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ABSTRACT

Fiber optical cable was initially used as waveguides to transmit data over
long distances. Various sensor applications can be developed using optical fiber by
coating it with different coating materials. Layer-by-layer (LbL) technique is utilized
in this research in order to introduce coating layers on sensing region. The utilization
of this technique enables the production of scalable ultra-thin film using various
materials especially polyelectrolyte. Although various studies had been performed
using LbL technique, there still a need to monitor the LbL coating process for
optimization of the sensor performance. This is because the performance depends on
the coating properties including the thickness of the coat. The main objectives of this
research were LbL coating system development, determining the optimal number of
bilayers coating on the sensing region and evaluation of fabricated fiber sensor
performance. The LbL coating system was developed using power supply, Arduino
Uno, stepper motors, breadboard, drivers and laser engraver axis. LbL coating
process on optical fiber was monitored in real-time using a white light source and a
spectrometer. Multiple layers of poly(allylamine hydrochloride) (PAH) and
poly(acrylic acid) (PAA) were coated to create pH-sensitive coating on the surface of
the optical fiber core. Real-time monitoring of the absorbance spectrum during the
coating process was conducted from 0 to 50 PAH/PAA bilayers. Field emission
scanning electron microscopy (FESEM) and energy dispersive X-ray spectroscopy
(EDX) were used to verify the existence of the fiber coating. The results of EDX
proved that the PAH and PAA were coated on the fiber. The monitoring spectrum
showed that the absorbance value was increased with the increment of PAH/PAA
bilayers up to 30 bilayers and started to decrease as the bilayers exceed that value.
The results showed that 30 bilayers of PAH/PAA coatings is the optimum number of
bilayers coating for pH sensing due to its high absorbance of 0.87 Optical Density
(OD) at 800 nm. The pH sensing performance of fiber without PAH/PAA coating
and with 5, 10, 15, 20, 30 and 40 bilayers of PAH/PAA coating were compared by
immersing the fiber in pH buffer solutions. The performance was determined through
the sensitivity, linearity and repeatability of the sensor. 10 PAH/PAA bilayers coated
fiber sensor was 120 times more sensitive than the fiber without coating. This shows
that the PAH/PAA coating is highly sensitive to pH as compared with uncoated fiber.
The best performance was achieved by 30 bilayers of PAH/PAA coated fiber with a
sensitivity of 0.453 OD/pH, linearity of 0.959 and standard deviation value below
4%. Numerous physical, chemical and biological sensors can be produced by
utilizing the developed LbL coating system in future.
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ABSTRAK

Gentian kabel optik pada mulanya digunakan sebagai pandu gelombang optik
untuk penghantaran data pada jarak jauh. Pelbagai aplikasi sensor dapat dibangunkan
menggunakan gentian optik dengan menyalutkannya dengan bahan-bahan salutan
yang berlainan. Teknik lapisan-demi-lapisan (LbL) digunakan dalam kajian ini untuk
memperkenalkan lapisan salutan pada bahagian pengesanan. Penggunaan teknik ini
membolehkan penghasilan filem ultra-nipis berskala menggunakan pelbagai bahan
terutama polielektrolit. Walaupun pelbagai kajian telah dilakukan dengan
menggunakan teknik LbL, masih ada keperluan untuk memantau proses salutan LbL
bagi mengoptimumkan prestasi sensor. Objektif utama penyelidikan ini adalah
pembangunan sistem salutan LbL, menentukan bilangan optimum salutan lapisan
pada bahagian pengesanan dan penilaian prestasi sensor gentian rekaan. Sistem
salutan LbL dibangunkan dengan menggunakan bekalan kuasa, Arduino Uno, motor
pelangkah, papan reka, pemacu dan paksi penuris laser. Proses salutan LbL ke atas
gentian optik telah dipantau dalam masa-nyata menggunakan sumber cahaya putih
dan spektrometer. Lapisan poly(allylamine hydrochloride) (PAH) dan poly(acrylic
acid) (PAA) disalut untuk mewujudkan lapisan yang peka-pH pada permukaan teras
gentian optik. Pemantauan masa-nyata spektrum penyerapan semasa proses salutan
dijalankan daripada 0 sehingga 50 lapisan PAH/PAA. Mikroskopi -electron
pengimbasan pancaran medan (FESEM) dan spektrum tenaga serakan sinar-X (EDX)
telah dilakukan untuk mengesahkan kewujudan lapisan pada gentian. Hasil EDX
membuktikan bahawa PAH dan PAA telah tersalut pada permukaan gentian.
Spektrum pemantauan menunjukkan nilai serapan telah meningkat dengan
peningkatan dwi-lapisan PAH/PAA sehingga 30 dwi-lapisan PAH/PAA dan mula
menurun apabila dwi-lapisan PAH/PAA melebihi nilai tersebut. Hasil kajian
menunjukkan bahawa 30 dwi-lapisan PAH/PAA adalah bilangan dwi-lapisan yang
optimum oleh kerana nilai penyerapannya yang tinggi iaitu 0.87 Optical Density
(OD) pada 800 nm. Prestasi sensor pH gentian tanpa salutan PAH/PAA telah
dibandingkan dengan gentian bersalut 5, 10, 15, 20, 30 dan 40 dwi-lapisan
PAH/PAA dengan merendam gentian dalam larutan-larutan penimbal pH. Prestasi
telah ditentukan melalui kepekaan, kelinearan dan kebolehulangan sensor. Sensor
gentian dengan 10 dwi-lapisan PAH/PAA adalah 120 kali lebih peka daripada
gentian tanpa salutan. Ini menunjukkan bahawa salutan PAH/PAA adalah sangat
peka kepada pH berbanding dengan gentian tanpa salutan. Prestasi terbaik telah
dicapai oleh gentian bersalut 30 dwi-lapisan PAH/PAA dengan kepekaan 0.453
OD/pH, kelinearan 0.959 dan sisihan piawai bawah 4% . Pelbagai sensor fizikal,
kimia dan biologi boleh dihasilkan dengan menggunakan sistem salutan LbL yang
telah dibangunkan pada masa hadapan.
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CHAPTER 1

INTRODUCTION

1.1  Background Study

The optical fiber sensors revolutions become more sophisticated over the
years. Numerous optical fiber sensors have been created almost 40 years to track
various physical factors, such as refractive index, temperature, pressure strain,
biosensor and chemical sensor [1]. This is because optical fiber has unique features
including electromagnetic immunity, low attenuation and miniature in size [2]. These
properties make the optical fiber can perform in harsh environment, such as high
voltage locations and oceans. Various approaches had been done by researcher on the
development of optical fiber sensors, such as in optical fibers configuration, sensing
mechanism and applications. Tapered optical fiber (TOF), cladding removed optical
fiber (CROF), D-shape, fiber bragg gratings (FBG) and long-period gratings (LPG)
are the example of optical configurations [3-6]. There are also several sensing
mechanism had been discovered by previous researchers. The mechanisms are
evanescent wave, fluorescence, surface plasmon resonance (SPR), localized surface

plasmon resonance (LSPR) and lossy mode resonance (LMR) [7-9].

Another approach has been implemented to produce new optical fiber sensors
by combining of optical configuration with coating materials as sensitive layers [10].
The sensitive layer is normally coated on optical fiber and the coated region is
known as sensing region. At the sensing region, sensor reacts with the surrounding
medium. The common types of materials used as sensing region are metal

nanoparticles, metal oxide nanoparticles, dyes and polymers [11-17].

Several techniques had been used for coating deposition on optical fiber that
are drop cast, sputtering deposition and layer-by-layer (LbL) [18-20]. Recently, the

LbL technique becomes popular due to its versatility, convenience, scalability and



flexibility which allow precision of controlling the coating composition and
thickness. The LbL coating process involves the sequential and ordered by using an
immersion technique. The main capability of this technique is that wide range
materials can be utilized as the coating materials, such as polyelectrolytes, metal or
metal oxide nanoparticles, hybrid particles, luminescence materials, dyes and bio-
molecules [21-20]. Polyelectrolytes are polymers with ionisable functional groups
that form positive charge (polycation) or negative charge (polyanion). For pH
sensing application, the common polyelectrolyte pairs used are poly(allylamine
hydrochloride) (PAH) and poly(acrylic acid) (PAA) [23]. It is also known as “weak
polyelectrolyte” with pH-dependent ionization degrees [11].

Recently, the work using LbL. method has been done on generating optical
fiber sensor [24]. As reported by Zamarenno et. al., the studied has been done by
fabricated optical fiber pH sensor utilizing LMR absorption band that was based on
wavelength shift. The wavelength can be tune by alternating the thickness of the
coating. From the work, they gain an average sensitivity of 0.027 pH units/nm,
accuracy of £0.001 pH units within pH range from 3.0 to 6.0. However, the research
was lack of monitoring results on LbL coating process performance. LbL coating
process is not focused by previous researchers because they are more focused on

sensing working principle during utilizing LbL coating.

1.2 Problem Statement

Various techniques to coat the optical fiber with sensing materials have been
used, such as drop cast and sputter deposition. Although drop cast is simple
technique, the disadvantages of this technique is non-uniformity coating and
uncontrollable coating thickness [25]. Sputtering technique requires complex system
and it is an expensive deposition method. The use of LbL technique for deposition of
sensing layer on optical fiber shows promising sensing performance [24]. The
simple, convenient and highly scalable fabrication technique for good through put
without using sophisticated equipment is advantage of utilizing the LbL deposition

method [11]. It also has possibility of designing and fabricating coating in nanometer



scale [1]. It also offered additional advantages since it is possible to control the
composition and morphological characteristic of the film independently. Therefore, a
good control of film can be used to produce ultra-thin film. The capabilities of this
technique had attracted researchers to use LbL technique to fabricated new optical

fiber sensors with new sensing coating materials.

Although numerous studies had been done using LbL technique, there still
lacks of monitoring result of LbL coating process. The monitoring on the LbL
coating process is crucial for optimization of sensing performance of optical fiber
sensor. Thus, in this research, a low cost and convenient LbL coating system with

real-time coating monitoring feature was developed.

1.3 Objectives of Study

The objectives of this study were:

1. To develop an LbL coating system with capability to monitor the coating
process in real-time.

2. To determine the composition of bilayers coating of coated fiber using
FESEM and EDX.

3. To determine the optimum number of bilayers coatings on an optical fiber for
sensing applications.

4. To determine the pH sensing sensitivity, linearity and repeatability of

fabricated optical fiber with various number of bilayer coatings.

14 Scope of Study

The research covered the development of LbL coating system with coating
monitoring capability. The material used for coating were poly(allylamine
hydrochloride) (PAH) and poly(acrylic acid) (PAA). The optical fiber used was
multimode fiber (FT200EMT) with 225 pm of cladding and 200 um of core. The

integration time and the number of scan were set according to the time needed for 50



bilayers of PAH/PAA. The coating process for 50 bilayers of PAH/PAA was
monitored to analyse which coating bilayers give highest value of absorbance. The
fabricated fiber was characterized using optical microscope, field emission scanning
electron microscope (FESEM) and energy x-ray dispersive (EDX) analysis. The
range of number of bilayers coated in this study was 5, 10, 15, 20, 30 and 40
bilayers. In this research, the optical fiber was fabricated for pH sensing application
in acidified region from pH 3 to pH 7. This is because the PAH/PAA coating is more
sensitive in acidic pH range. The performance of fabricated fiber sensors also was

analyzed in terms of the sensitivity, linearity and repeatability.

1.5 Significant of Study

The LbL technique is considered as an eco-friendly since it is based on water
soluble without any volatile organic compound. The LbL system developed is a low-
cost system because it is highly reproducible technique without using sophisticated
instrument or equipment. The optimization of coating bilayer can produce various
physical, chemical and biological sensors by varying the coating materials. Thus, the
optimization of LbL coating process is crucial to fabricate the optical fiber sensor
with better performances. Thereby, this research will provide the real-time
absorbance monitoring of LbL coating process for each coating bilayers and the
performances of fabricated fiber for 5, 10, 15, 20, 30 and 40 bilayers were studied as
pH sensing application. As the consequence, the develop LbL coating system is easy
to handle and time conserve because it capable to monitor the coating process in real-

time and directly optimized the number of bilayers coating for sensing application.



[1]

[2]

[3]

[4]

[3]

[6]

[7]

[8]

REFERENCES

Rivero, P. J., Goicoechea, J., & Arregui, F. J. (2019). Layer-by-Layer Nano-
assembly: A Powerful Tool for  Optical Fiber Sensing
Applications.Sensors,19(3), 683.

Sabri, N., Aljunid, S. A., Salim, M. S., Ahmad, R. B., & Kamaruddin, R.
(2013). Toward Optical Sensor: Review and Applications. In Journal of
Physics: Conference Series (Vol. 423, No. 1, p. 012064). IOP Publishing.
Corres, J. M., Arregui, F. J., & Matias, 1. R. (2007). Sensitivity Optimization
of Tapered Optical Fiber Humidity Sensors by Means of Tuning The
Thickness of Nanostructured Sensitive Coatings. Sensors and Actuators B:
Chemical, 122(2), 442-449.

Ascorbe, J., Corres, J. M., Matias, I. R., & Arregui, F. J. (2016). High
Sensitivity Humidity Sensor Based on Cladding-Etched Optical Fiber and
Lossy Mode Resonances. Sensors and Actuators B: Chemical, 223, 7-16.
Rivero, P. J., Goicoechea, J., Hernaez, M., Socorro, A. B., Matias, 1. R., &
Arregui, F. J. (2016). Optical Fiber Resonance-based pH sensors using Gold
Nanoparticles into Polymeric Layer-by-Layer Coatings. Microsystem
Technologies, 22(7), 1821-1829.

Urrutia, A., Goicoechea, J., Ricchiuti, A. L., Barrera, D., Sales, S., & Arregui,
F. J. (2016). Simultaneous Measurement of Humidity and Temperature Based
on a Partially Coated Optical Fiber Long Period Grating. Sensors and
Actuators B: Chemical, 227, 135-141.

Agrawal, H., Shrivastav, A. M., & Gupta, B. D. (2016). Surafce Plasmon
Resonance based Optical Fiber Sensor for Atrazine Detection using
Molecular Imprinting Technique. Sensors and Actuators B: Chemical, 227,
204-211.

Kim, H. M., Uh, M., Jeong, D. H., Lee, H. Y., Park, J. H., &Lee, S. K.
(2019). Localized Surface Plasmon Resonance Biosensor using
Nanopatterned Gold Particles on the Surface of an Optical Fiber. Sensors and

Actuators B: Chemical, 280, 183-191.

71



[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Arregui, F. J., Del Villar, 1., Zamarreno, C. R., Zubiate, P., & Matias, 1. R.
(2016). Giant Sensitivity of Optical Fiber Sensors by Means of Lossy Mode
Resonance. Sensors and Actuators B: Chemical, 232, 660-665.

Wang, Q., & Zhao, W. M. (2018). A comprehensive review of lossy mode
resonance-based fiber optic sensors. Optics and Lasers in Engineering, 100,
47-60.

Rivero, P. J., Goicoechea, J., & Arregui, F. J. (2018). Optical fiber sensors
based on polymeric sensitive coatings. Polymers, 10(3), 280.

Peters, K. (2010). Polymer optical fiber sensors-a review. Smart materials
and structures, 20(1), 013002.

Goicoechea, J., Rivero, P. J., Sada, S., & Arregui, F. J. (2019). Self-
Referenced Optical Fiber Sensor for Hydrogen Peroxide Detection Based on
LSPR of Metallic Nanoparticles in Layer-by-Layer Films. Sensors, 19(18),
3872.

Sanchez, P., Zamarenno, C. R., Hernaez, M., Matias, 1. R., & Arregui, F. J.
(2014). Optical fiber refractometers based on Lossy Mode Resonance by
means of SnO, sputtered coatings. Sensors and Actuators B: Chemical, 202,
154-159.

Wang, Q., Li, X., Zhao, W. M., & Jin, S. (2019). Lossy mode resonance-
based fiber optic sensor using layer-by-layer SnO;, thin film and SnO,
nanoparticles. Applied Surface Science, 492. 374-381.

Frankaer, C, G., & Sorensen, T. J. (2019). Investigating the Time Response
of an Optical pH Sensor Based on a Polysiloxane-Polyethylene Glycol
Composite Material Impregnated with a ph-Responsive Triangulenium Dye.
ACS omega, 4(5), 8381-8389.

Islam, S., Bidin, N., Riaz S., Krishnan, G., & Naseem, S. (2016). Sol-gel
based fiber optic pH nanosensor: Structural and sensing properties. Sensors
and Actuators A: Physical, 238, 8-18.

Richardson, J. J., Bjornmalm, M., & Caruso, F. (2015). Technology-driven
layer-by-layer assembly of nanofilms. Science, 348(6233), aaa2491.

Aziz, A., Lim, H. N., Girei, S. H., Yaacob, M. H., Mahdi, M. A., Huang, N.
M., & Pandikumar, A. (2015). Silver/graphene nanocomposite-modified
optical fiber sensor platform for ethanol detection in water medium. Sensors

and Actuators B: Chemical, 206, 119-125.

72



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Dai, J., Yang, M., Yu, X., & Lu, H. (2013). Optical hydrogen sensor based on
etched fiber bragg grating sputtered with Pd/Ag composite film. Optical
Fiber Technology, 19(1), 26-30.

Cheng, X., Bonefacino, J., Guan, B. O., & Tam, H. Y. (2018). All-polymer
fiber-optic pH sensor. Optics express, 26(11), 14610-14616.

Arregui, F. J., Matias, 1. R., Corres, J. M., Del Villar, 1., Goicoechea, J.,
Zamarreno, C. R., Hernaez, M., & Claus, R. O. (2010). Optical fiber sensors
based on layer-bylayer nanostructured films. Procedia Engineering, 5, 1087-
1090.

Choi, J., & Rubner, M. F. (2005). Influence of the degree of ioization o weak
polyelectrolyte multilayer assembly. Macromolecules, 38(1), 116-124.
Zamarreno, C. R., Hernaez, M., Del Villar, 1., Matias, 1. R., & Arregui, F. J.
(2011). Optical fiber pH sensor based on lossy-mode resonances by means of
thin film polymeric coatings. Sensors and Actuators B: Chemical, 155(1),
290-297.

Gonzalez-Sierra, N. E., Gomez-Pavon, L. D. C., Perez-Sanchez, G. F., Luis-
Ramos, A., Zaca-Moran, P., Munoz-Pancheco, J. M., & Chavez-Ramirez, F.
(2017). Tapered optical fiber functionalized with palladium nanoparticles by
drop casting and laser radiation for H, and volatile organic compounds
sensing purposes. Sensors, 17(9), 2039.

Arregui, F. J., Del Villar, 1., Corres, J. M., Goicoechea, J., Zamarreno, C. R.,
Elosua, C., Hernaez, M., Rivero, P. J., Socorro, A. B., Urrutia, A., &
Sanchez, P. (2014). Fiber optic lossy mode resonance sensors. Procedia
Engineering, 87, 3-8.

Zhang, Z., Fan, X., & He, Z. (2018, Septermber). Long-range and high-
sensitivity distributed strain sensing based on PNC-OFDR. In Optical Fiber
Sensor (p. TuE26). Optical Society of America.

Culshaw, B. (2004). Optical fiber sensor technologies: opportunities and-
perhaps-pitfalls. Journal of lightwave technology, 22(1), 39-50.

Grattan, K. T. V., & Sun, T. (2000). Iber optic sensor technology: an
overview. Sensors and Actuators A: Physical, 82(1-3), 40-61.

Zubia, J., & Arrue, J. (2001). Plastic optical fibers: An introduction to their
technological processes and applications. Optical fiber technology, 7(2), 101-
140.

73



[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Yeh, C. (2013). Handbook of fiber optics: Theory and applications.
Academic Press.

Byren, R. W., & Shkunov, V.V. (2019). U.S. Patent No. 10, 302, 858.
Washington, DC: U.S. Patent and Trademark Office.

Addanki, S., Amiri, I. S., & Yupapin, P. (2018). Review of optical fibers-
introduction and applications in fiber lasers. Results in Physics, 10, 743-750.
Allan, W. B. (2012). Fibre optics: theory and practice. Springer Science &
Bussiness Media.

Giallorenzi, T. G., Bucaro, J. A., Dandrige, A., Sigel, G. H., Cole, J. H.,
Rashleigh, S. C., & Priest, R. G. (1982). Optical fiber sensor technology.
IEEE transactions on microwave theory and techniques, 30(4), 472-511.
Horak, P., & Poletti, F. (2012). Multimode nonlinear fibre optics: theory and
applications. Recent Progress in Optical Fiber Research, 3-25.

Kao, C. K. (1982). Optical fiber systems: technology. Design, and
applications (p.204). New York: McGraw-Hill.

Sharma, A. K., Gupta, J., & Sharma, 1. (2019). Fiber optic evanescent wave
absorption-based sensors: A detailed review of advancements in the last
decade (2007-18). Optik, 183, 1008-1025.

Kude, V.P., & Khairnar, R. S. (2008). Fabrication and numerical evaluation
of the tapered single mode optical fiber: Detection of change in refractive
index.

Ballato, J., Hawkins, T., Foy, P., Stolen, R., Kokuoz, B., Ellison, M.,
McMillen, C., Reppert, J., Rao, A. M., Daw, M. & Sharma, S. (2008). Silicon
optical fiber. Optics express, 16(23), 18675-18683.

Culshaw, B. (2000). Fiber optics in sensing and measurement. /EEE Journal
of selected topics in quantum electronics, 6(6), 1014-1021.

Tabib-Azar, M., Sutapun, B., Petrick, R., Kazemi, A. (1999). Highly sensitive
hydrogen sensors using palladium coated fiber optics with exposed cores and
evanescent field interactions. Sensors and Actuators B: Chemical, 56(1-2),
158-163.

Zaca-Moran, P., Padilla-Martinez, J. P., Perez-Corte, J. M., Davila-Pintle, J.
A., Ortega-Mendoza, J. G., & Morales, N. (2018). Etched optical fiber for
measuring concentration and refractive index of sucrose solutions by

evanescent waves. Laser Physics, 28(11), 116002.

74



[44]
[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Caldas, P. (2011). Fiber optic sensing by evanescent field interaction.

Ghatak, A., & Thyagarajan, K., (1998). An introduction to fiber optics.
Cambridge university press.

Egami C., Takeda, K., Isai, M., & Ogita, M. (1996). Evanescent-wave
spectroscopic fiber optic pH sensor. Optics communications, 122(4-6), 122-
126.

Surre, F., Lyons, W. B., Sun, T., Grattan, K. T. V., O’Keeffe, S., Lewis, E.,
Elosua, C., Hernaez, . & Barian, C. (2009). U-bend fibre optic pH sensor
using layer-by-layer electrostatic self-assembly technique. In Journal of
Physics: Conference Series (Vol. 178, No. 1, p. 012046). IOP Publishing.
Okuda, H., Wang, T., & LEE, S. W. (2017). Selective Methanol Gas
Detection Using a U-Bent Optical Fiber Modified with a Silica Nanoparticle
Multilayer. Electronics and Communications in Japan, 100(2), 43-49.
Korposh, S., Okuda, H., Wang, T., James, S. W., & Lee, S. W. (2015, July).
U-shaped evanescent wave optical fibre sensor based on a porphyrin
anchored nanoassembled thin film for high sensitivity ammonia detection. In
Fifth Asia-Pacific Optical Sensors Conference (Vol. 9695, p. 965518).
International Society for Optics and Photonics.

Raoufi, N., Surre, F., Rajarajan, M., Sun, T., & Grattan, K. T. (2013). Fiber
optic pH sensor using optimized layer-by-layer coating approach. /EEE
Sensors Journal, 14(1), 47-54.

Goicoechea, J., Zamarreno, C. R., Matias, I. R., & Arregui, F. J. (2007).
Minimizing the photobleaching of self-assembled multilayers for sensor
applications. Sensors and Actuators B: Chemical, 126(1), 41-47.

Zamarreno, C. R., Bravo, J., Goicoechea, J., Matias, I. R., & Arregui, F. J.
(2007). Response time enhanced of pH sensing films by means of hydrophilic
nanostructured coatings. Sensors and Actuators B: Chemical, 128(1), 138-
144.

Urrutia, A., Bojan, K., Marques, L., Mullaney, K., Goicoechea, J., James, S.,
Clark, M., Tatam, R. & Korposh, S. (2016). Novel highly sensitive protein
sensors based on tapered optical fibers modified with au-based nanocoatings.
Journal of Sensors, 2016.

Zubiate, P., Zamarenno, C. R., Sanchez, P., Matias, I. R., & Arregui, F. J.

(2017). High sensitive and selective C-reactive protein detection by means of

75



[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

lossy mode resonance based optical fiber devices. Biosensors and
Bioelectronics, 93, 176-181.

Shao, L. Y., Yin, M. J., Tam, H. Y., & Albert, J. (2013). Fiber optic pH
sensor with self-assembled polymer multilayer nanocoatings. Sensors, 13(2),
1425-1434.

Ban, S., Hosoki, A., Nishiyama, M., Seki, A., & Watanabe, K. (2016, April).
Optical fiber oxygen sensor using layer-by-layer stacked porous composite
membranes. In Photonic Instrumentation Engineeringlll (Vol. 9754, p.
97540F). International Society for Optics and Photonics.

Huang, X., Li, X., Yang, J., Tao, C., Guo, X., Bao, H., Yin, Y., Chen, H. &
Zhu, Y. (2017). An in-line Mach-Zehnder interferometer using thin-core fiber
for ammonia gas sensing with high sensitivity. Scientific reports, 7 , 44994.
Paliwal, N., & John, J. (2015). Lossy mode resonance (LMR) based fiber
optic sensors: A review. I[EEE Sensors Journal, 15(10), 5361-5371.

Mihai, M., Stoica, 1., & Schwarz, S. (2011). pH-sensitive nanostructured
architectures based on synthetic and/or natural weak polyelectrolytes. Colloid
and Polymer Science, 289(12), 1387-1396.

Zamarreno, C. R., Hernaez, M., Del Villar, 1., Fernandez-Valdivielso, C.,
Arregui, F. J., & Matias, 1. R. (2010). Optical fiber pH sensor fabrication by
means of indium tin oxide coated optical fiber refractometers. Physica statu
solidi ¢, 7(11-12), 2705-2707.

Sato, K. Yoshida, K., Takahashi, S., & Anzai, J. I. (2011). pH-and sugar-
sensitive layer-bylayer films and microcapsules for drug delivery. Advanced
drug delivery reviews, 63(9), 809-821.

Mendelsohn, J. D., Yang, S. Y., Hiller, J. A., Hochbaum, A. 1., & Rubner, M.
F. (2003). Ratioal design of cytophilic and cytophobic polyelectrolyte
multilayer thin films. Biomacromolecules, 4(1), 96-106.

DeLongchamps, D. M., & Hammond, P. T. (2003). Fast ion conduction in
layer-by-layer polymer films. Chemistry of materials, 15(5), 1165-1173.
Tanchak, O. M., & Barret, C. J. (2004). Swelling dynamics of multilayer
films of weak polyelectrolytes. Chemistry of materials, 16(14), 2734-2739.
Lee, S. W., & Lee, D. (2013). Integrated study of water sorption/desorption
behavior of weak polyelectrolyte layer-by-layer films. Macromolecules,

46(7), 2793-2799.

76



[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

Chollakup, R., Beck, J. B., Dirnberger, K., Tirrell, M., & Eisenbach, C. D.
(2013). Polyelectrolyte molecular weight and salt effects on the phase
behavior and coacervation of aqueous solutions of poly(acrylic acid) sodium
salt and poly(allylamine) hydrochloride. Macromolecules, 46(6), 2376-2390.
Akyol, E., Kirboga, S., & Oner, M. (2014). Polyelectrolytes: Science and
Application. In Polyelectrolytes (pp. 87-112). Springer, Cham.

Guo, Y., Geng, W., & Sun, J. (2009). Layer-by-layer deposition of
polyelectrolyte-polyelectrolyte complexes for multilayer film fabrication.
Langmuir, 25(2), 1004-1010.

Shiratori, S. S., & Rubner, M. F. (2000). pH-dependent thickness behavior of
sequentially adsorbed layers of weak polyelectrolytes. Macromolecules,
33(11), 4213-4219.

Yoo, D., Shiratori, S. S., & Rubner, M. F. (1998). Controlling bilayer
composition and surface wettability of sequentially adsorbed multilayers of
weak polyelectrolytes. Macromolecules, 31(13), 4309-4318.

Cranford, S. W., Ortiz, C., & Buehler, M. J. (2010). Mechanomutable
properties of a PAH/PAA polyelectrolyte complex: rate dependence and
ionization effects on tunable adhesion strength. Soft Matter, 6(17), 4175-
4188.

Fery, A., Scholer, B., Cassagneau, T., & Caruso, F. (2001). Nanoporous thin
films formed by salt-induced structural changes in multilayers of poly
(acrylic acid) and poly (allylamine). Langmuir, 17(13), 3779-3783.

Hiller, J. A., Mendelsohn, J. D., & Rubner, M. F. (2002). Reversibly erasable
nanoporous anti reflection coatings from polyelectrolyte multilayers. Nature
materials, 1(1), 59-63.

Jiang, C., Liu, X., Luo, C., Zhang, Y., Shao, L., & Shi, F. (2014). Controlled
exponential growth in layer-by-layer multilayers using high gravity fields.
Journal of Materials Chemistry A, 2(34), 14048-14053.

Peng, N., Xia, X. M., He, W. T., Liu, W. M., Huang, S. W., & Zhuo, R. X.
(2011). Fabrication and stability of porous poly (allylamine) hydrochloride
(PAH)/poly (acrylic acid)(PAA) multilayered films via a cleavable-
polycation template. Polymer, 52(5), 1256-1262.

Itano, K., Choi, J., & Rubner, M. F. (2005). Mechanism of the pH-induced

discontinuous  swelling/deswelling  transitions of poly (allylamine

77



[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

hydrochloride)-containing polyelectrolyte multilayer films. Macromolecules,
38(8), 3450-3460.

Li, Y., Wang, X., & Sun, J. (2012). Layer-by-layer assembly for rapid
fabrication of thick polymeric films. Chemical Society Reviews, 41(8), 5998-
60009.

DuChanois, R. M., Epsztein, R., Trivedi, J. A., & Elimelech, M. (2019).
Controlling pore structure of polyelectrolyte multilayer nanofiltration
membranes by tuning polyelectrolyte-salt interactions. Journal of Membrane
Science, 581, 413-420.

Ge, Z., Brown, C. W, Sun, L., & Yang, S. C., Ge, Z., Brown, C. W., Sun, L.,
& Yang, S. C. (1993). Fiber-optic pH sensor based on evanescent wave
absorption spectroscopy. Analytical Chemistry, 65(17), 2335-2338.
Lopez-Torres, D., Elosua, C., Villatoro, J., Zubia, J., Rothhardt, M., Schuster,
K., & Arregui, F. J. (2017). Photonic crystal fiber interferometer coated with
a PAH/PAA nanolayer as humidity sensor. Sensors and Actuators B:
Chemical, 242, 1065-1072.

Schmidt, D. J., Min, Y., & Hammomd, P. T. (2011). Mechanomutable and
reversibly swellable polyelectrolyte multilayer thin film controlled by
electrochemically induced pH gradients. Soft Matter 7, no. 14(2011): 6637-
6647.

Durstock, M. F., & Rubner, M. F. (2001). Dielectric properties of
polyelectrolyte multilayers. Langmuir, 17(25), 7865-7872.

Goicoechea, J., Zamarreno, C. R., Matias, I. R., & Arregui, F. J. (2008).
Optical fiber pH sensors based on layer-by-layer electrostatic self-assembled
Neutral Red. Sensors and Actuators B: Chemical, 132(1), 305-311.

Socorro A. B., Del Villar, L., Corres, J. M., Arregui, F. J., & Matias, 1. R.
(2012). Tapered single-mode optical fiber pH sensor based on lossy mode
resonances generated by a polymeric thin-film. /IEEE Sensors Journal, 12(8),
2598-2603.

Wang, T., Korposh, S., James, S., Tatam, R., & Lee, S. W. (2013). Optical
fiber long period grating sensor with a polyelectrolyte alternate thin film for
gas sensing of amine odors. Sensors and Actuators B: Chemical, 185, 117-

124.

78



[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

Zubiate, P., Zamarreno, C. R., Del Villar, 1., Matias, I. R., & Arregui F. J.
(2016). Tunable optical fiber pH sensors based on TE and TM Lossy Mode
Resonance (LMRSs). Sensors and Actuators B: Chemical, 231, 484-490.
Socorro, A. B., Del Villar, 1., Corres, J. M., Arregui, F. J., & Matias, 1. R.
(2014). Spectral width reduction in lossy mode resonance-based sensors by
means of tapered optical fibre structures. Sensors and Actuators B: Chemical,
200, 53-60.

Mendez, A. (2007, July). Fiber Bragg gratingg sensors: a market overview. In
Third European Workshop on Optical Fibre Sensors (Vol. 6619, p. 661905).
International Society for Optics and Photonics.

Paliwal, N., & John, J. (2017). Lossy Mode Resonance Based Fiber Optic
Sensors. In Fiber Optic Sensors (pp. 31-50). Springer, Cham.

Gholamzadeh, B., & Nabovati, H. (2008). Fiber optic sensors, World
Academy of Science, Engineering and Technology, 42(3), 335-340.

Das, S., & Saha, P. (2018). A review of some advanced sensors used for healt
diagnosis of civil engineering structures. Measurement, 129, 68-90.
Domingues, M. F., Rodriguez, C. A., Martins, J., Tavares, C., Marques, C.,
Alberto, N., Andre, P., & Antunes, P. (2018). Cost-effective optical fiber
pressure sensor based on intrinsic Fabry-Perot interferometric micro-cavities.
Optical Fiber Technology, 42, 56-62.

Sun, Y., Liu, D., Lu, P., Sun, Q., Yang, W., Wang, S., Liu, L., & Ni. W.
(2017). High sensitivity optical fiber strain sensor using twisted multimode
fiber based on SMS structure. Optics Communications, 405, 416-420.

Chou, Y. L., Wu, C. W., Jhang, R. T., & Chiang, C. C. (2019). A novel
optical fiber temperature sensor with polymer-metal alternating structure.
Optics & Laser Technology, 115, 186-192.

Staudiger, C., Strobl, M., Breiniger, J., Klimant, 1., & Borisov S. M. (2019).
Fast and stable optical pH sensor materials for oceanographic applications.
Sensors and Actuators B: Chemical, 282, 204-217.

Del Villar, L., Arregui, F. J., Zamarreno, C. R., Corres, J. M., Bariain, C.,
Goicoechea, J., & Urrutia, A. (2017). Optical sensors based on lossy-mode

resonances. Sensors and Actuators B: Chemical, 240, 174-185.

79



[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

Ariga, K., Yamauchi, Y., Rydzek, G., Ji, Q., Yonamine, Y., Wu, K. C. W, &
Hill, J. P. (2014). Layer-by-layer nanoarchitectonics: inventions, innovation,
and evolution. Chemistry Letters, 43(1), 36-68.

Hammond, P. T. (2004). Form and function in multilayer assembly: New
applications at the nanoscale. Advanced Materials, 16(15), 1271-1293.
Shimomura, H., Gemici, Z., Cohen, R. E., & Rubner, M. F. (2010). Layer-by-
layer-assembled high-performance broadband antireflection coatings. ACS
applied materials & interfaces, 2(3), 813-820.

Yoo, D., Shiratori, S. S., & Rubner, M. F. (1998). Controlling bilayer
composition and surface wettability of sequentially adsorbed multilayers of
weak polyelectrolytes. Macromolecules, 31(13), 4309-4318.

Wang, Y., Angelatos, A. S., & Caruso, F. (2008). Template synthesis of
nanostructured materials via layer-by-layer assembly. Chemistry of Materials,
20(3), 848-858.

Borges, J., & Mano, J. F. (2014). Molecular interactions driving the layer-
bylayer assembly of multilayers. Chemical reviews, 114(18), 8883-8942.

Seo, S., Lee, S., & Park, Y. T. (2016). Note: automatic layer-by-layer
spraying system for funtional thin film coatings. Review of Scientific
Instruments, 87(3), 036110.

Cusano, A., Lpez-Higuera, J. M., Matias, 1. R., & Culshaw, B. (2008).
Editorial optical fiber sensor technology and applications. /EEE Sensors
Journal, 8(7), 1052-1054.

Elosua, C., Arregui, F. J., Villar, I. D., Ruiz-Zamarreno, C., Corres, J. M.,
Bariain, C., Goicoechea, J., Hernaez, M., Rivero, P. J., Socorro, A. B. &
Urrutia, A. (2017). Micro and nanostructured materials for the development
of optical fibre sensors. Sensors, 17(10), 2312.

Elosua, C., Vidondo, 1., Arregui, F. J., Bariain, C., Luquin, A., Laguna, M., &
Matias, I. R. (2013). Lossy mode resonance optical fiber sensor to detect
organic vapors. Sensors and Actuators B: Chemical, 187, 65-71.

Zamarreno, C. R., Zubiate, P., Sanchez, P., Matias, 1. R., Arregui, F. J.,
Ramos-Arroyo, M. A., Moreno-Igoa, M., & Hernandez-Charro, B. (2016).
Single strand DNA detection by means of lossy mode resonance-based

optical fiber devices. In 2016 IEEE SENSORS (pp. 1-3). IEEE.

80



[108]

[109]

[110]

Hernaez, M., Del Villar, 1., Zamarreno, C. R., Arregui, F. J., & Matias, 1. R.
(2010). Optical fiber refractometer based on lossy mode resonances
supported by TiO, coatings. Applied optics, 49(20), 3980-3985.

Corres, J. M., Matias, 1. R., Del Villar, 1., & Arregui, F. J. (2007). Design of
pH sensor in long-period fiber gratings using polymeric nanocoatings. /EEE
Sensors Journal, 7(3), 455-463.

Raoufi, N., Surre, F., Rajarajan, M., Sun, T., & Grattan, K. T. (2013). Fiber
optic pH sensor using optimized layer-by-layer coating approach. /EEE
Sensors Journal, 14(10, 47-54.

81



LIST OF PUBLICATIONS

Journal with Impact Factor

Yatim, K. M., Johari, A. R., Krishnan, G., Bakhtiar, H., Daud, S., Aziz, M. S. A., &
Harun, S.W. (2020, July). Optimization of Coating Thickness on Optical Fiber via
Layer-by-Layer Technique for pH Sensing Application. In International Journal of
Microwave and Optical Technology (IJMOT) 15 (4), pp. 399-406.

Conference Proceeding

Yatim, K. M., Krishnan, G., Bakhtiar, H., Daud, S., & Harun, S.W. (2019,
November). The pH sensor based optical fiber coated with PAH/PAA. In Journal of
Physics: Conference Series (Vol. 1371, No.1, p. 012021). IOP Publishing.

91



	DECLARATION

	DEDICATION

	ACKNOWLEDGEMENT

	ABSTRACT

	ABSTRAK

	TABLE OF CONTENTS

	LIST OF TABLES

	LIST OF FIGURES

	LIST OF ABBREVIATIONS

	LIST OF SYMBOLS

	LIST OF APPENDICES

	CHAPTER 1 ���INTRODUCTION

	1.1 Background Study

	1.2 Problem Statement

	1.3 Objectives of Study

	1.4 Scope of Study

	1.5 Significant of Study


	CHAPTER 2 ���LITERATURE REVIEW

	2.1 Introduction

	2.2 Optical Fiber

	2.3 Sensor Sensing Mechanism

	2.3.1 Evanescent Wave in Optical Fiber

	2.3.2 PAH/PAA Coating as Sensing Materials


	2.4 Fiber Optic Sensor (FOS)

	2.5 Layer-by-Layer (LbL) Technique

	2.6 Optical Fiber Sensor Utilizing LbL Technique


	CHAPTER 3 ���RESEARCH METHODOLOGY

	3.1 Introduction

	3.2 Materials

	3.2.1 Chemicals Materials

	3.2.2 Optical Fiber


	3.3 Instruments

	3.3.1 Spectrometer USB4000 Ocean Optics

	3.3.2 Avalight DH-S Light Source

	3.3.3 pH Meter

	3.3.4 Refractometer

	3.3.5 Fiber Related Components and Instruments

	3.3.6 Optical Microscope

	3.3.7 Field Emission Scanning Electron Microscopy (FESEM) and Energy Dispersive X-ray Spectroscopy Analysis


	3.4 Etching Process

	3.5 Poly(allylamine hydrochloride) (PAH) and Poly(acrylic acid) (PAA) Preparation

	3.6 The Coating System to Monitor Layer-by-Layer (LbL) Coating Process

	3.6.1 Stepper Motor Systems

	3.6.2 LbL Coating System with Real-time Coating Monitoring


	3.7 Optical Fiber Coating Process

	3.8 Real-time Monitoring of LbL Coating Process

	3.9 Characterization of the LbL Coated Fiber

	3.10 Performance of the Fabricated Fiber Sensor as pH Meter


	CHAPTER 4 ���RESULTS AND DISCUSSION

	4.1 Introduction

	4.2 Etching Process Analysis

	4.3 Coating System

	4.4 Monitoring LbL Coating Process for Developed Coating System

	4.5 Morphology and Composition Analysis of PAH/PAA Coated Fiber

	4.6 The Performance Analysis

	4.6.1 Sensing Response of Uncoated and Coated Fibers

	4.6.2 The Performance of Various PAH/PAA Bilayers Coated Fiber as pH Sensor.

	4.6.3 The Repeatability for 30 Bilayers of PAH/PAA Coatings on Optical Fiber as pH sensor.



	CHAPTER 5 ���CONCLUSION AND RECOMMENDATIONS

	5.1 Introduction

	5.2 Conclusion

	5.3 Future Recommendation


	REFERENCES

	LIST OF PUBLICATIONS




