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ABSTRACT

This thesis presents an original research work on bent multimode fiber sensor 

for refractive index (RI) and temperature sensing. The fiber sensor structure is formed 

by a successive splicing between single mode-multimode-single mode (SMS) fibers. 

A droplet bent shape is introduced in the multimode fiber section for excitation of 

modes into the acrylate coating. The excitation of higher-order modes into the acrylate 

coating is particularly interesting due to high thermo-optic coefficient (TOC) of 

acrylate which could improve temperature sensitivity. While evanescent field 

interaction of modes at the acrylate surface with surrounding material could be used 

for RI and temperature sensing. These modes experienced phase changes due to 

surrounding temperature and refractive index changes, consequently shifting the 

spectra of the sensor. This study covers numerical simulation using BeamPROP, 

sensor fabrication and experimental work. The sensor structure was simulated using 

BeamPROP software to understand light distribution and mode distribution inside the 

bent multimode fiber from the field pattern such that the bent structure is suitable for 

sensing. Different bending radiuses of 3.5 mm, 5 mm, and 7.5 mm were fabricated and 

tested. The highest refractive index sensitivity was obtained from 3.5 mm bent sensor 

with sensitivity of 42.41 nm/refractive index unit (RIU) tested between 1.30-1.395 

RIU. Meanwhile, highest temperature sensitivity of 1.317 nm/°C was attained using 5 

mm bent sensor between 25 °C to 35 °C. The low cost and simple sensor fiber structure 

is desirable in many applications including liquid food industry, and water quality 

monitoring system.

iv



ABSTRAK

Tesis ini membentangkan karya penyelidikan asal pada sensor gentian mod 

pelbagai yang lengkung untuk indeks biasan (RI) dan penderiaan suhu. Struktur sensor 

gentian dibentuk oleh penyambungan berturut-turut antara mod tunggal- mod pelbagai 

-mod tunggal (SMS). Lengkung berbentuk titisan diperkenalkan di bahagian gentian 

mod pelbagai untuk pengujaan mod ke salutan akrilat. Pengujaan mod aras tinggi ke 

salutan akrilat sangat menarik kerana nilai pekali termosal optik (TOC) akrilat yang 

tinggi dapat meningkatkan kepekaan suhu. Sementara interaksi medan evanescent di 

permukaan akrilat dengan bahan sekitar dapat digunakan untuk pengesanan RI dan 

suhu. Mod ini mengalami perubahan fasa disebabkan suhu sekitar dan perubahan 

indeks bias, seterusnya menganjakkan spektrum sensor. Kajian ini merangkumi 

simulasi berangka menggunakan BeamPROP, fabrikasi sensor dan kerja eksperimen. 

Struktur sensor disimulasikan menggunakan perisian BeamPROP untuk memahami 

pengedaran cahaya dan pengedaran mod di dalam gentian mod pelbagai yang 

lengkung dari corak medan sehingga struktur lengkung bersesuaian untuk 

penginderaan. Jejari lenturan yang berbeza iaitu 3.5 mm, 5 mm dan 7.5 mm telah 

difabrikasi dan diuji. Kepekaan indeks biasan tertinggi diperolehi daripada sensor 

lengkung 3.5 mm dengan kepekaan unit indeks 42.41 nm / induktif (RIU) diuji antara 

1.30-1.395 RIU. Sementara itu, kepekaan suhu tertinggi 1.317 nm / °C dicapai 

menggunakan sensor lengkung 5 mm antara 25 ° C hingga 35 ° C. Struktur gentian 

sensor kos rendah dan mudah adalah dikehendaki dalam kebanyakkan aplikasi 

termasuk industri makanan cecair dan sistem pemantauan kualiti air.
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CHAPTER 1

INTRODUCTION

1.1 Research Background Study

Fiber Optic Sensor (FOS) technology has experienced a tremendously growth 

recently due to their unique characteristics over the conventional electronic sensors 

such as lightweight, immunity to electromagnetic interference (EMI), high sensitivity, 

easy fabrication and cost-effective [1]. There are several types of FOS that are 

available currently including fiber Bragg grating (FBG), fiber laser, fiber 

interferometer and fiber multimode interference (MMI) sensors [2].

Nowadays, fiber optic sensor based on multimode interference (MMI) effect 

has become one of the promising technologies in niche sensing applications. MMI only 

occurs in multimode fiber when the modes that are supported by the multimode fiber 

(MMF) are excited and interfering with each other as it propagates along the MMF.

Implementation of MMI effect based on single mode-multimode-single mode 

(SMS) provides attractive characteristics such as simple preparation, high sensitivity 

and good spectral characteristics. This topic has been actively researched in the 

detection ofdifferent parameters including temperature, refractive index and vibration 

measurements. There are several methods that have been introduced in order to 

improve the SMS fiber sensor sensitivity such as chemical etching [3-5], tapering [6

9], side-polishing [10-11], liquid core MMF [12], polymer cladding [13], and bending 

[14-18] which demonstrated certain response to particular measurements. This thesis 

performs systematic study on SMS structure in order to obtain clear understanding of 

its operation.

1



1.2 Problem Statement

The main sensor criterion emphasized for this research work is fabrication 

simplicity which means sensor can be fabricated using basic optical laboratory 

equipment with straightforward fabrication process. Performance such as sensitivity 

and sensor size are also important and may be varied depending on implementation of 

the technique. Before proceeding to the next discussion, it is convenient to stress that 

most of the available techniques including tapering, etching, side -polishing, polymer 

cladding, and liquid core MMF require relatively complex or lengthy fabrication 

process over the chosen bending technique. Thus, the following discussion only 

focuses on the fabrication process while details on the performance will be discussed 

in Chapter 3.

Etching technique requires the use ofhydrofluoric acid which is dangerous to 

handle and consistently need to be replaced [19]. On the other hand, design that is 

based on tapering process may require the use of specialized fabrication equipment 

with ultra-precise alignment [20]. The highly precise equipment may suggest high cost 

to purchase and maintain the fabrication equipment. For side-polishing, there are 

several techniques available including side polishing such as v-groove polishing, D- 

shaped polishing and wheel polishing [21]. All three side-polishing require multiple 

fabrication stages. One main issue of the polishing techniques is that the difficulty to 

achieve cost-effective way to control the polishing depth in order to achieve high 

measurement sensitivity [10]. The v-groove polishing technique causes permanent 

fiber deformation [21]. It is less suitable for practical point of view. Meanwhile, liquid 

core MMF design involves complex process to fill in hollow fiber with suitable high 

thermo- optic coefficient (TOC) liquid and specifically designed for temperature 

sensing only.

Lastly, the polymer coated MMF design involves time-consuming fabrication 

process where the cladding of the MMF need to remove through etching process and 

replaced with polymer ofhigh TOC. Compare to other techniques, bending technique 

requires the simplest in fabrication process and at the same time may produce 

satisfactory performance [14]. Therefore, bending technique has been chosen as

2



sensitivity enhancement technique for MMI sensor. Even though, the bent MMI fiber 

sensor has been reported previously [14-18], it is found that the presented works are 

lacked of study on the effect of the proposed structure to the sensor sensitivity, less 

thoroughly studied on the sensor potential to be used in other application such as 

refractive index measurement, and unclear understanding on proposed structure 

operation in sensor measurement.

1.3 Research Objectives

Based on the problem statement, the research objectives of this work are set as 

the followings:

(a) To perform numerical analysis on bent SMS structures in order to understand

the effect o f bending to light field distribution and mode distribution using 

BeamPROP.

(b) To fabricate the bent droplet bent MMF fiber sensor for temperature and

refractive index sensing.

(c) To test and verify the proposed system

1.4 Scope of Work

In order to achieve the research objectives, the following works were carried out:

1.4.1 Numerical Simulation

The bent SMS structure was identified to be used as the sensing platform due 

to its simplicity. Simulation work was carried out using BeamPROP software that uses 

finite difference Beam Propagation Method. The analysis focused on light field and

3



mode distribution inside the SMS fiber structure when specific bending is applied. The 

presences of leaky modes need to be confirmed through simulation as it was used as 

the sensing mechanism ofthe structure.

1.4.2 Experiment and Data Analysis

Experimental works comprises o f sensor fabrication, equipment setup and 

sensor testing. The MMI fiber sensor was fabricated by using in-house facilities. The 

sensor head of the MMI fiber sensor was formed by permanent bent of an MMF 

section. Then, the MMI fiber sensors were tested with series of Cargile AAA oil that 

have six different refractive index values of 1.30, 1.32, 1.34, 1.36, 1.38, and 1.395 

RIU. The refractive index values were picked with the increment of 0.02 starts from 

1.30 RIU; therefore, it is choosing up to 1.395 RIU. The refractive index of Cargile 

AAA oil that are available is up to 1.395 RIU, therefore the refractive index that are 

choose is up to 1.395 instead of 1.40 RIU. For the temperature measurement, the 

experiment was conducted at room temperature of 25 °C up to 35 °C with 1 °C 

increment. Finally, the sensor sensitivity was determined based on the wavelength shift 

of the output spectra. MATLAB software was used in the data analysis.

1.5 Significance of Work

It is important that sensor can be produced in bulk quantity in simple and 

economical way which is demanded by industries nowadays. Thus, bending approach 

is chosen in this study due to its simplicity and relatively good sensitivity to the 

targeted parameters. The contributions ofthis study are summarized as follows:

1) This study will contribute to the deep understanding on the effect ofbending to 
the MMI fiber sensor performances.

2) This study helps sensing industry to explore in greater detail on how to improve 
the sensing performance using bending techniques.
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3) This study provides a greater understanding on the properties of light distribution 

and mode distribution inside the SMS fiber structure.

4) This study will provide the understanding on the effect of polymer coating to the 

sensor sensitivity.

1.6 Thesis Outline

Chapter 1 presents the research background of the study, problem statements, 

and objectives, scope of work and general outline of this thesis. Chapter 2 presents 

literature review on related topics which eventually focusing onto sensitivity 

enhancement technique in SMS structure. Chapter 3 presents the research 

methodology that explains procedures implemented in this study. Chapter 3 also 

describes simulation that was carried out using BeamPROP software to investigate the 

light and mode distribution inside the fiber sensor head. Subsequently, this chapter 

provides explanation on the fabrication o f the fiber sensor design which involved 

splicing and bending process. Besides that, the experimental step is also discussed for 

both refractive index and temperature measurements. Chapter 4 presents the outcome 

of simulation and the experiment works. Finally, conclusions and future works are 

presented in Chapter 5.

5



REFERENCES

1. Meyers, R.A. Encyclopedia o f Lasers and Optical Technology. : by Meyers, 

RA. Academic Press, San Diego, CA (USA). 1991.

2. Keiser, G. Optical fiber communications.: McGraw-Hill.

3. Wu, Q., et al., “High Sensitivity SMS Fiber Structure Based Refractometer - 

Analysis and Experiment,” Optics Express, vol.19, no. 9, pp. 7937-7944. 2011.

4. Wang, J., et al., “Refractive Index Sensor Based on All-Fiber Multimode 

Interference,” Optik-International Journal for Light and Electron Optics, vol.

14, no. 124, pp. 1845-1848, 2013.

5. Zhang, J. and S. Peng, “A Compact SMS Refractometer Based on HF 

Corrosion Scheme,” Symposium on Photonics and Optoelectronics, IEEE, 

2010.

6. Wang, P., et al., “High-Sensitivity, Evanescent Field Refractometric Sensor 

Based on a Tapered, Multimode Fiber Interference,” Optics letters, vol. 12 no.

36, pp. 2233-2235, 2011.

7. Biazoli, C.R., et al., “Multimode Interference Tapered Fiber Refractive Index 

Sensors,” Applied optics, vol. 24., no. 51, pp. 5941-5945, 2012.

8. Zhao, Y., L. Cai, and H.-F. Hu, “ Fiber-optic Refractive Index Sensor based on 

Multi-Tapered SMS Fiber Structure,” IEEE Sensors Journal, vol. 11, no.15, 

pp. 6348-6353, 2015.

9. Wang, P., et al., “Fiber-Tip High-Temperature Sensor Based on Multimode 

Interference. Optics Letters, vol. 22, no. 38, pp. 224617-4620. 2013.

10. Tang, J., et al., “ Fabrication of Side-Polished Single- Mode-Multimode-Single 

Mode Fiber and Its Characteristics of Refractive Index Sensing,” IEEE Journal 

o f Selected Topics in Quantum Electronics, vol. 2 2017, no. 23, pp. 238-245, 

2017.

11. Dong, H., et al., “Coreless Side-Polished Fiber: A Novel Fiber Structure For 

Multimode Interference and Highly Sensitive Refractive Index Sensors,” 

Optics Express, vol 5, no.25, pp. 5352-5365, 2017.

79



12. Fuentes-Fuentes, M.A., et al., “Highly Sensitive Liquid Core Temperature 

Sensor Based on Multimode Interference Effects,” SENSORS, vol. 10, no. 15 

15, pp. 26929-26939, 2015.

13. L.Xue, Y. Zhang, D. Che, Q. Zhang, L. Yang, “Highly Sensitive Temperature 

Measurement Based on Polymer-Coated Single-mode, Multimode, Single

mode Fiber Structure,” Advanced Sensor Systems and Applications, vol. 

8561,2012.

14. M. Y. Noor, A. I. Azmi, A.S. Abdullah, A. S. Mohd Supa’at, N. M. Kassim, 

M. H. Ibrahim, and N. H. Ngajikin. High Sensitivity of Balloon-Like Bent 

MMI Fiber Low-Temperature Sensor,” IEEE Photonics Tech. Letter, vol 18, 

no.27, pp.1989-199, 2015.

15. Wu, Q., et al., “ Bent SMS Fibre Structure for Temperature Measurement,” 

Electronics letters, vol. 16, no. 46, pp. 1129-1130, 2010.

16. Zhang, Y., et al., “ Super-High Sensitivity of Fiber Temperature Sensor Based 

on Leaky-Mode Bent SMS Structure,” IEEE Photonics Technology Letters, 

vol. 6, no. 25 2013. 25(6): 560-563.

17. Yang, B., et al., “ Balloon-Like Singlemode-Tapered Multimode-Singlemode 

Fiber Structure For Refractive Index Sensing,” in AOPC 2017: Fiber Optic 

Sensing and Optical Communications, International Society for Optics and 

Photonics, 2017.

18. Sidek, N., et al., “Droplet-Like Bent Multimode Fiber Sensor For Temperature 

and Refractive Index Measurement,” ARPN Journal of Engineering and 

Applied Sciences, vol. 13, pp.2465-2469, 2018.

19. Zhang, S., et al, “Selection of Micro-Fabrication Techniques on Stainless Steel 

Sheet for Skin Friction,” Friction, vol. 2, no. 4, pp. 89-104, 2016.

20. Wang, P., et al, “ A Review of Multimode Interference in Tapered Optical 

Fibers and Related Applications,” Sensors, vol. 3, no. 18, pp. 858.

21. Qazi, H.H., et al., “D-shaped Polarization Maintaining Fiber Sensor for Strain 

and Temperature Monitoring,” Sensors, vol. 9, no. 16, pp.1505, 2016..

22. https://www.cisco.com/c/en/us/products/collateral/interfaces- 

modules/transceiver-modules/white paper c11-463661.html

23. Senior, J.M. and M.Y. Jamro. Optical Fiber Communications: Principles and 

Practice. : Pearson Education. 2009.

80

https://www.cisco.com/c/en/us/products/collateral/interfaces-


24. Snyder, A.W. and J. Love, Optical Waveguide Theory.: Springer Science & 

Business Media. 2012.

25. Wang, Q., G. Farrell, and W. Yan, “Investigation on Single-Mode

Multimode-Single-Mode Fiber Structure,” Journal of Lightwave Technology, 

vol. 5, no. 26, pp. 512-519, 2008.

26. Antonio-Lopez, J.E., et al., “Fiber-Optic Sensor For Liquid Level 

Measurement,” Optics letters, vol. 17, no. 36, pp. 3425-3427, 2011.

27. Berthold, J.W, “ Historical Review of Microbend Fiber-Optic Sensors,” 

Journal o f lightwave technology, vol. 7, no. 13, pp. 1193-1199, 1995.

28. Ian Davis and Steven Schmid, Bend Matters, Part 2: Micro bending in Optical 

Fibers. LIGHTWAVE. 2013.

29. Jay, J.A, An Overview of Macrobending and Microbending of Optical Fibers. 

White Paper WP1212, Corning. 2010.

30. Nhiwatiwa, Dorcas, Comparison of Macro bends Losses in Single Mode Fibre 

(SMF) and Multimode fibre (MMF). 2014.

31. Katsifolis, J., et al. Transition Loss in Bent Waveguides and Fibres. 2003

32. Qiu, Jianchun, et al. Optical Fiber Sensor Experimental Research Based on The 

Theory of Bending Loss Applied to Monitoring Differential Settlement at The 

Earth-Rock Junction. Journal o f Sensors. 2015.

33. http://article.sciencepublishinggroup.com/html/10.11648.j.aas.20160101.11.h 

tml

34. Buck, J. A, Fundamentals o f optical fibers.: John Wiley & Sons. 2004.

35. Wu, Q., et al., “Experimental Demonstration of a Simple Displacement Sensor 

Based on a Bent Single-Mode-Multimode-Single-Mode Fiber Structure,” 

Measurement Science and Technology, vol. 22, 2011.

36. Schermer, R. T. and J. H. Cole, “Improved Bend Loss Formula Verified for 

Optical Fiber by Simulation and Experiment, Quantum Electronics, IEEE 

Journal, vol. 43, pp. 899-909, 2017.

37. https://optiwave.com/optibpm-manuals/bpm-conformal-mapping-regions- 

introduction/

38. Xie, J., et al. High-Sensitivity Temperature Sensor Based on a Droplet-Like 

Fiber Circle. Applied optics, vol. 18, no. 53, pp. 4085-4088, 2014.

39. National Research Council. Expanding the Vision o f Sensor Materials.: 

National Academies Press. 1995.

81

http://article.sciencepublishinggroup.com/html/10.11648.j.aas.20160101.11.h
https://optiwave.com/optibpm-manuals/bpm-conformal-mapping-regions-


40. Joseph J. Carr John M. Brown, Introduction to Biomedical Equipment 

Technology, Third Edition.: Prentice Hall. 1998.

41. Jundt, D.H, “Temperature-Dependent Sellmeier Equation For The Index of 

Refraction, n e, in Congruent Lithium Niobate,” Optics Letters, vol. 20, no. 22, 

pp. 1553-1555, 1997.

42. David Herres, Basics of TEM, TE, and TM propagation. Test and Measurement 

Tips. 2015.

43. https://physics.stackexchange.com/questions/337840/understanding-of-a- 

mode-in-optical-fibers

44. Ivanov, O.V., S.A. Nikitov, and Y.V. Gulyaev, “Cladding Modes of Optical 

Fibers: Properties and Applications,” Physics-Uspekhi, vol. 2, no. 46, pp.167, 

2006.

45. Wu, T., L. Xu, and X. Zhang, “High Sensitivity Refractive Index Sensor Based 

on the Semicircular Bent Fiber,” Journal o f Physics Communications, vol. 6, 

no. 2, pp. 065009, 2018.

46. Rong, Q., et al., “Highly Sensitive Fiber-Optic Accelerometer by Grating 

Inscription in Specific Core Dip Fiber,” Scientific Reports, vol. 1, no. 7, pp. 

11856, 2017.

47. Wang, P., et al., “Investigation of Single-Mode-Multimode-Single-Mode and 

Single-Mode-Tapered-Multimode-Single-Mode Fiber Structures and Their 

Application For Refractive Index Sensing,” JOSA B. 2011, vol. 5, no. 28, pp. 

1180-1186, 2011.

48. McGraw-Hill Dictionary of Scientific & Technical Terms, 6E.2003.

49. https://rudolphresearch.com/refractometers-use-selection/

50. https://www.variohm.com/news-media/technical-blog-archive/temperature- 

sensor-applications

82

https://physics.stackexchange.com/questions/337840/understanding-of-a-
https://rudolphresearch.com/refractometers-use-selection/
https://www.variohm.com/news-media/technical-blog-archive/temperature-



