Figure 2.20-a), two optical light paths, one is the 

reference path and the other one is the sensing path, are between two 3-dB couplers 
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(Baldwin, 2008; Nogueira et al., 2012). The light from a light source is divided into two 

equal light paths by the first coupler, and the second coupler recombines the optical light 

paths (Baldwin, 2008; Nogueira et al., 2012). When there is no stimulus the phases of the two 

paths will be the same and the recombined output intensity will be maximum (Baldwin, 

2008; Nogueira et al., 2012). However, when a stimulus changes the phase of the sensing 

fiber destructive interference occurs at the second coupler and the output intensity decreases 

(Baldwin, 2008; Nogueira et al., 2012). 

 

 

 

     

    a)        b) 

Figure 2.20. a) Mach-Zehnder interferometer b) Michelson interferometer (Gholamzadeh & 

Nabovati, 2008, p. 300-301) 

In the Michelson interferometer (Figure 2.20-b), there is only one 3 dB coupler that divides 

the light into two light paths, the reference and the sensing paths (Baldwin, 2008; Nogueira et 

al., 2012). At the end of two paths, there are two mirrors that reflect the light beams back to 

the coupler, where the light beams are recombined (Baldwin, 2008; Nogueira et al., 2012). 

Thus, the coupler does two jobs, which could increase the noise level of the system 

(Nogueira et al., 2012). The intensity of the interference signal is up to the change in the 

phase of the sensing path (Baldwin, 2008; Nogueira et al., 2012).  

The Fabry-Pérot interferometer is divided into extrinsic and intrinsic Fabry-Pérot 

interferometers (Baldwin, 2008; Mrad & Li, 2008). Unlike Mach-Zehnder and Michelson 

interferometers they do not have any couplers. In the intrinsic Fabry-Pérot sensor (Figure 
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2.21-a), the sensing region is between two reflective mirrors that can be formed by cleaving 

the fiber ends and then coating with thin films, which are fused within a fiber core (Wang, 

2006; Baldwin, 2008; Mrad & Li, 2008). In the extrinsic Fabry-Pérot sensor (Figure 2.21-b), 

there is an air cavity, a sensing cavity, between two optical fibers that are fused to a capillary 

tube (Baldwin, 2008; Mrad & Li, 2008). 

 

 

 

 

a) 

 

 

 

 

 

 

b) 

Figure 2.21. a) Thin film based Intrinsic Fabry-Pérot sensor b) Capillary tube based Extrinsic 

Fabry-Pérot sensor (Wang, 2006, p. 22-23) 

2.2.2.4 Polarization modulated fiber optic sensors 

The phenomenon of polarization deals with the order of the direction of the electric field of 

the electromagnetic wave (light) as a function of time (Rogers, 2003). The electric field is 

considered for the polarization rather than the magnetic field because the electric field 

predominantly affects the electrical charges within atoms when the light hits the materials 
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(Rogers, 1997; Rogers, 2003). Furthermore, considering only the magnetic field would give 

the equivalent results (Rogers, 1997; Rogers, 2003). When light propagates in the direction 

of z-axis in a three dimensional Cartesian coordinate system, the electric field has only two 

vector components: one is in the direction of the x-axis, and the other one is in the direction 

of the y-axis; the one in the direction of the z-axis disappears because it is not perpendicular 

to the direction of propagation of light (Al-Azzawi, 2006). 

There are three types of polarization: linear, elliptical, and circular (Rogers, 1997; Al-

Azzawi, 2006). When the field vectors oscillate just in the vertical direction (x-axis) or just in 

the horizontal direction (y-axis) the light is called linearly (plane) polarized (Rogers, 1997; 

Al-Azzawi, 2006). In elliptical polarization there is a phase difference between the field 

vector in the x-axis and the field vector in the y-axis, where the amplitudes of the field 

vectors are not the same, and the resulting electric field vector traces an ellipse (Rogers, 

1997; Al-Azzawi, 2006). When the phase difference between the field vectors equals to 

mπ/2, where m is an odd number, and the amplitudes of the field vectors are the same, the 

resulting light is called circular polarization (Rogers, 2003; Jackson, 2004). 

The polarization of light can change due to the environmental stimuli such as stress, strain, 

which can be used for fiber optic sensing applications. However, the optical fiber must be 

single mode so that the polarization in the fiber core can be constant unless there is not any 

external perturbation (Jackson, 2004). The Faraday magneto-optic effect, the Kerr effect 

(electro-optic effect), and the photoelastic effect cause variations in the polarization of light 

(Rogers, 1997; Rogers, 2003; Jackson, 2004). The Faraday magneto-optic effect is generally 

applied to a linearly polarized light, where optical fiber subjects to a magnetic field in the 

same direction of propagation of light (Rogers, 1997; Rogers, 2003; Jackson, 2004). 

Magnetic field causes the electrons within atoms of the optical fiber to rotate in the same 

direction of the magnetic field, which rotates the polarization of light by an angle (Rogers, 

1997; Rogers, 2003; Jackson, 2004). In the Kerr effect, a linearly polarized light propagating 

in an isotropic optical fiber subjects to an electric field, where the electrons within atoms of 

the optical fiber limit their movements in the direction of the electric field (Rogers, 1997; 

Jackson, 2004). This results in phase shift between the electric field vectors in the formerly 
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linearly polarized light, and causes the light to be elliptically polarized (Rogers, 1997; 

Jackson, 2004). The phase shift is proportional to the square of the electric field (Rogers, 

1997; Jackson, 2004). The photoelastic effect is based on the phase shift between the electric 

field vectors due to the applied stress or strain, which results in variation in the polarization 

of light (Jackson, 2004). The wave component of light in the direction of the applied stress 

propagates faster than its orthogonal part due to the stress induced refractive index change 

(Jackson, 2004). 

2.3 Occupancy sensing in the passenger seats of automobiles 

2.3.1 Introduction 

Gottlieb Daimler created the first lightweight high-speed four-stroke gasoline engine in 1883 

with patent number 28022 (Daimler, 2012). Three years after Daimler, in 1886, Carl Benz 

invented the world’s first automobile with patent number 37435 (Blair, Reynolds, Weierstall, 

2008; Daimler, 2012). Since that time the automotive industry has continued to evolve being 

facilitated by the rapid pace of integration of new technology.   

Although the first sensors date back to the early 1900s the sensors have been used in the 

automobiles within the mechatronic systems since the late 1970s (Bishop & 

Ramasubramanian, 2008; Vetelino, 2011). The global market for automotive sensors was 

$14.1 billion in 2011 and is expected to reach $22.1 billion by 2017 at a compound annual 

growth rate (CAGR) of 7.7% (BCC, 2011; Tran, 2011; BCC, 2012). While an average car 

had approximately 10-20 sensors in the mid 1980s, and around 30-50 in the late 1990s, 

currently an average car has more than 50 sensors, and a luxury car more than 100 

(Kleinschmidt & Schmidt, 1992; Reinhart & Illing, 2003; Bogue, 2006; Fleming, 2008; 

Tudor & Beeby, 2009). 

Legislation, safety, performance, comfort and convenience requirements and new 

developments in the electronic systems have raised the demand for sensors in the automotive 

industry (Fleming, 2008; Turner, 2009).  
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As a part of vehicle safety, the increasing use of airbag systems in passenger cars have led to 

the employment of new sensors such as occupant classification (seat weight) and position, 

rollover, side impact, tire inflation, and tire temperature in airbag system designs (Turner, 

2009). Haelterman (2010) stated that vehicles in the US had nearly 100% installation of six 

airbags including driver, passenger, side curtain, and driver and passenger seat thorax bags. 

The final rule of FMVSS 214 required auto manufacturers to install side curtain airbags and 

torso side airbags for vehicle occupants by 2009 (NHTSA, 2007). 

General Motors was the first original equipment manufacturer to install the occupancy 

sensing system in the frontal passenger side in order to deactivate the airbag when the 

occupant is a rear-facing infant seat, a forward-facing child seat, a booster seat, or when there 

is no occupant, in 2002 (NASA, 2006). Seat weight sensors which statically recognize if the 

occupant is an infant, a child, an adult or if the seat is empty, have particularly been used in 

automobiles since the U.S. National Highway Transportation and Safety Administration 

(NHTSA) established the advanced airbag regulation as part of Federal Motor Vehicle Safety 

Standard (FMVSS) 208 in May 2000 (Federal Register, 2000; Farmer & Jain, 2007; Fleming, 

2008). The regulation forbids the deployment of the airbag when an occupant in the 

passenger seat is smaller than or equal to a six-year-old child (in weight) and mandates the 

deployment of the airbag when the occupant is a fifth percentile (by weight) adult female or 

larger (Federspiel, 2005; Farmer & Jain, 2007). The regulation was issued because of the 

increasing airbag-related fatality counts in the 1990s (NHTSA, 2010). It was stated when an 

occupant was out of position, at 4 to 10 inches from the airbag deployment door, and when a 

child in a rear facing child seat was on the front seat, there could be injuries or deaths by 

airbag deployments (Stanley & Stopper, 2003).  

When the airbags were first introduced to the market, they were designed to protect a 50th 

percentile adult male that was unbelted and normally seated when the car was hit at a speed 

of 30 miles per hour (GAO, 2001; Stanley & Stopper, 2003). Thus, the force required to 

deploy the airbag was not suitable to protect children especially during crashes at low speeds 

(Stanley & Stopper, 2003; Farmer & Jain, 2007). Furthermore, there could be cases, where 

the seat would be unoccupied, and deploying the airbag would be avoided in order to prevent 
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releasing the possible toxic gases due to the deployment, and replacing the expensive airbag 

module (Stanley & Stopper, 2003; Breed, DuVall, Morin, 2007). 

2.3.2 Automotive seat assembly 

An automotive seat assembly consists of two main parts: a structural frame mounting the seat 

assembly to a vehicle and a covering (Drean, Schacher, Bauer, Adolphe, 2007; Galbreath & 

Ali, 2011). The structural frame, as shown in Figure 2.22, contains structural components 

(backrest, cushion), connector elements between structural components, suspension system 

backrest, and attached components like length and height adjusters, lumbar adjuster, side 

impact airbag, and seatbelt pretensioner (Drean et al., 2007; Siefert, Pankoke, Wolfel, 2008; 

Automotive Engineer, 2010). The seat frame may be manufactured from steel, the traditional 

automobile material, aluminum, and magnesium, where aluminum and magnesium have 

lower densities compared to steel (Luo, 2002; Galbreath & Ali, 2011). However, the cost of 

aluminum remains its biggest problem; furthermore, magnesium alloys have lower fatigue 

and creep resistance compared to aluminum alloys, and poor galvanic corrosion resistance 

(Luo, 2002). 

 

 

 

 

 

 

 

 

 

Figure 2.22. Seat structural frame (adapted from Brose Fahrzeugteile GmbH & Co. KG, 

2012) 
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The covering, as shown in Figure 2.23, is composed of a foam cushion for seat back and 

bottom and a trim component including a face material, foam backing, and a reinforcing 

scrim material (Dupuis et al., 2009; Galbreath & Ali, 2011). The foam cushion is mostly 

made up of polyurethane (PU) and attached to the structural frame by an adhesive (Dupuis et 

al., 2009; Galbreath & Ali, 2011). The face material of the trim component is predominantly 

a polyester fabric that can be woven, knitted, or nonwoven, or leather, and is mostly 

laminated to polyurethane foam (0.5-10 mm) (Fung & Walter, 2001; Drean et al., 2007; 

Dupuis et al., 2009). The scrim material, generally a polyamide knitted fabric, is laminated to 

the back of the polyurethane foam, which increases the strength of the trim component and 

prevents its slippage on the cushion (Fung & Walter, 2001; Drean et al., 2007; Dupuis et al., 

2009; Galbreath & Ali, 2011). In general flame lamination is used, where the surface of the 

moving polyurethane foam is melted through gas flames; thus the foam backing acts as the 

adhesive for both face and scrim fabrics, and the three materials are joined together (Fung & 

Walter, 2001; Drean et al., 2007; Dupuis et al., 2009). 

 

 

 

 

 

Figure 2.23. Seat covering 
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A typical seat cushion comprises a center portion, the numbers of 3, 4, and 5 in Figure 2.23, 

and side bolster portions, the numbers of 1 and 2 in Figure 2.23, along the side of the seat 

cushion that provide thigh support and help the occupant maintain his or her position in 

dynamic conditions. 

The pressure distribution at the interface between the occupant and the seat surface varies 

depending on various factors such as the anatomy of the occupant (e.g. contact area), 

geometry of the seat (e.g. seat length, width), seat trimming (sew lines, face material, etc.), 

stiffness and thickness of the material of the foam cushion, the measurement conditions 

(static and dynamic (with car vibration)) (Ebe & Griffin, 2001; Na, Lim, Choi & Chung, 

2005). Reed (2000) showed that the seat cushion width should be a minimum of 500 mm; the 

cushion length along the thigh line should not exceed 440 mm from the depressed backrest; 

the seat height from the floor to the highest surface of the undepressed cushion should not 

exceed 363 mm. Kurz, Diebschlag & Heidinger (1989) indicated that the optimal pressure 

distribution had to be: 1 to 3 N/cm2 directly beneath the ischial tuberosities; 0.8 to 1.5 N/cm2 

in the area around the ischial tuberosities; 0.2 to 0.8 N/cm2 in the remaining backrest and seat 

cushions to improve the seating comfort. S. Drummond et al. (1982) found that about 18% of 

a human subject’s load is assigned to each ischial tuberosity, 21% to each thigh, and 5% to 

the sacrum. Hartung (2006) indicated that the distribution of ideal load applied on the 

cushion is 50-65% on the buttocks, 10-30% on the upper thighs, and 6% on the front thighs. 

Zenk, Franz, Bubb & Vink (2012) demonstrated that the ideal load distribution found by 

Hartung (2006) resulted in a lower pressure in the intervertebral discs in the lumbar spine 

compared with other two different load distributions, where the results are from only one 

person. Ebe & Griffin (2001) demonstrated that the highest pressure is located beneath the 

area of ischial tuberosities (1.8-2 N/cm2) by performing experiments with twelve males in 

static conditions (i.e. no vibration), where the mean age was 28.7 years, weight 73.5 kg, and 

stature 177.5 cm. In the experiments five PUR foam cushions with similar foam hardness but 

different compositions, and a 440 mm x 480 mm pressure sensor mat with 2112 measuring 

points were used (Ebe & Griffin, 2001). Na et al. (2005) investigated the effect of the driving 

period on body pressure distribution and concluded that as the driving period increased the 
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body pressure distributed over the lower region of seat back (lumbar region) and buttock 

region decreased due to the slippage of occupant’s hips to the front. In the experiment there 

were 16 males whose mean age was 25.5, height 172.8 cm, weight 72.3 kg; and the 

measurements were done in a simulated driving environment with a seating buck, where the 

experiment took 45 minutes for each subject (Na et al., 2005). 

Andreoni, Santambrogio, Rabuffetti & Pedotti (2002) demonstrated that total contact area 

between the human subject and the seat cushion was practically constant, which was around 

1800 cm2, although the weights of the 8 subjects, from 61 to 100 kg, were different. Kolich 

& Taboun (2004) showed that the mean cushion contact area was 1689 cm2, where the data 

was obtained from 12 human subjects whose weights changed from 55 to 132 kg. 

2.3.3 Seat weight sensor technology 

IEE introduced an occupant classification (OC) system in the 1990s, which consists of an 

occupant classification sensor mat that is based on Force Sensing Resistor (FSR®) 

technology, a measurement unit including microcontroller and an application specific 

integrated circuit (ASIC), and an airbag control unit (Billen, Federspiel, Schockmel, Serban 

& Sherill, 1999). The OC sensor mat, placed between the foam cushion and trim component, 

involves up to 100 FSR® cells, where the electrical resistance of each cell decreases as a 

function of the applied force (Billen et al., 1999). When a force is applied the resistance 

values of all FSR cells are received and converted into the digital resistance values in the 

measurement unit (Billen et al., 1999). Thus, the digital pressure profile of an object is 

obtained and is fed to the airbag control unit that collects all the available crash data and 

makes decision on the deployment of the airbag (Billen et al., 1999). IEE stated while human 

beings form a compact pressure profile due to coherently distributed activated sensor cells 

non-human objects (child seats) provide an ambiguous pressure profile due to scattered 

activated sensor cells (Billen et al., 1999). 

Fleming (2008) illustrated that automobile manufacturers presently use two main types of 

seat weight sensors: strain gauge sensors attached on the front, rear, left, and right corners of 
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the seat frame under the seat, and fluid-filled elastomeric bladder installed in the seat cushion 

and coupled to a pressure sensor. The working principle of strain gauge sensors is that the 

mechanical strain caused by the weight of the seat occupant leads to a change in the electrical 

resistance of the sensor assembly, which modulates the output voltage (electrical signal) of 

the sensor (Blakesley, 2000; Liptak, 2003). The variation in electrical resistance of a 

conductor such as constantan (Cu57Ni43) and nichrome (Ni80Cr20) or a semiconductor such as 

silicon and germanium due to mechanical stress forms the basis of the strain gauge effect 

(Pallas-Areny, 2001). The formulas related to the electric resistance of a wire could be found 

in textbooks involved (Pallas-Areny, 2001). 

Strain gauge sensors are sensitive, however they are fragile, sensitive to vibration, and 

affected by process temperature variations because sensing elements can expand or contract 

depending on temperature (Liptak, 2003). Temperature compensation must be applied 

generally outside the temperature range of -20 to 70°C (Liptak, 2003). Strain gauge sensors 

generally require pre- or after-amplifiers, which makes the sensor more susceptible to noise 

(Zhang & Wang, 2012). Furthermore, strain gauge sensors are sensitive to electromagnetic 

interference (EMI). Normally, strain gauge sensors are installed into specifically designed 

seat structures for strain sensing (Murphy et al., 1999). On the other hand, fluid-filled 

elastomeric bladders can be easily installed into an existing seat structure, between the seat 

cushion and the frame, and the process of installation costs less relative to strain gauge 

sensors (Murphy et al., 1999). The upper and lower layers of the bladder are continuously 

and peripherally welded to make a closed structure, where the layers can be made up of an 

elastomeric material such as polyurethane (Waidner & Fortune, 2007). The bladder is filled 

with a liquid such as silicone that is non-corrosive and durable at extreme environmental 

temperatures (Fortune et al., 2002; Waidner & Fortune, 2007). Spot welds between top and 

bottom layers of the bladder can be created forming an array of multiple cells in different 

geometries, which decreases the amount of fluid flowing freely between the cells (Fortune, 

Myers, Murphy, Roe, 2000). At least one pressure sensor installed close to the exit port of the 

bladder senses the gauge pressure, the differential pressure between the fluid and 

atmospheric pressure, at the center of gravity of the fluid (Murphy et al., 1999). Thus, the 
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sensor becomes stable against the variation in atmospheric pressure and vehicle pitch and roll 

that could cause a change in the center of gravity of the fluid relative to the location of the 

exit port (Murphy et al., 1999; Fortune et al., 2000; Waidner & Fortune, 2007). A 

temperature sensor, close to both the bladder and the pressure sensor, generates a signal 

related to the temperature, which compensates for the variation due to the change in stiffness 

of the foam and bladder at high temperatures (Murphy et al., 1999; Fortune et al., 2000; 

Waidner & Fortune, 2007). The signals of the pressure sensor and the temperature sensor are 

provided to a controller that gives the estimated weight of the occupant (Murphy et al., 1999; 

Fortune et al., 2000; Waidner & Fortune, 2007). 

Drean, Schacher, Adolphe & Bauer (2007) integrated a sensor composed of polyvinylidene 

fluoride (PVDF)-trifluoroethylene (TrFE) copolymer film in a seat covering, between the 

face fabric and the foam backing, and is located under the thigh region of the passenger in 

order to recognize the type of occupant. The sensor was used as a resonator using the 

resonant frequency of the copolymer material, and the phase shift due to the compression 

was analyzed utilizing human subjects including eleven men and three women (Drean et al., 

2007). A linear trend was observed between the phase shift of the resonator and the mass of 

the occupants in a sitting position (Drean et al., 2007). However, a PVDF film cannot convert 

a steady-state mechanical stimulus into an electrical response; there should be a changing 

signal to shift the resonant frequency of the film (Fraden, 2010). 

The idea of using optical fiber technology for sensing dates back to the mid 1960s (Culshaw 

& Kersey, 2008). Optical fibers have many advantages including immunity to 

electromagnetic interference, small size, lightweight, multiplexing capabilities, which make 

them more suitable in sensing applications than their electrical-based counterparts 

(Gholamzadeh & Nabovati, 2008; Peters, 2011). Optical fibers perform well at a temperature 

range of -40°C to 85°C, where glass optical fibers can be used even up to 200°C, which is 

suitable for the operating temperature range of automotive passenger compartment that is 

from -40°C to 85°C (Eddy & Sparks, 1998; Ho et al., 2006). Baur, Huber & Zeeb (2007) 

developed a fiber-optic sensor network made up of at least two fiber Bragg grating sensors, 

which can be integrated into the seat covering or into a seat cushion. The principle of sensing 
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is that microbending causes local intensity changes, or the Bragg wavelength is modified by 

load affecting a fiber optic Bragg grating sensor (Baur et al., 2007). Zhang & Wang (2012) 

proposed a sensor design including fiber Bragg grating strain sensors for detection of seat 

occupancy in airplanes. The sensor assembly can be installed in the seat frame or the safety 

belt, and many strain sensors can be required in order to detect the loads accurately (Zhang & 

Wang, 2012). When the sensor assembly is in the seat frame the FBG strain sensors can be 

placed into the corners of the seat frame like the electrical strain gauge sensors (Zhang & 

Wang, 2012). Reimer & Danisch (1999) developed a pressure sensor that can be integrated 

with an automotive seat cushion for sensing of a seat occupancy or can be embedded into the 

energy absorbing foam located in side panels to determine the local deflection. The sensor is 

an extrinsic type and is composed of an optical fiber pair: one optical fiber transmits light 

from a light source to a compressible light scattering medium, illuminates the medium, and 

the other optical fiber collects the scattered light from the medium and transmits it to a photo-

diode (Reimer & Danisch, 1999; Reimer & Baldwin, 2000). The medium is open cell foam 

which consists of millimeter level pores including air, and can be made up of silicone or 

polyurethane (Reimer & Danisch, 1999; Reimer & Baldwin, 2000). When pressure is applied 

to the medium, the integrating optical cavity, the volume of the illuminated zone within the 

medium, where reflective or refractive scattering occurs, varies in intensity, which changes 

the output signal (Reimer & Danisch, 1999; Reimer & Baldwin, 2000). Kodl (2004) reported 

an optical sensor that can be used as a safety protection, a pressure, a crash, and a touch 

sensor. The sensor consists of a light source, an optical waveguide, and a photo-diode (Kodl, 

2004; Kodl, 2007). The optical fiber used has a PMMA core, and a cladding made up of a 

soft, loose material such as polyurethane, silicon, and polyethylene of which contact to the 

core is really limited, and there is air between the core and the cladding (Kodl, 2004; Kodl, 

2007). The operating principle is that in a single mode optical fiber the light is not exposed to 

a perfect total internal reflection at the core cladding boundary and depending on the 

wavelength a little portion of light, a little part of the electromagnetic field, called an 

evanescent field, propagates alongside the surface of the core (Kodl, 2004; Kodl, 2007). 

When pressure is applied onto the cladding, with increasing pressure the evanescent field 
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reaches the cladding and is absorbed by the cladding (Kodl, 2004; Kodl, 2007). Therefore, 

light attenuation increases and less light arrives to the photo-diode, which decreases the 

output signal (Kodl, 2004; Kodl, 2007). In the application of this car seat protection sensor, 

single sensors are placed onto the seat bottom and seat back, in total 6 sensors, so that 

individually evaluated sensors can provide information related to the position and weight of 

the occupant for airbag deployment (Kodl, 2004; Kodl, 2007). 
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CHAPTER 3. OBJECTIVES 

The literature review indicates that polymer optical fiber (POF) and the POF sensor markets 

have grown significantly and the automotive industry is the most promising application area 

for innovations in the field of POF sensors. POF is mostly used for data transmissions in 

automotive networks and the POF sensors in automobiles are particularly for detection of 

seat occupancy, and intelligent pedestrian protection systems. 

The automotive industry currently uses electrical based sensors such as strain gauge, 

elastomeric bladder, and resistive sensor systems for detection of seat occupancy. The 

superior characteristics of polymer optical fibers including immunity to electromagnetic 

interference (EMI), small size, lightweight, and flexibility relative to the electrical based 

sensors potentially make them a more suitable material for seat occupancy sensing. 

Although there are some researches on FBG sensors, fiber optic as pressure sensor consisting 

of compressible light scattering foam, and fiber optic evanescent field sensors, the knowledge 

on fiber optic occupancy sensing is limited and needs to be improved. 

Textile structures have been used in fiber optic sensing design particularly for the 

applications of biomedical and structural health monitoring (SHM). The textile-based fiber 

optic sensor studied in this research is an original study in the application of sensors for 

advancing automotive safety. 

The goal of this project is to better understand the behavior of a perfluorinated (PF) graded 

index (GI) POF under pressure when it is integrated into a textile woven structure. In order to 

eliminate the bending loss when the POF is integrated into a textile woven structure the 

response of it to bending was investigated. Since the applied force by a seat occupant induces 

tensile forces in the POF the response of POF to tensile loading was examined. Furthermore, 

in the real case due to car vibrations and multiple uses loading and unloading would be 

applied to the POF by a seat occupant, and this would cause fatigue in the POF; thus, the 

response of POF to cyclic loading was also investigated. 

In this study, a textile-based fiber optic sensor was designed to be located in the area beneath 

the typical seated human’s thighs. In addition, the effect of automotive seat covering 
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including face material and foam backing to sensor’s performance was analyzed. 

Furthermore, a research study was conducted to better understand market demands in terms 

of sensor performance characteristics for automotive seat weight sensors, as a part of the 

Quality Function Deployment (QFD) House of Quality analysis. Thus, a survey was sent to 

more than 20 companies operating in the field of automotive seat weight sensors, and 

original equipment manufacturers (OEM) via e-mail. Artificial neural network (ANN) was 

used to predict the sensor response, where Qwiknet (version 2.23) was the software to 

develop ANNs. 
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CHAPTER 4. MECHANICAL RESPONSE OF POLYMER OPTICAL FIBER (POF) 

4.1 The Response of Polymer Optical Fiber (POF) to Bending 

4.1.1 Introduction 

The bending behavior of a POF under a load can be explained by beam theory, where Kuang, 

Cantwell, Scully (2002) and Jay (2011) explained the details of beam theory. 

Intensity modulated fiber optic sensors mostly operate on the basis of micro bending and 

macro bending after the stimulus involved occurs (Babchenko & Maryles, 2007). While 

macro bending takes place with a radius of curvature in centimeters or meters, micro bending 

occurs in micrometers or millimeters (Babchenko & Maryles, 2007). In a bent optical fiber 

the bound modes are replaced by the leaky modes: either refracted (strongly leaky) or 

tunneling (weakly leaky), which occurs when the angle of incidence (θ) is smaller than the 

critical angle (θc) (Figure 4.1) and causes the radiation loss and reduces the light power 

(Snyder, 1974; Winkler, Love, Ghatak, 1979; Arrue, Zubia, Durana, Mateo, 2001). 

 

 

 

 

 

 

 

Figure 4.1. Bend loss in a multimode GI POF (R: the radius of curvature of the bend; r: the 

radius of the POF; θc = arcsin (ncladding/ncore)) (adapted from Winkler et al., 1979, p. 174) 
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Fresnel transmission coefficient, T = 1 – (power of reflected ray/power of incident ray) 

(Snyder & Mitchell, 1974)  

Although the modes refracted at the core-cladding interface cause a rapid and high power 

loss, they may propagate in the cladding and then reenter into the core (Durana, Zubia, 

Arrue, Aldabaldetreku, Mateo, 2003). The modes tunneling at the core-cladding interface 

cause less radiation loss when compared with the refracted modes (Arrue et al., 2001; Durana 

et al., 2003). Furthermore, at the bend the probability of the tunneling modes to be 

transmitted to the cladding depends on the wavelength, the core radius, and the length of the 

bent part (Arrue et al., 2001). Bound modes (guided in the core) are expected to easily couple 

with refracted modes in weakly guiding fibers, where the weak guidance occurs when the 

difference between the core (ncore) and the cladding (nclad) refractive indices are too small: Δ 

= (ncore – nclad) / nclad << 1, which makes the optical fiber more sensitive to micro-bends 

(Gloge, 1971; Winger & Lee, 1988).  

The bend radius of the curvature, the spatial frequency of the bend or perturbation, the light 

launching conditions, and the characteristics of an optical fiber such as core diameter, 

numerical aperture, and refractive index profile affect the degree of bend-induced power loss 

(Winger & Lee, 1988; Durana et al., 2003). It was demonstrated when the radius of the 

curvature of the bend gets smaller the bending loss increases (Winkler et al., 1979; Harris & 

Castle, 1986; Arrue & Zubia, 1996; Babchenko & Maryles, 2007). Furthermore, researches 

showed that multimode optical fibers are more sensitive to bending than single mode optical 

fibers, and graded index profiles offer higher sensitivity to bending when compared with step 

index profiles (Winkler et al., 1979; Winger & Lee, 1988; Arrue & Zubia, 1996; Babchenko 

& Maryles, 2007). Since at the core-cladding interface the refractive index of the core is 

equal to the refractive index of the cladding of a graded index optical fiber, the probability of 

refracting rays to be transmitted to the cladding is around 1 (T ≈ 1) (Arrue et al., 2001). 

However, much research has been done and has led to progress on the sensitivity of single 

mode and multimode step index optical fibers to bending for sensor applications (Harris & 

Castle, 1986; Gauthier & Ross, 1997; Arrue, Zubia, Fuster, Kalymnios, 1998; Kuang et al., 

2002). 
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4.1.2 Experimental Methods and Data 

In this study two graded index perfluorinated polymer optical fibers, GI-PF-POFs (Cytop), 

with two different cladding diameters were used. The optical fibers, of which properties are 

shown in Table 4.1, were provided by Chromis Fiberoptics. According to the product 

specifications the attenuation of the first GI-PF-POF (62.5/750 µm) was ≤ 0.06 dB/m at 850 

nm, and the second GI-PF-POF (62.5/490 µm) was ≤ 0.15 dB/m at 650 nm. 

Table 4.1. The characteristics of the GI-PF-POFs 

 Cytop-1 (62.5/750 µm) Cytop-2 (62.5/490 µm) 

Core diameter 62.5 ± 5 µm 62.5 ± 5 µm 

Cladding diameter 750 ± 5 µm 490 ± 5 µm 

Numerical aperture (AN) 0.185 ± 0.015 µm 0.185 ± 0.015 µm 

Core refractive index (ncore) 1.357 1.357 

Cladding refractive index 

(ncladding) 
1.342 1.342 

Core material 

perfluoro-

butenylvinylether 

(Cytop®) + dopant 

perfluoro-

butenylvinylether 

(Cytop®) + dopant 

Cladding material Cytop® Cytop® 

The bending behavior of the POFs was analyzed by utilizing 304.8 mm (12in) plastic 

drinking straws, a 304.8 mm x 304.8 mm (12 x 12 in) graph paper that had 4 lines per 25.4 

mm (1 in), and double-sided tape for mounting the straws onto the paper. The diameter of the 

straws was 6.35 mm (0.25 in); thus, the distance between the two lines (6.35 mm; 0.25 in) in 

the paper and the diameters of the straws were perfectly matched. The straws were mounted 

onto the paper with equal intervals, where the interval was defined as the distance between 

two consecutive straws as shown in Figure 4.2. The intervals were changed until the optimal 
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bending diameter or critical bending diameter causing the minimum or no bending loss was 

confirmed. Since the POF was not at the center (the middle point of a straw) inside the straw, 

the end-to-end distance was considered as the bending diameter that was illustrated in this 

section under the subtitle of ‘Cytop-1 (62.5/750 µm)’. The total testing area was fixed as 

304.8 mm x 304.8 mm (12 x 12 in). The POFs were drawn through the holes of the mounted 

straws so that they could form half loops (circles). The radiuses of the half loops, which 

equals half distance between two consecutive straws, were adjusted according to the bending 

diameters involved for each interval as shown in Figure 4.2. 

 

 

 

    a)               b) 

Figure 4.2. a) Experimental set up for bending test  b) Half loop adjustment   

The bending loss for each interval at issue was measured by the OTDR, LUCIOL 

INSTRUMENTS LOR-220, in the Composite Core Facility in the College of Textiles at 

North Carolina State University. Table 4.2 shows the optical specifications and the setting 

parameters of the OTDR. 
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Table 4.2. The optical specifications and the setting parameters of the OTDR 

Optical specifications 

Standard wavelengths 670 nm, 810 nm 

Fiber type MMF 62.5 µm 

Optical connector Universal, PC type, with FC, SC or ST 

adapter 

Optical pulse width 1 ns 

Measurement range 1.25, 2.5, 5, 10, 20, 40, 80, 160 km 

Distance units Kilometer, meter, feet, miles, time (ns) 

Sampling resolution Any multiple of 2.5 cm (250 ps) 

Distance accuracy ± (10 mm + 5x10-5 x [fiber length]) 

Reflectance accuracy ± 1 dB 

Setting Parameters 

Optical connector Amphenol Multimode FC Connectors, 

Nickel Plated Brass Body, 303 Stainless 

Steel Flat Ferrule 750 µm and 490 µm 

Nominal Hole Sizes 

Wavelength (nm) 670 

Distance range (km) 1.25 

Refractive index 1.357 

Backscatter coefficient (dB) -57 

Distance unit meter 

Average 2 

Resolution (ns) 0.25 

Insertion loss threshold (dB) 0.2 

Reflectance threshold (dB) -50 

End of fiber loss (dB) 1 
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The fiber inside the OTDR is a multimode glass optical fiber (core diameter: 62.5 µm; 

numerical aperture: 0.275); the fibers used in this research are multimode graded index 

polymer optical fibers (core diameter: 62.5 µm; numerical aperture: 0.185), which would 

cause a difference with modal distribution in the OTDR and in the POF. The higher value of 

numerical aperture of the glass fiber would overfill the polymer optical fiber, which would 

cause a higher attenuation in the POF. In order to obtain more precise measurements, a few 

meters of POF were added to the samples, which operated as a connector between two pieces 

of the same POF.  

The length of each POF sample used in the experiments was 20 ± 0.1 m. The POFs were 

introduced through the holes of the straws after 8 to 10 m from the beginning of the fiber. 

The samples were checked by the OTDR before using them for the experiments to guarantee 

that the piece to be used was regular and had no defect. 

Cytop-1 (62.5/750 µm) 

The POFs from two different batches were used. Table 4.3 shows the value of interval (mm), 

bend-induced loss (dB), and the total number of half loops for each batch. 

Table 4.3. The value of interval (mm) and bend-induced loss (dB) 

# of half loops Interval (mm) Bend-induced loss 

(dB) of batch-1 

Bend-induced loss 

(dB) of batch-2 

0 0 0.08 0.26 

9 25.4 0.11 0.31 

12 19.05 0.05 0.42 

16 12.7 0.08 0.47 

24 6.35 0.73 0.71 
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Since the OTDR traces of the samples before the bending test were noisy, and 

inhomogeneous, the accuracy of the measurements was greater than 0.1 dB, although the 

defect free sections of the POFs, the uniform areas on the traces involved, were used as the 

testing pieces. For example, the values of 0.26 dB and 0.31 dB were the same with the 

precision obtained. 

The loss of the POF of the batch-1 increased first when the interval was 6.35 mm. The 

bending diameter of the half loop for that interval = x; the distance between the middle points 

of two consecutive straws = (0.25 + 0.125*2)*2.54*10 = 12.7 mm < x < end to end distance 

= 3*0.25*2.54*10 = 19.05 mm. In this study the end-to-end distance (Figure 4.3) was 

considered as the bending diameter. 

 

 

 

Figure 4.3. End-to-end distance 

The bending diameter of the next point, the critical bending diameter, after the interval of 

6.35 mm was 25.4 mm (4*0.25*2.54*10 = 25.4 mm); thus it can be concluded that the 

critical bending diameter of the Cytop-1 (62.5/750 µm) - batch-1 should be equal or larger 

than 25.4 mm for the sensor design in order to eliminate the loss caused by bending. The 

bending diameters of the other POFs were calculated with the same logic. Figure 4.4 shows 

the OTDR traces of the POFs at the intervals of 6.35 mm (green trace) and 12.7 mm (red 

trace). 
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Figure 4.4. The OTDR traces of the POFs at the intervals of 6.35 mm (green trace) and 12.7 

mm (red trace) 

The loss of the POF of the batch-2 increased first when the interval was 19.05 mm. The 

bending diameter for that interval was 31.75 mm. The bending diameter of the next point, the 

critical bending diameter, after the interval of 19.05 mm was 38.10 mm; thus it can be 

concluded that the critical bending diameter of the Cytop-1 (62.5/750 µm) - batch-2 should 

be equal or larger than 38.10 mm for the sensor design in order to eliminate the loss caused 

by bending. Figure 4.5 shows the OTDR traces of the POFs at the intervals of 19.05 mm (red 

trace) and 25.4 mm (green trace). 
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Figure 4.5. The OTDR traces of the POFs at the intervals of 19.05 mm (red trace) and 25.4 

mm (green trace) 

Cytop-2 (62.5/490 µm) 

The POF from only one batch was used. Table 4.4 shows the values of interval (mm), bend-

induced loss (dB), and the total number of half loops. 

Table 4.4. The values of interval (mm) and bend-induced loss (dB) 

# of half loops Interval (mm) Bend-induced loss 

(dB) 

0 0 0.08 

7 38.1 0.15 

8 31.75 0.17 

9 25.4 0.24 

12 19.05 0.39 
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The loss increased seriously first when the interval was 25.4 mm. The bending diameter for 

that interval was 38.10 mm. The bending diameter of the next point, the critical bending 

diameter, after the interval of 25.4 mm was 44.45 mm, where the loss due to bending was 

just 0.09 dB more than that of the point without bending. Furthermore, there was no 

significant difference between the intervals of 31.75 mm and 38.1 mm. Thus, it can be 

concluded that the critical bending diameter of the Cytop-2 (62.5/490 µm) should be larger 

than 44.45 mm for the sensor design in order to minimize the loss caused by bending. Figure 

4.6 shows the OTDR traces of the POFs at the intervals of 31.75 mm (red trace) and 38.1 mm 

(green trace). 

 

 

 

 

 

 

 

 

 

Figure 4.6. The OTDR traces of the POFs at the intervals of 31.75 mm (red trace) and 38.10 

mm (green trace) 

4.1.3 Discussion 

The results showed that the critical bending diameter of the Cytop-1 (62.5/750 µm) – batch-1 

≥ 25.4 mm, the Cytop-1 (62.5/750 µm) – batch-2 ≥ 38.10 mm, and the Cytop-2 (62.5/490 

µm) > 44.45 mm, which concludes that the Cytop-2 is more sensitive to bending when 

compared with the Cytop-1. Seyam & Hamouda (2013) found the critical bending diameter 
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of the GI PF POF (50/490 µm) ≥ 38 mm by applying a three-point bending set up, where 

laser was used as a light source and power detector was used to measure the attenuation. 

The major difference between the Cytop-1 and the Cytop-2 was the cladding diameters of the 

POFs. As discussed before, the rays refracted at the core-cladding interface due to bending 

may propagate in the cladding owing to the refractive index differences between cladding 

(ncladding = 1.342) and air (n=1) and then reenter into the core. The cladding diameter of the 

Cytop-1 is around 50% more than that of the Cytop-2, which could increase the rays guided 

in the cladding and then reentered the core of the Cytop-1. When the bending diameter 

decreases the number of refracted rays increases (Durana et al., 2003). The higher the 

thickness of the cladding the fewer the collisions among the refracted rays and thus, the 

fewer is the transmission from the cladding to the air (Durana et al., 2003). In addition, the 

major difference between the Cytop-2 (62.5/490 µm) and the GI PF POF (50/490 µm) used 

in the study of Seyam & Hamouda was the core diameters of the POFs. The higher core 

diameter of the Cytop-2 decreased the thickness of the cladding, which caused higher 

transmission from the cladding to the air relative to the POF used in the study of Seyam & 

Hamouda (2013). 

Furthermore, the Cytop-1 (62.5/750 µm) – batch-2 is more sensitive to bending relative to 

the Cytop-1 (62.5/750 µm) – batch-1, which indicates that the structural imperfections, and 

heterogeneities in the amorphous structure of the POFs due to the manufacturing processes, 

particularly the drawing processes can induce additional losses to the POFs as also 

demonstrated by Pierrejean, Dugas, and Maurel (1993). 

Although it was reported that the Cytop-1 and the Cytop-2 showed the minimum attenuations 

at 850 nm and at 650 nm respectively, the measurements were done at 670 nm because the 

OTDR had only two options: 670 nm and 810 nm; and the minimum loss was obtained at 

670 nm for both fibers. Therefore, the losses of the POFs were high even if there was no 

bending. 

The Cytop-1 and the Cytop-2 had the same dopant material; however, depending on the 

dopant material the core structure can become more heterogeneous, which can cause 

concentration fluctuations and thus, high scattering losses (Makino, Kado, Inoue, Koike, 
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2012). Graaf, Nies, Ramzi & Bastiaansen (2001) demonstrated that in doped polymer 

systems when the difference between the refractive index of the polymer and the refractive 

index of the dopant material decreases and the thermodynamic properties of the system is 

optimized, the Rayleigh scattering owing to concentration fluctuations are minimized.  

It is difficult to compare the results from this study to those of the existing literature because 

almost every data in the existing literature used different types of POFs. 

4.2 The Response of Polymer Optical Fiber (POF) to Axial Tension 

4.2.1 Introduction 

Since the applied force by a seat occupant induces tensile forces in the POF the response of 

POF to tensile loading was examined as mentioned in the chapter of objectives. 

Polymers are viscoelastic materials; thus, they can behave as both liquids (viscous) and solids 

(elastic) (Carraher, 2008). The ideal elastic behavior obeys Hooke’s law (Warner, 1995; 

Crist, 1997): 

σ = Eε                     (4.1) 

E: Elastic modulus 

ε: Strain 

Engineering stress, σe = F/A0                  (4.2) 

Engineering or normal strain, εe = Δl/l0                (4.3)  

Δl = l – l0                     (4.4) 

True stress, σt = F/A, σt = σe (1 + εe)                  (4.5) 

True strain, εt = ΣΔε = Σ(Δl/l) =                = ln (l/l0)                (4.6) 

F: the instantaneous force applied 

A: the instantaneous cross sectional area, A ≤ A0 

A0: the initial cross sectional area of the sample 



 

94 

l0: the initial sample length 

l: the instantaneous sample length 

The ideal viscous behavior obeys Newton’s law of viscosity (Warner, 1995; Crist, 1997): 

τ = η(dγ/dt)                     (4.7) 

τ: shear stress 

γ: shear strain 

η: viscosity 

t: time 

In amorphous polymers consisting of randomly coiled molecules, in the glassy region, at 

temperatures below Tg (the glass transition temperature), small strains in randomly coiled 

molecules cause small intramolecular conformational motions (gauche, trans) around a 

polymer backbone, and some deformations in intermolecular van der Waals forces, where the 

mechanical response is elastic (Haward & Young, 1997; Painter, 2009). In the glass 

transition region, the transition from the glassy to the rubbery region involving main chain 

movement, a serious drop occurs in the modulus; free volume increases; polymer chains 

(segments) begin to move; the physical properties such as specific heat capacity, thermal 

expansion coefficient, and dielectric constant change, and the mechanical response is not 

elastic (Haward & Young, 1997; Painter, 2009). While low molecular weight polymers act as 

a viscous liquid above glass transition temperature and all the segments become mobile, high 

molecular weight polymers continue in the rubbery plateau until all the segments become 

mobile (Haward & Young, 1997; Carraher, 2008; Painter, 2009). If the polymer is cross-

linked it is not possible for it to become totally viscous liquid; thus it continues in the rubbery 

plateau until the degradation of the polymer takes place (Carraher, 2008; Painter, 2009). 
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4.2.2 Yield Point 

Figure 4.7 shows a stress strain curve of a GI POF. 

 

 

 
 
 
 

 

 

 

 

Figure 4.7. Stress-strain curve of a GI POF 

Yield point is the point where the linearity of the stress-strain curves; that is the elastic region 

(the first linear line in Figure 4.7) of polymers finish and nonrecoverable deformation, plastic 

region, begins (Crist, 1997; McCrum, 1997). The stress at the yield point is described as 

yield stress. Yield point can be determined as follows (McCrum, 1997): 

dσe / dεe = 0                     (4.8) 

εe = (l – l0) / l0                     (4.9) 

λ = l/l0 (the extension ratio)                 (4.10) 

εe = λ  - 1                   (4.11) 

dεe = dλ                              (4.12) 

A0l0 = Al  (volume is constant at deformation)              (4.13) 

A0 = Aλ                   (4.14) 
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σt = F/A                   (4.15) 

σe = F/A0                   (4.16) 

σe = σt / λ                   (4.17) 

dσe = dσt/λ - σt(1/λ2)dλ                 (4.18) 

dσe/dλ = dσt/dλ (1/λ) - σt(1/λ2)                (4.19) 

dσe / dεe = 0                   (4.20) 

dσe / dλ = 0                   (4.21) 

dσt/dλ = σt/λ                   (4.22) 

In a plot of true stress (σt)-extension ratio (λ), a tangential line to be touched to the first 

maximum point of the σt-λ curve is drawn starting from the origin of the plot; the touching 

point is named as the yield point (point M in Figure 4.8) (McCrum, 1997). Yield point is 

followed by strain softening, where a drop in stress and further deformation occurs (Crist, 

1997). Point N is the minimum point in the curve after the yield point; after point N strain-

hardening takes place, where the molecular chains that are free from intermolecular forces 

orient themselves in the direction of the tensile axis, which resists further extension 

(McCrum, 1997). 

 

 

 

 

 
 

Figure 4.8. Considère’s construction (McCrum, 1997, p. 186) 
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4.2.2.1 Experimental Methods and Data 

Tensile testing was performed on the MTS Q-Test/5 Universal Testing Machine in the Dame 

S. Hamby Physical Testing Lab in the College of Textiles at North Carolina State University. 

Three samples for each GI-PF-POF were tested at applied strain rates of 4 mm / min and 60 

mm / min at gauge lengths of 76.2 mm (3 in) and 254 mm (10 in). A 113.398 kg (250 pound) 

load cell was utilized for each test. The tests were carried out at 21.1°C (70°F) and 65% 

relative humidity. A grip pressure of 552 KPa (80 psi) was used for holding the POF sample 

in place.  

Cytop-1 (62.5/750 µm) 

Since the values of the yield stress and the yield strain of Cytop-1 (62.5/750 µm) - batch-1 

were close to those of Cytop-1 (62.5/750 µm) - batch-2 at both gauge lengths just the results 

of the Cytop-1 (62.5/750 µm) - batch-2 were examined in this section. Figure 4.9 shows the 

engineering stress (MPa) / engineering strain (%) (black and pink lines in Figure 4.9) and the 

true stress (MPa) / true strain (%) (orange and blue lines in Figure 4.9) curves of the 62.5/750 

µm GI PF POF up to the strain of around 16% at strain rate of 4 mm / min. 
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Figure 4.9. The stress (MPa) vs. strain (%) curves of the Cytop-1 - batch-2 at a strain rate of 

4 mm / min 

Figure 4.10 shows the engineering stress (MPa) / engineering strain (%) (black and pink lines 

in Figure 4.10) and the true stress (MPa) / true strain (%) (orange and blue lines in Figure 

4.10) curves of the 62.5/750 µm GI PF POF at a strain rate of 60 mm / min. 

 

 

 

 

 

 

Figure 4.10. The stress (MPa) vs. strain (%) curves of the Cytop-1 at strain rate of 60 mm / 

min 
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As shown in Figure 4.9 and Figure 4.10, the stress/strain curves are tri-linear. After the first 

linear region the POF began to become thinner starting from the gripping points due to the 

grip pressure and this continued until it was broken. The yield stress/strain values, according 

to the engineering stress/strain curve, at strain rates of 4 mm / min and 60 mm / min, for all 

the 3 samples, are presented in Table 4.5 and Table 4.6 respectively. 

In order to obtain more accurate and precise results the analysis of simple linear regression 

was used for the values of yield stress and yield strain. The value of the coefficient of 

determination (r2) was around 97±1 % for each linear region. JMP 11.0 software was used 

for the regression analyses. 

Table 4.5. The yield stress values of the Cytop-1 – batch-2 at a strain rate of 4 mm / min 
 

POF Sample 

Yield 

Stress 

(MPa) 

Mean 

(MPa) 

Standard 

Deviation 

(MPa) 

Yield 

Strain 

(%) 

Mean 

(%) 

Standard 

Deviation 

(%) 

 76.2 mm gage length 

1. 

Linear 

62.5/750 µm 

GI PF POF  

1 35.61 

35.87 0.33 

3.49 

3.49 0.00 2 36.24 3.49 

3 35.77 3.49 

2. 

Linear 

62.5/750 µm 

GI PF POF  

1 44.83 

44.89 0.16 

9.54 

9.54 0.00 2 45.07 9.54 

3 44.77 9.54 

 254 mm gage length 

1. 

Linear 

62.5/750 µm 

GI PF POF  

1 37.95 

37.77 0.16 

2.86 

2.83 0.02 2 37.68 2.82 

3 37.68 2.82 

2. 

Linear 

62.5/750 µm 

GI PF POF  

1 44.43 

44.52 0.10 

5.04 

5.01 0.02 2 44.62 5.00 

3 44.51 5.00 
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Table 4.6. The yield stress values of the Cytop-1 – batch-2 at strain rate of 60 mm / min 
 

POF Sample 

Yield 

Stress 

(MPa) 

Mean 

(MPa) 

Standard 

Deviation 

(MPa) 

Yield 

Strain 

(%) 

Mean 

(%) 

Standard 

Deviation 

(%) 

 76.2 mm gage length 

1. 

Linear 

62.5/750 µm 

GI PF POF  

1 38.25 

38.30 0.15 

3.46 

3.46 0.00 2 38.19 3.46 

3 38.47 3.46 

2. 

Linear 

62.5/750 µm 

GI PF POF  

1 47.44 

47.45 0.11 

9.76 

9.76 0.00 2 47.56 9.76 

3 47.35 9.76 

 254 mm gage length 

1. 

Linear 

62.5/750 µm 

GI PF POF  

1 40.09 

40.01 0.16 

2.85 

2.84 0.01 2 40.11 2.84 

3 39.83 2.83 

2. 

Linear 

62.5/750 µm 

GI PF POF  

1 47.83 

47.79 0.04 

5.06 

5.05 0.015 2 47.79 5.05 

3 47.76 5.03 

Cytop-2 (62.5/490 µm) 

Figure 4.11 shows the engineering stress (MPa) / engineering strain (%) (black and pink lines 

in Figure 4.11) and the true stress (MPa) / true strain (%) (orange and blue lines in Figure 

4.11) curves of the 62.5/490 µm GI PF POF up to the strain of around 16% at strain rate of 4 

mm / min. 
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Figure 4.11. The stress (MPa) vs. strain (%) curves of the Cytop-2 at a strain rate of 4 mm / 

min 

Figure 4.12 shows the engineering stress (MPa) / engineering strain (%) (black and pink lines 

in Figure 4.12) and the true stress (MPa) / true strain (%) (orange and blue lines in Figure 

4.12) curves of the 62.5/490 µm GI PF POF at a strain rate of 60 mm / min. 

 

 

 

 

 

Figure 4.12. The stress (MPa) vs. strain (%) curves of the Cytop-2 at a strain rate of 60 mm / 

min 
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As shown in Figure 4.11 and Figure 4.12, the stress/strain curves are tri-linear like those of 

Cytop-1 – batch-2 where the reason of the tri-linearity was the same as that of the Cytop-1 – 

batch-2. The yield stress/strain values, according to the engineering stress/strain curve, at 

strain rates of 4 mm / min and 60 mm / min, for all the 3 samples, are presented in Table 4.7 

and Table 4.8 respectively. 

The analysis of simple linear regression was used for the values of yield stresses and yield 

strains. The value of coefficient of determination (r2) was around 97±1 % for each linear 

region. 

 Table 4.7. The yield stress values of the Cytop-2 at a strain rate of 4 mm / min 
 

POF Sample 

Yield 

Stress 

(MPa) 

Mean 

(MPa) 

Standard 

Deviation 

(MPa) 

Yield 

Strain 

(%) 

Mean 

(%) 

Standard 

Deviation 

(%) 

 76.2 mm gage length 

1. 

Linear 

62.5/490 µm 

GI PF POF  

1 36.76 

37.16 0.36 

2.72 

2.72 0.00 2 37.44 2.72 

3 37.28 2.72 

2. 

Linear 

62.5/490 µm 

GI PF POF  

1 46.03 

46.40 0.42 

7.22 

7.21 0.01 2 46.31 7.21 

3 46.85 7.21 

 254 mm gage length 

1. 

Linear 

62.5/490 µm 

GI PF POF  

1 39.90 

40 0.14 

2.82 

2.82 0 2 40.17 2.82 

3 40.00 2.82 

2. 

Linear 

62.5/490 µm 

GI PF POF  

1 46.99 

46.85 0.18 

4.58 

4.58 0 2 46.92 4.58 

3 46.65 4.58 
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Table 4.8. The yield stress values of the Cytop-2 at strain rate of 60 mm / min 
 

POF Sample 

Yield 

Stress 

(MPa) 

Mean 

(MPa) 

Standard 

Deviation 

(MPa) 

Yield 

Strain 

(%) 

Mean 

(%) 

Standard 

Deviation 

(%) 

 76.2 mm gage length 

1. 

Linear 

62.5/490 µm 

GI PF POF  

1 40.63 

40.39 0.21 

2.91 

2.89 0.05 2 40.32 2.84 

3 40.23 2.93 

2. 

Linear 

62.5/490 µm 

GI PF POF  

1 50.18 

49.42 0.67 

8.69 

8.67 0.05 2 49.19 8.62 

3 48.90 8.71 

 254 mm gage length 

1. 

Linear 

62.5/490 µm 

GI PF POF  

1 41.17 

41.01 0.21 

2.84 

2.83 0.01 2 41.08 2.83 

3 40.77 2.83 

2. 

Linear 

62.5/490 µm 

GI PF POF  

1 48.64 

48.68 0.04 

5.04 

5.04 0.01 2 48.67 5.04 

3 48.72 5.03 

4.2.2.2 Discussion 

Table 4.9 shows the summary of the yield stress and yield strain values of the Cytop-1 – 

batch-2 and Cytop-2 at gauge lengths of 76.2 mm and 254 mm and at strain rates of 4 mm / 

min and 60 mm / min. 
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Table 4.9. The yield stress and yield strain values of the Cytop-1 – batch-2 and Cytop-2 

Strain rate  Cytop-1 – batch-2 Cytop-2 

 76.2 mm gauge length 

4 mm / min 
Yield Stress (MPa) 35.87 37.16 

Yield Strain (%) 3.49 2.72 

60 mm / min 
Yield Stress (MPa) 38.3 40.39 

Yield Strain (%) 3.46 2.89 

 254 mm gauge length 

4 mm / min 
Yield Stress (MPa) 37.77 40 

Yield Strain (%) 2.83 2.82 

60 mm / min 
Yield Stress (MPa) 40.01 41.01 

Yield Strain (%) 2.84 2.83 

The stress (MPa) vs. strain (%) curves of both Cytop-1 and Cytop-2 (Figure 4.10 & Figure 

4.12) are similar to that obtained by Hayashi, Mizuno & Nakamura (2012). 

Cytop-1 – batch-2 showed superior performance relative to Cytop-2 in terms of yield strain 

values at a 76.2 mm gage length at both strain rates. Both Cytop-1 – batch-2 and Cytop-2 had 

similar yield strain/yield stress values at 254 mm gauge length. 

The POF samples used for the tensile tests were from the same batch for both Cytop-1 – 

batch-2 and Cytop-2; therefore, manufacturing process was not a factor. 

4.2.3 Photoelastic Effect 

Stress or strain occurred at the bend causes variations in the refractive index as a result of the 

photo-elastic (stress-optical, strain-optical) effect, which may cause power loss due to the 

decreasing refractive index difference between the core and the cladding (Sugita, 2001; 

Huang, 2003; Kuzyk, 2007). Furthermore, the anisotropic characteristic of the stress and the 
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stress-induced refractive index variation may cause birefringence, which may result in 

polarization dependent losses (Sugita, 2001; Huang, 2003). 

Optical fibers are amorphous materials and amorphous materials exhibit isotropic behavior 

(Regalado & Malacara, 2001). In a homogeneously stressed isotropic volume element, the 

strain components are as shown in Figure 4.13 (Nye, 1957). 

  

 

 

 

 

 

Figure 4.13. Graphical representation of a unit cube, a volume element, corresponding to 

each strain component (adapted from Nye, 1957, p. 82) 

The 3 x 3 second rank strain tensor (Nye, 1957): 

 

 

 

ε11, ε22, ε33 = normal components 

ε12, ε21, ε23, ε13, ε31,ε32 = shear components 

εij = εji (ε12 = ε21, ε13 = ε31, etc.) 
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Due to the matrix symmetry the 3 x 3 matrix can be converted to 1 x 6 column matrix (Chen, 

2007): 

11 → 1 

22 → 2 

33 → 3 

23 & 32 → 4 

13 & 31 → 5 

12 & 21 → 6 

Considering the homogeneously stressed volume element the coordinate system for an 

isotropic optical fiber can be shown as in Figure 4.14; however, optical fiber becomes 

optically anisotropic after the strain has been applied. The p and q axes are the optical axes 

after the application of strain and are perpendicular to each other; the axes of 1, 2, and 3 are 

the optical principal axes before the application of strain and are perpendicular to each other 

(Van Steenkiste, 1997; Kiesel, 2008). 

 

 

 

 

Figure 4.14. The coordinate system for an optical fiber (adapted from Van Steenkiste, 1997, 

p. 113) 

The photo-elastic effect can be explained by the material’s dielectric impermeability tensor, 

B, where the equations involved could be found in the related textbooks (Hocker, 1979; 
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Bertholds & Dändliker, 1987; Van Steenkiste, 1997; Tai & Rogowski, 2002; Chen, 2007; 

Tinder, 2008). 

When an isotropic optical fiber subjects only to an axial stress (σ3 ≠ 0, σ1 = σ2 = 0) the strain 

components are (Van Steenkiste, 1997; Tinder, 2008): 

ε3 = ε3  ε1 = ε2 = - νε3  ε4 = ε5 = ε6 = 0 

ν: the Poisson ratio 

Birefringence = (∆n3 - ∆n2) ≈ -1/2 n0
3 (p11 – p12) (1 + ν) ε3             (4.23) 

p11, p12: the Pockel constants 

n0: the refractive index at zero strain 

nj = n0 + ∆nj (∆nj is too small relative to n0, nj ≈ n0)             (4.24) 

The change in refractive index in an optical fiber can also be caused by the change in optical 

fiber diameter due to the strain. However, Butter & Hocker (1978) showed that the effect of 

optical fiber diameter on the change of refractive index could be neglected. Furthermore, the 

research by Fang & Lin (1985) illustrated that the anisotropic stress/strain distribution had a 

stronger effect on birefringence relative to the optical fiber geometry in bent single mode 

optical fibers. 

Two methods are known to measure the birefringence of the fibers: Becke line and Michel-

Levy (Houck & Siegel, 2010). The method of Michel-Levy is available for small fiber 

diameters (up to 40 µm) and the method of Becke line requires liquids with different 

refractive indexes. The diameters of the polymer optical fibers (62.5/490 µm & 62.5/750 µm) 

used in this research were more than 40 µm and the liquid refractive index range in the 

microscopy laboratory in the College of Textiles was just 1.46 – 1.70. Thus, neither Becke 

line nor Michel-Levy could be used to measure the birefringence of the POFs after the tensile 

testing.    

 



 

108 

4.2.3.1 Experimental Methods and Data 

The tensile testing of the POFs (62.5/750 µm Graded index; 62.5/490 µm Graded index) was 

performed on the MTS Q-Test/5 Universal Testing Machine in the Dame S. Hamby Physical 

Testing Lab in the College of Textiles at North Carolina State University (NCSU). The load 

cell used for each test was 113.398 kg (250 pound). The tests were carried out at 21.1°C 

(70°F) and 65% relative humidity.  

A grip pressure of 276 KPa (40 psi) was used for holding the POF samples in place and in 

order to avoid any damage due to the grip pressure a printable 3D model was developed 

utilizing the SolidWorks 2013 software. The physical object from the model was made using 

the Stratasys uPrint SE Plus 3D Printer in the Hunt Library at NCSU. Figure 4.15 shows the 

dimensions of the object. 

The POF samples were drawn through the holes of the printed objects and were fixed by 

filling the cut portion with the resin-hardener complex. The Epoxy 2000 resin and the 

Hardener 2060 were used for the complex, which were provided by Fiber Glast 

Developments Corporation. The mixing ratio was 3:1 by volume. The complex had a pot life 

of 60 minutes at 21.1°C (70°F); however the curing time was around 48 hours because the 

samples were held in the fume hood in order to eliminate the toxic fumes of resin, where the 

temperature was less than 21.1°C. Hamouda, Peters, Seyam (2012) illustrated that the Epoxy 

2000 resin had no effect on the light attenuation of the 62.5/750 µm GI PF POF (GigaPOF-

62LD). 

Since the resin-hardener complex could flow through the holes, and the POF could be 

damaged just after the hole due to unexpected bending the hole sections inside the cut were 

filled with a glue before injecting the resin-hardener complex into the cut portion. The cut 

was designed to occur about 7 mm from both longitudinal edges (Figure 4.15) respectively. 
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Figure 4.15. The dimensions of the object 

In order to determine whether the glue has an effect on light attenuation some glue was put 

on a 10 meter POF and after 24 hours the light attenuation was measured by the OTDR. It 

was observed that the glue had no effect on light attenuation. 

A POF sample with a gauge length of 203.2 mm (8 in) was prepared with the 3D media to 

find out the maximum strain value at which the POF samples could be tested without any 

slippage between epoxy and POF inside the 3D media. The sample was tested at a strain rate 

of 60 mm / min. It was observed that until 6% the tensile testing could be done safely as 

shown in Figure 4.16. 
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Figure 4.16. The load (N) - strain (%) curve of a POF sample with 3D media at a strain rate 

of 60 mm / min 

The light attenuation against the applied axial stress was measured by the OTDR, LUCIOL 

INSTRUMENTS LOR-220. The lengths of the POF samples used in the experiments were 

13 ± 3 m. The samples were checked by the OTDR before using them for the experiments to 

guarantee that the POF piece to be used was regular and had no defects. 

Unless indicated otherwise, the strains in this study are engineering strains. 

Cytop-1 (62.5/750 µm) 

The samples were tested at applied strain rates of 4 mm / min and 60 mm / min at gauge 

lengths of 76.2 mm (3 in), 203.2 mm (8in), and 254 mm (10 in). However, the POFs used at 

gauge lengths of 76.2 mm and 203.2 mm was Cytop-1 (62.5/750 µm) - batch-2 and the POF 

used at a gauge length of 254 mm was Cytop-1 (62.5/750 µm) - batch-1. Since the values of 

the yield stress and the yield strain of Cytop-1 (62.5/750 µm) - batch-2 at a gauge length of 

203.2 mm were close to those of Cytop-1 (62.5/750 µm) - batch-2 at a gauge length of 254 
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mm at both strain rates just the results of the tensile testing of Cytop-1 (62.5/750 µm) - 

batch-2 at a gauge length of 254 mm were given in the 3.2.2.1.    

In the first trial, the mechanical strains, 1%, 2%, 3%, 3.5%, 3.6%, 4%, 5%, 6%, were applied 

to the 8 POF samples, where each POF sample was considered only for one strain value, at a 

gauge length of 76.2 mm (3 in) and at a strain rate of 4 mm / min. The light attenuation was 

measured with the OTDR before and after each strain. When the desired strain value was 

achieved the test instrument was held in position; the attenuation was measured; then, the 

sample was returned to its initial, strain free, position and the attenuation was measured once 

again. The holding time was determined by the measurement time of the OTDR, which was 

approximately 4 minutes, and the time required for the test instrument to return to its initial 

position, which was less than 1 minute. Figure 4.17 shows the stress-induced loss versus 

strain including all the samples. 

 

 

 

 

 

 

 

Figure 4.17. The stress-induced loss (dB) versus strain (%) at strain rate of 4 mm / min 

The higher Rayleigh backscattering due to the applied stress was first observed at 3% strain 

on the trace of the OTDR. The unrecoverable deformation occurred after 3.6% strain, where 

the change in shape of the section corresponding to the higher Rayleigh backscattering of the 

trace remained (Figure 4.18), which signaled the entering of the plastic region of the POF. 
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Figure 4.18. The stress-induced loss (dB) at 3.6% strain (red trace) and after 3.6% strain 

(green trace) 

In the second trial, the mechanical strains, 3%, 4%, 5%, 6%, were applied to only one POF 

sample at a gauge length of 76.2 mm (3 in) and at a strain rate of 4 mm / min. The light 

attenuation was measured with the OTDR before and after each strain, where the working 

procedure was the same as the first trial. Figure 4.19 shows the stress-induced loss versus 

strain. 
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Figure 4.19. The stress-induced loss (dB) versus strain (%) at strain rate of 4 mm / min 

The higher Rayleigh backscattering due to the applied stress was first observed at 3% strain 

on the trace of the OTDR. The unrecoverable deformation occurred after 4% strain. 

In the third trial, the mechanical strains, 1%, 2%, 3%, 4%, 5%, 6%, were applied to the 6 

POF samples, where each POF sample was considered only for one strain value, at a gauge 

length of 76.2 mm (3 in) and at a strain rate of 60 mm / min. The light attenuation was 

measured with the OTDR before and after each strain, where the working procedure was the 

same as the first trial. Figure 4.20 shows the stress-induced loss versus strain. 
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Figure 4.20. The stress-induced loss (dB) versus strain (%) at strain rate of 60 mm / min 

The higher Rayleigh backscattering due to the applied stress was first observed at 3% strain 

on the trace of the OTDR. The unrecoverable deformation occurred after 4% strain as shown 

in Figure 4.21. 

 

 

 

 

 

 

 

Figure 4.21. The stress-induced loss (dB) at 4% strain (red trace) and after 4% strain (green 

trace) 
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In the fourth trial, the mechanical strains, 1.5%, 2.1%, 2.5%, and 2.7% were applied to the 4 

POF samples, where each POF sample was considered only for one strain, at a gauge length 

of 203.2 mm (8 in) and at a strain rate of 4 mm / min. The light attenuation was measured 

with the OTDR before and after each strain, where the working procedure was the same as 

the first trial.  Figure 4.22 shows the stress-induced loss versus strain including all the 

samples. 

 

 

 

 

 
 

Figure 4.22. The stress-induced loss (dB) versus strain (%) at strain rate of 4 mm / min 

The higher Rayleigh backscattering due to the applied stress was first observed at 2.1% strain 

on the trace of the OTDR. The unrecoverable deformation occurred after 2.7% strain as 

shown in Figure 4.23. 
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Figure 4.23. The stress-induced loss (dB) at 2.7% strain (red trace) and after 2.7% strain 

(green trace) 

In the fifth trial, the mechanical strains, 1%, 2%, 3%, 4%, 5%, were applied to the 5 POF 

samples, where each POF sample was considered only for one strain, at a gauge length of 

254 mm (10 in) and at a strain rate of 4 mm / min. The light attenuation was measured with 

the OTDR before and after each strain, where the working procedure was the same as the 

first trial.  Figure 4.24 shows the stress-induced loss versus strain including all the samples. 
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Figure 4.24. The stress-induced loss (dB) versus strain (%) at strain rate of 4 mm / min 

The higher Rayleigh backscattering due to the applied stress was first observed at 2% strain 

on the trace of the OTDR. The unrecoverable deformation occurred after 3% strain as shown 

in Figure 4.25. 

 

 

 

 

 

 

 

 

 

Figure 4.25. The stress-induced loss (dB) at 3% strain (green trace) and after 3% strain (red 

trace) 
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In the sixth trial, the mechanical strains, from 1% to 6%, were applied to only one POF 

sample at a gauge length of 254 mm (10 in) and at an applied strain rate of 60 mm / min. The 

light attenuation was measured with the OTDR before and after each strain, where the 

working procedure was the same as the first trial. Figure 4.26 shows the stress-induced loss 

versus strain. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.26. The stress-induced loss (dB) versus strain (%) at strain rate of 60 mm / min 

The higher Rayleigh backscattering due to the applied stress was first observed at 2% strain 

on the trace of the OTDR. The unrecoverable deformation occurred after 3% strain. 

Cytop-2 (62.5/490 µm) 

The POF samples were tested at strain rates of 4 mm / min and 60 mm / min at gauge lengths 

of 76.2 mm (3 in) and 254 mm (10 in). The batches of the POF samples used at both gauge 

lengths were as the same as those used in tensile testing. 
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In the first trial, the mechanical strains, 1%, 2%, 3%, 3.1%, 3.2%, 3.3%, 3.4%, 4%, 5%, were 

applied to the 9 POF samples, where each POF sample was considered only at one strain 

value, at a gauge length of 76.2 mm (3 in) and at a strain rate of 4 mm / min. The light 

attenuation was measured with the OTDR before and after each strain, where the working 

procedure was as the same as that of Cytop-1 (62.5/750 µm). Figure 4.27 shows the stress-

induced loss versus strain. 

 

 

 

 

 

 

 

 

Figure 4.27. The stress-induced loss (dB) versus strain (%) at strain rate of 4 mm / min 

The higher Rayleigh backscattering due to the applied stress was first observed at 3.1% strain 

on the trace of the OTDR of the POF involved. The unrecoverable deformation occurred 

after 3.4% strain, where the change in shape of the section corresponding to the higher 

Rayleigh backscattering of the trace remained (Figure 4.28), which signaled the entering of 

the plastic region of the POF. 
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Figure 4.28. The stress-induced loss (dB) at 3.4% strain (red trace) and after 3.4% strain 

(green trace) 

In the second trial, the mechanical strains, 3%, 4%, 5%, were applied to the 3 POF samples, 

where each POF sample was considered only for one strain value, at a gauge length of 76.2 

mm (3 in) and at a strain rate of 60 mm / min. The light attenuation was measured with the 

OTDR before and after each strain, where the working procedure was the same as that of 

Cytop-1. Figure 4.29 shows the stress-induced loss versus strain. 

 

 

 

 

 

 

 

 

 

Figure 4.29. The stress-induced loss (dB) versus strain (%) at strain rate of 60 mm / min 
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The higher Rayleigh backscattering due to the applied stress was first observed at 4% strain 

on the trace of the OTDR of the POF involved; however the change in shape of the section 

corresponding to the higher Rayleigh backscattering of the trace remained after 4% strain as 

shown in Figure 4.30. 

 

 

 

 

 

 

 

 

Figure 4.30. The stress-induced loss (dB) at 4% strain (red trace) and after 4% strain (green 

trace) 

In the third trial, the mechanical strains, 1%, 2%, 2.1%, 2.3%, 2.5%, 2.6%, 3%, were applied 

to the 7 POF samples, where each POF sample was considered only for one strain value, at a 

gauge length of 254 mm (10 in) and at a strain rate of 4 mm / min. The light attenuation was 

measured with the OTDR before and after each strain, where the working procedure was the 

same as that of Cytop-1. Figure 4.31 shows the stress-induced loss versus strain. 
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Figure 4.31. The stress-induced loss (dB) versus strain (%) at strain rate of 4 mm / min 

The higher Rayleigh backscattering due to the applied stress was first observed at 2.1% strain 

on the trace of the OTDR of the POF. The unrecoverable deformation occurred after 2.6% 

strain, where the change in shape of the section corresponding to the higher Rayleigh 

backscattering of the trace remained (Figure 4.32), which signaled the entering of the plastic 

region of the POF. 

 

 

 

 

 

 

 

 

 

Figure 4.32. The stress-induced loss (dB) at 2.6% strain (green trace) and after 2.6% strain 

(red trace) 
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In the fourth trial, the mechanical strains, 1%, 2%, 3%, 4%, 5%, were applied to the same 

POF sample at a gauge length of 254 mm (10 in) and at a strain rate of 4 mm / min. The light 

attenuation was measured with the OTDR before and after each strain, where the working 

procedure was the same as that of Cytop-1. Figure 4.33 shows the stress-induced loss versus 

strain. 

 

 

 

 

 

 

Figure 4.33. The stress-induced loss (dB) versus strain (%) at strain rate of 4 mm / min 

The higher Rayleigh backscattering due to the applied stress was first observed at 2% strain 

on the trace of the OTDR of the POF. The unrecoverable deformation occurred after 3% 

strain, where the change in shape of the section corresponding to the higher Rayleigh 

backscattering of the trace remained (Figure 4.34), which signaled the entering of the plastic 

region of the POF. 
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Figure 4.34. The stress-induced loss (dB) at 3% strain (green trace) and after 3% strain (red 

trace) 

In the fifth trial, the mechanical strains, 1%, 2%, 3%, 4%, were applied to the same POF 

sample at a gauge length of 254 mm (10 in) and at a strain rate of 60 mm / min. Figure 4.35 

shows the stress-induced loss versus strain. 

 

 

 

 

 

Figure 4.35. The stress-induced loss (dB) versus strain (%) at strain rate of 60 mm / min 
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The higher Rayleigh backscattering due to the applied stress was first observed at 2% strain 

on the trace of the OTDR of the POF. The unrecoverable deformation occurred after 3% 

strain, where the change in shape of the section corresponding to the higher Rayleigh 

backscattering of the trace remained (Figure 4.36), which signaled the entering of the plastic 

region of the POF. 

 

 

 

 

 

 

 

 

Figure 4.36.The stress-induced loss (dB) at 3% strain (red trace) and after 3% strain (green 

trace) 

4.2.3.2 Discussion 

Table 4.10 shows the elastic sensitive strain regions, where the stress-induced loss is 

recoverable, of the POFs at 76.2 mm, 203.2 mm and 254 mm gauge lengths at strain rate of 4 

mm / min. 
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Table 4.10. The elastic sensitive strain regions of the POFs 

 Elastic Sensitive Strain Region (x) 

Gauge length Strain rate Cytop-1 – batch-2 Cytop-2 

76.2 mm 4 mm / min 3% ≤ x ≤ 3.5% 3.1% ≤ x ≤ 3.3% 

203.2 mm 4 mm / min 2.1% ≤ x ≤ 2.5% - 

254 mm 4 mm / min - 2.1% ≤ x ≤ 2.5% 

The results of the elastic sensitive strain region confirmed the tensile testing results given in 

the section of 4.2.2.2. However, the POF did not sense any mechanical stimulus below 3% at 

a gauge length of 76.2 mm, and below 2% at gauge lengths of 203.2 mm and 254 mm at 

strain rates of 4 mm / min and 60 mm / min. Therefore, the elastic sensitive strain regions of 

the Cytop-1 and Cytop-2 were observed to include narrow ranges. Furthermore, the results 

depend on the measurement sensitivity of the OTDR. 

In general the stress-induced loss values showed linearity in the elastic sensitive strain 

regions at strain rates of 4 mm / min and 60 mm / min at gauge lengths of 76.2 mm, 203.2 

mm and 254 mm for both Cytop-1 and Cytop-2. However, when the elastic sensitive strain 

regions were divided into small strain points (Cytop-1 at gauge length of 76.2 mm at strain 

rate of 4 mm / min; Cytop-2 at a gauge length of 254 mm at a strain rate of 4 mm / min) the 

stress-induced loss values involved were observed to be wavy, as the accuracy of the 

measurements of the OTDR was greater than 0.1 dB as explained in the section of 4.1.2. 
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4.3 The Response of Polymer Optical Fiber (POF) to Cyclic Tensile Loading 

4.3.1 Introduction 

As mentioned in the chapter of objectives, in the real case due to car vibrations and multiple 

uses loading and unloading would be applied to the POF by a seat occupant, and this would 

cause fatigue in the POF; thus, the response of POF to cyclic loading was investigated. 

Cyclic loading under yield point causes plastic deformation to organic fibers (Bunsell, 2009). 

In simple extension cycling during the loading and unloading process stress relaxation 

occurs, which results in residual, unrecovered, strains at zero stress and thus, reduction in the 

loading level (Morton, 2008; Bunsell, 2009). Due to the residual strains hysteresis takes place 

that refers to the difference between two stress values corresponding to the same strain value 

when it is approached from the direction of loading and unloading. 

4.3.2 Experimental Methods and Data 

The cyclic loading of the POFs (62.5/750 µm Graded index; 62.5/490 µm Graded index) was 

performed on the MTS 3G load-frame. The load cell used for each test was 100 N. The light 

attenuation was measured with the OTDR after each predetermined cycle. The length of the 

POF samples used for the experiments was 13 ± 3 m. A grip pressure of 276 KPa (40 psi) 

was used for holding the POF samples in place and in order to avoid any damage due to the 

grip pressure the printable 3D gripping media of which details were explained in the section 

of 4.2.3.1 with a slight modification were used. The only difference was the C sides of the 

3D media used in the cyclic loading were 8 mm instead of 6 mm (Figure 4.15 in the section 

of 4.2.3.1). 
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Cytop-1 (62.5/750 µm) 

The samples were tested at strain rates of 4 mm / min and 60 mm / min at gauge lengths of 

76.2 mm (3 in) and 254 mm (10 in). The Cytop-1 (62.5/750 µm) - batch-2 and the Cytop-1 

(62.5/750 µm) - batch-1 were used at gauge lengths of 76.2 mm and 254 mm respectively for 

the experiments. 

In the first trial, the POF sample was cycled to the strain of 3% at 4 mm / min at gauge length 

of 76.2 mm. The measurements were done after the 100th, 200th, 400th, and 500th cycles. No 

deformation was observed after the 500th cycle. Figure 4.37 shows the load (N)-strain (%) 

curve of the 62.5/750 µm GI PF POF at 3% strain amplitude at 4 mm / min. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.37. The load (N)-strain (%) curve of the 62.5/750 µm GI PF POF at 3% strain 

amplitude at 4 mm / min 

In the second trial, the POF sample was cycled to the strain of 4.5% at 4 mm / min at a gauge 

length of 76.2 mm. The measurements were done after the 50th, 150th, 250th, 350th, and 500th 

cycles. No deformation was observed after the 500th cycle. Figure 4.38 shows the load (N)-

strain (%) curve of the 62.5/750 µm GI PF POF at 4.5% strain amplitude at 4 mm / min. 
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Figure 4.38. The load (N)-strain (%) curve of the 62.5/750 µm GI PF POF at 4.5% strain 

amplitude at 4 mm / min 

In the third trial, the POF sample was cycled to the strain of 3.4% at 60 mm / min at gauge 

length of 76.2 mm. The measurements were done after the 100th, 200th, 400th, and 500th 

cycles. No deformation was observed after the 500th cycle. Figure 4.39 shows the load (N)-

strain (%) curve of the 62.5/750 µm GI PF POF at 3.4% strain amplitude at 60 mm / min. 
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Figure 4.39. The load (N)-strain (%) curve of the 62.5/750 µm GI PF POF at 3.4% strain 

amplitude at 60 mm / min 

In the fourth trial, the POF sample was cycled to the strain of 3.1% at 60 mm / min at gauge 

length of 254 mm. The measurements were done after the 50th, 150th, 250th, and 300th cycles. 

The unrecoverable deformation due to the cyclic loading first appeared on the trace of the 

OTDR after the 250th cycle, where the deformation increased after the 300th cycle. Figure 

4.40 shows the load (N)-strain (%) curve of the 62.5/750 µm GI PF POF at 3.1% strain 

amplitude at 60 mm / min. 
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Figure 4.40. The load (N)-strain (%) curve of the 62.5/750 µm GI PF POF at 3.1% strain 

amplitude at 60 mm / min 

In the fifth trial, the POF sample was cycled to the strain of 2.6% at 60 mm / min at gauge 

length of 254 mm. The measurements were done after the 50th, 150th, 300th, and 600th cycles. 

No deformation was observed after the 600th cycle. Figure 4.41 shows the load (N)-strain (%) 

curve of the 62.5/750 µm GI PF POF at 2.6% strain amplitude at 60 mm / min. 
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Figure 4.41. The load (N)-strain (%) curve of the 62.5/750 µm GI PF POF at 2.6% strain 

amplitude at 60 mm / min 

Cytop-2 (62.5/490 µm) 

The samples were tested at strain rates of 4 mm / min and 60 mm / min at gauge lengths of 

76.2 mm (3 in) and 254 mm (10 in). The batches of the POFs used at both gauge lengths 

were the same as those used in tensile testing. 

In the first trial, the POF sample was cycled to the strain of 3% at 4 mm / min at a gauge 

length of 76.2 mm. The measurements with the OTDR were done after the 25th, 75th, 175th, 

325th, and 500th cycles. No deformation was observed after the 500th cycle. Figure 4.42 

shows the load (N)-strain (%) curve of the 62.5/490 µm GI PF POF at 3% strain amplitude at 

4 mm / min. 
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Figure 4.42. The load (N)-strain (%) curve of the 62.5/490 µm GI PF POF at 3% strain 

amplitude at 4 mm / min 

In the second trial, the POF sample was cycled to the strain of 3.5% at 4 mm / min at a gauge 

length of 76.2 mm. The measurements with the OTDR were done after the 25th, 125th, 275th, 

and 500th cycles. The unrecoverable deformation due to the cyclic loading first appeared on 

the trace of the OTDR after the 500th cycle (Figure 4.44). Figure 4.43 shows the load (N)-

strain (%) curve of the 62.5/490 µm GI PF POF at 3.5% strain amplitude at 4 mm / min. 
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Figure 4.43. The load (N)-strain (%) curve of the 62.5/490 µm GI PF POF at 3.5% strain 

amplitude at 4 mm / min 

 

 

 

 

 

Figure 4.44. The stress-induced loss (dB) after 3.5% strain (red trace) and before 3.5% strain 

(green trace) 

In the third trial, the POF sample was cycled to the strain of 3.4% at 60 mm / min at a gauge 

length of 76.2 mm. The measurements with the OTDR were done after the 50th, 150th, 250th, 
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350th, and 500th cycles. No deformation was observed after the 500th cycle. Figure 4.45 

shows the load (N)-strain (%) curve of the 62.5/490 µm GI PF POF at 3.4% strain amplitude 

at 60 mm / min. 

 

 

 

 

 

Figure 4.45. The load (N)-strain (%) curve of the 62.5/490 µm GI PF POF at 3.4% strain 

amplitude at 60 mm / min 

In the fourth trial, the POF sample was cycled to the strain of 2.5% at 4 mm / min at gauge 

length of 254 mm. The measurements with the OTDR were done after the 100th, 125th and 

175th cycles. The unrecoverable deformation due to the cyclic loading first appeared on the 

trace of the OTDR after the 125th cycle (Figure 4.47), where the deformation increased after 

the 175th cycle. Figure 4.46 shows the load (N)-strain (%) curve of the 62.5/490 µm GI PF 

POF at 2.5% strain amplitude at 4 mm / min. 
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Figure 4.46. The load (N)-strain (%) curve of the 62.5/490 µm GI PF POF at 2.5% strain 

amplitude at 4 mm / min 

 

 

 

 

 

Figure 4.47. The stress-induced loss (dB) after 2.5% strain (red trace) and before 2.5% strain 

(green trace) 

In the fifth trial, the POF sample was cycled to the strain of 2% at 4 mm / min at a gauge 

length of 254 mm. The measurements with the OTDR were done after the 100th, 150th, 250th, 

350th, and 450th cycles. No deformation was observed after the 450th cycle. Figure 4.48 
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shows the load (N)-strain (%) curve of the 62.5/490 µm GI PF POF at 2% strain amplitude at 

4 mm / min. 

 

 

 

 

 

Figure 4.48. The load (N)-strain (%) curve of the 62.5/490 µm GI PF POF at 2% strain 

amplitude at 4 mm / min 

In the sixth trial, the POF sample was cycled to the strain of 2.1% at 60 mm / min at a gauge 

length of 254 mm. The measurements with the OTDR were done after the 50th, 150th, 250th, 

350th, 450th, 550th, 750th and 1000th cycles. No deformation was observed after the 1000th 

cycle. Figure 4.49 shows the load (N)-strain (%) curve of the 62.5/490 µm GI PF POF at 2% 

strain amplitude at 60 mm / min. 
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Figure 4.49. The load (N)-strain (%) curve of the 62.5/490 µm GI PF POF at 2.1% strain 

amplitude at 60 mm / min 

4.3.3 Discussion 

Table 4.11 summarizes the results of the responses of the POFs to the cyclic tensile loading 

at a strain rate of 4 mm / min.  

In the elastic sensitive strain regions, the Cytop-1 did not show any permanent deformation 

up to 500 cycles at both strain rates (4 mm / min and 60 mm / min) and gauge lengths (76.2 

mm and 254 mm). The Cytop-2 showed permanent deformation at 3.5% strain after 500 

cycles and at 2.5% strain after 125 cycles at strain rate of 4 mm / min at gauge lengths of 

76.2 mm and 254 mm respectively. 

The Cytop-1-batch-2 was observed to have less residual strain relative to the Cytop-2 at 3% 

strain at a gauge length of 76.2 mm at a strain rate of 4 mm / min after 500 cycles. As 

discussed in the section of 4.2.2.2, the Cytop-1 – batch-2 showed superior performance 

relative to the Cytop-2 in terms of the yield strain values at a gage length of 76.2 mm at 4 

mm /min. The yield strain of the Cytop-2 (2.72%) was around 20% less than that (3.46%) of 

the Cytop-1 – batch-2. Therefore, the plastic deformation occurred in the Cytop-2 at 3% 

strain after the testing of the cyclic loading was higher. When elastic sensitive strain regions 
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were considered the residual strains were around 0.5% at both gauge lengths and strain rates 

after the predetermined cycles for both Cytop-1 and Cytop-2. 

Table 4.11. The responses of the POFs to the cyclic tensile loading at a strain rate of 4 mm / 

min 

Gauge 

length 

(mm) 

Strain rate 

(mm / min) 

Cytop-1 – batch-2 Cytop-2 

3% 4.5% 3% 3.5% 

76.2 4 

No 

deformation 

up to 500 

cycles 

No 

deformation 

up to 500 

cycles 

No 

deformation 

up to 500 

cycles 

Deformation 

occurred after the 

500th cycle 

 2% 2.5% 

254 4 - 

No 

deformation 

up to 450 

cycles 

Deformation 

occurred after the 

125th cycle 
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CHAPTER 5. AN E-MAIL BASED SURVEY TO PRIORITIZE CUSTOMER NEEDS IN 

QUALITY FUNCTION DEPLOYMENT (QFD) UTILIZING ANALYTIC HIERARCHY 

PROCESS (AHP) 

5.1 Introduction 

Prioritizing customer needs in a quality function deployment (QFD) process provides 

companies with the effective use of resources in the form of time, money and staffing by 

eliminating the unimportant customer needs, and focusing on the most important ones when 

developing new products (Terninko, 1997; Chan & Wu, 2002).  

Quality Function Deployment (QFD), first developed in Japan in the late 1960s, can be 

described as a method that converts customer needs into product features by ensuring quality 

at each stage of the new product development (NPD) process (Sullivan, 1986; Lockamy & 

Khurana, 1995; Akao & Mazur, 2003). QFD is generally integrated into the NPD process at 

the design stage (Urban & Hauser, 1993; Zairi & Youssef, 1995; Nijssen & Frambach, 2000). 

A cross-functional team involving members from R&D, manufacturing, engineering, 

marketing, and production divisions is formed, and a common language is created among 

team members through QFD (Daetz, 1990). 

While the first and second generation QFD models include thirty and seventeen matrices 

respectively, the ‘Four-Phase Model’, developed by Dr. Makabe, a Japanese reliability 

engineer, includes four matrices (Daetz, 1990; Cohen, 1995; Bicknell, 1995; Jiang, Shiu, Tu, 

2007). The first phase, often called the ‘House of Quality (HOQ)’, analyzes the relationship 

between customer needs and engineering characteristics; the second phase includes 

engineering characteristics and part characteristics; the third phase includes part 

characteristics and key process operations; the fourth phase includes key process operations 

and production requirements (Urban & Hauser, 1993; Cohen, 1995; Chan, Kao, Wu, 1999). 

The HOQ is the most frequently employed matrix both in Japan and the U.S (Cohen, 1995; 

Cristiano, Liker, White, 2000). The sources indicate that a typical HOQ includes six main 

parts as shown in Figure 5.1 (Sullivan, 1986; Hauser & Clausing, 1988; Cohen 1995). 
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Figure 5.1. House of Quality (HOQ) (Sullivan, 1986; Hauser & Clausing, 1988; Cohen 1995) 

In order to determine customer needs in general focus groups, interviews, mail, e-mail and 

web based surveys are used. E-mail and web-based surveys offer low cost and short response 

time due to the electronic format of the data by eliminating the geographical distances 

(Ilieva, Baron & Healey, 2002). 

The planning matrix consists of prioritizing the customer needs (importance to customer), 

competitive analysis, goal, improvement ratio, and sales point (Akao, 1990; Cohen, 1995; 

Chan & Wu, 2002). The Analytic Hierarchy Process (AHP) developed by Saaty in the 1970s 

provides a more sufficient ratio-scale importance ranking approach to prioritize the customer 

needs (Franceschini, 2002; Mazur, 2003). This is a pairwise comparison process, where 

customers are asked to compare two customer needs utilizing the evaluation scale of 1 – 9, 

which continues until all of the needs are evaluated according to each other (Saaty, 2001; 

Franceschini, 2002; Render, 2009). The scale of 1 to 9 ranges from equally important to 

extremely important as shown in Appendix C (Saaty, 2001; Franceschini, 2002; Render, 

2009). However, there is the risk of inconsistent judgments with pairwise comparisons 
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(Cohen, 1995; Saaty, 2001; Franceschini, 2002; Render, 2009). Therefore, one must look at 

the consistency ratio (Franceschini, 2002): 

The consistency ratio (CR) = CI / RI                  (5.1) 

RI: random index that is determined from the table (Table 5.1) 

CI (Consistency Index) = (λ - n) / (n-1)                 (5.2) 

n: the number of systems being compared 

         n 
λ = ( Σ ci ) / n                     (5.3) 
         i 
ci: consistency vector (the calculation of consistency vector can be found in 5.2.1) 

Table 5.1. Average Random Consistency Index (R.I.) (Saaty, 2001, p. 9) 

N 1 2 3 4 5 6 7 8 9 10 

Index (R.I.) 0 0 0.52 0.89 1.11 1.25 1.35 1.40 1.45 1.49 

In general, when the consistency ratio is 0.10 or less it means the customers’ answers are 

relatively consistent (Saaty, 2001; Franceschini, 2002; Render, 2009). If it is bigger than 0.10 

it means the answers of the customers should be reevaluated and the AHP process should be 

restarted (Saaty, 2001; Franceschini, 2002; Render, 2009). 

Competitive analysis involves both the current company’s rating and competitors’ rating in 

terms of customer satisfaction (Bicknell, 1995). The improvement ratio is obtained by 

dividing the goal by current company rating, which reorders the importance of the customer 

needs (Cohen, 1995; Franceschini, 2002). A sales point indicates which customer needs, 

when met, would provide a competitive advantage to the company by identifying the best 

opportunities to improve sales (Cohen, 1995; Bicknell, 1995; Chan & Wu, 2002). 

In the engineering characteristics, each customer need (What) is transformed into one or 

more engineering characteristics (Hows) that should be measurable and be entered into the 
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matrix in quantifiable units such as gram per square meter, tex, seconds, miles per gallon, 

pounds, volts, and feet (Urban & Hauser, 1993; Day, 1993; Cohen, 1995; Chan & Wu, 2002). 

The relationship matrix provides a linkage between customer needs and engineering 

characteristics, where each cell represents the strength of the relationship (Cohen, 1995; 

Bicknell, 1995; Chan & Wu, 2002). The measurement scale of 0, 1, 3, and 9 was developed 

for the relationship matrix, where 9 is assigned to strong, 3-moderate, 2-weak and 0-no 

relationship (Day, 1993; Cohen, 1995; Chan & Wu, 2002).  

The technical correlation matrix, the roof of the HOQ, indicates how engineering 

characteristics (Hows) affect each other and the degree and direction of this interaction (Day, 

1993; Cohen, 1995). Generally, the symbols used to identify the correlations are: √√ - strong 

positive impact, √ - moderate positive impact, <blank> - no impact, X – moderate negative 

impact, XX – strong negative impact (Day, 1993; Cohen, 1995; Chan & Wu, 2002). The 

symbols can be displayed together with an arrow indicating the direction of the influence 

(Cohen, 1995). The arrows involved are: → - left to right, ← - right to left, 1  - bidirectional 

impact (Cohen, 1995). 

The technical matrix includes technical prioritization, technical benchmarks, and targets. In 

the section of technical prioritization, the contribution of each engineering characteristic to 

overall customer satisfaction is determined and entered into the place at the bottom of the 

HOQ matrix (Cohen, 1995; Bicknell, 1995). In the section of technical benchmarks, before 

setting targets, the team needs to determine how well the competitors meet the engineering 

requirements and compare the performance of their product with the similar products of the 

competitors for each engineering characteristic (Cohen, 1995; Bicknell, 1995). The section of 

targets comes after finishing the technical prioritization and benchmarks, where the team can 

target areas to be better than the competition, to match the competition, or allow the 

competition leadership in order to better allocate resources of company (Bicknell, 1995; 

Cohen, 1995). 
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5.2 Survey 

A research study was conducted to better understand market demands in terms of sensor 

performance characteristics for automotive seat weight sensors, as a part of the Quality 

Function Deployment (QFD) House of Quality analysis. A survey was sent to more than 20 

companies operating in the field of automotive seat weight sensors, and original equipment 

manufacturers (OEM) via e-mail. The documentation of this study could be found as 

Appendix A: Survey Letter, B: Institutional Review Board (IRB) Consent Form, and C: 

Survey at the end of the dissertation. However, only 5 companies completed the survey and 

most of the companies declined to participate in this study due to competitive concerns and 

confidentiality reasons. 

5.2.1 Survey results 

As sensor attributes can vary depending on the occupant type the companies were asked to 

specify the occupant type to compare the sensor attributes. Table 5.2 shows the occupant 

types specified by the companies. 

Table 5.2. Categories of occupant types specified by the companies 

 Occupant type 

Company 1 Rear facing child safety seat with 1-year-old infant 

Company 2 5th percentile adult female 

Company 3 50th percentile adult male 

Company 4 For all types 

Company 5 For all types 
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Table 5.3 summarizes the results of the ‘Professional Background’ of the companies. 

Table 5.3. The results of the ‘Professional Background’ (Appendix C)  

 Company 1 Company 2 Company 3 Company 4 Company 5 

The expert’s 

current position 

and department in 

the company 

Director of 

Electronics, 

R&D 

R&D, 

Engineering 

R&D, Seat 

Design 

Department 

Engineering 

Manager, 

Engineer 

System 

Engineer, 

Engineering 

The company’s 

position in the 

automotive 

supply chain 

Tier 1 Tier 1 OEM Tier 1 Tier 2 

The area(s) in 

which the expert 

had experience(s) 

and the number of 

years of 

experience(s) in 

the related area(s) 

R&D (10-20 

years), 

Engineering 

(20-30 

years) 

R&D (5-10 

years), 

Engineering 

(10-20 

years) 

R&D (10-20 

years) 

Engineering 

(10-20 

years) 

R&D (0-5 

years), 

Engineering 

(10-20 years) 

The automotive 

field(s) the expert 

had experience(s) 

Seat weight 

sensor 

design, 

Component 

design 

Seat weight 

sensor 

design, 

Component 

design, Seat 

design 

Component 

design, Seat 

design 

Seat design Seat weight 

sensor design, 

Component 

design 
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In the automotive business:  

OEM (Original equipment manufacturer): a company that makes final automotives (Ford, 

Audi, etc.)  

Tier 1: a company that is a direct supplier to OEM companies. 

Tier 2: a company that is a supplier to Tier 1 suppliers. For example, in this study, Tier 2 

companies could provide automotive seat weight sensor technologies to Tier 1 companies 

that could provide automotive seat systems to OEMs. 

The Analytic Hierarchy Process (AHP) was applied to prioritize the sensor attributes, where 

the process steps were as follows (Render, 2009): 

Step 1: The numbers in each column of the original comparison matrix were divided by the 

column totals to produce the normalized columns. 

Step 2: Then, the average values were calculated for each sensor attribute for each row of the 

normalized matrix. The value obtained after averaging the values in each row of the 

normalized matrix was called the ‘factor evaluation number’. 

Step 3: The factor evaluation numbers formed the final vector, which was multiplied by the 

transpose of the original comparison matrix, where the resulting vector was the weighted sum 

vector.  

Step 4: The values for each row of the weighted sum vector were divided by the factor 

evaluation numbers involved, which resulted in the consistency vector. 
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Company 1 

Table 5.4. The original comparison chart (matrix) completed by Company 1 

Customer needs 
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y 
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n 
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e 

R
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y 
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A
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Sensitivity 1 3 1/5 1/3 1 3 5 1/7 5 1/5 

Dynamic Range 1/3 1 1/3 1 1/3 3 2 1/9 2 1/6 

Accuracy 5 3 1 3 2 5 6 1/2 2 3 

Hysteresis 3 1 1/3 1 1/2 6 5 1/5 1/3 4 

Resolution 1 3 1/2 2 1 7 7 1/4 2 5 

Response Time 1/3 1/3 1/5 1/6 1/7 1 1 1/9 1/5 2 

Recovery Time 1/5 1/2 1/6 1/5 1/7 1 1 1/7 1/5 2 

Reproducibility 7 9 2 5 4 9 7 1 7 9 

Selectivity 1/5 1/2 1/2 3 1/2 5 5 1/7 1 1/2 

Aging 5 6 1/3 1/4 1/5 1/2 1/2 1/9 2 1 

TOTAL 23.07 27.33 5.57 15.95 9.82 40.50 39.50 2.71 21.73 26.87 
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Step 1 and Step 2: The normalized matrix (Table 5.5) and the final vector: 

Table 5.5. The normalized matrix of Company 1 

Customer needs 
Se
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A
V

ER
A

G
E 

Sensitivity 0.04 0.11 0.04 0.02 0.1 0.07 0.13 0.05 0.23 0.01 0.08 

Dynamic Range 0.01 0.04 0.06 0.06 0.03 0.07 0.05 0.04 0.09 0.01 0.05 

Accuracy 0.22 0.11 0.18 0.19 0.2 0.12 0.15 0.18 0.09 0.11 0.16 

Hysteresis 0.13 0.04 0.06 0.06 0.05 0.15 0.13 0.07 0.02 0.15 0.09 

Resolution 0.04 0.11 0.09 0.13 0.10 0.17 0.18 0.09 0.09 0.19 0.12 

Response Time 0.01 0.01 0.04 0.01 0.01 0.02 0.03 0.04 0.01 0.07 0.03 

Recovery Time 0.01 0.02 0.03 0.01 0.01 0.02 0.03 0.05 0.01 0.07 0.03 

Reproducibility 0.3 0.33 0.36 0.31 0.41 0.22 0.18 0.37 0.32 0.33 0.31 

Selectivity 0.01 0.02 0.09 0.19 0.05 0.12 0.13 0.05 0.05 0.02 0.07 

Aging 0.22 0.22 0.06 0.02 0.02 0.01 0.01 0.04 0.09 0.04 0.07 

TOTAL 1 1 1 1 1 1 1 1 1 1 1 

F1 = Final vector = [0.08 0.05 0.16 0.09 0.12 0.03 0.03 0.31 0.07 0.07] 

The prioritization of the sensor attributes is shown in Table 5.6 by ranking of the values of 

final vector from highest to lowest. 
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Table 5.6. The ranking of the values of final vector of Company 1 from highest to lowest 
Customer needs Values 

Reproducibility 0.31 

Accuracy 0.16 

Resolution 0.12 

Sensitivity 0.08 

Hysteresis 0.09 

Selectivity 0.07 

Aging 0.07 

Dynamic Range 0.05 

Response Time 0.03 

Recovery Time 0.03 

Step 3: Final vector (F) * (Original comparison matrix)T = Weighted sum vector (W) 

 

 

[0.08 0.05 0.16 0.09 0.12 0.03 0.03 0.31 0.07 0.07]   * 

     

 

 

= W1 = [1.06 0.6 2.06 1.19 1.6 0.36 0.36 4.17 0.9 1.07] 

Step 4: The consistency vector: 

C1 = Consistency vector = [1.06/0.08 0.6/0.05 2.06/0.16 1.19/0.09 1.6/0.12 0.36/0.03 

0.36/0.03 4.17/0.31 0.9/0.07 1.07/0.07] 
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C1 = [13.25 11.92 12.84 13.21 13.31 11.86 12.04 13.45 12.86 15.35] 

λ = (13.25+11.92+12.84+13.21+13.31+11.86+12.04+13.45+12.86+15.35) / 10 = 13.01 

CI1 = (13.01-10) / (10-1) = 0.33 

CR1 = 0.33 / 1.49 = 0.22 

Steps 1, 2, 3, and 4 were calculated for Companies 2, 3, 4, and 5 following the same route in 

Company 1. Therefore, only the results will be given for those companies. 

Company 2 

Table 5.7. The original comparison chart (matrix) completed by Company 2 

Customer needs 
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Sensitivity 1 9 1 9 1/7 5 5 1 7 1 

Dynamic Range 1/9 1 1/7 5 1/8 5 5 1 1 1 

Accuracy 1 7 1 8 1 5 5 1 3 1 

Hysteresis 1/9 1/5 1/8 1 1/7 5 5 1 1/3 1 

Resolution 7 8 1 7 1 5 5 1 7 1 

Response Time 1/5 1/5 1/5 1/5 1/5 1 1 1/9 1 1/3 

Recovery Time 1/5 1/5 1/5 1/5 1/5 1 1 1/9 1 1/7 

Reproducibility 1 1 1 1 1 9 9 1 1/7 1 

Selectivity 1/7 1 1/3 3 1/7 1 1 7 1 3 

Aging 1 1 1 1 1 3 7 1 1/3 1 

TOTAL 11.77 28.60 6.00 35.40 4.95 40 44.00 14.22 24.48 10.48 

F2 = Final vector = [0.15 0.07 0.15 0.05 0.21 0.02 0.02 0.11 0.11 0.10] 
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The prioritization of the sensor attributes is shown in Table 5.8 by ranking of the values of 

final vector from highest to lowest. 

Table 5.8. The ranking of the values of final vector of Company 2 from highest to lowest 
Customer needs Values 

Resolution 0.21 

Sensitivity 0.15 

Accuracy 0.15 

Reproducibility 0.11 

Selectivity 0.11 

Aging 0.10 

Dynamic Range 0.07 

Hysteresis 0.05 

Response Time 0.02 

Recovery Time 0.02 

C2 = [17.26 12.93 14.27 11.51 16.67 16.06 15.11 11.05 14.00 13.70] 

λ = 14.25 

CI2 = (14.25-10) / (10-1) = 0.47 

CR2 = 0.33 / 1.49 = 0.32 
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Company 3 

Table 5.9. The original comparison chart (matrix) completed by Company 3 

Customer needs 
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Sensitivity 1 1/5 1/3 1/3 1 1/3 1 1/7 1/7 1/7 

Dynamic Range 5 1 3 3 5 3 5 1/3 1/3 1/3 

Accuracy 3 1/3 1 1 3 1 3 1/5 1/5 1/5 

Hysteresis 3 1/3 1 1 3 1 3 1/5 1/5 1/5 

Resolution 1 1/5 1/3 1/3 1 1/3 1 1/7 1/7 1/7 

Response Time 3 1/3 1 1 3 1 3 1/5 1/5 1/5 

Recovery Time 1 1/5 1/3 1/3 1 1/3 1 1/7 1/7 1/7 

Reproducibility 7 3 5 5 7 5 7 1 1 1 

Selectivity 7 3 5 5 7 5 7 1 1 1 

Aging 7 3 5 5 7 5 7 1 1 1 

TOTAL 38 11.60 22 22 38 22 38 4.36 4.36 4.36 

F3 = Final vector = [0.02 0.11 0.05 0.05 0.02 0.05 0.02 0.22 0.22 0.22] 

The prioritization of the sensor attributes is shown in Table 5.10 by ranking of the values of 

final vector from highest to lowest. 
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Table 5.10. The ranking of the values of final vector of Company 3 from highest to lowest 
Customer needs Values 

Reproducibility 0.22 

Selectivity 0.22 

Aging 0.22 

Dynamic Range 0.11 

Accuracy 0.05 

Hysteresis 0.05 

Response Time 0.05 

Sensitivity 0.02 

Resolution 0.02 

C3 = [10.08 10.50 10.12 10.12 10.08 10.12 10.08 10.56 10.56 10.56] 

λ = 10.28 

CI3 = (10.28-10) / (10-1) = 0.03 

CR3 = 0.03 / 1.49 = 0.02 
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Company 4 

Table 5.11. The original comparison chart (matrix) completed by Company 4 
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Sensitivity 1 1/3 1/7 1 1 1/3 1/3 1/7 1/5 1/5 

Dynamic Range 3 1 1/5 3 3 1 1 1/5 1/3 1/3 

Accuracy 7 5 1 7 7 5 5 1 3 3 

Hysteresis 1 1/3 1/7 1 1 1/3 1/3 1/7 1/5 1/5 

Resolution 1 1/3 1/7 1 1 1/3 1/3 1/7 1/5 1/5 

Response Time 3 1 1/5 3 3 1 1 1/5 1/3 1/3 

Recovery Time 3 1 1/5 3 3 1 1 1/5 1/3 1/3 

Reproducibility 7 5 1 7 7 5 5 1 3 3 

Selectivity 5 3 1/3 5 5 3 3 1/3 1 1 

Aging 5 3 1/3 5 5 3 3 1/3 1 1 

TOTAL 36 20 3.70 36 36 20 20 3.70 9.60 9.60 

F4 = Final vector = [0.03 0.06 0.25 0.03 0.03 0.06 0.06 0.25 0.13 0.13] 

The prioritization of the sensor attributes is shown in Table 5.12 by ranking of the values of 

final vector from highest to lowest. 
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Table 5.12. The ranking of the values of final vector of Company 4 from highest to lowest 
Customer needs Values 

Reproducibility 0.25 

Accuracy 0.25 

Selectivity 0.13 

Aging 0.13 

Dynamic range 0.06 

Response time 0.06 

Recovery time 0.06 

Sensitivity 0.03 

Hysteresis 0.03 

Resolution 0.03 

C4 = [10.11 10.11 10.60 10.11 10.11 10.11 10.11 10.60 10.48 10.48] 

λ = 10.28 

CI4 = (10.28-10) / (10-1) = 0.03 

CR4 = 0.03 / 1.49 = 0.02 
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Company 5 

Table 5.13. The original comparison chart (matrix) completed by Company 5 
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Sensitivity 1 5 3 5 3 5 1 3 1 1 

Dynamic Range 1/5 1 1/3 3 1 3 3 1 1/3 1 

Accuracy 1/3 3 1 5 3 6 3 1 1 3 

Hysteresis 1/5 1/3 1/5 1 6 1/3 1/5 ¼ 1/3 1/5 

Resolution 1/3 1 1/3 1/6 1 5 5 3 1 3 

Response Time 1/5 1/3 1/6 3 1/5 1 1 2 1/3 ¼ 

Recovery Time 1 1/3 1/3 5 1/5 1 1 1 2 1/3 

Reproducibility 1/3 1 1 4 1/3 ½ 1 1 1 3 

Selectivity 1 3 1 3 1 3 1/5 1 1 5 

Aging 1 1 1/3 5 1/3 4 3 1/3 1/5 1 

TOTAL 5.6 16 7.7 34.17 16.07 28.83 18.4 13.58 8.2 17.78 

F5 = Final vector = [0.18 0.07 0.14 0.06 0.12 0.05 0.08 0.08 0.12 0.09] 

The prioritization of the sensor attributes is shown in Table 5.14 by ranking of the values of 

final vector from highest to lowest. 
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Table 5.14. The ranking of the values of final vector of Company 5 from highest to lowest 
Customer needs Values 

Sensitivity 0.18 

Accuracy 0.14 

Selectivity 0.12 

Resolution 0.12 

Aging 0.09 

Recovery time 0.08 

Reproducibility 0.078 

Dynamic range 0.07 

Hysteresis 0.06 

Response time 0.05 

C5 = [13.05 14.38 14.28 16.83 13.35 13.63 12.79 13.56 13.19 14.07] 

λ = 13.91 

CI5 = (13.91-10) / (10-1) = 0.43 

CR5 = 0.43 / 1.49 = 0.29 

5.3 Discussion 

The consistency ratios of the companies were summarized in Table 5.15. 

Table 5.15. Consistency ratios of the companies 

 Company 1 Company 2 Company 3 Company 4 Company 5 

Consistency 

ratio 
0.22 0.32 0.02 0.02 0.29 
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The consistency ratios of the three companies exceeded the limit (Company 1, Company 2, 

and Company 5); however, all the companies agreed on the first 5 most important sensor 

characteristics: reproducibility, accuracy, selectivity, aging, and resolution. 

Company 4 indicated that reproducibility and accuracy were the most important 

characteristics for sensor performance. The company argued that selectivity and aging were 

the next most important ones due to tremendous noise in automotive seating inputs. 

Company 2 claimed that differentiating between the 5th percentile adult female and the 3 to 6 

year old child was the hardest part of occupancy sensor development. The company signaled 

that the automotive market has moved away from classification and has now used Seat Belt 

Reminders (SBRs) acting like a simple on/off switch instead of classification. 

According to the Company 1 the most critical seat weight sensor attribute was 

reproducibility; if a sensor output is not reproducible to a sensor input, it is not a viable 

sensor. The company claimed that automotive seat weight sensors were not used for real-time 

occupant discrimination and used a generally slower discrimination algorithm to avoid the 

effects of noise, road transients, etc., accordingly, recovery and response times would not be 

critical attributes. Furthermore, the company argued that sensor dynamic range should be 

minimized to provide accurate discrimination at the critical threshold.   

Company 3 claimed that seat trimming (fabric type, embossing style, sewing etc.) had a 

direct influence on sensor detecting capability, where sensor design was expected to be 

compatible with the upholstery. The company signified that the thickness of the lamination 

foam affected the sensor performance since the weight sensor was placed between the seat 

cushion and the trimming. Furthermore, the company argued that visual appearance was also 

an important customer need as in some cases a sensor’s existence beneath the surface fabric 

might be noticeable in appearance by the customers. 

Meeting customer needs would provide the customer satisfaction, which is the ultimate goal 

of the companies when developing new products. The survey showed that reproducibility and 

accuracy were the most important characteristics for sensor performance. Therefore, those 

two sensor characteristics were focused on the design of experiments in Chapter 6.  
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CHAPTER 6. POLYMER OPTICAL FIBER (POF) SENSOR DESIGN 

6.1 Introduction 

Figure 6.1 shows the forces acting on a seated human in a static situation. 

 

 

 

 

 

 

Figure 6.1. Forces acting on a human body (Goossens & Snijders, 1995; Mehta & Tewari, 

2000; Open Ergonomics, 2013) 

Figure 6.2 shows the distribution of the stresses on polymer optical fiber (POF) under a seat 

trim component when an occupant applies a force on to the seat cushion. The POF is gripped 

at the edges in Figure 6.2. The applied force by an occupant induces micro-bends in the POF 

and vertical reaction forces at the gripping points. 
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Figure 6.2. Distribution of stresses on POF under the seat trim component 

The lowest pressure applied by a seated human ideally takes place on the thigh region 

(Figure 2.26 in 2.3.2) of a seat cushion according to the existing literature (S. Drummond et 

al., 1982; Kurz, Diebschlag & Heidinger, 1989; Hartung 2006). Ebe & Griffin (2001) 

demonstrated that the pressure in the thigh region changes from 0 to 0.4 N / cm2 by making 

experiments with twelve males in static conditions (i.e. no vibration), where the mean age 

was 28.7 years, weight 73.5 kg, and stature 177.5 cm. The thigh region is less affected by the 

occupant’s sitting position and anatomy relative to the area of ischial tuberosities  (Yang, 

Chen, Lin, Lien, 1984; as cited in Drean et al., 2007). Furthermore, Ebe & Griffin (2001) 

found that there was not a significant correlation between the total weight over the thigh 

region and seat comfort. Therefore, the sensor was designed to be located in the area beneath 

the typical seated human’s thighs. 

Figure 6.3 shows the location of the sensing mechanism that is composed of POF and textile 

woven fabric in a seat covering. 
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Figure 6.3. The location of the sensing mechanism 

In general face materials are made up of 100% PES. PES is a common material for 

automotive applications. It has high elastic modulus, which results in high mechanical 

performance; the elastic modulus of polyethylene terephthalate (PET) is 12 GPa (Fakirov, 

1997). PES is a hydrophobic material, which generates perfect dimensional stability at high 

humidity (Fakirov, 1997). Textured PES is bulky (crimped), thermally insulated, and 

comfortable when the air is entrapped between the fibers as a result of the texturing process 

(Demir, 1997). Generally foam materials are made up of 100% polyurethane (PUR). In 

triboelectric series polyurethane (PUR) and polyester are really close to each other; that is, 

when rubbing PUR and PES together both of them are charged negative (-). As the sensing 

mechanism was planned to be placed between the foam backing and foam cushion the textile 

woven fabric of the sensing mechanism was designed to be made of 100% PES (textured) to 

avoid any potential static electricity. 

When a force is applied on the textile woven fabric by a seated human it is bi-axially loaded. 

Grosberg (1969) identified three distinct regions in load-strain curve for uniaxial tensile 

loaded fabrics (Figure 6.4). 
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Figure 6.4. Load-strain curve (adapted from Grosberg, 1969, p.340) 

As a fabric is uniaxially tensioned contact based friction occurs at the crossover, interlacing, 

points, where the yarns in warp and weft directions interact (Pan, 1996; Cavallaro, Sadegh, 

Quigley, 2007). Once the force required to overcome this inter-fiber friction is exceeded the 

yarns begin to slide at the interlacing points (Cavallaro et al., 2007). Crimp interchange 

develops at the end of the inter-fiber friction region, where the crimp in the axial direction 

decreases and in the horizontal direction increases (Realff, 1994). The length of the 

decrimping region depends on the amount of crimp in the fabric (Realff, 1994). At the end of 

the decrimping region the resistance to extension reaches its highest level and no further 

motion is observed in the crossing yarns, which is the point of jamming (Cavallaro et al., 

2007). After the jamming point the curve is controlled by the yarn tensile properties 

(Grosberg, 1969). 

In order to protect the polymer optical fibers operating in systems against external 

perturbations such as extreme temperatures and mechanical stresses, depending on the 

application areas of the systems (indoor, outdoor) and the environments in which the systems 

operate, there are several cable designs. Cables typically include optical fiber elements such 

as buffered fibers, core elements such as strength members, and sheath elements such as 



 

171 

jacket materials (Chauvin, Cox, Yu, Rittenhouse, 2005). Individual optical fibers are buffered 

with a polymer tube; the buffered fiber is bundled by a strength member, and then the 

combination of buffered fiber and strength member is jacketed with another type of polymer 

(Figure 6.5) (Iannone, 2012). The materials used for buffering and jacketing are PE, PVC, 

PVDF, HSZH; of these the most common one for indoor applications is PVC, where PVC is 

highly fire-resistant (Chauvin et al., 2005; Iannone, 2012). Dielectric aramid yarn is mostly 

used as a strength member to provide high mechanical strength and heat resistance with the 

cable (Chauvin et al., 2005; Iannone, 2012). 

 

 

 

 

 

 

 

 

 

Figure 6.5. POF cable 

6.2 Experimental Methods and Data 

Face and foam materials 

Table 6.1 shows the properties of the face and the foam materials used in the experiments. 
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Table 6.1. The properties of the face and the foam materials 

Parameter Level 

Face material 

(fabric) 

Fabric 1 Fabric 2 Fabric 3 Fabric 4 Fabric 5 Fabric 6 

Composition 100% 

PET 

100% PET 100% 

PET 

100% PET 100% 

PET 

100% PET 

Construction Jacquard 

woven 

Dobby Twill Flat 

Warp 

Knit 

Circular Knit Clip Knit DNB Knit 

Back coating or 

any face finish 

Back 

coated 

Back coated NA NA Napping / 

Shear 

Brushing / 

Shear 

Fabric thickness 

(mm; ASTM-D 

1777-96) 

0.62 0.76 0.88 1.12 1.06 1.04 

Weight (gr/m2) 287 393 278 407 255 291 

Foam material Foam backing Foam backing Foam cushion 

Composition 100% PUR 100% PUR 100% PUR 

Foam thickness 

(mm) 

2 4 120.9 

Foam density 27.23 kg/m3 (1.70 lb/ft3) 27.23 kg/m3 (1.70 lb/ft3) 27.23 kg/m3 (1.70 lb/ft3) 

IFD deflection 

25% 

5.5 kPa (40 lbs / 50 in2) 5.5 kPa (40 lbs / 50 in2) 4.14 kPa (30 lbs / 50 in2) 

The face materials (fabrics) were provided by Sage Automotive, and the foam materials 

(foam backing and foam cushion) were provided by Olympic Products LLC; both the face 
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and the foam materials are currently being applied in commercial vehicles. 

The tensile testing of the face fabrics was performed on the MTS Q-Test/5 Universal Testing 

Machine in the Dame S. Hamby Physical Testing Lab in the College of Textiles at North 

Carolina State University. Five samples for each direction, warp and weft, of each fabric 

were prepared and tested at applied strain rates of 4 mm / min and 60 mm / min at a gauge 

length of 76.2 mm (3 in). The closest values to the average of the 5 samples were used for the 

curves. Each sample was cut 152.4 mm (6 in) long and 25.4 mm (1 in) wide in both the warp 

and weft directions. The samples were clamped lengthwise in the flat jaws of the testing 

machine so that there was 76.2 mm (3 in) between jaws. 453.592 kg (1000 pound) load cell 

was utilized for each test. The tests were carried out at 21.1°C (70°F) and 65% relative 

humidity. A grip pressure of 11,031.61 kPa (1600 psi) was used for holding the fabrics in 

place. 

Figure 6.6 shows the load versus strain curves of the fabrics in the warp direction at 4 mm / 

min. 

 

 

 

 

 

 

 

 

 

 

Figure 6.6. The load versus strain curves of the fabrics in the warp direction at 4 mm / min 

Figure 6.7 shows the load versus strain curves of the fabrics in the warp direction at 60 mm / 

min. 
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Figure 6.7. The load versus strain curves of the fabrics in the warp direction at 60 mm / min 

Figure 6.8 shows the load versus strain curves of the fabrics in the weft direction at 4 mm / 

min. 

 

 

 

 

 

 

Figure 6.8. The load versus strain curves of the fabrics in the weft direction at 4 mm / min 

Figure 6.9 shows the load versus strain curves of the fabrics in the weft direction at 60 mm / 

min. 

0 10 20 30 40 50 60 70 80 90 100 110
0

200

400

600

800

1000

1200

1400

 Fabric-5

 Fabric-3

 Fabric-4

 Fabric-2

 Fabric-1

Lo
ad

 (N
)

Strain (%)

 Fabric-6

0 20 40 60 80 100 120 140 160
0

100

200

300

400

500

600

700

 Fabric-6

 Fabric-4

 Fabric-3

 Fabric-5

 Fabric-2

Lo
ad

 (N
)

Strain (%)

 Fabric-1



 

175 

0 20 40 60 80 100 120 140 160
0

100

200

300

400

500

600

700

800

 Fabric-6

 Fabric-5

 Fabric-4

 Fabric-3

 Fabric-2

Lo
ad

 (
N

)

Strain (%)

 Fabric-1

 

 

 

 

 

 

Figure 6.9. The load versus strain curves of the fabrics in the weft direction at 60 mm / min 

Woven fabric for the POF insertion (Woven fabric) 

The yarn used in the construction of the woven fabric, for both the warp and the filling, was 

textured 275-denier polyester (PES). 

The tensile testing of the yarn was performed on the MTS Q-Test/5 Universal Testing 

Machine. 10 samples were tested at applied strain rates of 4 mm / min and 60 mm / min at a 

gauge length of 76.2 mm (3 in). The closest values to the average of 10 samples were used 

for the curves. A 113.398 kg (250 pound) load cell was utilized for each test. The tests were 

carried out at 21.1°C (70°F) and 65% relative humidity. A grip pressure of 552 KPa (80 psi) 

was used for holding the PES sample in place. Figure 6.10 shows the load versus strain 

curves of the yarn at 4 mm / min and 60 mm / min. 
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Figure 6.10. The load versus strain curves of the PES at 4 mm / min and 60 mm / min 

The woven fabric included two different weave patterns: single layer and unstitched double 

cloth. A pattern of 1x1 plain weave was used for the single layer portion and a pattern of 1x1 

plain was used for the unstitched double cloth portion for both the face and the back layers. 

An AVL Compu-Dobby I loom, and WeaveMaker 8.6 software was utilized to weave the 

fabric in the College of Textiles at North Carolina State University. Figure 6.11 shows the 

weave design formed through the WeaveMaker 8.6 software. 
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1. Tube formation for inserting the POF: All face harnesses raise all face yarns up, and all back yarns are down, 

all back harnesses are down, in order to form shed for inserting the POF. 

2. Unstitched double cloth for accommodation of POF 

3. Single layer 

 

Figure 6.11. The weave design 

Figure 6.12 shows the 3D model of alternating single layer and double cloth in fabric formed 

through the EAT DesignScope Victor software. 
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Figure 6.12. 3D Model formed through the EAT DesignScope Victor software 

The tubes provided by the double cloths were in the weft direction of the fabric. The polymer 

optical fibers were drawn through the fabric tubes. Four harnesses, 564 ends, 141 

ends/harness, 20 dents per inch reed, 2 ends/dent, were used for the weaving operation. The 

widths of the samples of the woven fabric were 26.67 ± 0.25 cm (10.5 ± 0.1 in); the weft 

densities were 8 ± 1 picks / cm; the warp densities were 22 ± 2 ends / cm. 

Fractional fabric cover factor, Cf (Partridge, Mukhopadhyay, Barnes, 1998; Seyam, A. M. 
2002): 

Cf = Cwarp + Cweft - Cwarp * Cweft                                                   (6.1) 

Cwarp = (dwarp /Pwarp )                    (6.2) 

Cweft = (dweft /Pweft )                                                                (6.3) 

dwarp = dweft = (1/280.2) * (Ntex/(φ *ρy))1/2                                                                             (6.4) 
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φ = yarn packing factor (ρy/ρf) (= 0.65 for filaments)                

ρy = yarn density (g/cm3) (= 1.38 g/cm3 for PES)  

d = yarn diameter (cm) 

Ntex = yarn number in tex (g/km) (275 denier ≅ 30.5 tex) 

Pwarp = warp spacing = 1 / (yarn count/cm)     

Pweft = weft spacing = 1 / (yarn count/cm)     

dwarp = dweft = (1/280.2) * (Ntex/(φ *ρy))1/2 = (1/280.2) * (30.5/(0.65 * 1.38))1/2  ≅ 0.021 cm 

Pwarp = 1 / 22 = 0.045 

Pweft = 1 / 8 = 0.125 

Cwarp = 0.021/0.045 = 0.47 

Cweft = 0.021/0.125 = 0.168 

Cf = 0.47 + 0.168 – (0.47*0.168) ≅ 0.56 

Kf = Fabric cover factor = 28Cf = 28*0.56 = 15.68 = Regular construction 

The tensile testing of the woven fabric was performed on the MTS Q-Test/5 Universal 

Testing Machine. Five samples for each direction, warp and weft, were prepared, where each 

sample in both the warp and weft directions included one tube. The fabric samples were 

tested at strain rates of 4 mm / min and 60 mm / min at a gauge length of 76.2 mm (3 in). The 

closest values to the average of 5 samples were used for the curves. Each sample was cut 

152.4 mm (6 in) long and 25.4 mm (1 in) wide in both the warp and weft directions by the 

laser cutter, Universal Laser Systems VLS6.60, in order to avoid any raveling fringe on each 

side of the fabric sample. The samples were clamped lengthwise in the flat jaws of the testing 

machine so that there were 76.2 mm (3 in) between jaws. A 453.592 kg (1000 pound) load 

cell was utilized for each test. The tests were carried out at 21.1°C (70°F) and 65% relative 

humidity. A grip pressure of 11,031.61 kPa (1600 psi) was used for holding the fabric sample 

in place. 

Figure 6.13 shows the load versus strain curves of the woven fabric at 4 mm / min and 60 

mm / min.  
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Figure 6.13. The load versus strain curves of the woven fabric at 4 mm / min and 60 mm / 

min 

Woven fabric + POF 

The tensile testing of the woven fabric (in the weft direction), Cytop-1 (62.5/750 µm) - 

batch-2, Cytop-2 (62.5/490 µm), and the combination of the woven fabric + either Cytop-1 

(62.5/750 µm) - batch-2 or Cytop-2 (62.5/490 µm), where the POFs were drawn through the 

tubes of the woven fabric samples, was performed on the MTS Q-Test/5 Universal Testing 

Machine. Each fabric sample was cut 152.4 mm (6 in) long and 25.4 mm (1 in) wide in the 

weft direction by the laser cutter, Universal Laser Systems VLS6.60. Five samples were 

prepared for each component and combination, and were tested at strain rates of 4 mm / min 

and 60 mm / min at a gauge length of 76.2 mm (3 in). The closest values to the average of 5 

samples were used for the curves. A 113.398 kg (250 pound) load cell was utilized for each 

test. The tests were carried out at 21.1°C (70°F) and 65% relative humidity. A grip pressure 

of 552 KPa (80 psi) was used for holding the samples in place.  

Figure 6.14 shows the load versus strain curves of the woven fabric in the weft direction, 

Cytop-1 (62.5/750 µm) - batch-2, and Cytop-2 (62.5/490 µm) at a gauge length of 76.2 mm 

and at strain rates of 4 mm / min and 60 mm / min up to around 16% strain. 
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Figure 6.14. The load versus strain curves at 4 mm / min and 60 mm / min 

Figure 6.15 shows the load versus strain curves, both theoretical and experimental, of the 

combination of the woven fabric + Cytop-1 (62.5/750 µm) - batch-2 at 4 mm / min and 60 

mm / min. When calculating the theoretical loads it was assumed that there was no 

interaction between the POF and the woven fabric; therefore, the individual loads of the 

woven fabric and the POF for each strain value involved were added together. The same 

logic was considered also for the theoretical calculations of the combination of the woven 

fabric + Cytop-2 (62.5/490 µm). However, after the yield points of the POFs, the POFs began 

to become thinner starting from the gripping points due to the grip pressure, therefore the 

curves of the combinations of the woven fabric + either Cytop-1 or Cytop-2 were controlled 

by the tensile properties of the woven fabric after the yield points. 
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Figure 6.15. The load versus strain curves of the woven fabric + Cytop-1 (62.5/750 µm) - 

batch-2 at 4 mm / min and 60 mm / min 

Figure 6.16 shows the load versus strain curves, both theoretical and experimental, of the 

combination of the woven fabric + Cytop-2 (62.5/490 µm) at 4 mm / min and 60 mm / min. 

 

 

 

 

 

 

 

 

 

Figure 6.16. The load versus strain curves of the woven fabric + Cytop-2 (62.5/490 µm) at 4 

mm / min and 60 mm / min 
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6.2.1 Sensor Design 1 

In order to simulate an automotive seat a 25.4 x 25.4 cm (10 x 10 in) wooden frame of which 

dimensions are shown in Figure 6.17 was prepared. The foam cushion cut at the same size as 

the frame opening was glued to the inner side of the wooden frame (seat frame).  

 

 

 

 

Figure 6.17. Seat frame with dimensions 

In order to make the POF held in the tubes of the woven fabric stable at the edges two 

printable 3D models were developed utilizing the SolidWorks 2013 software. The physical 

objects (3D media; Figure 6.18) from the models were made using the Stratasys uPrint SE 

Plus 3D Printer in the Hunt Library at North Carolina State University. The 3D media were 

glued on the 3.81 cm (1.5 in) x 27.31 cm (10.75 in) wooden pieces that were screwed to the 

edges of the frame at 6 mm down from the top so that the POFs could be parallel to each 

other. The resin-hardener complex of which details were explained in Chapter 4 was used to 

fill the media. 
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a)     b) 

Figure 6.18. a), b) Dimensions of the 3D media used to secure the POF 

Table 6.2 shows the dimensions of the samples used in the experiments for Sensor Design 1 

Table 6.2. The dimensions of the samples 

 Width Length 

Woven fabric 26.67 ± 0.25 cm (10.5 ± 0.1 in) 28.58 cm (11.25 in) 

Foam backing 27.17 cm (10.7 in) 29.08 cm (11.45 in) 

Face material 27.67 cm (10.9 in) 29.58 cm (11.6 in) 

Cytop-2 (62.5/490 µm) GI-PF-POF was used as the POF material for Sensor Design 1. The 

half loop diameters (Figure 4.2 in 4.1.2) of the POFs were 6.4 ± 0.1 cm. There were five 

tubes in the 26.67 x 28.58 cm testing area. 

The steps for experimental testing setup were as follows: 
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1) The sensing mechanism (POF + woven fabric) where the POF was drawn through the 

tubes of the woven fabric was stapled to the edges of the frame at regular equal 

distances. The distance between two stapled points was always kept the same for all 

of the experiments for Sensor Design 1. 

2) The half loops were adjusted and fixed on the slits of the 3D media. The resin-

hardener complex was prepared and used to fill the media. 

3) The foam backing samples were stapled 0.4 cm behind the woven fabric samples, and 

the face fabric samples were stapled 0.4 cm behind the foam backing samples to the 

edges of the frame considering the plan in Figure 3, in the horizontal and vertical 

directions. 

The behavior of POF sensor design under pressure was analyzed by the SCHAP PC based 

IFD Tester (Figure 6.19) at the Arden Company testing laboratory. The load cell used for 

each test was 113.398 kg (250 pound). The diameter of the compression circular plate used 

for each test was 20.32 cm (8 in). 

 

 

 

 

 

 

 
Figure 6.19. SCHAP PC based IFD Tester with the testing setup 
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The speed of the test instrument to achieve the predetermined compression force was 4 mm / 

min. Once the test instrument achieved the predetermined compression force it was held in 

position for 5 minutes and the light attenuation was measured with the OTDR. After the 

holding period the test instrument returned to its starting position at the speed of 50 mm / 

min. After each test the instrument paused for 5 minutes in order to give enough time for the 

system (sensing mechanism (POF + woven fabric), foam backing, foam cushion) to recover 

and come back to its initial position. After the 5-minute waiting period the light attenuation 

was measured with the OTDR once again. The testing procedure explained above was 

applied for all of the experiments for Sensor Design 1. 

Hysteresis loss ratio (Figure 6.20) was obtained directly from the IFD tester. 

 

 

 

 

 

 

 

 

Figure 6.20. Hysteresis loss ratio 

First of all, the compression forces from 60 N to 130 N were applied first only to the sensing 

mechanism (without foam backing and face fabric). Figure 6.21 shows the stress-induced 

loss (dB) versus the compression force (N) of the sensing mechanism (POF + woven fabric). 
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Figure 6.21. The stress-induced loss (dB) versus the compression force (N) of the sensing 

mechanism (POF + woven fabric) 

The permanent deformation in the POF was first observed when the average force was 110 

N.  

The average compression force was considered for Figure 6.21 and the other figures in this 

chapter since the predetermined force decreased during the holding period as shown in 

Figure 6.20. The possible reason was the foam cushion applied a reaction force to the 

compression force (Newton’s 3rd law). It was observed that the upper bound of the 

difference between the predetermined force and the actual force was 20 N. That is, when 120 

N was applied the force range was 100-120 N, and the average force was 110 N. 

Figure 6.22 shows the curves of the stress-induced loss (dB) versus the compression force 

(N) of the system of the sensing mechanism (POF + woven fabric) + 2 mm foam (foam 

backing), and the sensing mechanism (POF + woven fabric) + 4 mm foam (foam backing). 
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Figure 6.22. The stress-induced loss (dB) versus the compression force (N)  

Figure 6.23 shows the curves of the stress-induced loss (dB) versus the compression force 

(N) of the system of the sensing mechanism (POF + woven fabric) + 4 mm foam + Fabrics 1, 

2, 3, 4, 5, and 6 sequentially, where the same sensing mechanism and foam backing were 

used for all the tests. 

 

 

 

 

 

 

 

Figure 6.23. The stress-induced loss (dB) versus the compression force (N) 
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Table 6.3 summarizes the values of the T0 (thickness at 1.7 N), T1 (thickness at 110 N), 

where the thickness is the thickness of the whole system (sensing mechanism + foam backing 

+ face fabric + foam cushion), and hysteresis loss ratio (%) for the combinations of sensing 

mechanism (POF + woven fabric) + 4 mm foam + Fabrics 1, 2, 3, 4, 5, and 6 sequentially. 

Table 6.3. The thickness values of the combinations of sensing mechanism (POF + woven 

fabric) + 4 mm foam + Fabrics 1, 2, 3, 4, 5, and 6 

 T0 (mm) T1 (mm) T0 – T1 (mm) Hysteresis loss 

ratio (%) 

4 mm foam + Fabric 1 126.8 115.5 11.3 46.8 

4 mm foam + Fabric 2 126.8 114.8 12 46.4 

4 mm foam + Fabric 3 127.1 115.6 11.5 45.6 

4 mm foam + Fabric 4 127.1 115.3 11.8 45.1 

4 mm foam + Fabric 5 127.1 115.4 11.7 43.5 

4 mm foam + Fabric 6 127.2 116.1 11.1 44.6 

The values of the mean and the standard deviation of T0, T1, and hysteresis loss ratio in Table 

6.3 were summarized in Table 6.4. 
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Table 6.4. Values of the mean and the standard deviation of T0, T1, and hysteresis loss ratio 

in Table 6.3 

 Mean (µ) Standard 

deviation (σ) 

T0 127.02 0.17 

T1 115.45 0.42 

Hysteresis loss ratio 45.3 1.21 

Figure 6.24 shows the curves of the stress-induced loss (dB) versus the compression force 

(N) of the system of the sensing mechanism (POF + woven fabric) + 2 mm foam + Fabrics 4, 

5, 6, 1, 2, and 3 sequentially, where the same sensing mechanism and foam backing were 

used for all the tests. 

 

 

 

 

 

Figure 6.24. The stress-induced loss (dB) versus the compression force (N) 
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The loss measurements done before applying the compression forces, the starting points of 

the curves in Figure 6.24, showed that a permanent deformation occurred in the POF after the 

testing of Fabric 6. 

Table 6.5 summarizes the values of the T0 (thickness at 1.7 N), T1 (thickness at 110 N), and 

hysteresis loss ratio (%) for the combinations of sensing mechanism (POF + woven fabric) + 

2 mm foam + Fabrics 1, 2, 3, 4, 5, and 6 sequentially. 

Table 6.5. The thickness values of the combinations of sensing mechanism (POF + woven 

fabric) + 2 mm foam + Fabrics 1, 2, 3, 4, 5, and 6 

 T0 (mm) T1 (mm) T0 – T1 (mm) Hysteresis loss ratio 

(%) 

2 mm foam + Fabric 1 125.3 115.4 9.9 45 

2 mm foam + Fabric 2 125.4 114.3 11.1 44.7 

2 mm foam + Fabric 3 125.4 114.3 11.1 44.1 

2 mm foam + Fabric 4 125.9 114.7 11.2 43.7 

2 mm foam + Fabric 5 125.9 115.1 10.8 44 

2 mm foam + Fabric 6 126.3 115.2 11.1 45.7 

The values of the mean and the standard deviation of T0, T1, and hysteresis loss ratio in Table 

6.5 were summarized in Table 6.6. 
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Table 6.6. Values of the mean and the standard deviation of T0, T1, and hysteresis loss ratio 

in Table 6.5  

 Mean (µ) Standard 

deviation (σ) 

T0 125.7 0.39 

T1 114.83 0.47 

Hysteresis loss ratio 44.53 0.74 

The Sensor Design 1 had some limitations: 

1) There were four tubes in the area where the compression circular plate applied 

pressure. The resolution of the OTDR was not sufficiently high enough to 

differentiate the losses between two points located on the two closest tubes. 

2) Since the face fabrics were stapled sequentially on to the same design layout, the 

same positions involved on the wooden frame, some deformations occurred over time 

in the stapling places involved. These multiple mountings of fabrics in the same 

position on the frame could affect how stable the fabrics were on the edges of the 

frame, and as a result may have affected the final results of the experiments. 

Therefore, to overcome the limitations of the preliminary design, an improved Sensor Design 

2 was developed. 

6.2.2 Sensor Design 2 

The behavior of POF sensor design under pressure was analyzed by utilizing a 76.2 mm (3 

in) compression circular plate at the Arden lab. The load cell used for each test was 113.398 

kg (250 pound). The dimensions of the plate are shown in Figure 6.25. 
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Figure 6.25. IFD tester detail showing dimensions of the compression circular plate and the 

testing frame of Sensor Design 2 

Area of the compression circular plate was calculated as approximately 58.06 cm2. 

A 20.32 x 20.32 cm (8 x 8 in) wooden frame of which dimensions are shown in Figure 6.25 

was prepared. Cytop-1 (62.5/750 µm)-batch-2 GI-PF-POF was used as the POF material for 

Sensor Design 2. In order to make the POF drawn through the tubes of the woven fabric 

samples stable at the edges of the frame a printable 3D model was developed utilizing the 

SolidWorks 2013 software. The physical object (3D medium; Figure 6.26) from the model 

was made using the Stratasys uPrint SE Plus 3D Printer in the Hunt Library at North Carolina 

State University. The resin-hardener complex of which details were explained in Chapter 4 

was used to fill the media. 5 Minute Epoxy Gel was used to fix the 3D media at the edges of 

the frames. 
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Figure 6.26. The dimensions of the 3D medium used as an attachment mechanism for 

securing the POF 

The woven fabric samples were cut according to the dimensions of the compression circular 

plate by the laser cutter, Universal Laser Systems VLS6.60, in order to avoid any raveling 

fringe. Each woven fabric sample included one tube, where the length of the tube was 76.2 

mm (3 in). The samples of the face fabrics, and the foams were cut with scissors, and the 

samples of the foam cushion were cut by a straight knife-cutting machine according to the 

dimensions of the compression circular plate like the woven fabric samples. 

The steps for experimental testing setup were as follows: 

1) The foam cushion sample was centered inside the frame to provide an equidistant of 

6.35 cm space from each inside edge of the testing frame (Figure 6.25). The sample 

was positioned according to the compression circular plate so that their dimensions 

could match each other. 

2) The sensing mechanism (POF + woven fabric) where the POF was drawn through the 

tube of the woven fabric and the holes of the 3D media, was placed and correctly 

positioned onto the foam cushion sample so that they could touch and their 

dimensions could match each other. The 3D media were filled with the resin-hardener 

complex of which details were explained in Chapter 3 before the testing setup. The 

distance between the two media was 20.32 cm (8 in). The 3D media were glued onto 

the edges of the frame with 5 Minute Epoxy Gel by providing a slight tension with 

the POF. 
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3) The foam backing samples were placed and correctly positioned onto the sensing 

mechanism and the face fabric samples were placed and correctly positioned onto the 

foam backing samples so that their dimensions could be consistent with other 

samples. 

The speed of the test instrument to achieve the predetermined compression force was 4 mm / 

min. Once the test instrument achieved the predetermined compression force, depending on 

the holding time, it was held in position and the light attenuation was measured with the 

OTDR. After the holding period the test instrument returned to its starting position with the 

speed of 50 mm / min. After each test it was paused for 5 minutes in order to give enough 

time for the system (sensing mechanism (POF + woven fabric), foam backing, foam cushion) 

to recover and come back to its initial position. After the 5-minute waiting period the light 

attenuation was measured with the OTDR once again. The testing procedure explained above 

was applied to all of the experiments for Sensor Design 2. The holding time was determined 

as 45 minutes for creep test. Creep test is critical for seat occupancy sensing as long time use 

of POF under a constant load applied by a seat occupant could cause a non-recoverable 

deformation in the POF, which would affect the sensor performance. 

It was observed that the upper bound of the difference between the predetermined force and 

the actual force was 1 N, where the reason of the difference was explained in the section of 

Sensor Design 1. Thus, the average force was considered for the figures in this section.  

Figure 6.27 shows the curves of the stress-induced loss (dB) versus the compression force 

(N) of the system of the sensing mechanism (POF + woven fabric) + 2 mm foam + Fabrics 1, 

and 2, where two testing setups were prepared: one for Fabric 1 and one for Fabric 2.  
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Figure 6.27. The stress-induced loss (dB) versus the compression force (N) of Fabric 1 & 

Fabric 2 

The compression circular plate was held at 11.5 N (the average of the force range of 11-12N) 

for 45 minutes (creep test) for both Fabric 1 and Fabric 2, and the light attenuation was 

measured with the OTDR during the holding period. After the holding period ended the 

compression circular plate went back to its starting position and the light attenuation was 

measured once again. No deformation was observed in the POFs involved for both Fabric 1 

and Fabric 2 after the 45-minute creep tests. The holding period was kept at 5 minutes for the 

compression forces after 11.5 N. The POFs involved achieved permanent deformations after 

15.5 N and 14.5 N for Fabric 1 and Fabric 2 respectively. 

Figure 6.28 shows the curves of the stress-induced loss (dB) versus the compression force 

(N) of the system of the sensing mechanism (POF + woven fabric) + 2 mm foam + Fabrics 3, 

4, 5, and 6, where anew testing setup was prepared for each face fabric. 
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Figure 6.28. The stress-induced loss (dB) versus the compression force (N) of Fabrics 3, 4 & 

6 

The compression circular plate was first held at 11.5 N for 5 minutes for Fabrics 3, 4, and 6 

and the light attenuation was measured with the OTDR during the holding period. The POFs 

involved sensed too little to recognize at 11.5 N for Fabrics 3, 4, and 6. After the holding 

period ended the compression circular plate went back to its starting position and the light 

attenuation was measured once again. Then, the compression circular plate was held at 12.5 

N (the average of the force range of 12-13N) for 45 minutes (creep test) for Fabrics 3, 4, and 

6, and the light attenuation was measured with the OTDR during the holding period. After 

the holding period ended the compression circular plate went back to its starting position and 

the light attenuation was measured once again. The POFs involved achieved permanent 

deformations for Fabrics 3, 4, and 6 after the 45-minute creep tests.  

The compression circular plate was first held at 12.5 N and then at 13.5 N for 5 minutes per 

load for Fabric 5. The light attenuations were measured with the OTDR during the holding 

periods. The POF did not sense any mechanical stimulus at both loads for Fabric 5. After the 

holding period ended the compression circular plate went back to its starting position and the 

light attenuation was measured once again for each load. Then, the compression circular 
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plate was held at 14.5 N (the average of the force range of 14-15N), which was the first 

sensing point after the trials of 12.5 N and 13.5 N, for 45 minutes (creep test) and the light 

attenuation was measured with the OTDR during the holding period. After the holding period 

ended the compression circular plate went back to its starting position and the light 

attenuation was measured once again. No deformation was observed in the POF for Fabric 5 

after the 45-minute creep test. However some slackness due to less tension provided was 

observed in the POF before the 45-minute creep test, after the testing setup. The holding 

period was kept at 5 minutes for the compression forces after 14.5 N. The POF achieved 

permanent deformation for Fabric 5 after 16.5N. 

Figure 6.29 shows the curve of the stress-induced loss (dB) versus the compression force (N) 

of only the sensing mechanism (POF+ woven fabric), where in the testing region the POF 

was bundled with an Aramid yarn strength member and jacketed with a type of PVC; the 

remaining parts of the POF sample were bare. The Aramid yarn strength member and the 

type of PVC were provided from a simplex cable that was supplied by Chromis Fiberoptics. 

A piece of 76.2 mm (3 in) of the simplex cable was cut; the cable’s internal buffered fiber 

was extracted and the experimental POF was drawn through the empty cable tubing. The 

resulting jacketed POF was drawn through the tube of the woven fabric sample so that this 

part of the POF sample could be located in the testing region. 
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Figure 6.29. The stress-induced loss (dB) versus the compression force (N) 

The compression circular plate was first held at 15.5 N for 5 minutes and the light attenuation 

was measured with the OTDR during the holding period. After the holding period ended the 

compression circular plate went back to its starting position and the light attenuation was 

measured once again. No deformation was observed in the POF after 15.5 N. Then, the 

compression circular plate was held at 16.5 N (the average of the force range of 16-17N) for 

45 minutes (creep test) and the light attenuation was measured with the OTDR during the 

holding period. After the holding period ended the compression circular plate went back to 

its starting position and the light attenuation was measured once again. The POF achieved 

permanent deformation after the 16.5 N - 45-minute creep test. 

The load (N) – strain (%) curves of both PVC jacket and the POF at a strain rate of 4 mm / 

min and a gauge length of 76.2 mm are shown in Figure 6.30. A 453.592 kg (1000 pound) 

load cell and a grip pressure of 11,031.61 kPa (1600 psi) was utilized for the PVC jacket; a 

113.398 kg (250 pound) load cell and a grip pressure of 552 KPa (80 psi) was utilized for the 

POF. The tests were carried out at 21.1°C (70°F) and 65% relative humidity. 
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Figure 6.30. The load (N) versus strain (%) curve at 4 mm / min for the POF and PVC jacket 

In order to understand the time dependent behavior of POF sensor design under pressure 

anew testing setup was prepared, where the compression forces were applied only to the 

sensing mechanism + 2 mm foam. The compression circular plate was held in position for 

each compression force given in Table 6.7 sequentially for 45 minutes, where the 

compression force was kept constant during the holding period by programming the 

instrument; that is the force did not decrease during the holding period. The light attenuation 

was measured with the OTDR at three different times given in Table 6.7 during the holding 

period for each creep test. After the holding period ended the compression circular plate went 

back to its starting position and the light attenuation was measured once again after the 5 

minute waiting period for each creep test. 

 

 

 

0 10 20 30 40 50 60 70 80
0

10

20

30

40

50

Lo
ad

 (N
)

Strain (%)

 62.5/750 um GI POF 
 PVC jacket

	  



 

201 

Table 6.7. The stress-induced loss (dB) versus the compression force of sensing mechanism 

+ 2 mm foam 

 

Compression 

force  (N) 

Stress-induced loss (dB) with time (s) 

at 2700 s (the 

beginning) 

at 900 s (the last 

15 minutes) 

at 300 s (the last 

5 minutes) 

Creep test 1 12 0.17 0.31 0.20 

Creep test 2 12.5 0.22 0.31 0.41 

Creep test 3 13 0.36 0.48 - 

Creep test 4 13.5 0.53 - 0.70 

After 1 day 

Creep test 5 12 0.26 0.41 0.42 

No deformation was observed in the POF after the 5th creep test. 

Anew testing setup was prepared, where the compression forces were first applied to the 

sensing mechanism + 2 mm foam; second, sensing mechanism + 2 mm foam + Fabric 1, 2, 3, 

4, 5, and 6 sequentially; third, sensing mechanism + 4 mm foam + Fabric 1, 2, 3, 4, 5, and 6 

sequentially. At the first step, the compression circular plate was held in position at 12 N for 

45 minutes two times, where the compression force was kept constant during the holding 

period. The light attenuation was measured with the OTDR at three different times given in 

Table 6.8 during the holding period for each creep test. After the holding period ended the 

compression circular plate went back to its starting position and the light attenuation was 

measured once again after the 5 minute waiting period for each creep test. 
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Table 6.8. The stress-induced loss (dB) versus the compression force of sensing mechanism 

+ 2 mm foam 

 
Compression 

force  (N) 

Stress-induced loss (dB) with time (s) 

at 2700 s at 900 s at 300 s 

Creep test 1 12 0.49 0.65 - 

Creep test 2 12 0.54 0.67 0.75 

No deformation was observed after each creep test. After the second 12 N-creep test, the 

compression circular plate was held in positions at 9.5 N, 10.5 N, and 11.5 N for 5 minutes 

sequentially, where the load was applied to the sensing mechanism + 2 mm foam. The stress-

induced losses were 0.20 dB, 0.30 dB, and 0.34 dB for the forces of 9.5 N, 10.5 N, and 11.5 

N respectively. No deformation was observed after each force involved. Then, the 

compression circular plate was held in position at 11.5 N (the average of the force range of 

11-12N) for 5 minutes, where the load was applied to the sensing mechanism + 2 mm foam + 

Fabric 1, 2, 3, 4, 5, and 6 sequentially. The light attenuation was measured with the OTDR 

during the holding period for each face fabric. After the holding period ended the 

compression circular plate went back to its starting position and the light attenuation was 

measured once again for each face fabric. The POF did not achieve permanent deformation 

after the tests. Figure 6.31 shows the curves of the stress-induced loss (dB) versus the 

compression force (N) of the system of the sensing mechanism (POF + woven fabric) + 2 

mm foam + Fabric 1, 2, 3, 4, 5, and 6. 
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Figure 6.31. The stress-induced loss (dB) versus the compression force (N) of Fabrics 1 - 6  

After the second step, the compression circular plate was held in position at 12.5 N for 45 

minutes, where the load was applied to the sensing mechanism + 4 mm foam and was kept 

constant during the holding period. The light attenuation was measured with the OTDR at 

three different times given in Table 6.9 during the holding period. After the holding period 

ended the compression circular plate went back to its starting position and the light 

attenuation was measured once again after the 5 minute waiting period. 

Table 6.9. The stress-induced loss (dB) versus the compression force of sensing mechanism 

+ 4 mm foam  

 
Compression 

force  (N) 

Stress-induced loss (dB) with time (s) 

at 2700 s at 900 s at 300 s 

Creep test 1 12.5 0.56 0.97 0.90 

No deformation was observed after the 12.5 N- 45 minute creep test.  
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After the 45 minute creep test, the compression circular plate was held in position at 11.5 N 

for 5 minutes, where the load was applied to the sensing mechanism + 4 mm foam + Fabrics 

1, 2, 3, 4, 5, and 6 sequentially. The light attenuation was measured with the OTDR during 

the holding period for each face fabric. After the holding period ended the compression 

circular plate went back to its starting position and the light attenuation was measured once 

again for each face fabric. The POF did not achieve permanent deformation after the tests. 

Figure 6.32 shows the curves of the stress-induced loss (dB) versus the compression force 

(N) of the system of the sensing mechanism (POF + woven fabric) + 4 mm foam + Fabric 1, 

2, 3, 4, 5, and 6. 

 

 

 

 

 

Figure 6.32. The stress-induced loss (dB) versus the compression force (N) of Fabrics 1 - 6 

Anew testing setup was prepared, and the experimental design was as follows: 

1. The compression circular plate was held in position at 12 N for 45 minutes, where the 

compression force was applied to the sensing mechanism + 2 mm foam, and was kept 

constant during the holding period. 
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2. The compression force of 11.5 N (the average of the force range of 11-12N) was 

applied to sensing mechanism + 2 mm foam + Fabric 1, 2, 3, 4, 5, and 6 sequentially, 

and then sensing mechanism + 4 mm foam + Fabric 1, 2, 3, 4, 5, and 6 sequentially 

3. The compression circular plate was held in position at 11.5 N for 45 minutes, where 

the compression force was applied to the sensing mechanism + 2 mm foam, and was 

kept constant during the holding period. 

4. Repeat step 2 

5. The compression circular plate was held in position at 11 N for 45 minutes, where the 

compression force was applied to the sensing mechanism + 2 mm foam, and was kept 

constant during the holding period. 

6. Repeat step 2 

7. The compression circular plate was held in position at 10.5 N for 45 minutes, where 

the compression force was applied to the sensing mechanism + 2 mm foam, and was 

kept constant during the holding period. 

8. The compression circular plate was held in position at 12 N for 45 minutes six times, 

where the compression force was applied to the sensing mechanism + 2 mm foam, 

and was kept constant during the holding period. 

The light attenuation was measured with the OTDR before and after each step discussed 

above; furthermore, after the holding period ended the compression circular plate went back 

to its starting position and the light attenuation was measured once again after the 5 minute 

waiting period for each creep test. The POF did not achieve permanent deformation after the 

tests. Table 6.10 shows the values of the light attenuation measured with the OTDR at three 

different times during the holding periods. 
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Table 6.10. The stress-induced loss (dB) versus the compression force of sensing mechanism 

+ 2 mm foam 

 

Compression 

force  (N) 

Stress-induced loss (dB) with time (s) 

at 2700 s (the 

beginning) 

at 900 s (the last 

15 minutes) 

at 300 s (the 

last 5 minutes) 

Step 1 12 0.33 0.44 0.49 

Step 3 11.5 0.31 0.40 0.29 

After 1 day	  
Step 5 11 0.38 0.38 0.40 

Step 7 10.5 0.27 0.23 0.22 

After 1 day 

Step 8 

12 0.38 0.43 0.48 

12	   0.43 0.43 0.44 

12	   0.46 0.38 0.43 

12	   0.45 0.37 0.42 

12	   0.46 0.50 0.54 

12	   0.45 0.54 0.49 

Table 6.11 shows the values of the stress-induced loss measured with the OTDR at 11.5 N of 

the system of the sensing mechanism (POF + woven fabric) + 2 mm foam + Fabric 1, 2, 3, 4, 

5, and 6, and of the system of the sensing mechanism (POF + woven fabric) + 4 mm foam + 

Fabric 1, 2, 3, 4, 5, and 6 for the steps of 2, 4, and 6. 
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Table 6.11. The stress-induced loss (dB) measured with the OTDR at 11.5 N of the system of 

the sensing mechanism (POF + woven fabric) + 2 mm foam + Fabric 1 to 6, and of the 

system of the sensing mechanism (POF + woven fabric) + 4 mm foam + Fabric 1 to 6 

 
Compression 

force  (N) 

Stress-induced loss (dB) 

Step 2 Step 4 Step 6 

2 mm foam + Fabric 1 11.5 0.30 0.38 0.41 

2 mm foam + Fabric 2 11.5 0.33 0.24 0.33 

2 mm foam + Fabric 3 11.5 0.28 0.28 0.42 

2 mm foam + Fabric 4 11.5 0.39 0.24 0.24 

2 mm foam + Fabric 5 11.5 0.30 0.36 0.35 

2 mm foam + Fabric 6 11.5 0.28 0.28 0.32 

4 mm foam + Fabric 1 11.5 0.36 0.23 0.28 

4 mm foam + Fabric 2 11.5 0.38 0.26 0.23 

4 mm foam + Fabric 3 11.5 0.22 0.33 0.27 

4 mm foam + Fabric 4 11.5 0.38 0.28 0.32 

4 mm foam + Fabric 5 11.5 0.25 0.31 0.38 

4 mm foam + Fabric 6 11.5 0.30 0.26 0.33 
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The values of the mean and the standard deviation of the stress-induced losses in Table 6.11 

were summarized in Table 6.12. 

Table 6.12. Values of the mean and the standard deviation of the stress-induced losses in 

Table 6.11 

 Mean (µ) Standard 

deviation (σ) 

Stress-induced loss (dB) 0.31 0.06 

Table 6.13 summarizes the values of the T0 (thickness at 1 N), T1 (thickness at 11.5 N), and 

hysteresis loss ratio (%) for the combinations of sensing mechanism (POF + woven fabric) + 

2 mm foam + Fabrics 1, 2, 3, 4, 5 and 6 sequentially for the steps of 2, 4, and 6. 
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Table 6.13. The thickness values of the combinations of sensing mechanism (POF + woven 

fabric) + 2 mm foam + Fabrics 1, 2, 3, 4, 5, and 6 for the steps of 2, 4, and 6 

 T0 (mm) T1 (mm) Hysteresis loss ratio (%) 

 2 4 6 2 4 6 2 4 6 

2 mm foam + Fabric 1 124 123.2 123.2 114.4 113.7 113.6 34.3 33.3 32.7 

2 mm foam + Fabric 2 124.1 123.2 123.2 114.5 113.8 113.6 33.8 33.3 32 

2 mm foam + Fabric 3 124.1 123.4 123.6 114.7 114 113.8 34 33.1 33.4 

2 mm foam + Fabric 4 124.2 123.6 123.8 114.9 114.3 114.1 33.7 34.1 33.6 

2 mm foam + Fabric 5 124.2 123.7 123.9 114.8 114.3 114.1 33.4 32.9 34.3 

2 mm foam + Fabric 6 124.3 123.6 123.4 114.8 114.2 113.6 34.4 33.9 29.5 

The values of the mean and the standard deviation of T0, T1, and hysteresis loss ratio in Table 

6.13 were summarized in Table 6.14. 

Table 6.14. Values of the mean and the standard deviation of T0, T1, and hysteresis loss ratio 

in Table 6.13 

 Mean (µ) Standard 

deviation (σ) 

T0 123.71 0.39 

T1 114.18 0.44 

Hysteresis loss ratio 33.32 1.14 
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Table 6.15 summarizes the values of the T0 (thickness at 1 N), T1 (thickness at 11.5 N), and 

hysteresis loss ratio (%) for the combinations of sensing mechanism (POF + woven fabric) + 

4 mm foam + Fabrics 1, 2, 3, 4, 5 and 6 sequentially for the steps of 2, 4, and 6. 

Table 6.15. The thickness values of the combinations of sensing mechanism (POF + woven 

fabric) + 4 mm foam + Fabrics 1, 2, 3, 4, 5, and 6 for the steps of 2, 4, and 6 

 T0 (mm) T1 (mm) Hysteresis loss ratio (%) 

 2 4 6 2 4 6 2 4 6 

4 mm foam + Fabric 1 125.7 125.9 125.4 116.1 117.1 115.4 34 37.2 35.2 

4 mm foam + Fabric 2 125.9 125.9 125.4 116.3 116.7 115.2 34.8 34.7 32.6 

4 mm foam + Fabric 3 126 126.1 125.6 116.3 116.6 115.4 34.2 33.8 34.3 

4 mm foam + Fabric 4 126.1 126.2 125.8 116.4 116.6 115.8 33.5 33.7 35.4 

4 mm foam + Fabric 5 126.2 126.1 125.9 116.2 116 115.7 34 32.2 35 

4 mm foam + Fabric 6 126 125.8 125.8 116.1 115.5 115.4 34.1 29.5 34.3 

The values of the mean and the standard deviation of T0, T1, and hysteresis loss ratio in Table 

6.15 were summarized in Table 6.16. 
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Table 6.16. Values of the mean and the standard deviation of T0, T1, and hysteresis loss ratio 

in Table 6.15 

 Mean (µ) Standard 

deviation (σ) 

T0 125.88 0.24 

T1 116.04 0.54 

Hysteresis loss ratio 34.03 1.6 

Calculation of the radius of curvature of POF in pure bending 

Figure 6.33 shows the deformation in a POF in pure bending for Sensor Design 2, where the 

POF is bent uniformly and the POF being straight at the beginning is converted into a circle 

of center C. 

 

 

 

 

 

Figure 6.33. Deformation in a POF in pure bending 

In the elastic range, at 76.2 mm gauge length and at strain rate of 4 mm / min for Cytop-1: 
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σm  = (Mr) / I                     (6.5) 

σm: the maximum absolute value of the yield stress = 35.87 MPa (4.2.2.2 in Chapter 4) 

σm = 35.87 * 10^6 Pa 

r: the radius of the POF = 0.375 * 10-3 m 

I: the second moment of inertia of the cross section of the POF = π*r4 / 4  

I ≅ 1.55 * 10-14 (m4) 

M: the bending moment = 35.87 * 10^6 = (M*0.375 * 10-3) / 1.55 * 10-14 

M ≅ 0.001483 (N.m) 

1/R = εm / r                     (6.6) 

εm: the maximum absolute value of the yield strain = 0.0349 (4.2.2.2 in Chapter 4) 

R: the radius of curvature = 0.375 * 10-3 / 0.0349 ≅ 0.011 m = 11 mm 

L = Rθ                     (6.7) 

L: the length of the undeformed POF = 76.2 mm 

θ: the central angle = 76.2 / 11 ≅ 7°≅ 0.12 radyan  

At 12 N, where the load was applied to the sensing mechanism + 2 mm foam and kept 

constant for 45 minutes: 

T0 = 123.8 mm (thickness at 1 N) 

T1 = 112.4 (thickness at 12 N) 

T0 – T1 =11.4 mm  

The value of 11.4 mm is almost the same as that of the radius of curvature, 11 mm, at 

maximum yield stress of the POF. 

In the elastic range, at 254 mm gauge length and at strain rate of 4 mm / min for Cytop-2: 

σm  = (Mr) / I                     (6.8) 
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σm: the maximum absolute value of the yield stress = 40 MPa (4.2.2.2 in Chapter 4) 

σm = 40 * 10^6 Pa 

r: the radius of the POF = 0.245 * 10-3 m 

I: the second moment of inertia of the cross section of the POF = π*r4 / 4  

I ≅ 2.83 * 10-15 (m4) 

M: the bending moment = 40 * 10^6 = (M*0.245 * 10-3) / 2.83 * 10-15 

M ≅ 0.0004622 (N.m) 

1/R = εm / r                     (6.9) 

εm: the maximum absolute value of the yield strain = 0.0282 (4.2.2.2 in Chapter 4) 

R: the radius of curvature = 0.245 * 10-3 / 0.0282 ≅ 0.0087 m = 8.7 mm 

L = Rθ                   (6.10) 

L: the length of the undeformed POF = 254 mm 

θ: the central angle = 254 / 8.7 ≅ 29.2°≅ 0.51 radyan  

6.2.3 Discussion  

Figure 6.21, 6.22, 6.23, 6.24 showed after either 90 N or 100 N the stress-induced loss values 

of the POFs increased with a higher acceleration; whereas, those values were close to each 

other before either 90 N or 100 N. The behaviors of the polymer optical fibers in those 

figures were similar to those in the stress-induced loss (dB) – strain (%) curves in Chapter 4, 

which signaled that the POFs in those figures were already out of their elastic regions after 

either 90 N or 100 N. Furthermore, in the last trial of Sensor Design 1 the POF achieved 

permanent deformation after the testing of Fabric 6. The difference between T0 and Tm did 

not change significantly among the fabrics when looked at Table 6.3 and Table 6.5; however, 

since Sensor Design 1 had some limitations the research was continued with Sensor Design 2 

in order to obtain more robust results. 
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The first trials, creep testing, done with Fabrics 1, 2, 3, 4, 5, and 6 individually with Sensor 

Design 2 showed that the tension given to POF during the testing setup affected the results. 

The POFs used for Fabrics 3, 4, and 6 achieved permanent deformation after the 12.5 N (the 

average of the force range of 12-13 N) - 45 minute creep test; whereas the POF used for 

Fabric 5 did not achieve permanent deformation after the 14.5 N (the average of the force 

range of 14-15 N) - 45 minute creep test due to some slackness provided in the POF during 

the testing setup. The POFs used for Fabric 1 and Fabric 2 did not achieve permanent 

deformation after the 11.5 N (the average of the force range of 11-12 N) - 45 minute creep 

test. Furthermore, the calculation of the radius of curvature of POF in pure bending 

demonstrated that at 12 N the difference between T0 and Tm was almost the same value as 

that of the radius of curvature at maximum yield stress of the POF (Cytop-1).  

The creep test done at constant load showed that the stress-induced loss increased with time 

as shown in Table 6.7, where the loss was observed to become critical at 13 N and 13.5 N 

towards the end of the test. 

The stress-induced loss values obtained after the trials done with Fabrics 1, 2, 3, 4, 5, and 6 

with 2 mm foam at 11.5 N after 2 times creep test and those obtained after the trials done 

with Fabrics 1, 2, 3, 4, 5, and 6 with 4 mm foam at 11.5 N after the 3rd creep test were 

observed to be close to each other as shown in Figure 6.31 and Figure 6.32. 

The trial done with the simplex cable did not improve the creep behavior of the POF as the 

POF achieved permanent deformation after the 16.5 N (the average of the force range of 16-

17N) – 45-minute creep test, where the first sensing point was at 15.5 N (the average of the 

force range of 15-16 N). 

The last trials demonstrated that the stress-induced loss values obtained at 11.5 N with 

Fabrics 1 to 6 with 2 mm foam and with Fabrics 1 to 6 with 4 mm foam were close to each 

other as shown in Table 6.16, where the standard deviation was just 0.06. Furthermore, there 

was not too much difference among the stress-induced loss values measured during the creep 

tests at 12 N, 11.5 N, and 11 N as shown in Table 6.10, where those values were a little bit 

higher than those measured during the creep test at 10.5 N. In addition, the values of T0, Tm, 

and hysteresis loss ratio in Table 6.13 and Table 6.15 did not change significantly among the 
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fabrics as confirmed by Table 6.14 and Table 6.16, which was explained also by Sensor 

Design 1 through Table 6.3 and Table 6.5. 

The results showed that the loss was to a great extent controlled at the gripping points. In the 

initial condition, before applying compression force, there was neither stress nor strain in the 

POF. When compression force was applied the POF could not elongate because of the 

restraints imposed on its ends, which created stress and caused stress-induced loss in the 

POF.  

The results showed that the proposed POF sensor design could be used between 10.5 N and 

12 N, where the pressure interval was calculated as 0.18 – 0.21 N/cm2. 

6.3 Mechanical Conditioning 

Mechanical conditioning refers to alteration of material properties as a result of using 

mechanical forces (Wright, 2008). Mechanical conditioning of textile fibers (viscoelastic 

materials), first studied by Weber in 1835, can be defined as change in textile fiber’s tensile, 

bending, torsion, shear, chemical (optical properties), physical, and morphological (length, 

fineness) properties after applying a constant or cyclic tensile load (Weber, 1835; Susich, 

1953). Stress or strain causes molecular reorientation deforming the isotropy of fiber 

structures, which can remain permanent in case of bond breaking and chain slippages 

(Susich, 1953).  

Leaderman (1943) showed when a constant axial load was applied to a single filament 

(viscose rayon) at 21.1°C (70°F) and 65% R.H. (relative humidity) for 24 hours two times, 

where there was a 24 hour pause between the first and the second time for creep recovery, the 

permanent set (secondary creep) occurred after the first time, first mechanical treatment, was 

eliminated after the second time. The applied load was kept the same for each time, was less 

than the yield point of the filament and was not large (Leaderman, 1943). Leaderman (1943) 

defined the first mechanical treatment as mechanical conditioning, the applied load as 

mechanical conditioning load, and the filament as mechanically conditioned after the second 

mechanical treatment. Furthermore, he stated when a load less than or equal to the 
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conditioning load was applied to the filament for subsequent tests the creep to be occurred in 

the filament would be primary creep (Leaderman, 1943). Creep denotes molecular 

realignment and/or chain slippage, where the degree of molecular change depends on the 

magnitude of stress or strain applied, testing time, temperature, and humidity (Leaderman, 

1941; Susich & Backer, 1951; Morton, 2008). Primary creep (delayed recovery) indicates 

recoverable tensile deformation, where it takes some time for the textile fiber to regain its 

initial molecular arrangement after load is removed, and secondary creep (permanent set) 

indicates non-recoverable tensile deformation, which occurs particularly above yield points 

of textile fibers (Leaderman, 1941; Susich & Backer, 1951; Morton, 2008). 

Susich (1953) applied mechanical conditioning to a multifilament of acetate by cycling it 50 

times at 80% of its elongation at break at a 20.32 cm (8 in) gauge length and at 62.5% 

elongation/minute, and observed the tensile behavior of the acetate multifilament after 1 hour 

relaxation at a 12.7 cm (5 in) gauge length and at 100% elongation/minute. Susich (1953) 

illustrated that the extensibility of the acetate multifilament decreased to 6%, which was 

24.3% before mechanical conditioning, the initial modulus increased approximately 24%, 

based on the original fineness, and the average breaking load increased approximately 8% 

relative to the values of the unconditioned fiber, where the conditioned fiber was tested as a 

totally new fiber. 

6.3.1 Experimental Methods and Data 

The mechanical testing was done either by cycling or by holding the POF (Cytop-1 (62.5/750 

µm) - batch-2) extended, which was performed on the MTS 3G load-frame. The load cell 

used for each test was 100 N. The light attenuation was measured with the OTDR for each 

testing. The length of the POF samples used for the experiments was 13 ± 3 m. A grip 

pressure of 276 KPa (40 psi) was used for holding the POF samples in place and in order to 

avoid any damage due to the grip pressure the printable 3D gripping media of which details 

were explained in the section of 4.3.2 were used. The samples were tested at a strain rate of 4 

mm / min and a gauge length of 203.2 mm (8 in). 
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In the first trial, a POF sample was cycled to the strain of 2.3%. The measurement was done 

after the 50th cycle. No deformation was observed after the 50th cycle. Figure 6.34 shows the 

load (N)-strain (%) curve of the 62.5/750 µm GI PF POF at 2.3% strain amplitude at 4 mm / 

min. 

 

 

 

 

 

 

 

Figure 6.34. The load (N)-strain (%) curve of the 62.5/750 µm GI PF POF at 2.3% strain 

amplitude at 4 mm / min 

The mechanical strain of 1.8% was applied to the mechanically conditioned sample after a 

relaxation time of 5 min and without removing the sample from the test instrument. No 

change was observed on the OTDR trace due to the applied stress. 

In the second trial, a POF sample was cycled to the strain of 2.3%, and the measurement was 

done after the 100th cycle. No deformation was observed after the 100th cycle. Figure 6.35 

shows the load (N)-strain (%) curve of the 62.5/750 µm GI PF POF at 2.3% strain amplitude 

at 4 mm / min. 
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Figure 6.35. The load (N)-strain (%) curve of the 62.5/750 µm GI PF POF at 2.3% strain 

amplitude at 4 mm / min 

The mechanical strain of 1.8% was applied to the mechanical conditioned sample after a 

relaxation time of 5 min and without removing the sample from the test instrument. No 

change was observed on the OTDR trace due to the applied stress. 

In the third trial, a POF sample was cycled to the strain of 2.6%, and the measurement was 

done after the 100th cycle. The unrecoverable deformation was observed on the OTDR trace 

after the 100th cycle. Figure 6.36 shows the load (N)-strain (%) curve of the 62.5/750 µm GI 

PF POF at 2.6% strain amplitude at 4 mm / min. 
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Figure 6.36. The load (N)-strain (%) curve of the 62.5/750 µm GI PF POF at 2.6% strain 

amplitude at 4 mm / min 

The mechanical strain of 1.8% was applied to the mechanical conditioned sample after a 

relaxation time of 5 min and without removing the sample from the test instrument. The 

higher Rayleigh backscattering (0.20 dB) due to the applied stress was observed on the trace 

of the OTDR. After that, the mechanical strain of 2.3% was applied to the same sample after 

a relaxation time of 5 min, and the Rayleigh backscattering (0.45 dB) due to the applied 

stress on the trace of the OTDR was observed to be higher than that took place when the 

applied strain was 1.8%. Furthermore, the change in shape of the section corresponding to 

the remained higher Rayleigh backscattering of the trace became more apparent after the 

mechanical strain of 2.3% as shown in Figure 6.37. 
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 Figure 6.37. The remained higher Rayleigh backscattering (between 6.8 – 7.4 m) after 1.8% 

strain (red trace) and after 2.3% strain (green trace) 

In the fourth trial, a POF sample was extended to the strain of 2.3%, and held in position for 

10 minutes. After the 10 min holding period, the test instrument went back to its initial 

position and the attenuation of the POF was measured with the OTDR after a relaxation time 

of 5 min. No deformation was observed on the OTDR trace. Then, the mechanical strain of 

1.8% was applied to the mechanical conditioned sample without removing the sample from 

the test instrument. No change was observed on the OTDR trace due to the applied stress. 

In the fifth trial, a POF sample was extended to the strain of 2.5%, and held in position for 5 

minutes. After the 5 minute holding period, the test instrument went back to its initial 

position and the attenuation of the POF was measured with the OTDR after a relaxation time 

of 5 min. No deformation was observed on the OTDR trace. Then, the mechanical strain of 

1.8% was applied to the mechanical conditioned sample without removing the sample from 

the test instrument. No change was observed on the OTDR trace due to the applied stress.  

In order to apply tensile testing to mechanical conditioned samples, five POF samples were 

prepared. The tensile test was done after a relaxation time of 1 hour after mechanical 

conditioning. In addition, another POF sample was prepared and was applied tensile testing 
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without applying any mechanical conditioning. Figure 6.38 shows the load (N)-strain (%) 

curves of the mechanical conditioned and unconditioned samples at 4 mm / min. 

 

 

 

 

 

 

Figure 6.38. The load (N)-strain (%) curves of the mechanical conditioned and unconditioned 

samples at 4 mm / min. 

6.3.2 Discussion 

The strain levels chosen for the experiments were under the yield point of the POF. The 

experiments done in Chapter 4 showed that the POF was not sensitive to strain up to 2.1% at 

a gauge length of 203.2 mm (8 in) and at a strain rate of 4 mm / min. Thus, the strain of 1.8% 

was chosen to test the sensitivity of the mechanical conditioned POF samples to find out if 

there was an improvement in sensitivity of POF after mechanical conditioning.    

The only stress-induced loss at strain of 1.8% was observed after the mechanical conditioned 

POF cycled 100 times to the strain of 2.6%, the third trial. However, the unrecoverable 

deformation was observed on the OTDR trace of the POF before applying the strain of 1.8%. 

Figure 6.38 showed that the load strain curves of the mechanical conditioned POF samples 

were close to that of the unconditioned POF sample; however, the yield load of the third trial 
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was slightly higher than those of the other trials. The slight increase in the yield load revealed 

that a permanent deformation occurred in the isotropy of the molecular structure of the POF. 
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CHAPTER 7. DATA ANALYSIS 

7.1 Introduction 

Artificial neural network (ANN) is a mathematical model formed by mimicking the human 

nervous system. ANNs are composed of many nonlinear simple processing elements called 

artificial neurons, where neurons interconnect, and operate in parallel developing a network 

like the neural nets in the human brain (Lippmann, 1987; Zhang, Patuwo, Hu, 1998; Zhang & 

Friedrich, 2003). ANNs have the ability to learn from input-output data pairs by trial and 

error like human brains; therefore, non-linear, hard engineering problems such as sensor 

processing, robotic control, can be solved through ANNs (Lek & Guegan, 1999; Nelson, 

1991; Zhang & Friedrich, 2003). 

ANN is a multidisciplinary research area including the disciplines from biology (medicine, 

molecular biology), physics, chemistry, engineering, computer science, and ecological and 

environmental sciences (Masson & Wang, 1990; Lek & Guegan, 1999). ANN can be applied 

for a number of problems such as pattern classification (character recognition, speech 

recognition), clustering (data mining), function approximation, forecasting (prediction of 

bankruptcy), optimization (the Travelling Salesman Problem (TSP)), content-addressable 

memory, and control (Jain et al., 1996; Basheer & Hajmeer, 2000).  

The application areas of artificial neural networks in the automotive industry are engine 

control (Widrow, Rumelhart, Lehr, 1994; Zhai & Yu, 2009), pattern recognition (Breed, 

2003; Breed, 2010; Dong, Zhang, Guan, 2011), airbag ignition and release control 

(Nowinski, 1994, as cited in Kiencke, Kytola, Neumann, 1996; Feiyun, Hongbing, Peiyuan, 

2012; Mon, 2013), and sensor data fusion, where the data coming from two or more sensors 

are combined (Madni, Yun, Wan, 1995; Breed, 1998; Madni, Yun, Wan, 1995). 

Artificial neural networks are implemented in smart airbag systems including an 

accelerometer for observing the accelerations of the vehicle, an electronic converter 

converting the analog signal from the accelerometer into a digital signal, and a processor 

generating a signal that controls the airbag deployment by the help of the information from 
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the pattern recognition system (Breed, 1998; Whitby, 1999; Breed, 2003). In order to make 

more robust airbag deployment decisions, signals from weight and vision systems are also 

integrated into the smart airbag systems (Hannan, Hussain, Samad, 2011). The use of neural 

networks for automotive seat weight sensors would provide the advantage of sharing the 

same computer, neural computer, with other systems in smart airbag design and also in the 

automobile, which would reduce cost and improve accuracy (Breed, 1998; Breed, 2003; 

Mishra, 2010). 

The first paper on artificial neural networks (ANNs) was written by Warren S. McCulloch, a 

neurophysiologist, and Walter Pitts, an eighteen-year-old mathematician, in 1943. First 

generation neural networks came into existence in the 1960s with the perceptron, a one layer 

model, developed by Frank Rosenblatt (1958), a neurobiologist, which was the first 

successful neurocomputer, and the ADALINE (adaptive linear neuron), the first widely 

commercially used neural network, which was applied to signal processing, and developed 

by Bernard Widrow and Marcian E. Hoff (1960) (Widrow, 1962; Basheer & Hajmeer, 2000; 

Dong, 2006). Because Minsky & Pappert (1969) claimed the theorem of perceptron was 

quite weak in solving nonlinear systems, the research on ANNs continued poorly in the 

1970s (Fausett, 1994; Jain, Mao, Mohiuddin, 1996; Basheer & Hajmeer, 2000). Second 

generation neural networks have appeared particularly since the introduction of Hopfield 

networks by John Hopfield (1982), and the development of backpropagation learning 

algorithm for feedforward multi layer networks by Rumelhart, Hinton & Williams (1986), 

which was first projected by Werbos (1974) (Fausett, 1994; Jain et al., 1996; Basheer & 

Hajmeer, 2000; Dong, 2006). 

It can be referred to textbooks for an overview to ANN.  

7.2 ANN Development 

Qwiknet (version 2.23) software was used to develop ANNs. The training (36) and testing 

(12) data sets are summarized in Tables 7.1 and 7.2, respectively. The input and output 

values were from Figure 6.31, Figure 6.32, and Table 6.11 in Chapter 6. Since only 
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continuous factors can be introduced to the software the weight value of face fabric was used 

as input 2; input 1 is the thickness value of foam backing, and output is the value of stress 

induced loss. 

Table 7.1. Training data set 
Input 1 

(The 

thickness 

of foam 

backing) 

Input 2 

(The 

weight 

of face 

fabric) 

Output 

(The 

stress 

induced 

loss) 

Input 1 

(The 

thickness 

of foam 

backing) 

Input 2 

(The 

weight 

of face 

fabric) 

Output 

(The 

stress 

induced 

loss) 

Input 1 

(The 

thickness 

of foam 

backing) 

Input 2 

(The 

weight 

of face 

fabric) 

Output 

(The 

stress 

induced 

loss) 

2 

4 

2 

4 

2 

4 

2 

4 

2 

2 

4 

2 

287 

291 

393 

287 

278 

393 

407 

291 

407 

291 

287 

407 

0.52 

0.49 

0.51 

0.28 

0.28 

0.23 

0.24 

0.30 

0.47 

0.28 

0.50 

0.24 

2 

4 

2 

2 

4 

2 

2 

4 

4 

2 

2 

4 

255 

407 

278 

291 

287 

255 

287 

393 

278 

393 

255 

278 

0.52 

0.28 

0.47 

0.28 

0.23 

0.30 

0.30 

0.26 

0.49 

0.24 

0.35 

0.27 

2 

4 

2 

4 

4 

2 

4 

4 

4 

4 

2 

4 

393 

407 

278 

407 

255 

287 

255 

255 

291 

393 

291 

278 

0.33 

0.49 

0.28 

0.32 

0.25 

0.38 

0.31 

0.53 

0.33 

0.38 

0.32 

0.22 
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Table 7.2. Testing data set 
Input 1 

(The 

thickness 

of foam 

backing) 

Input 2 

(The 

weight of 

face 

fabric) 

Output 

(The 

stress 

induced 

loss) 

2 

2 

2 

2 

2 

4 

4 

4 

4 

4 

4 

2 

287 

393 

278 

407 

255 

287 

393 

278 

407 

255 

291 

291 

0.41 

0.33 

0.42 

0.39 

0.36 

0.36 

0.47 

0.33 

0.38 

0.38 

0.26 

0.55 

The feedforward multilayer network consisting of one input, one output, and one hidden 

layer including 7 neurons was used for the study. After several trials the best results were 

obtained by the properties of the ANN summarized in Table 7.4.  

Table 7.3. Properties of the ANN 
Training algorithm: Back Propagation learning algorithm 

Activation function: Logistic (Sigmoid) 

Training properties: Learning rate: 0.3 

                                 Momentum: 0.9 

Stopping criteria:     Epoch: 1000 

                                 Average (Avg) Root Mean Square (RMS) Error: 0.01 

                                 Max RMS Error: 0.01 

                                 Percent correct: 100 
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The default values in the software were used for the parameters of input noise (0), weight 

decay (0), error margin (0.1), and pattern clipping (1). 

The formula of RMS Error (RMSE) is as follows (Dragovic & Onjia, 2007): 

RMSE =                  (7.1) 

 

di: desired output (experimental output) 

oi: actual output (neural network output) 

n: the number of data 

x: the average value of the desired output 

7.3 Discussion 

Figure 7.1 shows the network topology obtained from the software. 

 

 

 

 

 
 
 
 

Figure 7.1. Neural Network 
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Figure 7.2 shows RMSE for training, testing, and cross validation sets versus 1000 epochs. 

Figure 7.3 shows the results of Qwiknet after testing. 

 

 

 

 

 

 

 

 

 

 

Figure 7.2. RMS error for training, testing, and cross validation sets versus epochs 

 

 

 

 

 

 

 

 

Figure 7.3. Desired outputs (red line) versus neural network outputs (blue line) 

 

0 200 400 600 800 1000
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

R
M

S 
Er

ro
r

Epochs

 Training
 Test ing
 Cross Validation



 

232 

Twenty five per cent of the total data sets (training and testing) were obtained from one 

design setup and seventy five per cent from another design setup. When only the values of 

one design setup were used the network predicted the training and testing data sets 100% 

correctly. Collecting data sets from different design setups made the whole data set more 

heterogeneous. 

According to the results of Qwiknet the prediction performances for training and testing data 

sets were 75%, and 83.33% respectively, where the RMSEs were shown in Figure 7.2 

However, the results could be improved when more data would be introduced to the network. 
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CHAPTER 8. CONCLUSION AND FUTURE RECOMMENDATIONS 

The objectives of this research are: to investigate perfluorinated (PF) graded index (GI) POF 

as an intensity modulated intrinsic sensor when it is integrated into a textile woven structure 

for the application of automotive seat occupancy sensing, and to conduct a survey to better 

understand market demands in terms of sensor performance characteristics for automotive 

seat weight sensors, as a part of the Quality Function Deployment (QFD) House of Quality 

analysis. 

The pressure interval under which the proposed POF sensor design could perform well was 

found to be between 0.18 and 0.21 N/cm2, where GI-PF-POF (62.5/750 µm) was used as the 

POF material. The responses of the sensor in this interval were observed to be accurate and 

reproducible. However, the results depended on the measurement sensitivity of the OTDR, 

and a different pressure interval could be obtained with a different attenuation measurement 

system. Furthermore, the textile woven fabric used for accommodation of the POF is ideal to 

optimize the sensor placement. 

The bending, tensile loading, and cyclic tensile loading responses of POF were investigated. 

The critical bending diameters were: GI-PF-POF (62.5/750 µm) (Cytop-1) – batch-1 ≥ 25.4 

mm, the GI-PF-POF (62.5/750 µm) – batch-2 ≥ 38.10 mm, and the GI-PF-POF (62.5/490 

µm) (Cytop-2) > 44.45 mm, where two different batches of GI-PF-POF (62.5/750 µm) were 

considered. The results showed that the increase in the thickness of the cladding resulted in 

less transmission loss due to bending. Furthermore, the difference in the bending behaviors 

of Cytop-1-batch-1 and Cytop-1-batch-2 indicated that the structural imperfections 

dominated by manufacturing processes could induce additional transmission losses in the 

case of bending. The stress (MPa) vs. strain (%) curves of both Cytop-1 and Cytop-2 were 

similar to that obtained by Hayashi, Mizuno & Nakamura (2012). The elastic sensitive strain 

regions of the Cytop-1 and Cytop-2 were observed to include narrow ranges; however, the 

measurement sensitivity of the OTDR could also be a factor in this respect. The POF did not 

sense any mechanical stimulus below 3% at a gauge length of 76.2 mm, and below 2% at 

gauge lengths of 203.2 mm and 254 mm at strain rates of 4 mm / min and 60 mm / min. In 
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the elastic sensitive strain regions, the Cytop-1 did not show any permanent deformation up 

to 500 cycles at both strain rates (4 mm / min and 60 mm / min) and gauge lengths (76.2 mm 

and 254 mm). The Cytop-2 showed permanent deformation at 3.5% strain after 500 cycles 

and at 2.5% strain after 125 cycles at strain rate of 4 mm / min at gauge lengths of 76.2 mm 

and 254 mm respectively. 

Two different sensor designs were developed for the research; however, since the first sensor 

design had some limitations the research was continued with the second sensor design in 

order to obtain more robust results. The face fabric structure and the thickness of foam 

backing were not found to be significant factors to change the sensor results. In the sensor 

design, when compression force was applied the POF could not elongate because of the 

restraints imposed on its ends, which created stress and caused stress-induced loss in the 

POF. 

In order to improve the creep behavior of the POF a POF cable was used in the testing 

region, and mechanical conditioning was applied to the POF; however, none of these 

functioned very well. 

A research study was conducted to better understand market demands in terms of sensor 

performance characteristics for automotive seat weight sensors, as a part of the Quality 

Function Deployment (QFD) House of Quality analysis. Only five companies participated in 

this study due to competitive concerns and confidentiality reasons by a further 15 invited 

companies. All 5 companies participated in the survey agreed on the first 5 most important 

sensor characteristics: reproducibility, accuracy, selectivity, aging, and resolution. 

Artificial neural network (ANN) was used for data analysis, and Qwiknet (version 2.23) 

software was used to develop ANNs. According to the results of Qwiknet the prediction 

performances for training and testing data sets were 75%, and 83.33% respectively. 

However, the results could be improved if more data would be introduced to the network. 

The mechanical conditioning done in this research was below the yield point; mechanical 

conditioning above the yield point could be done in order to improve the elastic sensitive 

region of the POF as a future research. However, the dynamic range of the OTDR should be 

considered when determining the strain levels. 
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Appendix A 

Survey Letter 

Date 

First Last Name 

Company Name 

 

Dear Mr. or Ms………, 

 

I am a doctoral student at the College of Textiles, North Carolina State University (NCSU) 

conducting dissertation research under the supervision of Professor Nancy Powell and 

Professor Abdel – Fattah Mohamed Seyam. We hope that you will be willing to assist in this 

study related to the automotive industry. 

This research is an attempt to improve the performance characteristics of a seat weight 

sensor and provide a safer environment in a passenger car. As airbag-related fatality counts 

increased in the 1990s the U.S. National Highway Transportation and Safety Administration 

(NHTSA) established the advanced airbag regulation as part of Federal Motor Vehicle 

Safety Standard (FMVSS) 208 in May 2000. Furthermore, seat weight sensor systems have 

been developed to recognize the type of occupant for more than twenty years. In order to 

better understand the requirements of the industry in the area of seat weight sensors and 

research potential improvements I am seeking valuable input from industry experts. 

Specifically I am requesting your assistance by completing the enclosed chart as a part of 

the Quality Function Deployment (QFD) House of Quality analysis to confirm industry 

requirements. Your participation in this study will provide critical assessment of the 

performance characteristics of the seat weight sensors. The information in the study records 

will be kept confidential. No reference will be made in oral or written reports which could 

link you to the study. The final document will be available for your review through the 
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NCSU library Electronic Theses & Dissertations (ETDs) at the expected completion of the 

research in 2013. If you have any questions or require more information, please do not 

hesitate to contact me. I would also be glad to schedule a phone or SKYPE interview if you 

would prefer to discuss the completion of the chart in that manner. 

 

Sincerely, 

 

Derya Haroglu 

Graduate Research Assistant, PhD student, Textile Technology Management, College of 

Textiles, North Carolina State University (NCSU) 

Istanbul Technical University, Executive MBA 

Ege University, B.Sc., Textile Chemistry and Engineering 

dharogl@ncsu.edu 

919-802-8026 (mobile) 

 

 

 

 

 

 

 



 

243 

Appendix B 

IRB Consent Form 

North Carolina State University 

INFORMED CONSENT FORM of RESEARCH 

 

Title of Study 

Automotive Seat Weight Sensor 

 

Principal Investigator       Faculty Sponsor 

    Derya Haroglu               Prof. Nancy B. Powell 

 

What are some general things you should know about research studies? 
You are being asked to take part in a research study. Your participation in this study is 
voluntary. You have the right to be a part of this study, to choose not to participate or to stop 
participating at any time without penalty. The purpose of research studies is to gain a better 
understanding of a certain topic or issue. You are not guaranteed any personal benefits from 
being in a study. Research studies also may pose risks to those that participate. In this 
consent form you will find specific details about the research in which you are being asked to 
participate. If you do not understand something in this form it is your right to ask the 
researcher for clarification or more information. A copy of this consent form will be provided 
to you. If at any time you have questions about your participation, do not hesitate to contact 
the researcher(s) named above. 
 
What is the purpose of this study? 
The purpose of the study is to better understand customer needs in the area of seat weight 
sensors as a part of the Quality Function Deployment (QFD) House of Quality analysis. 
 
What will happen if you take part in the study? 
If you agree to participate in this study, you will be asked to fill out a chart which includes 
rating of sensor performance characteristics by making a pairwise comparison utilizing the 
evaluation scale of 1 to 9 and 4 questions about your experience in this area. You can send 
the completed form via e-mail to the researcher, Derya Haroglu, at dharogl@ncsu.edu. 
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Risks  
There are no foreseeable risks. 
 
Benefits 
This study will provide experts’ perspective on market demands in terms of sensor 
performance characteristics for automotive seat weight sensors. 
 
Confidentiality 
The information in the study records will be kept confidential. Data will be stored securely in 
the laptop of the principle investigator secured by a password. No reference will be made in 
oral or written reports which could link you or your company to the study. 
 
Compensation 
You will not receive anything for participating. 
 
What if you have questions about this study? 
If you have questions at any time about the study, you may contact the researcher, Derya 
Haroglu, at dharogl@ncsu.edu, or at College of Textiles, NC State University, 2401 Research 
Drive, 27695-8301, Raleigh, NC, or 919 802 8026. 
 
What if you have questions about your rights as a research participant? 
If you feel you have not been treated according to the descriptions in this form, or your rights 
as a participant in research have been violated during the course of this project, you may 
contact Debra Paxton, Regulatory Compliance Administrator, Box 7514, NCSU Campus 
(919/515-4514). 
 
Consent To Participate 
You may choose not to participate or to stop participating at any time without penalty or loss 
of benefits to which you are otherwise entitled. 
If you agree to participate in this study please complete and return the attached survey via e-
mail to the researcher, Derya Haroglu, at dharogl@ncsu.edu.  
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Appendix C 

Survey 

Automotive Seat Weight Sensor 

Automotive seat weight sensors have been in the market for more than twenty years. They 

are mainly used to recognize the type of occupant in order to control airbag deployments. 

The occupant types could be: empty seat, rear facing child safety seat with 1 year old infant, 

3 to 6 year old child, 5th percentile adult female, 50th percentile adult male, and 95th 

percentile adult male. The objective of this study is to understand industry requirements for 

seat weight sensors in order to lower the risks involved in airbag deployments. 

Glossary 

Sensitivity: The sensor sensitivity exhibits the behavior of sensor output; to what extent the 

sensor output changes, when the value of stimulus is changed. For example, if a small load 

change results in a large voltage change a seat weight sensor would have high sensitivity. 

Dynamic range: The sensor dynamic range is the range where a sensor gives a valid response 

to the values of stimulus from the minimum to the maximum.  

Accuracy: The accuracy of a sensor defines how the actual, measured, output value is close 

to true value of the stimulus. The higher the accuracy of a sensor the lower the error, the 

difference between the actual and the true value, is. 

Hysteresis: The hysteresis occurs when the same stimulus corresponds to two different 

output values, where one is obtained when the subsequent input values are in an increasing 

order for a determined range, and the other one is obtained when the sequence of the input 

values is in the opposite direction returning to the starting point for the same determined 
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range. The value of hysteresis is the maximum difference between the two output values 

involved, which depends on the determined range. 

Resolution: The resolution of a sensor shows the smallest change of the stimulus critical to 

generate a detectable change in the output value. When the smallest detectable input 

increment is from zero, the resolution is called the threshold. 

Response time: The response time of a sensor indicates how fast the output value changes 

when the sensor is exposed to a stimulus. It is the response time when the sensor reaches its 

90% steady-state value after the introduction of the stimulus. 

Recovery time: The recovery time is the time when the sensor is within 10% of the value it 

had before the introduction of the stimulus after removal of the stimulus. 

Reproducibility: The reproducibility defines the ability of a sensor to give the same output 

value for a given stimulus after successive single measurements. Each single measurement 

must have the same response and recovery time, and the same output value.  

Selectivity: The selectivity is the ability of a sensor to detect only the stimulus involved and 

not to any other present stimulus. 

Aging: The aging indicates the operating life of a sensor, where the sensor operates well 

within the tolerances. 

A- The Chart of Customer Needs 

The evaluation scale 

1: Equal Importance: Each activity has the same impact upon the objective 

3: Moderate Importance: Experience and judgment slightly favor one activity over another  

5: Strong Importance: Experience and judgment strongly favor one activity over another  

7: Very strong or demonstrated importance: The activity is strongly or dominantly favored 

9: Extreme importance: The evidence favoring one activity over another is of the highest 

possible order of affirmation 
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2, 4, 6, 8: Intermediate values between the two adjacent judgments: if adjustment is 

needed. 

In completing the chart, please specify one of the occupant types: 

  Empty seat 

  Rear facing child safety seat with 1-year-old infant 

  3 to 6 year old child 

  5th percentile adult female 

  50th percentile adult male 

  95th percentile adult male 

  Other: ----------------------------------------------------------------------------------------------- 
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Customer needs 
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Sensitivity 1             

Dynamic Range  1            

Accuracy   1           

Hysteresis    1          

Resolution     1         

Response Time      1        

Recovery Time       1       

Reproducibility        1      

Selectivity         1     

Aging          1    

           1   

            1  

             1 

Example: If the comparison between ‘Sensitivity’ and ‘Dynamic Range’ indicates the 

number 3, it means that ‘Sensitivity’ is slightly favored over ‘Dynamic range’. If ‘Dynamic 

Range’ is slightly favored over ‘Sensitivity’, then the number to be used is 1/3. If ‘Dynamic 

Range’ is favored as between 1 and 3 according to the scale over ‘Sensitivity’, then the 

number to be used is ½. The same logic can be applied also for other comparisons. 
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Customer Needs 
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Sensitivity 1 

3 

Or 

1/3 

    

Dynamic Range  1     

Accuracy   1    

……..    1   

……..     1  

……..      1 

B- In your opinion is there a missing sensor characteristic(s) which you think is 

necessary for an automotive seat weight sensor? If the answer is Yes, could you please 

respond to part A by adding this additional characteristic(s) to the blank row(s) and 

column(s) in the chart and complete the rating? 
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Comments: This section requests your comments on the rationale for your answers in Parts 

A and B. Please write your reasons regarding your preferences in part A and any additional 

requirements noted in Part B in the following space provided. 
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D- Professional Background 

1- What is your current position and department (working area) in your company?  

Position: ---------------------------------------------------------------------------------------  

 Research & Development 

 Engineering 

 Manufacturing 

 Marketing 

 Other: -------------------------------------------------------------------------------------- 

2- Select the level which best describes your company’s position in the automotive 

supply chain. 

 Tier One 

 Tier Two  

 Tier Three  

 Original Equipment Manufacturer 

 Other: -------------------------------------------------------------------------------------- 
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3- In which of the following areas have you had experience? How many years of 

experience do you have in the related area?  

 Research & Development 0-5   5-10   10-20   20-30    > 30 years 

 Marketing                0-5   5-10   10-20   20-30    > 30 years 

 Engineering                       0-5   5-10   10-20   20-30    > 30 years 

 Manufacturing                   0-5   5-10   10-20   20-30    > 30 years 

 Other: ----------------------- 0-5   5-10   10-20   20-30    > 30 years 

4- Have you ever had experience(s) in the following field(s)? 

 Airbag design 

 Automotive seat weight sensor design 

 Automotive seat design 

 Automotive component design 

 Trim material development 

 Other automotive sensor design(s): --------------------------------------------------- 

 Other: --------------------------------------------------------------------------------------  

THANK YOU FOR YOUR PARTICIPATION 

 


