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ABSTRACT 

Environmental pollution is a major factor causing the degradation of the 

environment around us, whether it is emitted naturally or artificially. The 

exponential advancement of technologies has increased the rate of 

industrialisation, and before we know it, their chemical emissions have already 

caused irreparable damage. Consequently, accurate, real-time monitoring of 

liquid chemical concentrations is vital for maintaining public health, industrial 

safety and environmental protection. Traditional methods for water quality 

monitoring rely heavily on laboratory-based techniques that are time-consuming, 

complex, and unsuitable for large-scale field deployment. This thesis proposes 

the development and validation of a novel, low-cost, simple-to-fabricate optical 

fibre sensor platform based on single-walled carbon nanotube coatings applied 

to standard single-mode optical fibre. The sensor platform operates on an 

intensity-modulated refractive index sensing mechanism, eliminating complex 

computational methods for spectrally resolved detection and the need for 

speciality fibres, thus enabling a compact and scalable design suitable for remote 

and in situ applications. 

The theoretical simulations of a Long Period Fibre Grating sensor showed that a 

0.5µm thickness carbon nanotube coating with a 1.60-1.70RI would yield higher 

sensitivity for detecting a surrounding medium with a range of 1.30-1.44RI. The 

coating was experimentally applied through the fabrication of single-walled 

carbon nanotube coated single mode fibres using a reproducible spray coating 

methodology. A stabilised 0.00025% (w/w) carbon nanotube suspension was 
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synthesised for deposition. Amongst the fabricated variants, a 3cm double-coated 

SWCNT-SMF sensor with an approximate thickness of 0.5µ𝑚 has demonstrated 

the highest performance, with sensitivities of around 20.886 dB/RIU  and 

5.26 dB/RIU  between the ranges 1.3335-1.3451RI and 1.3451RI-1.3789RI 

respectively. The fabricated sensors have all shown instantaneous response and 

baseline recovery within 10 seconds, confirming their real-time monitoring 

capabilities. 

By eliminating wavelength-shift analysis and enabling simple bandpass-filter 

readouts, this sensor platform offers advancement in the development of 

simplistic, miniaturised and multiplexable chemical sensors with electromagnetic 

immunity. The findings lay the groundwork for further enhancements through 

CNT functionalisation for selective detection and gaseous sensing of volatile 

organic compounds. This research contributes a versatile and accessible sensing 

technology with strong potential for industrial processes and environmental 

monitoring.  
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1 INTRODUCTION 

1.1 Background  

Historical events have taught us the significance of environmental pollution 

through the consequences of excessive mortalities. With the technological 

advancement of civilisations since the Industrial Revolution, the demand for 

chemicals has significantly increased in various sectors such as industrial 

manufacturing, agriculture, energy production and healthcare. The 1970s 

Woburn water well contamination, a consequence of improper industrial waste 

disposal; The 1930 Meuse Valley Fog, a combination of climate and industrial-

induced pollution disaster; the 1948 Donora Smog, an industrial over-emission of 

hydrogen fluoride and sulphur dioxide; the 1952 Great Smog of London, are 

further examples of the over-emission of pollutants as a result of the industrial 

revolution emitted from coal power plants and vehicle exhausts. These devasting 
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disasters have inspired the beginning of environmental pollution monitoring and 

highlighted their importance.  

Water is necessary for the survival of all living species and the preservation and 

maintenance of good water quality is crucial to our ecosystem and human health, 

which can further impact socio-economic factors. Heavy metals such as lead, 

mercury, and arsenic, organic solvents such as benzene and formaldehyde, as 

well as chlorinated/polycyclic aromatic industrial chemicals such as 

polychlorinated biphenyls (PCBs) and polycyclic aromatic hydrocarbons (PAHs), 

are all waterborne pollutants that have affected our water quality across the 

world (Wulandari et al., 2024; N. M. Ali et al., 2025). Certain water pollutants 

have been known to be associated with neurological and psychiatric disorders as 

well as short and long-term physical ailments such as skin diseases, diarrhoea 

and cancer (Bochynska et al., 2024). For instance, long-term exposure to lead 

has been known to be linked with cognitive impairments in both adults and 

children (Goyer, 1993; Ara and Usmani, 2015), whilst benzene is found to be a 

potent carcinogen causing leukaemia (Reynoso-Noverón et al., 2024). 

Traditionally, water quality and various chemical analysis relied on laboratory-

based setups with varied techniques, including optical spectroscopy, 

electrochemistry, and chromatography (Y. Kim et al., 2024; Thakur and Devi, 

2024). Conventional methods possess inefficient, complex, costly, and lengthy 

processes (Ahmed et al., 2020; Zainurin et al., 2022; Essamlali et al., 2024). In 

response, this thesis explores the development and application of carbon 

nanotube integrated Optical fibre sensors for liquid chemical concentration 

monitoring based on refractive index (RI) variation of the analyte. The proposed 
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sensor system takes a simplistic design approach to detect liquid chemical 

concentrations with high sensitivity, leveraging the recent innovations in 

photonics, carbon nanomaterials, and chemical sensing. 

In contrast to the conventional methodologies, optical sensor systems offers 

continuous, real-time monitoring capabilities which enable swift identification of 

water quality deviation, allowing for prompt remedial actions as emphasized in 

recent literatures (M. A. Butt et al., 2022; Y. Kim et al., 2024; Lyu et al., 2024). 

Furthermore, emerging studies highlight the sensitivity of optical sensor systems 

and their ability to detect subtle changes in contaminant concentrations (Zainurin 

et al., 2022) (Manish Kumar et al., 2024; S.-q. Zhang et al., 2024; Z. Zhang et 

al., 2024). 

In summary, this research contributes towards the growing body of academic 

research focused on enhancing water quality monitoring by exploiting carbon 

nanotube (CNT) integrated optical fibre systems for liquid chemical detection. 

CNTs offer an exceptional surface area of carbon nanotubes, chemical stability 

and tuneable functionalisation capabilities, making them highly responsive to a 

wide range of chemical species. When integrated into optical fibre sensor systems, 

it enables real-time, remote and highly sensitive detection of contaminants based 

on intensity modulations. This synergy of the two allows for the development of 

miniaturised, low-power, and robust sensor platforms capable of operating in 

harsh environments. The proposed CNT-based optic sensor system offers a 

promising solution for proactive large-scale environmental management and 

public health protection. 
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1.2 Aims and Objectives 

This research aims to develop a fully functional CNT coated optical fibre sensor 

system for real-time and remote monitoring of liquid chemical concentrations 

based on refractive index changes. The refractive index sensing working principle 

will be a proof of concept and foundation for sensitive yet versatile liquid 

concentration monitoring platform. The following objectives will be covered 

through this thesis:  

• Comprehensive literature review on the working theory of existing chemical 

sensors, coated waveguides and various fibre-based detection methodologies. 

• Simulate CNT coated LPFG sensors subjected to an ambient RI range between 

1.30-1.44RI to verify the theoretical expectations and investigate various 

coating parameters. These parameters include simulating coating RIs 

between 1.50–1.90RI at coating thicknesses between 0.50-0.54µm. 

• Synthesis of a stable CNT solution suitable for spray coating. 

• Fabrication and Characterisation of CNT optical fibre sensor with various 

coating durations at lengths of 1 cm and 3 cm. 

• Real-time Measurement of varying dextrose solution concentrations with an 

RI range of 1.3335-1.3789RI to verify the functionality of the fabricated CNT 

optical fibre sensors. 

1.3 List of Publications 

• Minglong Zhang, Iek Cheong Lam, Arun Kumar, Kin Kee Chow, Peter Han Joo 

Chong. Optical environmental sensing in wireless smart meter network. AIMS 
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Electronics and Electrical Engineering, 2018, 2(3): 103-116. doi: 

10.3934/ElectrEng.2018.3.103 

• Chow, K.K. and Lam, I.C., 2018, December. Carbon Nanotubes Deposited 

Optical Fibers for Continuous Refractive Index Sensing Applications. In 2018 

IEEE British and Irish Conference on Optics and Photonics (BICOP) (pp. 1-4). 

IEEE. 

1.4 Thesis Structure 

This section presents and details the organisation of the presented thesis. 

Chapter 2 provides a comprehensive literature review, starting with a background 

analysis of existing liquid chemical sensing technologies. The study then moves 

on to studying Optical fibre sensors in terms of their theory, working principle 

and existing hybrid Optical fibre sensors. 

Chapter 3 discusses the various CNT coating methodologies, evaluating their 

advantages and disadvantages. It further explains the rationale for the adopted 

methodology used for the fabrication in Chapter 5. 

Chapter 4 models various carbon nanotube coated long-period fibre gratings that 

are subjected to simulation in an ambient environment of different RIs. The 

simulation intends to analyse the effects of an additional layer of darker material 

around the cladding and compare it with different RIs and thicknesses of the 

coating. The chapter concludes by discussing the variations of coated long-period 

fibre grating (LPFG) with optimal sets of parameters identified. 

Chapter 5 presents the physical fabrication and practical experimentation of the 

carbon nanotube coated single mode fibres. It discusses how a stabilized coating 



Introduction 

6 
 

solution is synthesized and the chosen variation for this research. The chapter 

further details the experimentations to integrate the coated fibre into the RI 

sensing setup, characterisation and discussion of the fabricated fibres. 

Chapter 6 concludes this thesis with a discussion on future potential directions 

and expansions that are envisioned by this work and to contribute more valuable 

studies to the literature. 
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2 LITERATURE REVIEW 

2.1 Liquid Chemical Monitoring Technologies 

Currently, existing methodologies and techniques are designed to detect aqueous 

chemical concentrations used across various industrial, environmental and 

laboratory settings. Examples include ultraviolet–visible spectroscopy (UV-Vis), 

electrochemical sensors, ultrasonic sensors and optical sensors (Ahmed et al., 

2020; Y. Kim et al., 2024). Each type of sensor operates with a distinct set of 

sensing principles and can differ considerably from one and another due to their 

applications (Szulczyński and Gębicki, 2017; Zainurin et al., 2022). 

2.1.1 UV-Vis Spectroscopy  

UV-Vis spectroscopy analysis is a commonly used analytical technique in diverse 

fields of chemistry, from environmental monitoring to food industries (F. Haque 

et al., 2021; Khalid et al., 2024). The technique can provide both quantitative 
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and qualitative analysis of chemical species in a particular sample by measuring 

the amount of light absorption at specific wavelength. The principle of UV-VIS 

relies on the Beer-Lambert Law that relates the amount of light absorbance to 

concentration.  

 𝐴 = 𝜀𝑐𝑙  (1) 

Where 𝐴 represents absorbance, 𝜀 is molar absorptivity, 𝑐 is the concentration 

of the analyte and 𝑙 is the optical path length. As light from a broadband source 

in the UV-VIS range passes through a liquid sample, certain wavelengths are 

absorbed by the molecules. A detector would measure the transmitted light 

intensity and compares it to the incident light to obtain the amount of absorbance. 

The absorbance spectrum (absorbance against wavelength) reveals the 

characteristic peaks of specific chemical species or functional groups (Y. Guo et 

al., 2020; Ríos-Reina and Azcarate, 2022). 

 UV-Vis spectroscopic analysers stand out for their non-destructive, rapid, 

efficient and cost-effective capabilities (Shi et al., 2022; Sudharshan and Swetha, 

2023; Khalid et al., 2024). The sensor’s dependence on the Beer-lambert laws 

provides a robust framework for quantitative analysis, which makes them 

indispensable in industrial quality control and research applications (González-

Morales et al., 2020; Sudharshan and Swetha, 2023; Qi et al., 2024). For 

industrial applications, UV-Vis Analysers are found to be an effective on-line 

replacement for biochemical oxygen demand analysers as they utilise wet-

chemical procedures for determining the levels of organic material in wastewater, 
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which is known to produce further chemical wastes (Van Den Broeke et al., 2006; 

Liauw et al., 2010; Kirsanov et al., 2017). 

Despite the widespread use of UV-Vis spectroscopy, they possess certain 

limitations. A primary challenge of the technology is their selectivity, where 

chemical compounds with similar chromophores can have overlapping absorption 

bands, which can lead to ambiguous results, especially from interfering 

substances. In addition, UV-Vis spectroscopy is unable to deal with 

concentrations outside the Beer-Lambert Range. Furthermore, due to the 

working principle of UV-Vis spectroscopy, turbidity can cause light to scatter and 

have increased absorption, which can lead to erroneous results (Moonen and 

Diederich, 2004; Mäntele and Deniz, 2017; Qi et al., 2024). 

In the recent years, significant studies and advancements have been made in 

UV-Vis spectroscopy technologies including the miniaturisation of the device 

(Pena-Pereira et al., 2011), enhanced data processing techniques (Y. Guo et al., 

2020) and an improved prediction model (Guan et al., 2024) to improve the its 

overall functionality and reducing noise interferences. 

2.1.2 Electrochemical Sensors (Potentiometric & Amperometric) 

The intoxicating agent ethanol is found in beers and wines is one of the main 

compounds that Electrochemical (EC) sensors detect; hence, they are commonly 

used in breath analysers. They can also detect industrial chemical compounds 

such as formaldehyde, carbon monoxide, ammonia and ethylene. EC sensors 

usually come in two distinct types, which are either classified as amperometric or 

potentiometric due to the difference in their sensing principle.  
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The structures of EC potentiometric sensors are simple, which makes the 

fabrication process quite efficient. For a traditional configuration, the EC 

potentiometric sensors are mainly membrane-based devices constructed with two 

electrodes and an electrolyte where the activities occur. One of the electrodes 

plays the role of the reference electrode, which is submerged in the electrolyte 

containing the ions of interest at constant activity. The constant activity is due to 

the redox reaction between the VOC analyte and the reference electrode, which 

allows a fixed potential to be set at the reference electrode. The other electrode 

is an ion-selective electrode that will be subjected to perturbations by the 

surrounding medium. The ion-selective electrodes are typically membrane-based 

devices which separate the analyte from the inside of the electrode. When the 

molecules of the VOC analyte pass through the membrane and interact with the 

indicator electrode, a potential will be set at the ion-selective electrode according 

to the concentration of the VOC analyte in the sensing environment. With no 

current flow, the potential difference between the reference and ion-selective 

electrodes can be measured with a high impedance. As the reference electrode 

is constant with a fixed potential, the dissolved ion of interest can be related to 

concentration, which can then be used to obtain the concentration of the VOC 

analyte in the ambient environment (Stradiotto et al., 2003; Berkel and Özbek, 

2024; Toala et al., 2024). 

EC amperometric sensors are also mainly membrane-based, but their sensing 

principle differs entirely from the EC potentiometric sensors, which measure the 

potential difference with no current flow. Instead, EC amperometric sensors apply 

a fixed potential to measure the current response. The structure of the EC 

amperometric sensor is also quite different, as it constructs a potentiostat 
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connected to three electrodes submerged in an electrolyte. An electrochemical 

reaction occurs when the specific VOC analyte molecules diffuse through the 

sensor’s membrane towards the working electrode’s surface. Depending on 

whether the VOC analyte is reduced or oxidised in the reaction, electrons would 

be consumed or released, and as a result, an electric current would be generated. 

The electric current generated from the redox reaction is proportional to the 

concentration of the VOC analyte in the environment. The counter electrode 

balances the reaction at the working electrode, and the electrolyte transports the 

ionic current. The third electrode takes the role of the reference electrode, which 

is used to measure the potential of the working electrode (Stradiotto et al., 2003; 

W.-S. Wang et al., 2010; Szulczyński and Gębicki, 2017; Baracu and Gugoasa, 

2021). 

In both amperometric and potentiometric EC sensors, the measurement process 

depends on a reduction or oxidation reaction. Therefore, it should be noted that 

there is a significant limitation in terms of the EC sensor’s selectivity, as not all 

VOCs are electrochemically active. Furthermore, there are also restrictions on the 

selection of the dopant for the ion-selective electrode (Stradiotto et al., 2003). 

EC Potentiometric sensors have been widely used for decades due to their 

simplicity, rapidity, non-destructive characteristics, and incredibly high selectivity 

towards hydrogen ions. 

In the past, potentiometric sensors have been more widely used, but with the 

increased amount of research towards the EC amperometric sensors. The 

potentiometric sensors are found to be less sensitive and slower when put in 

comparison (J. Wang et al., 1995; Stradiotto et al., 2003). In recent years, there 
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has been increased research towards developing ion-selective electrodes to 

enable the monitoring of selective chemicals and significant miniaturisation of the 

system for wearable technologies (Baracu and Gugoasa, 2021; Pietrzak and 

Wardak, 2021; Yeung et al., 2021; Morawska and Wardak, 2024; Singh et al., 

2024; Ameen et al., 2025). 

2.1.3 High Performance Liquid Chromatography 

High-performance liquid chromatography (HPLC) is a powerful analytical tool for 

separating, identifying and quantifying the individual components within a 

mixture of compounds (BASHARAT et al., 2021; A. H. Ali, 2022). It is commonly 

used along with UV-Vis, fluorescence and mass spectrometry to provide a more 

comprehensive analysis (Lindon et al., 2021; Thomas et al., 2022). The technique 

meets many analytical criteria, such as accurately producing reproducible 

quantitative data with high sensitivity and selectivity (A. H. Ali, 2022). Hence, it 

is widely applied in various industries, including pharmaceuticals, environmental, 

polymer manufacturing and food industries (Kazakevich and Lobrutto, 2006; 

Snyder et al., 2011; A. H. Ali, 2022).  

The technique requires a small sample to be injected into a moving stream of 

liquid, known as the mobile phase, through a column packed with stationary 

phase particles. The mixture of compounds would then exhibit varying degrees 

of retention, allowing each separate component to be analysed (A. H. Ali, 2022; 

Patil et al., 2023). 

Despite being such a strong analytic technique, several drawbacks restrict its 

application. Due to the nature of HPLC's working principle, the analysis is 
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relatively time-consuming with high solvent consumption, which makes it 

inefficient and, most importantly, incapable of real-time and continuous 

monitoring (Dong, 2013; Al-Sanea and Gamal, 2022; Pal et al., 2024). In addition, 

a controlled laboratory environment is required to control temperature and 

humidity, as these can affect the mixture's retention time and separation quality 

(Snyder et al., 2011; A. H. Ali, 2022). 

Nevertheless, HPLC is one of the foundation analytical tools for liquid chemical 

detection, which can resolve highly complex mixtures. The robust methodology 

and precision it provides make it a golden standard for laboratory-based chemical 

sensing. Recent research on the technique has attempted to utilise thin-layer 

chromatography to allow reduced sample requirement, greater efficiency, and 

simultaneous analysis of mixtures. In an attempt to reduce HPLC's drawbacks, 

further developments towards a new approach offer enhanced capabilities such 

as efficiency, speed and resolution (Gope et al., 2024; F. Guo et al., 2024; Papp 

et al., 2024). 

2.1.4 Optical Fibre Sensors 

Optical fibre sensors over the last decade have emerged as a highly promising 

platform for chemical monitoring, particularly for applications that require 

real-time continuous and in-situ capabilities (Khonina et al., 2023; Acharya and 

Kogure, 2024; Wu et al., 2025). These sensors detect variations in the ambient 

environment based on the changes in light parameters. Optical fibre sensors can 

be classified as intrinsic or extrinsic depending on their application (Ochoa et al., 

2021; Zhu et al., 2023). Intrinsically, optical fibres can be used to measure strain, 

temperature, pressure, intensity, phase and wavelength (Anjana et al., 2024; T. 
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Liu et al., 2024; X. Wang et al., 2024; Anjana et al., 2025; H. Wang et al., 

2025).  For extrinsic sensor devices, optical fibre will only be utilised as a carrier 

of the data that relays information from the sensing element outside the optical 

fibre (Gómez-Galdós et al., 2025). The classification of optical fibre sensors can 

also be further broken down into phase or intensity-modulated sensors. Phase-

modulated sensors tend to be an interferometer that provides measurements 

based on phase shifts, whereas intensity-modulated sensors provide 

measurements based on loss in intensity or interactions with the evanescent 

wave (M. Li et al., 2021; Teng et al., 2021). 

Many proposed optical sensing devices were still in the research phase around 

the 1990s (Eguchi, 1992). However, with the increased commercialization of 

optical fibres, optical waveguides and other optical components, there has been 

an increase in popularity towards optical methodologies for various detection 

systems (Khijwania et al., 2005; Alam et al., 2017; Elsherif et al., 2022; Anjana 

et al., 2024). In addition, with the vast variations and modifications that can be 

applied to optical fibre sensors, they have been extensively researched for 

chemical, biological and physical sensing applications (Johny et al., 2021; Ochoa 

et al., 2021; Abeywardena et al., 2024; Whittaker et al., 2025). Furthermore, 

several unique properties and characteristics of optical fibre grants them a high 

affinity towards sensor applications (Eguchi, 1992; Willsch and Bosselmann, 2002; 

B. Lee, 2003; Villatoro et al., 2005; Szulczyński and Gębicki, 2017; Kohli et al., 

2025). 

Whether the optical fibres are applied intrinsically or extrinsically for sensor 

applications, the optical fibres that detect and carry the information through light 
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rays are immune to electromagnetic interferences. Therefore, unlike the typical 

electronic devices that may break and cease to work, external electromagnetic 

disturbances will not degrade the performance of these optical fibre devices. They 

also do not require any electrical contact or current flow to function as a means 

of detection (Eguchi, 1992; Fu et al., 2024; Karimian et al., 2025; Kohli et al., 

2025; Yu et al., 2025).  

As optical fibres do not carry high voltage like copper wires, they are safer for 

use in hazardous and explosive environments. optical fibres can cause ignition if 

the light beam is leaked and strong enough to ignite the explosive gas. However, 

this can be controlled by controlling the intensity and wavelength of the laser 

beam travelling down the fibre (Willsch and Bosselmann, 2002; Villatoro et al., 

2005; Zhou et al., 2015; De Waele et al., 2025). 

optical fibres can be fabricated into very small dimensions while still maintaining 

their robustness allowing their portability in sensor applications (B. Lee, 2003; 

Szulczyński and Gębicki, 2017; Chapalo et al., 2024; C. Li et al., 2024). This allows 

them to be used for detection in normally inaccessible areas without affecting the 

signal’s performance.  

Optical fibres are chemically unreactive, which allows them to be applied in 

chemical and biomedical environments (Zubair et al., 2023; Sundari and 

Edayadulla, 2024; Whittaker et al., 2025). They are also resistant to high 

temperatures, allowing them to be subjected to a range of harsh environments 

(Deng and Jiang, 2022; Ma et al., 2022). Furthermore, optical fibres have a large 

bandwidth, allowing several individual detection points of a terrain can be 
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multiplexed into a fibre cable, which offers the potential for multiple simultaneous 

and continuous detection of analytes (B. Lee, 2003; Anjana et al., 2024). 

2.2 Optical Fibre Sensing Principles and Configurations 

Optical fibres are cylindrical dielectric waveguides that confine and transmit light 

through the principle of total internal reflection. This section will explore the 

fundamentals of optical fibres, the principles that enable their sensing capabilities, 

and configurations that can enhance their overall performance. 

2.2.1 Optical fibre Structures 

Optical fibre cables can be considered photon conductors composed of 

transparent materials such as glass and plastics. Almost all optical fibre cables 

share the same fundamental structure, as shown in Figure 1.  

 

 

Located at the centre axis of the optical fibre is the core, which has a higher RI 

than the cladding that surrounds the core (Selvarajan et al., 2003; Marcuse, 

2012). The buffer between the cladding and the jacket provides mechanical 

isolation, usually containing a lubricant to prevent abrasions. The outer jacket is 

Figure 1 Typical structure of an optic fibre 
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typically made from a polymer possessing several attributes, including flexibility, 

static fatigue, abrasion resistance, moisture resistance, and the ability to be 

stripped. Depending on the jacket’s material, it may also allow operations up to 

500℃ for long durations or even 700℃ for shorter durations (Al-Azzawi, 2017). 

The jacket will prevent cracks from opening on the fibre’s surface which can 

cause a loss of tensile strength (Marcuse, 2012). The typical dimensions of the 

optical fibre cable are: 

 Typical Dimensions (µm) 

Core Cladding 

Fibre Type 1 (Single-mode) 9 125 

Fibre Type 2 (Multimode) 50 125 

Fibre Type 3 (Multimode) 62.5 125 

Fibre Type 4 (Multimode) 100 140 
 

Table 1 Typical core and cladding dimensions of single-mode and multimode fibres 

There are two types of classification of fibres based on the refractive index profile 

of the core, step index and graded index optical fibre. Their relative refractive 

index profiles can be seen in Figure 2. 
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Figure 2 Refractive index profile of step-index and graded-index fibres 

In step-index fibres, the refractive index of the core is unchanged throughout the 

core diameter, but at the core-cladding boundary, there is a sudden change in 

the RI. However, for graded index fibres, the maximum refractive index at the 

centre of the core varies as it moves closer towards the cladding. The types of 

fibres can also be further broken down into single-mode or multimode depending 

on the number of modes the fibre carries (Selvarajan et al., 2003). 

2.2.2 Operating Principles 

All optical fibres function with the concept of total internal reflection, where the 

light source is transmitted down an optical fibre by repeating reflections between 

the core and cladding interface. For angles of incidence less than the critical angle, 

refraction occurs, and for angles of incidence greater than the critical angle, total 

internal reflection occurs. However, for light reflecting near the critical angle at 

the core region of an optical fibre, a significant proportion of the light’s power 



Literature Review 

19 
 

extends into the cladding region. This phenomenon is known as the evanescent 

wave which is what most optical fibre sensors utilise for gas detection (Safira, 

2025). The evanescent wave intensity decays exponentially with distance; hence, 

it only extends to a very short distance from the interface (Ligler and Taitt, 2011; 

Adam and Zhang, 2014; You et al., 2024).  

In some practical sensing applications, a section of the cladding is removed, 

modified or etched to allow the evanescent field to extend beyond the fibre core 

into the external environment. The cladding of the optical fibre normally confines 

the propagating light within the core of the fibre, preventing any significant 

interactions with the external environment. By partially thinning or modifying an 

area of the cladding, the confinement of the guided modes decreases, allowing 

the modal field to expand beyond the core-cladding boundary. The expansion 

increases the fraction of optical power residing in the evanescent field and results 

in stronger interactions with the external environment (Memon et al., 2022; 

Wójcik and Przystalka, 2022). Most optical fibre sensors utilise this phenomenon 

to allow the interaction of the evanescent wave with the surrounding medium, 

causing an absorption to occur. The amount of absorptions the evanescent wave 

experiences can be related to the concentration of the targeted chemical species 

(M. Butt et al., 2017; You et al., 2024; Meng et al., 2025). 

2.2.2.1 Evanescent Wave Theory 

When the angle of incidence is smaller than the critical angle, some of the incident 

wave is transmitted into the cladding medium, and some are reflected back into 

the core, as shown in Figure 3.  
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Figure 3 Diagram showing the reflection and refraction which occurs at the core-cladding interface when 
the angle of incidence is smaller than the critical angle. 

When light propagates through an optical fibre via total internal reflection, the 

electromagnetic waves do not disappear at the core-cladding interface. Each total 

internal reflection event along the fibre generates an evanescent wave where a 

small portion of the guided optical field penetrates the core-cladding interface.  

 

Figure 4 Diagram showing an induced evanescent wave due to a totally internally reflected light ray. 

This decaying electric field is what is known as the evanescent wave where the 

energy is concentrated at the core-cladding interface and does not propagate. As 

the evanescent wave is oscillating continuously, there is no net energy flow over 

a complete cycle of oscillation.  
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2.2.2.2 Evanescent Wave Parameters 

There are various parameters that govern the evanescent wave phenomenon, 

evanescent power and penetration depth are two important parameters that 

needs to be considered for evanescent wave-based sensors (Punjabi et al., 2015). 

• Penetration Depth 

The penetration depth of the evanescent field is the distance in which 

the amplitude of the electric field at the core-cladding interface decays 

to 1/e (36.8%) of its original value (Mirchin et al., 2013; Punjabi et al., 

2015; Götz et al., 2020). The penetration depth can be described by 

equation 2. 

 
𝑑𝑝 =

𝜆

2𝜋𝑛𝑐𝑜√sin2 𝜃𝑖 − (
𝑛𝑐𝑙
𝑛𝑐𝑜

)
2

  
(2) 

• Evanescent power 

The amount of power due to the evanescent field can be approximated 

by calculating the power present in the claddings of a multimode fibre 

(Equation 3). 
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Where 𝑃𝑐𝑙 represents optical power in the fibre cladding, 𝑃𝑇 is the total 

optical power in both core and cladding,  𝑀 is the number of modes 

and 𝑉 representing the V-number. It is clear that with an increase in 

V-number, there will be a reduced fractional of power found in the 
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cladding of the fibre. This makes the V-number selection a very 

important aspect in determining the evanescent power of a fibre optic 

sensor. 

2.2.3 Long Period Fibre Gratings 

Traditionally, the cladding regions will be stripped off or sanded down to allow 

the interactions of the evanescent wave. However, LPFG provides one solution 

for interactions to occur between the surrounding medium and the propagating 

light in the core through the cladding modes without any alterations to the 

mechanical properties of the optical fibre cable. No etching would be required to 

remove the cladding as the gratings itself will permit the coupling of light in the 

core into several discrete wavelengths co-propagating in the cladding region, 

forming cladding modes. 

 

Figure 5 Mode conversion from the fundamental core mode into a forward propagating cladding mode in 
an LPFG 

 

The coupling of the core mode into cladding modes is dependent on the 

phase-matching condition: 

 
𝛽01 − 𝛽𝑐𝑙

𝑚 =
2𝜋

Λ
, 𝑚 = 2,3,4 … (4) 
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Where 𝛽01  is the propagation constant of the fundamental mode, 𝛽𝑐𝑙
𝑚  is the 

propagation constant of the  𝑚𝑡ℎ  co-propagating cladding mode and Λ is the 

grating period of the LPFG. 

Due to the high attenuation of the cladding modes, distinct attenuation bands 

can be observed to be centred at discrete resonant wavelengths in the 

transmission spectrum. These resonant wavelengths can be described by the 

following equation: 

 𝜆𝑟𝑒𝑠,𝑚 = (𝑛𝑐𝑜
𝑒𝑓𝑓

− 𝑛𝑐𝑙,𝑚
𝑒𝑓𝑓

)Λ (5) 

Where 𝜆𝑟𝑒𝑠,𝑚  represents the 𝑚𝑡ℎ  order resonance wavelength, 𝑛𝑐𝑜
𝑒𝑓𝑓

 is the 

effective refractive index of the core, 𝑛𝑐𝑙,𝑚
𝑒𝑓𝑓

 is the effective refractive index of the 

𝑚𝑡ℎ cladding mode. The wavelength of 𝜆𝑟𝑒𝑠,𝑚is dependent on the 𝑛𝑐𝑙,𝑚
𝑒𝑓𝑓

 which is 

also further dependent on the refractive index of the ambient environment. When 

the LPFG is subjected to an ambient environment with a refractive index not 

exceeding that of the cladding, then according to equation 5 the effective RI of 

the cladding will be increased whilst the core’s effective RI remains the same. 

Such an environment will cause a shift of the 𝜆𝑟𝑒𝑠,𝑚  corresponding to the 

surrounding RI. On the other hand, if the RI of the surrounding medium 

possesses a RI higher than that of the cladding, the phase matching condition, 

as shown in equation 4, will no longer be satisfied. As a result, there will be a 

loss of the total internal reflection of the light guided by the cladding of LPFG. 

This behaviour the LPFG exhibits is known to be called radiation modes/leaky 

cladding modes which will be simulated in Chapter 4 for analysis and comparison 

(Chen and Gu, 2012; Tan et al., 2014a; Tan et al., 2015). 
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2.3 Carbon Nanomaterial Integrated Optical Fibre Sensors 

Since the discovery of carbon nanomaterials by Sumio Iijima in 1991, there has 

been an emerging amount of published papers on carbon nanomaterials as they 

have emerged as highly effective components that have become crucial in various 

sensing applications. From the explored search term “carbon nanotube” between 

the years 2000 and 2010, there was a total of 52,224 articles containing the CNT 

concept and 5,746 patents (Golnabi, 2012). Between the years 2010 and 2020, 

a search of the term “ carbon nanotube” on Google Scholar has identified 

approximately 387,000 articles, which signifies the amount of research attention 

that has grown. In the more recent years, carbon nanotube integrated optical 

fibre sensors have persistently attracted a considerable amount of scientific 

interest that is reflected by the consistent volume of research output. The Google 

Scholar search term results for “Carbon nanotubes optical fibre sensors” have 

approximated 7,700 articles published in the year 2022, followed by 7,770 articles 

in 2023 and 7,980 articles in 2024. From alternative databases such as the Web 

Of Science, and semantic scholar, the same search term has identified similar 

publication consistency each year between 2022 to 2024. The sustained 

publication activity highlights the ongoing relevance and broadening of the 

material's applicability across optical fibre sensors.  

Carbon nanomaterials exhibit great potential in chemical sensing applications, 

primarily due to their low-dimensional carbon structures that expose most of their 

atoms to the surrounding environment, offering a high surface-to-area ratio that 

maximises interactions and thus enhances sensitivity. Their excellent electrical 

conductivity, electron mobility and tuneable bandgaps enable rapid and precise 
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responses to changes in the surrounding environment, making them ideal for 

real-time monitoring. Carbon nanomaterials can be functionalized with various 

chemical groups to improve selectivity (Pajuelo-Corral et al., 2022). Additionally, 

carbon nanomaterials are known for their chemical, and thermal stability, 

allowing for continuous sensing applications without significant performance 

degradation over extended period of time (Ayanda et al., 2024; Luo et al., 2024; 

Paramasivam et al., 2024). 

The advantageous properties of these carbon nanomaterials have inspired a 

growing interest in their integration into optical fibre sensor platforms. Novel 

concepts of carbon nanomaterial integrated sensors have been proposed, and 

various approaches are being investigated to achieve a simple, sensitive and 

stable device for a broad spectrum of applications (Abdel-Karim, 2024; S. Kim et 

al., 2024; Rao et al., 2024). Amongst the various forms of carbon structure, 

graphene and carbon nanotubes are most commonly researched with optical fibre 

sensors. This is due to their widespread study over the past two decades which 

has led to a stronger understanding of their properties and practical integration 

methods (Hejazi et al., 2023; Goodrum et al., 2024; Luo et al., 2024). In recent 

years, the focus of the research has been directed to enhancing the sensing 

performance by incorporating these carbon nanomaterials on speciality fibre 

sensing systems such as Mach–Zehnder interferometers (MZIs), fibre Bragg 

gratings (FBGs), and LPFGs. 

When carbon nanomaterials are applied to optical fibre sensors as a coating, they 

fundamentally change the way light propagates within the fibre. The higher RI of 

the material modifies the optical boundaries between the cladding and the 
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external environment, allowing a large portion of the guided light to induce an 

evanescent field that extends beyond the surface of the fibre. This enhanced 

evanescent field interaction allows optical fibre sensors to gain increased 

sensitivity to external RI changes. Chapter 4.2 expands further on the explanation 

of carbon nanomaterials affect optical fibre sensors.  Ultimately, the carbon 

nanomaterial layer acts as an evanescent field enhancer that can be chemically 

functionalised for selective absorption of materials. The optical and chemical 

aspects that the carbon nanomaterial layer plays make them effective for RI and 

chemical detection. 

2.3.1 Graphene 

In the recent years, graphene, has attracted a significant amount of scientific 

interest for the fabrication of sensors incorporated with nanomaterials (Justino et 

al., 2017). Graphene is a single sheet of 𝑠𝑝2 hybridised carbon atoms arranged 

in a honeycomb lattice. What gives the materials such strength is  the σC=C bond, 

which is one of the strongest bonds in materials with a breaking strength of 42 

𝑁𝑚−1 of a defect-free sheet (C. Lee et al., 2008). The weak interactions from the 

𝜋 bonds hold the monolayer graphene sheets together in graphite, allowing the 

layers to slide over each other. Also, the weak bonds are the main reason that 

makes it challenging to separate graphite into its individual layers. However, 

physicists have now managed to mechanically cleave out the graphene sheets 

and isolate the single layer from graphite (D. Li and Kaner, 2008) and 

synthesizing high quality graphene through chemical vapour deposition (CVD) is 

now possible. Although the monolayer of carbon atoms is  the thinnest known 

material, it is also the strongest material ever measured while having transparent, 
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flexible and conductive properties (Bollella et al., 2017). However, for sensing 

applications, the most notable feature of graphene is the structure of the material. 

As it is a strictly two-dimensional material, all of the carbon atoms in a single 

layer of graphene sheet/film are exposed to the environment, which maximises 

the surface-to-area ratio. Another property of graphene is its high electron 

mobility and high specific surface area accompanied by low electrical noise, which 

has contributed to the raised attention in sensing applications over the last few 

years (Demon et al., 2020). For optical fibre sensors, graphene is found to be 

highly compatible in forming thin films on the surfaces of the silica optical fibres. 

Furthermore, the monolayer graphene is highly flexible due to its single atom-

thick structure, allowing it to seamlessly adapt to the curvature of optical fibres 

without detachment and structural degradation from mechanical stress (Tan et 

al., 2015).  

2.3.1.1 Graphene Integrated Mach Zehnder Interferometer Sensors 

A sensor developed based on the MZI detects chemical concentration variation 

by measuring the wavelength shift in the spectral fringe of the interference 

spectrum. In an MZI, light from the broadband source is split into two paths, one 

is the reference path and the other is a sensing path. The sensing path is exposed 

to the surrounding environment which affects the guided light whilst the 

reference path remains isolated from external conditions. Both paths are then 

recombined at an output coupler and thus generates interference fringes. 

 

 



Literature Review 

28 
 

The condition for constructive or destructive interference is dependent on the 

phase difference. 

 
𝜑 =

2𝜋∆𝑛𝑒𝑓𝑓𝐿

𝜆
  (6) 

Where 𝜑 represents the phase difference between the optical paths, ∆𝑛𝑒𝑓𝑓 the 

effective RI difference between the core and cladding, 𝐿  the interferometer 

interaction length and 𝜆 the wavelength of the light from the broadband. 

Destructive interference occurs when the phase difference satisfies the equation: 

 𝜑𝑚 = (2𝑚 + 1)𝜋  (7) 

 

Thus the mth-order interference valley 𝜆𝑚 can be expressed by   

 
𝜆𝑚 =

2∆𝑛𝑒𝑓𝑓𝐿

𝜆
   (8) 

As the wavelength of the mth- order interference valley will be changing with the 

external RI, the effective RI changes causing an observed wavelength shift in the 

interference pattern (Q. Wang et al., 2016; Ahsani et al., 2019; Xia and Zhao, 

2020). Thus the amount of wavelength shift of the mth-order interference valley 

∆𝜆𝑚 can be represented by: 

 
∆𝜆𝑚 =

2∆𝑛𝑒𝑓𝑓𝐿

2𝑚 + 1
   (9) 
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The changes in the interference patterns indicates the variations in the 

environment which can enable precise sensing of physical and chemical 

conditions.. 

In a 2016 paper, a pilot demonstration of a graphene overlayed photonic crystal 

fibre (PCF) for RI sensing applications was presented (Q. Wang et al., 2016). In 

the study, a PCF is spliced in between two single-mode fibres (SMFs) to form a 

PCF-MZI and the sensing element is formed with the deposition of graphene that 

overlays the PCF. The integration of the graphene overlay on the PCF Mach-

Zehnder Interferometer sensing scheme has shown a 16.3% increase in 

sensitivity between the sensing range of 1.3333-1.3737RI.  

For the detection of a specific chemical, ammonia, a study on an all-optical 

interferometric sensor was proposed and developed entirely based on graphene 

and a microfibre hybrid waveguide. The overlay of graphene has allowed a highly 

sensitive detection of the change in ammonia concentration with a resolution up 

to 0.3 ppm achieved. With adjustments to the length and area of the graphene 

on the microfibre, the sensitivity can be further tuned. The proposed sensor 

device demonstrated high sensitivity with fast response, and the resolution was 

mainly limited due to the limitations of the optical spectrum analyser (Yao et al., 

2014). Similarly, in another paper, a graphene coated MZI device was proposed 

for the detection of ammonia and a wavelength shift sensitivity of 3pm/ppm was 

achieved over a linear range of 10-180ppm. (Hao and Chiang, 2017). The 

sensor’s performance can also be improved by adjusting the thickness and length 

of the coating around the optical fibre.  
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Graphene oxide (GO) is a carbon nanomaterial that is further derived down from 

graphene and remains to inherit excellent properties. Graphene oxide can be 

produced in a more cost-effective process and shows greater potential for large 

scale production of Graphene-based functional groups compared to Graphene. 

The various functional groups applied to Graphene such as hydroxyl, carboxyl, 

carbonyl, epoxy etc. allow for selectivity in the gas sensor. A recent study utilised 

a GO coated substrate composed of a single-mode fibre, photonic crystal and 

another single-mode forming a MZI for ammonia sensing has shown remarkable 

response and recovery times with good selectivity and wavelength shift 

sensitivities (Fenjan et al., 2023). In another prior research, a Graphene Oxide 

coated MZI ammonia sensor formed from two MMF and a thin core fibre was 

found to exhibit a high wavelength shift sensitivity of 4.97pm/pmm which is 

higher than the previously mentioned graphene coated MZI gas sensors (Fan et 

al., 2021).  

2.3.1.2 Graphene Integrated Fibre Bragg Grating Sensors 

FBGs are the inscription of a refractive index modulation of the core in the optical 

fibre. As a result, coupling occurs between the propagating and counter 

propagating core mode which forms a spectral peak present in the reflection 

spectrum. The detection of concentration variation of a gas can be derived from 

the amount of wavelength shift in the reflected spectrum. In the past, FBGs based 

sensors have demonstrated a wide range of applications in the literature for 

several physical parameters which include temperature, strain, pressure, bending 

and refractive index detection. In the last few years, the research lines of FBGs 

in optical fibre sensors have progressed towards a new route where coatings and 
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thin films are being applied to enhance their sensitivity and enable selective 

chemical detection. 

In a study, a GO coated FBG sensor was proposed for the detection of ethanol in 

petrol. The sensor has been reported to be able to detect ethanol proportions 

within petrol down to a minimum concentration of 0.5%, which is 10 times lower 

than the concentration detected by an uncoated FBG (P. Kumar et al., 2019). In 

a more recent study, a TiO₂ functionalized reduced graphene oxide (rGO) coated 

on an etched FBG based sensor was proposed for the detection of ethanol 

(Shadab and Raghuwanshi, 2022). The proposed device was found to be better 

than a bare FBG based sensor and a TiO₂ Coated FBG sensor with final 

wavelength shift sensitivities of 5.91nm/RIU in petrol. 

For the detection of nitrogen dioxide NO₂, another FBG sensor was proposed with 

the integration of a rGO coating. The detection mechanism is based on changes 

in the Bragg wavelength caused by the effective refractive index variation of the 

rGO coating induced by the adsorption of the NO₂ molecules at the surface of 

the rGO coating. The device was able to detect NO₂ down to a lower limit of 

0.5ppm with a high sensitivity of 0.8pm/min (Sridevi et al., 2016). 

2.3.2 Carbon Nanotubes 

Aside from Graphene, there have been other carbon-based nanomaterials that 

have shown promising results; these include single-walled carbon nanotubes 

(SWCNTs), double-walled carbon nanotubes (DWCNT) and multi-walled carbon 

nanotubes (MWCNTs). The SWCNTs were initially discovered by Lijima and 

Ichihashi, where they revealed and discussed the synthesis of SWCNTs with a 
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diameter of 1 nm diameter (Iijima and Ichihashi, 1993). SWCNTs can be 

fabricated to have dimensions around 1-2nm in diameters at various lengths. The 

DWCNTs are structured as two concentric carbon nanotubes with the inner tube 

enclosed by the outer tube. Finally, the MWCNTs are structured encased with 

multiple layers of CNTs, with a diameter range between 2nm to 50nm depending 

on the number of layers/tubes it encloses. Between each layer of the tubes, the 

approximate distance is estimated to be about 0.34nm (Ibrahim, 2013). Since 

the discovery of SWCNTs, various research has been conducted on its properties, 

such as depending on the structure of the tubule, the diameter and the degree 

of helical arrangement, it would exhibit variations of properties (Hamada et al., 

1992). In addition, there are studies revolving around the sensitivity of the 

absorption peaks with predictions that the decreasing diameters of SWCNTs, 

would shift the absorption peaks towards the higher energy side of the spectrum 

(Kataura et al., 1999) 

Similar to the other variations of carbon nanomaterials, CNTs are found to be 

highly compatible with silica as the CNTs can form thin films on the surfaces of 

silica which is important for optical fibre sensors (Ferrier and Honeychurch, 2021; 

Nor et al., 2023; Mohan and Negi, 2024). For chemical sensing, they have been 

found to be coated on photonic crystal fibres, LPFG and FBG to enhance the 

interactions with the ambient environment due to the CNT’s unique absorption 

characteristics. 

Currently, chemical vapour deposition (CVD) is regarded as the most promising 

technique for the direct growth and deposition of CNTs onto a substrate (Pant et 

al., 2021). However, the CVD technique is known to consume too much 
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precursors in the process and requires a high temperature environment between 

700-1000°C (X. Liu, 2006; Shoukat and Khan, 2021). Thus, a low-cost, large scale 

deposition of CNTs remains challenging (L. Wang et al., 2025). The challenges 

become more apparent on platforms such as optical fibres which will be discussed 

further in Chapter 3. 

2.3.2.1 Carbon Nanotube Integrated Mach Zehnder Interferometer Sensors 

A significant amount of literature has been found on a graphene MZI sensors as 

discussed in chapter 2.3.1.1, but MZI sensors integrated with CNTs are still in the 

early stages of research. In an earlier paper, a MZI configuration based optical 

setup was proposed with the integration of CNTs for refractive index detection. 

The proposed sensing element of the device consists of a short length of PCF 

sandwiched between two single-mode fibres forming the MZI configurations. A 

thin layer of CNT is deposited around the photonic crystal fibre region. The 

experimentation of the sensing element displayed distinct intensity changes with 

little wavelength shifts across different refractive indexes of solutions between 

1.33-1.42RI. The setup allowed the device to obtain continuous measurements 

and gain immunity from the free spectral range limitations (Tan et al., 2014b). A 

more recent paper, proposed an SWCNT integrated MZI sensor for the selective 

detection of ammonia. The MZI was formed in this design by fusion splicing a 

small section of thin-core fibre between two SMFs. At an ammonia exposure with 

concentrations between 1 to 960ppm, the experimental results show an 

approximately linear relationship in the range of 1-20ppm, which can be a 

potential application for monitoring low concentration ammonia gas 

environments (Huang et al., 2017). 
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2.3.2.2 Carbon Nanotube Coated Fibre Bragg Grating Sensors 

Similarly to Graphene integrated FBG sensors, the literature on CNT-FBG sensors 

is limited. A primary research focus in the recent years for FBG sensors was based 

around the detection of temperature, strain and stress rather than aqueous 

chemicals. Therefore, the integration of a CNT layer that can provide 

functionalisation may not be of use in such scenarios (Alhussein et al., 2025; Lv 

et al., 2025; D. Sun et al., 2025; S. Sun et al., 2025). However, a variety of 

sensors proposed and developed for the detection of various chemical parameter 

have been proposed and developed over the years. A CNT coated FBG sensor 

was proposed for the detection of a broad range of relative humidity (RH). The 

high surface-to-volume ratio of the CNT coating allowed high adsorption of water 

molecules and provided the FBG sensor with a detectable range of RH between 

20-90% with a sensitivity of approximately 31pm/%RH, which is found to be 

much higher than existing bare FBG based humidity sensors (B. N. Shivananju et 

al., 2014). 

In another study, a different variation of FBG sensors was also integrated with 

CNTs (C. Liu et al., 2016). The CNTs were deposited on the tilted fibre Bragg 

grating (TFBG) region of the sensor to investigate both refractive index and 

temperature sensing measurements from the ambient environment. In the field 

of biochemical industries, and environmental monitoring, the measurements of 

these two variables are indispensable processes hence in this particular sensor it 

was ideal to simultaneously measure both variables. With the deposition of CNTs 

on the region of the TFBG, the sensing range of the TBFG is found to have 

extended seven times the original and has enhanced the sensitivity towards the 
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low refractive index regions. From a different paper, a similar CNT-TFBG design 

was proposed showing agreement with the increase in sensitivity (Jiang et al., 

2016).  

For targeted chemical detection, a selective CNT-FBG was proposed and 

investigated for the detection of CO₂ at room temperature. In order to measure 

the CO₂, the CNT coating of the CNT-FBG incorporated a functionalisation group. 

The functionalised CNT-FBG sensor shows improved sensitivity and the ability to 

discriminate target gas amongst various gases (B. Shivananju et al., 2013).   

2.3.2.3 Carbon Nanotube Coated Long Period Fibre Grating Sensors 

As discussed in Chapter 2.2.3, LPFGs provide a solution for maintaining the fibre's 

mechanical strength whilst providing interactions between the propagating light 

in the fibre and the outside medium. A study has proposed a design for RI  where 

CNTs are deposited around the exposed LPFG cladding region of the fibre (Tan 

et al., 2015). The design can allow for a mechanically robust fabrication of an RI 

sensor that requires no fibre tapering or etching with continuous monitoring 

capabilities. The sensor was found to exhibit a sensitivity of 31dB/RIU between 

the an RI range of 1.33-1.38RI. 

In a layer-by-layer assembly of polyelectrolytes-wrapped MWCNT on an LPFG 

sensor, the response has shown pure intensity modulation without wavelength 

shifts between 1.3488-1.4337RI with a high RI sensitivity of 85dB/RIU (Ni et al., 

2019). However, a downside in the sensor design lies in the layer-by-layer 

process which requires long duration with careful control during the dip coating. 

The coating methodology can introduce defects, limited uniformity and 

manufacturing throughput at larger scales of fabrication.  
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2.3.3 Summary 

Both CNTs and graphene have been extensively researched, they offer their each 

and own unique advantages in terms of sensitivity, durability and 

functionalisation which are critical for high-performance sensing applications. The 

choice between CNTs and graphene involves the consideration of various factors, 

including their ease of integration, physical and chemical properties which 

contributes to the overall performance of the sensor. 

While graphene has a high surface area, it remains as a two-dimensional 

structure which cannot be comparable to the level of interactions with analytes 

from CNTs. Both materials can be functionalized covalently and non-covalently to 

enhance sensitivity and selectivity. Functionalisation processes of CNTs are 

typically more straightforward in comparison to graphene functionalisation. 

Graphene is a two-dimensional structure with a single atomic layer which can 

make functionalisation more challenging without degrading its properties. 

Furthermore, due to the nature of graphene there are minimal structural 

modifications that can be applied (Kuila et al., 2012). CNTs in contrast can offer 

adjustments to the diameter and length with chirality control (Tang et al., 2024). 

As a coating, graphene can allow greater uniformity than CNTs due to application 

of their single atomic layers but face challenges related to film continuity, layer 

control and defects that can impact senor performance. 

The carbon nanomaterial coating plays an important role in enhancing the 

evanescent field interaction between the guided light and the surrounding 

medium arising from the contrast in the RI of the coating and the cladding of the 

fibre. The optical coupling induced by the carbon nanomaterials improves the 
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overall sensitivity. A detailed theoretical analysis of the enhanced interaction 

induced by the coating is presented in Chapter 4.2. 

In summary, CNTs offer several advantages over graphene in sensitivity 

functionalisation and structural modifications for chemical sensing applications. 

There are difficulties in achieving efficient, effective and uniform coatings for 

optical fibre platforms. 

2.4 Research Gap 

Chemical sensors for liquids monitoring are crucial to detect and quantify 

chemical substances in various environments. These sensors are vital in industrial 

processes and safety, public safety, healthcare and environmental monitoring. 

Sensors with high sensitivity, real-time and continuous monitoring capabilities are 

highly sought after. Long-established platforms such as UV-Vis spectroscopy, EC 

analysers, and HPLCs have been widely adopted due to their accuracy and robust 

analytical capabilities. However, their ability to be utilised in a remote or in-situ 

environment with continuous monitoring is often restricted by operational 

constraints such as equipment maintenance, calibration and portability as well as 

the need to prepare samples for analysis. 

In contrast, recent advancements in optical fibre sensing technologies have 

offered viable alternatives, particularly due to their small dimensions, ability to 

operate in harsh environments with distributed sensing capabilities and immunity 

to electromagnetic interferences. With the integration of carbon nanomaterials 

such as CNTs, the performance of optical fibre sensors has been further enhanced 

in terms of sensitivity and selectivity. 
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Research into carbon nanomaterial-based optical fibre sensors has expanded 

significantly, with various fibre structures and modifications such as FBGs, LPFGs 

and PCFs. Several studies have demonstrated the enhancements and functional 

benefits of these optical fibre set-ups for chemical monitoring applications with 

high sensitivity. However, much of this work is focused around complex fibre 

geometries, speciality fibres and speciality systems that hinders reproducibility, 

scalability and commercial translation. Furthermore, literature focusing on the 

use of standard single-mode fibres as a base platform remains limited despite 

their simplicity, cost-effectiveness and compatibility with existing fibre network 

infrastructures. 

Carbon nanomaterial integrated optical fibre sensors have shown promising 

results and potential for chemical monitoring. However, several areas remain 

narrowly explored, features that have yet to be uncovered and critical gaps that 

persist in the field:  

• The complexity and scalability of fabrication are primary issues, as 

most carbon nanomaterial integrated optical fibre sensors utilise 

speciality fibre designs and multi-stage coating processes that are not 

easily scalable. For example, the lack of a simplified and reproducible 

approach, such as using commercially available SMFs and simplistic 

coating methodology, limits their practical deployment. 

• The trade-off between functionality and simplicity. There is a 

significant amount of literature in which a high-performance optical 

fibre sensor has been demonstrated using sophisticated systems. 
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However, limited research explores sensor designs that offer 

comparable sensitivity but with higher adaptability.  

• Currently, a significant proportion of literature on optical fibre sensors 

are found to primarily be based on wavelength shifts in response to RI 

as their primary mechanism rather than intensity change. If the 

primary mechanism can function based on intensity change in response 

to RI, the requirement of a high-resolution optical spectrum analyser 

can be eliminated along with the need for advanced computational 

algorithms that are more suited for real-time applications. 

This research aims to address the identified gaps by developing a chemical sensor 

based on the surface engineering of carbon nanotubes onto single-mode optical 

fibres. The use of SMF as the base platform will reduce fabrication complexity 

and allow for scalability. The integration of CNTs will enable intensity-based 

sensing, allowing the research to explore a cost-effective alternative to 

wavelength shift detections and opens the possibility of functionalisation for 

selectivity. In combination, this approach will pave the way for simultaneous, 

field-deployable sensors capable of real-time continuous in-site monitoring across 

various applications, from water quality analysis to environmental monitoring and 

industrial processes.  
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3 COATING METHODOLOGIES 

The integration of CNTs onto optical fibres is a critical step in the development 

of a high-sensitivity chemical sensor. As discussed in the previous sections, CNTs 

offer several advantageous properties, but the literature surrounding their 

coating methodologies remains limited and fragmented. Few studies offer 

quantitative insight on how coating parameters can affect the optical response. 

This section discusses the commonly used CNT coating techniques and their 

applicability for optical fibres. 

3.1 Chemical Vapour Deposition 

CVD is a widely used method for synthesising CNTs. This methodology involves 

the decomposition of gaseous carbon sources at high temperatures in the 

presence of a catalyst to induce the growth of CNTs on a targeted platform 

(Dresselhaus and Avouris, 2001; Meyyappan, 2004; Mukul Kumar and Ando, 
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2010). It is generally found that low temperature CVD of about 600-900°C yields 

MWCNT, and higher temperatures of 900-1200°C favours the growth of SWCNT 

(Mukul Kumar and Ando, 2010). Due to the nature of CVD, high purity of CNTs 

can be grown with precise control over the CNT’s parameters such as length, 

diameter and chirality.  

Despite such outstanding advantages, due to the platform for the coating being 

an optical fibre, there are limitations and restrictions to utilising this technique. 

The primary restriction is the temperature requirement of CVD. Optical fibres are 

typically made from silica, which is sensitive to high temperatures, and exposure 

to CVD can cause structural damage and degradation of optical properties. 

Furthermore, with the low withstanding temperatures of the polymer jacket of 

the SMF-28, it will need to be removed prior CVD.  Removing the jacket at lengths 

exceeding the coating region can lead to the bare optical fibre being highly 

susceptible to physical damage and temperature variations, thus reducing its 

operational lifespan. The jacket of the fibre is usually applied during the 

manufacturing process after the fibre is drawn from the preform. Post-

manufacturing jacketing poses many challenges due to alignment of the fibre 

within the jacket, uniform application of the jacket, thermal effects from the 

curing process of the jacket and contamination of the fibre during its unjacketed 

durations can all cause damage and degradation to performance of the fibre. 

Furthermore, the CNT coating can also be damaged during the rejacketing 

process. Wafer structures are ideal due to their flat planar surface for the uniform 

deposition of thin films using CVD (Madou, 2011). On the other hand, fibres are 

cylindrical with curved surface, making uniform deposition more challenging 

compared to wafers (Wei, 1988).  
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To bypass the temperature issues faced by the optical fibre, CVD can be used to 

first deposit the CNT on a donor substrate first and then use wet/dry transfer 

techniques to migrate the CNTs to the optical fibre (Suk et al., 2011; Cole et al., 

2012). However, these techniques will require highly precise transfer conditions 

to avoid damaging the film and have limited efficiencies in scalability for mass 

production. 

CVD is undoubtedly an advanced technique for the synthesis of highly controlled 

parameters of CNTs but it has poor compatibility with optical fibres and poses 

many challenges that may require complex solutions to overcome. 

3.2 Dip Coating 

Traditional dip coating can be a very straightforward and cost-effective approach 

to coating optical fibres without any complex equipment. The process requires 

the immersion of the optical fibre in a prepared CNT suspension which is then 

withdrawn at a controlled speed before the drying the coated fibre (Spotnitz et 

al., 2004; Jang et al., 2008). Dip coatings typically require elevated drying 

temperatures using an oven to accelerate the drying durations down to 

30minutes or it can take hours and overnight drying under room temperatures 

(Fang et al., 2019). 

The thickness of the coating can somewhat be controlled by the speed of 

withdrawal. Faster speeds of withdrawal can allow for thinner coatings but can 

cause weak adhesion and incomplete coverage, whilst slower speeds can lead to 

thicker but uneven coatings. The layer-by-layer technique can be used to 

overcome inconsistencies for improved coverage of coating by first rinsing loosely 
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bound CNTs and then drying the coated fibre before the next coating application, 

creating a multilayer structure (Rivero et al., 2019). 

3.3 Spray Coating 

Spray Coating is another simplistic approach to coating optical fibres with very 

thin layers of CNTs. The process involves using a spray gun or airbrush to atomize 

a prepared CNT suspended solution into fine droplets to deposit onto the optical 

fibre and then dry (Kim et al., 2010; Kunaraj et al., 2023). The fine atomization 

of CNT suspension can allow even distribution of CNTs over the fibre’s surface 

(Gojny et al., 2004). This methodology is highly compatible with existing 

industrial processes, can be scaled up for mass production, and is adaptable to a 

range of fibre diameters and lengths. In addition, spray coating is a non-

destructive process which does not involve high temperatures or harsh chemicals 

and thus preserves the optic properties of the optical fibre. 

The coating thickness can be controlled through the variation of simple 

parameters such as spray distance, pressure, deposition time and the 

concentration of the CNTs in the CNT suspension. However, there are difficulties 

in achieving a consistent coating thickness across the entire length of the fibre, 

hence it is important ensure the target substrate is centralised within coating 

area. 

3.4 The Methodology Adopted: Comparison and Discussion 

CVD is undoubtedly an advanced technique for the synthesising highly controlled 

parameters of CNTs with high purity which can ultimately allow for a high quality 
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SWCNT-SMF. However, CVD has poor compatibility with the natural material of 

optical fibres, which cannot easily allow the direct growth of CNT onto the optical 

fibres, which ensues a series of additional complex processes. Dip coating can be 

a much more simplistic and cost-effective approach in contrast to CVD, but 

struggles with coverage and precision. Although the coverage can be improved 

through additional layers, the overall coating process can take a long time due to 

the withdrawal speeds and drying times.  

In the fabrication of the SWCNT-SMF in the later Chapter 5, we have chosen to 

adopt the spray coating methodology primarily for its fast, streamlined process, 

efficiency and ease of use, offering a balanced scalability for potential high 

throughput industrial applications. Due to the nature of spray coating there can 

be issues in uniformity. However, with the working principle of our fibre sensor 

being the localized interactions with the evanescent field, the impact of non-

uniformity may not be significant. The primary function of the CNT coating is to 

enhance the interactions between the evanescent field, and the external 

environment, thereby increasing the sensitivity to the surrounding RI of the 

environment. The evanescent field only extends a short distance from the core 

into the cladding and the presence of CNTs should be sufficient for the sensing 

mechanism to function effectively. The huge advantage of evanescent field 

sensors is that they rely on cumulative effects of evanescent field along a length 

of the fibre. Therefore, the overall performance of the sensor depends more on 

the average interactions of the evanescent field and the CNT coating rather than 

the uniformity of the coating. This means that certain localized areas of CNT 

densities can still dominate the sensor response, compensating for areas that are 

uncovered, excessively covered or insufficiently covered. The main concern of 
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the non-uniformity lies only in the possibility of mode transitions to occur at areas 

where the non-uniform thickness far exceeds the thickness tolerances of mode 

transitions. Ultimately, as long as the spray coating methodology can provide 

sufficient balanced CNT coverage around the fibre, even if it is non-uniform, the 

sensor’s performance can remain robust.  
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4 SIMULATION: CARBON 

NANOMATERIAL COATED LONG 

PERIOD FIBRE GRATING 

SENSOR 

4.1 Introduction 

LPFGs provides a solution for permitting interactions between the surrounding 

medium and the propagating light in the core via cladding modes. This unique 

interaction allows the LPFGs to have increased sensitivity to RI changes in the 

surrounding environment. Unlike other speciality fibres such as side-polished 

fibres and tapered fibres, LPFG does not require any mechanical alterations to 

the fibre structure, allowing them to maintain the fibre’s structural integrity and 

long-term stability. When the LPFG sensor is exposed to the surrounding 
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environment with an RI lower than the cladding, the effective refractive index 

(ERI) of the cladding increases, leading to a blueshift in the resonant wavelength 

of the fibre. However, suppose the surrounding refractive index (SRI) exceeds 

that of the cladding. In that cases, the phase-matching condition will no longer 

be satisfied and there will be a loss of internal reflected light, leading to changes 

in the fibre’s transmission properties. 

While various speciality fibres have been derived down from the fundamental 

SMFs and how they are widely used in all optical applications, there has been 

limited exploration into CNT coated SMF for sensing applications. In comparison, 

the integration of CNT coatings on LPFG sensors has garnered more interest in 

recent years. This is primarily due to the enhanced interactions between the 

surrounding medium and the ‘leaky’ modes, which inherently makes LPFGs more 

sensitive to RI changes than the conventional SMFs.  

In this section, we build upon the existing body of knowledge from recent 

literature, offering more in-depth exploration with a comparative analysis to 

better understand the effects of CNT coatings on optical fibre sensors. To 

simulate the CNT-LPFG design, the OptiGrating 4.2.3 software is utilised for its 

powerful ability to simulating grating designs and handle complex optical fibre 

structures through the transfer matrix method. This will help provide insights into 

the unexplored potential of CNT optical fibre sensors and pave the way for a 

novel chemical sensing platform with a simplistic approach. 
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4.2 CNT-LPFG Working Principle  

As discussed in Section 2.2.3.5, LPFGs provide a solution for permitting light 

interactions between the surrounding medium and the propagating light in the 

core through cladding modes without any mechanical alteration. For a CNT-LPFG 

sensor, the addition of a higher RI layer around the LPFG cladding will disrupt 

the fibre’s phase-matching conditions. As a result, the LPFG cladding modes 

become ‘leaky’, leading to changes between all the light interactions in the guided 

fibre core, the cladding, the coating and the surrounding medium.  

 

In this scenario, the CNT-LPFG fibre can be modelled as a four-layer cylindrical 

waveguide (Figure 6) in which the amount of reflectance R at the fibre 

cladding/thin film interface can be expressed by equation 10 (Leveque and 

Villachon-Renard, 1990; Lu et al., 2014). 

 

 

 

 

Figure 6 Schematic illustration of a carbon nanomaterial coated LPFG 
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𝑅 = |
𝑟𝑐𝑙/𝑓 + 𝑟𝑓/𝑒𝑥𝑡𝑒−𝑖𝜑

1 + 𝑟𝑐𝑙/𝑓𝑟𝑓/𝑒𝑥𝑡𝑒−𝑖𝜑
|

2

 (10) 

 
𝑟𝑐𝑙/𝑓 =

𝑛𝑐𝑙 − 𝑛𝑓

𝑛𝑐𝑙 + 𝑛𝑓
 (11) 

 
𝑟𝑓/𝑒𝑥𝑡 =

𝑛𝑓 − 𝑛𝑒𝑥𝑡

𝑛𝑓 + 𝑛𝑒𝑥𝑡
 (12) 

 
𝜑 =

4𝜋

𝜆
𝑛𝑓𝑑𝑓 (13) 

Where 𝑟𝑐𝑙/𝑓 and 𝑟𝑓/𝑒𝑥𝑡 are the reflection coefficients of the cladding/thin film and 

thin film/external medium interfaces respectively. The refractive indices 𝑛𝑐𝑙, 𝑛𝑒𝑥𝑡 

and 𝑛𝑓 correspond to the cladding, external medium and carbon nanotube thin 

film layer, while 𝜑 represents the phase change within the thin film layer of finite 

thickness 𝑑𝑓. The presence of the CNT coating layer of higher RI, enhances the 

evanescent wave interactions with the external medium, thereby improving the 

sensor’s sensitivity towards RI changes.  

The behaviour of the LPFG with a higher RI overlay can be described by the 

phase-matching condition 

 
𝛽𝑐𝑜 − 𝛽𝑐𝑙,𝑚 =

2𝜋

Λ
 (14) 

Where 𝛽𝑐𝑜 =
2𝜋

λ
𝑛𝑐𝑜,𝑒𝑓𝑓 and 𝛽𝑐𝑙,𝑚 =

2𝜋

λ
𝑛𝑐𝑙,𝑚,𝑒𝑓𝑓 are the propagation constants of 

the core and the mth cladding mode, and Λ is the grating period.  
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When the phase-matching condition is satisfied, coupling between the core mode 

and an mth order cladding mode occurs. Equivalently, the resonant wavelength 

λ𝑟𝑒𝑠 can be expressed as 

 λ𝑟𝑒𝑠 = (𝑛𝑐𝑜,𝑒𝑓𝑓 − 𝑛𝑐𝑙,𝑚,𝑒𝑓𝑓)Λ (15) 

Therefore, for a standard LPFG, it can be interpreted that the lower-order modes 

are tightly confined in the cladding, while higher-order modes extend further out 

with greater interaction with the cladding or external environment. In addition, it 

is expected to have multiple resonance bands as several modes may satisfy the 

phase-matching condition. When the RI of the external environment increases, 

then the 𝑛𝑐𝑙,𝑚,𝑒𝑓𝑓 will increase accordingly and thus all resonance bands will shift. 

If we model a LPFG with an overlay of around 1.50RI coating that is slightly 

higher than the cladding, it can be predicted that the cladding modes are still 

mostly guided in the cladding, with only partial evanescent wave penetration into 

the coating. Although the 𝑛𝑐𝑙,𝑚,𝑒𝑓𝑓  of several modes slightly increases it remains 

distinctly below  𝑛𝑐𝑜,𝑒𝑓𝑓, which allows the phase matching condition below to 

satisfy multiple modes (𝑚 = 1, 2, 3, … ). 

 λ𝑟𝑒𝑠

Λ
= 𝑛𝑐𝑜,𝑒𝑓𝑓 − 𝑛𝑐𝑙,𝑚,𝑒𝑓𝑓 (16) 

In such a case, the lower-order modes remain confined in the cladding whilst 

higher-order modes now extend further outwards and penetrate into the coating. 

As the coating has a higher RI, these higher-order modes experience a larger 

increase in 𝑛𝑐𝑙,𝑚,𝑒𝑓𝑓 and changes in the external RI should lead to greater shifts 

in the resonance bands.  
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For an LPFG with a much higher RI coating between 1.60-1.80RI, many cladding 

modes will lose their phase-matching condition. As 𝑛𝑐𝑙,𝑚,𝑒𝑓𝑓 would be much 

higher, many of them may exceed the 𝑛𝑐𝑜,𝑒𝑓𝑓 and they would no longer satisfy 

the phase-matching condition for any real wavelength. That mode would no 

longer be guided by the cladding and would become ‘leaky’ or guided in the 

coating. However, at least one mode still satisfies the condition, and that is the 

lowest-order hybrid mode. The lowest hybrid mode has an effective index just 

below the 𝑛𝑐𝑜,𝑒𝑓𝑓 , so the phase-matching condition remains true at some 

wavelengths. For hybrid modes, part of their optic field lies in the cladding, but 

a large portion lies in the coating instead. As the hybrid mode is confined mostly 

in the coating, there are minimal to no changes in the resonance wavelength and 

leaves only intensity modulation to external RI changes. Although there is only 

one mode that satisfies the phase-matching condition, all the coupling energy 

from the core mode is transferred into that single hybrid mode, which can provide 

deeper resonance. 

Another notable phenomenon of the CNT-LPFG sensor is the mode transition. 

With reference to Del Villar (Del Villar et al., 2006), who proposed the concept of 

mode transition, when the thickness of the overlay reaches a certain value, 

cladding modes will be guided by the overlay. Therefore, with an increase in the 

thickness of the CNT coating, modes guided in the cladding transition into the 

CNT layer. These mode transitions are evident for overlay thicknesses 400-600nm 

and 1900-2100nm in which the higher-order mode replaces the low-order modes 

(Gu et al., 2013). Thus, the amount of enhanced interaction is dependent on both 

the thickness and RI of the CNT layer. 
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4.3 OptiGrating Simulation Methodology 

As we may know, an LPFG is formed through the introduction of a periodic 

refractive index modulation at the core of the optical fibre. Therefore, the 

structural aspects of an optical fibre were initially designed using the OptiGrating 

software. 

 Step-Index Single-mode Fibre Parameters 

 Diameter Refractive Index 

Core 4.1µm 1.46 

Cladding 62.5µm 1.45 

Coating 0.5µm 1.50-2.00 

Ambient Environment 20µm 1.00-1.44 
 

Table 2 Step-index single mode optical fibre parameters 

The structure of the optical fibre is based on a step-index single-mode fibre, with 

a core diameter of 4.1µm with a refractive index of 1.46RI and a cladding 

diameter of 62.5 µm  with a refractive index of 1.45RI. Upon setting the 

parameters of the optical fibre’s structure, another layer around the fibre’s 

cladding is created with a width of 20µm and a refractive index of 1. This layer 

intends to simulate the surrounding ambient environment, air, the fibre is initially 

around. The refractive index of this layer will be changed accordingly to the 

simulation parameters to simulate various ambient environment. 

LPFG Parameters 

Refractive Index Modulation 0.0001RI 

Grating Length 9cm 

Grating Period 246.8 µm 
 

Table 3 Parameters of the Long Period Fibre Grating used in the OptiGrating 4.2.3 software 

The index modulation at the core of the fibre is what defines an LPFG. For our 

design of the LPFG, a sine grating with a uniform refractive index modulation of 

0.0001RI was induced across a 9cm length of the optical fibre.  
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The parameters inputted into the OptiGrating 4.2.3 Software so far have defined 

an LPFG, but in order to simulate a CNT coated LPFG sensor, another layer must 

be included in the design. This layer intends to replicate the carbon nanotube 

coating and is introduced between the cladding of the LPFG and the surrounding 

medium. The typical refractive index CNT in comparison to the silica fibre’s core 

and cladding is much higher with a typically value around 1.50-2.50RI depending 

on their structure density and thickness. To replicate the layer of carbon 

nanomaterial, an additional layer was initially introduced to the fibre parameters 

with a width of 0.5µ𝑚 and a refractive index of 1.7RI.  

The designed CNT coated LPFG will be simulated under an SRI of 1.30-1.44RI to 

investigate the effects of the variation of coating RI and thickness. The SRI 

ranges to be simulated are the typical RI ranges of water, acetone, ethanol and 

kerosene at room temperature. Across all the simulations, all modes between 

LP(0,0) and up to LP(0,10) were included for this particular investigation. 

4.4 Simulation Results 

4.4.1 Uncoated LPFG 

In order to understand the effects of the additional layer of coating, an uncoated 

LPFG was initially simulated to set as a reference for comparison with the rest of 

the simulated parameters.  

For the initial simulation of an uncoated LPFG, the results (Figure 7) have shown 

three clear distinct attenuation bands between the 1.525-1.675µm wavelength of 

the transmission spectral response.  
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Figure 7. Results from an Uncoated LPFG showing the transmission spectral response between 1.5250-
1.675µ𝑚 wavelengths 

The first attenuation band demonstrates a change in transmittivity against the 

change of the SRI between 1.30-1.44RI whilst the second and third attenuation 

band demonstrates both attenuation band shift as well as a transmittivity change 

against the change of SRI. With an increase in the SRI, the second and third 

attenuation band demonstrates a correlation between attenuation band shift and 

a reduction in the attenuation band’s transmittivity. It should also be noted that 

with the change of SRI, there is a greater attenuation band shift and change in 

transmittivity found for the third attenuation band than the second attenuation 

band. 
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Figure 8. Results from an Uncoated LPFG showing the transmittivity response of the first attenuation band 
located at 1.550µ𝑚 wavelength against the SRI. 

With a closer inspection at the first attenuation band as shown in Figure 8, the 

transmittivity response against the SRI change can be described to be in an non-

linear increasing relation. 

4.4.2 Various RI Coatings 

Utilising the fibre and grating parameters outlined in Chapter 4.3 along with the 

simulation methodology provided, this section will display the simulated 

transmission spectral response received from the different RI of coatings between 

1.50-1.90RI at an overlay thickness of 0.5µm, which is subjected to an SRI 

between 1.30-1.44RI. 

4.4.2.1 1.50RI Coated LPFG 

A coating with a refractive index of 1.50RI is only slightly higher than the 

cladding's refractive index. However, an evident change has already been 

observed in the transmission spectral response. As shown in Figure 9a), when a 

1.50RI coated LPFG of 0.5µm thickness is subjected to an SRI between 1.30-

1.41RI, three distinct attenuation bands can still be observed between 1.525-
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1.675µm wavelength of the transmission spectrum. However, when subjected to 

an SRI of 1.42-1.44RI, there is only one attenuation band, which is found to be 

located at the 1.550µm wavelength of the transmission spectrum. 

 

a) 

 

b) 

Figure 9. OptiGrating 4.2.3 simulation results from a 1.50RI Coated LPFG with 0.50µ𝑚 overlay thickness 
showing the transmission spectral response (a) between 1.525-1.675µ𝑚 wavelength (b) Closeup of the 

first attenuation band between 1.525-1.675µ𝑚 wavelength. 

From Figure 9, the first attenuation band remains to have no attenuation band 

shift against the change in SRI and only affects the transmittivity of the first 

attenuation band. The second and third attenuation bands, as shown in Figure 

9a), remain to have a blue shift with the change in RI from 1.30-1.41RI. However, 
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the amount of attenuation band shift against the change in SRI is more apparent 

when compared to the uncoated LPFG. 

 

Figure 10. Results from a 1.50RI coated LPFG of 0.5µm thickness show the transmittivity response of the 
first attenuation band located at 1.550µm wavelength against the SRI. 

The transmittivity response against the change in SRI for the first attenuation 

band can be observed in Figure 10. There is trend of an exponentially increasing 

transmittivity response against the change in SRI between 1.30-1.40RI. However, 

between an SRI of 1.41-1.44RI, a gradual decreasing relationship is observed 

with the transmittivity response. 

4.4.2.2 1.60RI Coated LPFG 

At a coating with a refractive index of 1.60RI, the effects of applying a coating 

with a higher refractive index than the cladding are now clearer, as shown in 

Figure 11. Unlike the transmittivity response received from a 1.50RI Coated LPFG, 

a 1.60RI coated LPFG only has one attenuation band observed at 1.550µm 

wavelength of the transmission spectrum. The attenuation band also has a much 

lower minimum set starting with -46dB being the lowest minimum observed 

(Figure 11b). 
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a) 

 

b) 

Figure 11. OptiGrating 4.2.3 simulation results from a 1.60RI Coated LPFG with 0.50µ𝑚 overlay thickness 
showing the transmission spectral response (a) between 1.525-1.675µ𝑚 wavelength (b) Closeup of the 

first attenuation band between 1.525-1.675µ𝑚 wavelength. 

From Figure 12, apart from the initial transmittivity response from an SRI of 1.30, 

a positive non-linear correlation in transmittivity can be observed from the 

increase in SRI from 1.31-1.44RI. With a much lower minimum observed from 

the attenuation band for a 1.60RI Coated LPFG (Figure 11) than an Uncoated 

LPFG and a 1.50RI Coated LPFG, the amount of transmittivity change against the 

change in SRI is also observed to be significantly higher overall (Figure 12). 
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Figure 12. Results from a 1.60RI coated LPFG of 0.5µ𝑚 thickness show the transmittivity response of the 
first attenuation band located at 1.550µ𝑚 wavelength against the SRI. 

4.4.2.3 1.70RI Coated LPFG 

With a 1.70RI coating, one attenuation band can be observed at the 1.550µm 

wavelength of the transmission spectrum. The attenuation bandwidth observed 

is significantly narrower than that of an Uncoated LPFG, 1.50RI Coated LPFG and 

1.60RI Coated LPFG. The lowest minima of the attenuation band observed from 

Figure 13b is approximately -7.42dB.  
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a) 

 

b) 

Figure 13. OptiGrating 4.2.3 simulation results from a 1.70RI Coated LPFG with 0.50µ𝑚 overlay thickness 
showing the transmission spectral response (a) between 1.525-1.675µ𝑚 wavelength (b) Closeup of the 

first attenuation band between 1.525-1.675µ𝑚 wavelength. 

Despite the minimum of a 1.70RI Coated LPFG being located much higher than 

a 1.60RI Coated LPFG, the separation between each minima in the 1.70RI Coated 

LPFG is quite even as shown in Figure 13b. From a change of viewpoint, Figure 

14 shows the transmittivity response against the change in SRI, which suggests 

a clear linear correlation between an SRI of 1.30-1.44RI. 
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Figure 14. Results from a 1.70RI coated LPFG of 0.5µ𝑚 thickness showing the transmittivity response of 
the first attenuation band located at 1.550µ𝑚 wavelength against the SRI. 

4.4.2.4 1.80RI Coated LPFG 

From Figure 15, the application of a significantly higher coating RI around the 

LPFG also results in the formation of a single attenuation band with a narrower 

attenuation bandwidth and raised minimum level. Observing closely at the 

attenuation peak in Figure 15b, the overall separation between each minima is 

quite even but there is a clear gap showing more transmittivity change between 

the SRI 1.39-1.40RI. 
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a) 

 

b) 

Figure 15 OptiGrating 4.2.3 simulation results from a 1.80RI Coated LPFG with 0.50µ𝑚 overlay thickness 
showing the transmission spectral response (a) between 1.525-1.675µ𝑚 wavelength (b) Closeup of the 

first attenuation band between 1.525-1.675µ𝑚 wavelength. 

Some linear correlation can be observed between the change in SRI against the 

change in transmittivity as shown in Figure 16. However, with the ‘gap’ 

highlighted in Figure 15b, a ‘step’ in the linear correlation can be observed in 

Figure 23. 
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Figure 16. Results from a 1.80RI coated LPFG of 0.5µ𝑚 thickness showing the transmittivity response of 
the first attenuation band located at 1.550µ𝑚 wavelength against the SRI. 

4.4.2.5 1.90RI Coated LPFG 

With a much higher RI coating around the LPFG to 1.90RI, the attenuation 

bandwidth is now the narrowest among all the previous simulated refractive 

indexes of coatings. For a 1.90RI Coated LPFG, only one attenuation band can 

be observed in the transmission spectrum and the minimum of the attenuation 

band observed in Figure 17 is found to be slightly higher than what was observed 

in a 1.70RI and 1.80RI Coated LPFG. 
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a) 

 

b) 

Figure 17. OptiGrating 4.2.3 simulation results from a 1.90RI Coated LPFG with 0.50µ𝑚 overlay thickness 
showing the transmission spectral response (a) between 1.525-1.675µ𝑚 wavelength (b) Closeup of the 

first attenuation band between 1.525-1.675µ𝑚 wavelength. 

Similarly to the 1.80RI Coated LPFG, the separations between each minima of 

the attenuation band from a 1.90RI Coated LPFG are quite even with a single 

separation larger observed within them. However, quite different to the 1.80RI 

Coated LPFG, the larger separation in the 1.90RI Coated LPFG is found to be 

between an SRI of 1.38-1.39RI instead. The particularly larger separation shown 

in Figure 17b, is also clearly outlined as a ‘step’ change in the linear correlation 

from Figure 18.  
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Figure 18 Results from a 1.80RI coated LPFG of 0.5µ𝑚 thickness showing the transmittivity response of 
the first attenuation band located at 1.550µ𝑚 wavelength against the SRI 

4.5 Comparison: Results against Theory 

To evaluate the theoretical expectations of a coated LPFG, various RI coatings 

have been simulated on an LPFG. The simulated results have shown to be 

consistent with the theoretical expectation of a coated LPFG. 

For the results of a 1.50RI 0.5µm coated LPFG, three distinct attenuation bands 

were observed which confirms the expectation that multiple cladding modes 

remains to be phase-matched. The second and third bands exhibited greater 

shifts in the attenuation bands with the change in RI, suggesting greater 

sensitivity. This behaviour further aligns with the theory that the higher-order 

modes experience greater changes of external RI.  

At a 1.60RI 0.5µm coated LPFG, the behaviour shows only 1 single attenuation 

band, this further confirms the theory that the higher RI coating would induce 

stronger coupling that suppresses the higher-order cladding modes as they are 

no longer the phase matched. The remaining single attenuation bands 

correspond to the expected remaining low-order hybrid mode that is weakly 
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guided in the cladding but exhibits a much stronger interaction with the 

transmission spectrum, demonstrating deeper attenuation bands. 

The 1.70RI 0.5µm coated LPFG, similarly to the 1.60RI 0.5µm coated LPFG, 

presents a single attenuation band but with reduced attenuation band depth and 

narrower bandwidth. This behaviour corresponds again to the theory, when the 

coating RI is much greater, the cladding modes are weakly guided and shift 

towards being coating-guided. The reduced attenuation depth and narrow 

bandwidth indicate weaker coupling between the core and cladding modes. This 

means that the hybrid mode for a 1.70RI 0.5µm coated LPFG becomes more 

confined within the coating, reducing spatial overlap with the core mode field, 

causing attenuation band intensity to vary linearly with SRI changes. This linearity 

is consistent at even higher RI of 1.80-1.90R, and corresponds to the theory that 

the coupling is further reduced at higher coating Ris, which weakens the 

sensitivity to SRI changes. 

4.6 Comparison: Amongst Various RI coatings 

To compare the performance of the LPFGs, the transmittivity response against 

the change in SRI across all the simulated RI coatings are compiled together. 

From Figure 19a, there is a much greater change in transmittivity observed in a 

1.60RI Coated LPFG than any other simulated refractive index coatings. In this 

configuration, a coating between 1.60-1.70RI may provide the most sensitivity 

against the change in SRI. However, if there was a linearity requirement in the 

results between the transmittivity against the SRI for the detection of a wide 

range of SRIs 1.30-1.44RI or beyond, then coatings with a refractive index of 
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1.70RI, 1.80RI and 1.90RI maybe more suitable. Further in detail at the 

comparison between these three refractive indexes, as shown in Figure 19b, it is 

clear that a 1.70RI Coated LPFG exhibits greater sensitivity to the change in SRI.  

It can be summarized that some linearity, between the transmittivity against the 

SRI, can be obtained for specific SRI ranges at a coating RI higher than 1.60RI. 

However, with the increase in refractive index of the coatings above 1.70RI, there 

is a decrease in the coated LPFG’s sensitivity against the change in SRI. 
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a) 

 

b) 

Figure 19 Comparison with Different Refractive Indexes of Coatings a) Between 1.50-1.90RI b) Between 
1.70RI-2.90RI 

4.7 Comparison: Coating Thickness 

Under the same fibre and grating parameters outlined in Chapter 4.3 and used 

in Chapter 4.4.2, the coatings of different refractive index (1.50-1.90RI) are 
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simulated under an SRI between 1.30-1.44RI with variations to the coating’s 

thickness of 0.50µm, 0.52µm and 0.54µm. Figure 20 displays the extracted 

transmittivity minima of the 1.550µm wavelength attenuation band (from various 

simulated parameters of different coating refractive indexes and coating 

thicknesses) plotted against the change in SRI. 

For a slightly higher refractive index coating of 1.50RI than the cladding around 

the LPFG (Figure 20a), the variation of the coatings thickness did not appear to 

make any significant changes to the correlation between the transmittivity of the 

minima and the change of SRI. However, with the increase of coating thickness, 

a definite reduction in the intensity minima can be observed.  

At a coating with 1.60RI refractive index, we can see that the variation of coating 

thickness has induced a stronger effect on the correlations (Figure 20b). The 

correlation demonstrating the highest sensitivity to the change of SRI is when the 

coating thickness is set to 0.50µm.  As we increase the coating thickness, the 

sensitivity of the correlations gradually decreases, with a coating thickness of 

0.54µm demonstrating the least sensitivity. 

At a coating of 1.70RI (Figure 20c), the LPFG seems to exhibit a linear correlation 

against the change in SRI and with the increase of coating thickness to 0.52µm 

and 0.54µm would result in a decrease the sensitivity of the LPFG. 
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a) b) 

  

c) d) 

 
e) 

Figure 20 The transmittivity response of the intensity minima at the 1.550µm attenuation band against the 
SRI with variations of thickness (0.50µ𝑚, 0.52µ𝑚 and 0.54µ𝑚) for a) 1.50RI Coated LPFG b) 1.60RI 

Coated LPFG c) 1.70RI Coated LPFG d) 1.80RI Coated LPFG e) 1.90RI Coated LPFG. 

-0.4

-0.3

-0.2

-0.1

0

0.1

1.30 1.32 1.34 1.36 1.38 1.40 1.42 1.44

T
ra

n
sm

it
ti
v
it
y
 (

d
B
)

Surrounding Refractive Index

1.50RI Coated LPFG

0.5µm

0.52µm

0.54µm
-50

-40

-30

-20

-10

1.3 1.32 1.34 1.36 1.38 1.4 1.42 1.44

T
ra

n
sm

it
ti
v
it
y
 (

d
B
)

Surrounding Refractive Index

1.60RI Coated LPFG

0.5µm

0.52µm

0.54µm

-7.5

-7.4

-7.3

-7.2

-7.1

-7.0

-6.9

-6.8

1.3 1.32 1.34 1.36 1.38 1.4 1.42 1.44

T
ra

n
sm

it
ti
v
it
y
 (

d
B
)

Surrounding Refractive Index

1.70RI Coated LPFG

0.5µm

0.52µm

0.54µm
-5.9

-5.8

-5.7

1.3 1.32 1.34 1.36 1.38 1.4 1.42 1.44

T
ra

n
sm

it
ti
v
it
y
 (

d
B
)

Surrounding Refractive Index

1.80RI 0.54µm Coated LPFG

0.5µm

0.52µm

0.54µm

-5.20

-5.15

-5.10

-5.05

1.3 1.32 1.34 1.36 1.38 1.4 1.42 1.44

T
ra

n
sm

it
ti
v
it
y
 (

d
B
)

External Refractive Index

1.90RI 0.54µm Coated LPFG

0.5µm

0.52µm

0.54µm



Simulation: Carbon Nanomaterial Coated Long Period Fibre Grating Sensor 

71 
 

For a 1.80RI coated LPFG with a coating thickness of 0.50µm, the correlation can 

be considered mostly linear with a 'step' change in the correlation as discussed 

in Chapter 4.4.2.4. Although the sensitivity of the LPFG decreases with the 

increase in coating thickness, the 'step' change found present in the correlation 

of a 0.5µm thick coating is not found from thicker coatings of 0.52µm and 0.54µm. 

At a significantly higher refractive index coating of 1.90RI around the LPFG, the 

increase in the coating’s thickness remains to reduce the sensitivity of the coated 

LPFG. Amongst all the simulated variations of coating thicknesses, a correlation 

with no "step' change is only found at a coating thickness of 0.52µm. 

4.8 Discussion 

This section will discuss the key factors influencing the performance variations of 

the CNT-LPFG sensor, with a focus on the trade-offs between sensitivity versus 

linearity, the effects of the CNT coating thickness, abnormalities arising amongst 

the response due to mode transitions and comparison to existing literature.  

4.8.1 Sensitivity vs Linearity 

From the results, it can be observed that a coating of 1.60RI tends to have a 

significantly greater sensitivity in comparison with others RI coatings of the same 

coating thicknesses. Whilst coatings greater than 1.70RI provides linear 

correlations with reduced sensitivity due to weaker coupling between the core 

modes and the hybrid mode as mentioned in Chapter 4.2 and 4.5.  

In reality, for any scalable reproductions, it is very difficult to ensure that every 

fabrication will have a consistent coating of 1.60RI and 0.5µm thickness. As 
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shown in Figure 19, a 0.02µm variation of thickness can lead to a significant 

change in sensitivity and correlation pattern. This means that the manufacturing 

processes must be extremely accurate for reproducibility, or  more complex and 

tailored calibrations must be necessary to facilitate the tolerable differences of 

each fabricated CNT-LPFG sensor. However, if there was an application that 

demands higher sensitivity and precise production is possible, then a coating 

towards 1.60RI and 0.5µm thickness will prove to be more beneficial.  

Linearity in a correlation can be a critical factor for the design, performance and 

mass production of sensors as it can allow for simplified calibration and 

straightforward interpretations. In addition, the importance of linear correlations 

in sensors can also be further dependent on their application and detection 

parameters. For example, if there was a requirement for a large scale production 

of CNT-LPFG sensors with equipment that does not have much control over the 

coating technique, then a coating with higher RI between 1.70RI-1.90RI maybe 

necessary. The higher RI coating can allow for more tolerances to the variation 

of thickness from the coating, as it would only attenuate the sensitivity of the 

sensor without affecting the overall correlation. Alternatively, if more accurate 

deposition methodologies can be made available for larger-scale production, then 

the sensor can gradually be coated with carbon nanomaterials closer to 1.60RI 

to gain greater sensitivity. 

4.8.2 Abnormalities and Mode Transitions 

Throughout various RI coatings, between 1.50-1.90RI, the overall correlation 

relates to a stronger transmittivity response when the coating thickness is thinner. 

However, there are some abnormalities present within these results which 
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appears to shift the correlation abruptly. These abnormalities are particularly 

evident for LPFGs with CNT coatings of 0.50µm 1.60RI,  0.50µm 1.80RI 0.50µm 

1.90RI, and 0.54 µm  1.90RI. Amongst these four particular conditions, the 

somewhat linear correlation appears to have a ‘step’ change. These 

abnormalities or ‘step’ changes can be explained by the theory of mode 

transitions as discussed in Chapter 4.2, in which mode transitions would occur 

when certain thickness of coating is reached. From the results, it can be observed 

by adjusting the coating thickness appropriately, the ‘step’ changes in the 

correlation can be mitigated. This knowledge would be particularly useful for 

designing the coating parameters of a CNT optical fibre sensor as having a 

correlation without any ‘step’ changes can allow for more straightforward analysis 

and calibrations. However, it should be noted that these ‘step’ changes in the 

correlation may not be within the required scope of detection and thickness 

adjustment may not be required due to their irrelevance.  

4.8.3 Comparison to Literatures 

Previous research on carbon nanomaterial coated LPFGs has been focused on 

demonstrating the effectiveness of the coating on LPFG sensors and how it has 

enhanced the sensor’s performance without much consideration of the 

parameters of the coating layer. The results of the simulated CNT-LPFG sensor 

can be compared with existing studies to understand for any alignments and 

discrepancies.  
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Coating RI Coating Thickness (um) RI Detecting Range Sensitivity (dB/RIU ) 

1.50 

0.50 
1.30 - 1.35RI 0.44 
1.37 - 1.39RI 4.65 

0.52 
1.30 - 1.35RI 0.52 
1.37 - 1.39RI 8.05 

0.54 
1.30 - 1.35RI 0.92 
1.37 - 1.39RI 11.75 

1.60 

0.50 
1.31 - 1.33RI 891.50 
1.35 - 1.44RI 108.89 

0.52 
1.31 - 1.33RI 209.00 
1.35 - 1.44RI 74.44 

0.54 
1.31 - 1.33RI 114.50 
1.35 - 1.44RI 58.00 

1.70 
0.50 1.30 - 1.44RI 3.43 
0.52 1.30 - 1.44RI 3.07 
0.54 1.30 - 1.44RI 2.71 

1.80 
0.50 

1.30 - 1.39RI 0.89 
1.40 - 1.44RI 1.00 

0.52 1.30 - 1.44RI 0.86 
0.54 1.30 - 1.44RI 0.71 

1.90 
0.50 

1.30 - 1.38RI 0.38 
1.39 - 1.44RI 0.40 

0.52 1.30 - 1.44RI 0.43 
0.54 1.30 - 1.44RI 0.29 

Table 4 The calculated sensitivities of the simulated CNT-LPFG sensor in correspondence to specific RI 
detecting ranges 

Table 4 shows the calculated sensitivity of each simulated CNT-LPFG for specific 

RI detecting ranges. Amongst the simulated CNT-LPFG sensors, 1.60RI coatings 

exhibit the highest overall sensitivity and 1.70RI coatings was found to exhibit 

the highest sensitivity amongst the CNT-LPFGs with linear correlations.  

 

 

 

 

 



Simulation: Carbon Nanomaterial Coated Long Period Fibre Grating Sensor 

75 
 

Intensity Modulated carbon nanomaterial 
coated LPFG Sensors 

Coating 
Thickness 

RI Detecting 
Range 

Sensitivity 
(dB/RIU ) 

Carbon-nanotube-deposited long period fiber 
grating for continuous refractive index sensor 

applications (Tan et al., 2014a) 

Several 

micrometres 

1.33 - 1.38RI 31 

1.38 - 1.42RI 47 

Layer-by-layer assembly of polyelectrolytes-
wrapped multi-walled carbon nanotubes on 

long period fiber grating sensors (Ni et al., 2019) 
11.421µm 

1.3488 - 
1.4337RI 85 

Graphene oxide functionalized long period fiber 
grating for highly sensitive haemoglobin 

detection (C. Liu et al., 2018) 
501.8𝑛m 1.33 - 1.38RI 76.5 

Table 5 Sensitivity of Intensity Modulated carbon nanomaterial coated LPFG Sensors from existing 
literatures. 

Table 5 shows the sensitivities of intensity modulated carbon nanomaterial coated 

LPFG sensors from existing literatures. From the table, it can be seen that the 

coating thickness of the GO-LPFG sensor (C. Liu et al., 2018) is similar to the 

simulated coating thickness. It can also be noted that the RI of the coating layer 

is not identified in the literatures like many other carbon nanomaterial integrated 

optical sensors. As the RI of the coating can be dependent on many factors such 

as the optical density, layered structure and their structural arrangements, it can 

be difficult to identify the RI and absorption characteristics of the carbon 

nanomaterial (Zhao et al., 2004; M. Haque et al., 2006). In addition, if the carbon 

nanomaterial coating is not uniform structurally, there can also be significant 

variations to its effective RI. Furthermore, differences to the simulation can arise 

as the simulation considers the coating as a whole object which does not account 

for the actual complex structural deposition of the carbon nanomaterial around 

the LPFG. However, with comparison to the simulated CNT-LPFG, it can be 

approximated that the coating of the GO-LPFG (C. Liu et al., 2018) has a RI that 

falls within the region of 1.60-1.70RI.  
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For comparison with a CNT-LPFG (Tan et al., 2014a) of similar structural setup 

to the simulation. It can be interpreted that the coating RI also falls within the 

regions of 1.60-1.70RI. However, quite unlike the GO-LPFG (C. Liu et al., 2018), 

the sensitivity of the CNT-LPFG (Tan et al., 2014a) is much lower, this can be 

due to the thickness being several fold thicker. This behaviour corresponds to the 

simulated CNT in which the sensitivity of the sensor is attenuated with the 

increase of the coating thickness. 

4.9 Summary 

In summary, a carbon nanomaterial coated LPFG gas sensor has been simulated 

using the OptiGrating 4.2.3 software and with the introduction of the carbon 

nanomaterial layer, an intensity modulated CNT-LPFG can be realised. The 

simulation has provided valuable insights into its potential for real-time chemical 

monitoring. The results have indicated that the integration of a carbon 

nanomaterial layer onto the optical fibre will significantly enhance the sensor’s 

sensitivity, which is a key factor in improving the accuracy and responsiveness of 

the sensor to varying chemical concentrations. The simulations of various coating 

parameters demonstrates the interplay between sensitivity, linearity which 

highlights the potential trade-offs that must be carefully balanced in the sensor’s 

for optimal performance according to its application. 

The RI of the coating was found to influence the sensor’s overall performance. A 

1.5RI coating would still enable the LPFG to exhibit wavelength modulated 

behaviour. However, the sensitivity to SRI changes  and is significantly enhanced 

in comparison to an uncoated LPFG. With RI coatings greater than 1.60RI, in 

which the characteristics of carbon nanomaterials come into play, the LPFG 
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sensor would begin to exhibit intensity modulated behaviour which can allow for 

more simplistic analysis and computation methodologies. Amongst the range of 

coating RI simulated, 1.60RI exhibits the greatest overall sensitivity across an 

SRI range of 1.30-1.44. However, dependent on the requirement, RI coatings 

between 1.70-1.90RI provides a linear correlation that can allow for more 

simplistic calibrations for mass manufacturing scenarios. 

Overall, the simulated sensing scheme validates the potential of CNT-LPFG 

sensor for chemical sensing, whilst pointing out crucial areas for improvement in 

sensor design from optimisation of coating thickness to management of mode 

transition effects. These findings provide a strong foundation for future 

experimental work.  
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5 FABRICATION OF SWCNT-
SMF SENSOR 

5.1 Introduction 

In this chapter, we propose a design, fabrication methodology and experimental 

evaluation of a single-walled carbon nanotube coated single mode fibre (SWCNT-

SMF) sensor for chemical detection. Building upon the theoretical ground work 

and simulation studies in Chapter 2-4, the goal here is to realize a simplistic, 

compact and sensitive single point invasive optical fibre sensor for real-time 

continuous monitoring of chemical concentration based on the variation of RIs 

In Chapter 4, the simulations were conducted to investigate the transmission 

characteristics of a CNT coating and develop a theoretical foundation for 

understanding how the CNTs interact under widely studied fibre platforms such 

as the LPFGs. In addition, as LPFGs enhance the sensitivity of a fibre, it allows 
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more pronounced correlations to be analysed, making it more suitable for 

theoretical investigations of coating parameters such as refractive index (RI) and 

thickness that could be subtle in an SMF. The setup simulated a broadband light 

source connected to a coated LPFG and then a spectrometer. This configuration 

enabled the analysis of the transmission spectra across a range of SRI.  

Furthermore, the simulation was to address an experimental limitation, as the RI 

of the CNT coating on the SMF may not be directly measurable due to the non-

uniformity of the spray-deposited layer. To accommodate this uncertainty, 

coatings with 1.50-1.90RI and thicknesses of 0.50-0.54µm were simulated with 

comparison to existing literature. This allowed the simulation to provide a 

reference that can be used to interpret the experimental results, even when the 

actual coating RI is unknown and to hypothesise the effects on an SMF. The 

simulation also provided a coating thickness of 0.50µm as an effective region that 

maximised the intensity modulation. These insights were directly applied in the 

experimental design, where a 0.50µm coating thickness was targeted to verify 

that the effects would be similar on an SMF.  

The experimental work in this chapter employs a reflection-based configuration. 

The setup consists of a broadband source connected to a circulator and an 

SWCNT-SMF that is immersed in a dextrose solution of varying concentrations. 

The fabricated SWCNT-SMF will primarily target a coating thickness of 0.50µm. 

The SWCNT-SMF sensor system intends to provide a proof-of-concept that the 

intensity modulated behaviour and optical enhancement properties from the 

SWCNT would remain effective on a SMF. 
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The SWCNT-SMF configuration offers several advantages compared to the 

simulated coated LPFG configuration. The SWCNT-SMF configuration would be a 

single-point reflective-based sensor allowing for minimally invasive, compact and 

easily deployable sensing, which is beneficial to restricted and confined 

environments. Furthermore, the simple structure of an SMF eliminates the need 

for complex grating fabrications to form an LPFG. 

The following sections will outline the step-by-step procedures for the optical 

fibre preparation, deposition of CNT onto the fibre, and the sensor system 

assembly. The SWCNT-SMF sensor will be subjected to real-time detection of 

varying dextrose concentration levels, which will provide performance details for 

evaluation and comparison. 

5.2 Experimental Methodologies 

This section will detail the methodologies used for the fabrication of the fibre 

sensor probe, characterisation of the CNT deposition and the RI sensing 

experimentation of the fabricated SWCNT-SMF fibres. 

5.2.1 Fibre Sensor Probe Fabrication Methodology 

The sensor probe’s fabrication can be broken into three primary stages: the 

preparation of the fibre, CNT coating solution synthesis and the spray coating.  

5.2.1.1 SMF Preparation 

The fundamental structure of the sensor probe is based on a Thorlabs SMF-28 

Fibre with a core and cladding diameter of 8.2µm and 125 ± 0.7µm respectively. 

A SMF will provide a simple yet robust platform with low susceptibility to 
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environmental perturbations compared to delicate structures such as LPFGs, 

FBGs, tapered fibres and side polished fibres. Additionally, the use of SMFs can 

allow the ease of deployment into existing optical infrastructures and 

telecommunication networks which can ultimately detect chemicals at multiple 

remote regions simultaneously. 

Initially, a 0.5m length of fibre is cut from a reel of SMF-28 using Kevlar Cutting 

Shears. The jacket at both ends of the 0.5m SMF-28 is removed for a length of 

6cm with a Fibre Stripper. As there is a buffer coating on this particular fibre, a 

Thorlabs T06S13 Fibre Buffer Stripper is used to remove the coating to expose 

the bare cladding of the fibre. To ensure, that the end face cross-section at both 

ends of the fibre is flat, a fibre cleave is used to cut the excess fibre down to the 

required exposed cladding length of 1cm/3cm. The Fibre is then cleaned with 

some Acetone and optical cleaning tissues. The final prepared fibre is then 

observed with a 10x magnification eye loupe to make sure there are no defects 

along the exposed fibre and end faces. If no defects are present, the fibre is now 

ready to be coated. 

 

Figure 21 Schematic illustration of the prepared SMF 

5.2.1.2 SWCNT Solution Preparation 

The SWCNT solution is a very important aspect of the fibre sensor probe and as 

such there are also many factors that must be considered when making the 

preparations. As discussed in Chapter 3.4, the coating methodology adopted is 
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spray coating. Primarily, the amount of SWCNTs in the SWCNT solution must be 

carefully considered as it can have an impact on the latter coating stage. If there 

are too many SWCNTs they may not be well dispersed and if there are too little 

SWCNTs the fibre may not be coated sufficiently. The SWCNT chosen for creating 

this solution is a Merck SWCNT with a 0.78nm average diameter.  

The base of the solution is first prepared with a 1:1 ratio of de-ionised water and 

Fischer Scientific 99.5% Isopropanol (IPA) by weight in a beaker. The desired 

amount of SWCNT would then be weighed out in a glass jar and the base solution 

would be added to the jar for it to be stirred with a magnetic stirrer for 5minutes 

at room temperature. A lid is placed on the jar of SWCNT solution to prevent any 

splattering and is then placed into an ultrasonic bath for 5minutes to help the 

dispersion of the SWCNTs into the solution. The prepared SWCNT solution is then 

filled into the tank of the spray gun and sprayed on plain paper to observe for 

any issues. 

Further SWCNT solutions have been prepared with an aqueous dispersant from 

Alfa Aesar for comparison. Using a 3ml Pipette, a single drop of the dispersant 

was added for a 100g base solution of IPA-Water. Similarly, the SWCNTs would 

then be added to the IPA-Water-Dispersant (IWD) solution where it would be 

stirred for 5minutes and then sonicated for another 5minutes at room 

temperature. The prepared SWCNT solution with dispersant is then filled into the 

tank of the spray gun and sprayed on plain paper to observe for any issues. 

 



Fabrication of SWCNT-SMF sensor 

83 
 

Table 6 Chemical Component and their corresponding weight percentages of the Aqueous CNT dispersant 

In both prepared SWCNT solutions, with and without dispersant, their 

dispersibility and stabilisation will be analysed. 

5.2.1.3 Coating Stage  

The coating stage can be commenced once the two core components, the SMF 

and SWCNT solution, are prepared. The platform in which the coating takes place 

consists of a hot plate placed flat vertically as the heated backboard with a glass 

plate adhered directly on top to act as the surface on which the coating occurs 

on. The SMF samples with the prepared coating end of the fibre would be 

sandwiched between two glass slides and secured with thermal tape. Up to 5 

fibre samples can be placed on the glass slide at a time with each fibre sample 

separated by a fibre jacket width. 

Once the samples are secured to the glass slides, it is placed on top of the glass 

plate and held down with some masking tape to lightly secure the position. A 

0.28mm nozzle Harder & Steenbeck Evolution CRplus Two in One Airbrush is 

clamped into position 20cm perpendicularly away, producing a 4cm radii coating 

area around the prepared fibre samples. The airbrush is powered by a Fengda 

FD-186 compressor set to 5PSI for the entire duration of coating. 

CNT Aqueous Dispersant  
Chemical Component Weight Composition % 

Polyethylene glycol branched nonylphenyl ether 50.00 

Water 39.50 

 2,4,7,9-tetramethyl-5-Decyne-4,7-diol 10.00 

2-Butoxyethanol 0.50 
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Figure 22 Example Coating Setup for the prepared SMF-28 Fibre with masking tape on the four corners of 
the glass plate platform for temperature measurements 

The hot plate is then heated till the glass plate reaches 100°C. An infrared 

thermometer is used to measure the four checkpoints of the glass plate to ensure 

that the required temperature is met. The heat is to allow quick evaporation of 

the IPA and water in the SWCNT solution so the SWCNTs can be adhered to the 

cladding of the fibre samples. The airbrush trigger is pressed to allow the 

deposition of SWCNTs for 5seconds with a stopwatch. The sample is then left to 

dry for 5minutes before repeating for two additional deposition and drying 

procedures. The glass slide is then flipped to allow the uncoated side of the fibre’s 

cladding to be deposited for a total of three times as well with 5minutes of drying 

in between. For this fabrication, the coated fibre would be classed as a SWCNT-

SMF with a single coating procedure. SWCNT-SMF samples are then allowed to 

cool down to 30°C before it is removed from the coating platform and stored 

individually for the latter experimentation stages outlined in Chapter 5.2.3.  

For the purpose of the experimentation and analysis outlined in Chapter 5.2.3.1 

and 5.2.3.2, coated lengths of 1cm and 3𝑐m SWCNT-SMF was fabricated with the 

methodology mentioned above to be analysed. As an alternative for comparison, 
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a different set of 1cm and 3cm SWCNT-SMF was created with doubled amount 

of coating durations and another set with quadruple the amount. 

5.2.2 Characterisation Methodology 

To analyse the surface topography of the fabricated SWCNT-SMFs, a Zeiss 

CrossBeam 350 Focused Ion Beam Scanning Electron Microscope (SEM) was used. 

The fabricated SWCNT-SMFs are initially mounted on an SEM specimen stub and 

then inserted into the sample holder.  

 

a) 

 

b) 

Figure 23 Schematic Illustration on SWCNT-SMFs mounted on a) a horizontal adhesive SEM specimen 
stub, b) a vertical adhesive specimen stub 

The SWCNT-SMF samples are then placed into the SEM chamber which is then 

airlocked. The SEM is initially set at an approximate working distance of 6mm 
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and the focus was fine-tuned to achieve maximum clarity on the CNT deposited 

areas of the samples. SEM images are then captured at various magnifications 

for analysis. 

5.2.3 RI Sensing Methodology 

This section provides a detailed methodology to the RI sensing experimentation 

which consists of the preparation of the RI sensor setup and the RI sensing test 

solutions. 

5.2.3.1 RI Sensor Setup 

The RI sensor setup consists primarily of a Thorlabs 6015-3-FC SMF optical 

Circulator (OC) with Port 1 connected to a COMPTYCO AUA-MC-1315 portable 

optical Light Source (OLS) and an Ocean Optics Flame-NIR Spectrometer to Port 

3. Port 2 of the OC is connected to a Thorlabs BFT1 Bare Fibre Terminator with 

a Thorlabs B30126C3 - FC/PC Single Mode Connector to allow the fabricated 

SWCNT-SMF to be connected.  

 

Figure 24 Image of the used equipment with the SWCNT-SMF integrated into the RI sensing setup 
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The theory behind this setup is that the propagating light from the OLS will travel 

down the circulator to the SWCNT-SMF in which the darker material coating of 

SWCNTs around the SMF cladding will enhance the light interaction between the 

ambient environment and the leaky modes of the SWCNT-SMF. The reflected 

light from the SWCNT-SMF would then travel back through the circulator to the 

spectrometer for analysis. 

 

Figure 25 Illustration and model of the SWCNT-SMF sensing element integrated into the RI sensing setup 

For the RI sensing experimentation, the coated end of the SWCNT-SMF will be 

dipped in a test tube filled with 6ml of test solution. The SWCNT-SMF will be 

dipped in de-ionized water for 10s and then allowed to dry for 1minute between 

each test. 

5.2.3.2 RI Sensing Test Solution Preparation 

The test solutions in which the SWCNT-SMF will be submerged in for analysis is 

made from a Sigma-Aldrich G8270 D-(+)-glucose (dextrose). A dextrose solution 

was chosen for its simplicity in adjusting the RI through dilution of an initial 

solution with de-ionised water. An initial 50% concentration (w/v) dextrose 
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solution is made by adding 250g dextrose to a 70°C 500ml de-ionized Water in 

which it is stirred with a magnetic stirrer and kept at a temperature of 70°C for 

30minutes till all particles are dissolved. A 100ml of the 50% concentration 

dextrose solution is taken and diluted down to 40%, 30% 20% and 10% by the 

addition of de-ionized Water with a single channel pipettor. The diluted mixtures 

are stirred for 5minutes at a temperature of 40°C and then transferred to a glass 

jar for storage and later use. A 0% dextrose solution is made from pure de-

ionized Water. Each concentration of dextrose solution is tested with a Kruss 

Optronic DR 201-95 to obtain their corresponding refractive indexes. 

Table 7 The RIs of the various synthesized concentrations of Dextrose solution 

5.3 Experimental Results and Discussion 

This section presents the results from the prepared SWCNT solution, 

characterisation of the fabricated SWCNT-SMF and the RI sensing 

experimentation. 

5.3.1 Prepared SWCNT solution 

Various concentrations of SWCNTs with and without dispersant have been 

synthesized for analysis. The chosen variation of SWCNT solution will be further 

discussed in this section 

Concentration of Dextrose Solutions (w/v) Surrounding Refractive Index 
0% (Pure De-ionized Water) 1.3335 

10% 1.3369 

20% 1.3451 

30% 1.3625 

40% 1.3679 

50% 1.3789 
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5.3.1.1 0.005% SWCNT Solution 

A concentration of 0.005% (w/w) SWCNT solution was prepared as an initial 

attempt to observe its suitability to be used as the coating for the prepared fibre. 

The SWCNT solution was found that even after 5minutes of sonication, there 

remains large amount of SWCNTs that are not dispersed. From observation, large 

amounts of SWCNTs can be seen to adhere to the side of the glass jar and after 

the solution is left to stand for 120minutes, clumps of SWCNTs can be found at 

the base of the jar. 

 

Figure 26 Image of an emptied jar of 0.005% concentration (w/w) SWCNT solution showing severe 
adherence of SWCNTs on the inside with huge clumps of SWCNTs at the base. 

Due to these issues, the concentration will not be uniform throughout the entire 

solution. When the solution is loaded into the spray gun and the trigger is pulled 

in an attempt to spray, the spray gun is immediately clogged. In addition, two 

further sets of 5minute sonication was applied to the SWCNT solution but there 

were no improvements to the dispersion of the SWCNTs and the blockage to the 

spray gun. 

5.3.1.2 0.0005% SWCNT Solution 

For a concentration of 0.0005% (w/w) SWCNT solution, some SWCNTs can be 

visibly observed to be adhered to the insides of the glass jars instantly after 



Fabrication of SWCNT-SMF sensor 

90 
 

synthesis. Upon standing for 120minutes, the SWCNTs appear to split from the 

solution and the transparent base solution of IPA-Water can be observed in some 

areas of the glass jar. Despite the splitting of the SWCNT and base solution 

occurring, some SWCNT remains to be adhered to the insides of the glass jar. 

When the SWCNT solution is sprayed, persistent clogging of the spray gun is 

found to occur after between 3-5 seconds of continuous spraying. 

 

Figure 27 Image of a jar of 0.0005% concentration (w/w) SWCNT solution showing some adherence of 
SWCNTs to the inside surface of the jar with splitting between the SWCNT and IPA-Water. 

Two further sets of 5minute sonication were applied to the SWCNT solution but 

there was no easing of the blockage that occurs to the spray gun nozzle and 

remains to split upon standing over time. 

5.3.1.3 0.00025% SWCNT Solution 

For a concentration of 0.00025% (w/w) SWCNT solution, small amounts of 

SWCNTs can be visibly seen to adhere to the inside of the glass jar. Upon standing 

for just 120minutes the SWCNTs appear to have sunken to the bottom of the 

glass jar with minimal inner surface adhesion and have split itself from the 

solution where the top half of the SWCNT solution is purely the base solution of 

IPA-Water. When the CNT solution is sprayed, clogging of the gun is found to 

occur after 8-20 seconds of continuous spraying. 
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Figure 28 Image of a jar of 0.00025% concentration (w/w) CNT solution showing minor adherence of 
CNTs to the inside surface of the jar and splitting of the CNT and IPA-Water. 

Two further sets of 5minute sonication were applied to the SWCNT solution but 

the solution remains to split upon standing over time and the occurrence of 

blockage remained the same. 

5.3.1.4 0.005% SWCNT Solution with Dispersant 

At a concentration (w/w) of 0.005% of SWCNTs, after 30minute of standing some 

adherence to the inside of the glass jar but no visual splitting of the SWCNTs 

from the IWD solution can be observed. From the naked eye, it is obvious that 

some particles in the SWCNT solution are much bigger than what can be passed 

through the nozzle of the spray gun. 

 

Figure 29 Image of a 0.005% concentration (w/w) SWCNT solution with dispersant that is half-poured 
showing large clumps of SWCNT adherence to the inside of the jar 
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In addition, when the SWCNT solution fully poured to another beaker, some 

clumps of SWCNT can be seen at the bottom of the jar undispersed. 

  

Figure 30 Image of the base of an emptied 0.001% concentration (w/w) SWCNT solution with dispersant 
showing giant clumps of CNTs at the base of the jar 

When the SWCNT solution is loaded into the spray gun to spray, clogging of the 

spray gun begins in 7-15seconds of continuous spraying.  

5.3.1.5 0.0005% SWCNT Solution with Dispersant 

At a concentration (w/w) of 0.0005% of SWCNTs with dispersant, after 

120minute of standing no visual splitting of the SWCNTs from the IWD solution 

can be observed. However, It is obvious that some particles in the SWCNT 

solution are much bigger than what can be passed through the nozzle of the 

spray gun. When the SWCNT solution is transferred to another beaker, there are 

no giant clumps of SWCNTs found undispersed at the bottom of the glass jar. 

Clogging of the spray gun is found to occur between 22-52seconds of continuous 

spraying.  
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Figure 31 Image of a 0.0005% concentration (w/w) SWCNT solution with dispersant showing minor 
adherence to the inside of the jar 

5.3.1.6 0.00025% CNT Solution with Dispersant 

At a concentration (w/w) of 0.00025% of SWCNTs, there is no splitting between 

the SWCNT and the IWD solution with no giant clumps found throughout the 

solution. When loaded in the spray gun, no clogging was found at a continuous 

spray time of 3minutes. Even with further standing of the SWCNT solution as 

long as 24 hours, the CNTs remains well dispersed without splitting and when 

loaded into the spray gun, no clogging was found under the same spraying 

durations 

 

Figure 32 Image of a 0.00025% concentration (w/w) SWCNT solution with dispersant with minimal 
SWCNTs adhered to the inside of the jar. 

5.3.1.7  SWCNT Solution: Choice and Discussion 

Initially, a SWCNT solution composed of just IPA and water was created due to 

its simplicity. However at an SWCNT concentration (w/w) of 0.005%, the spray 
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gun had immediately failed due to large amounts of undispersed SWCNTs that 

has clumped together. In attempt to resolve this issue, reduced concentration of 

SWCNT was used to make the latter solutions. As a result, longer durations of 

spraying can be made with further reduction of SWCNTs. However, such 

reductions came with issues where the SWCNTs in the solution would split from 

the IPA-Water base solution over short amounts of time. This meant that 

although the spray gun could be used for longer continuous durations, the 

SWCNTs in the solution may not be uniformly dispersed which can lead to uneven 

deposition of SWCNTs from the spray gun. 

To improve the SWCNT solution, an addition of an aqueous dispersant was 

explored. At the same initial SWCNT concentration (w/w) of 0.005%, there is 

slightly less adherence of the SWCNTs to the inside surface of the glass jar. 

Although there exist to be some clumps of undispersed SWCNTs that can be seen 

by the naked eye, the size of these clumps is much smaller than the clumps found 

in the SWCNT solution without dispersant. It was found that with a reduction of 

SWCNT concentration (w/w) down to 0.00025%, the solution is found to be more 

dispersed without splitting occurring with the IWD solution and continuous 

deposition can be achieved without any clogging of the spray gun for long 

durations.  

The importance of a well dispersed SWCNT solution is to ensure that all the 

SWCNTs are uniformly dispersed initially throughout the entire solution and so 

that no giant clumps of SWCNTs will clog the spray gun nozzle. If the spray gun 

is clogged, it can take a long duration to clean and will interrupt the coating 

process which further leads to non-uniform coating of the fibres. A well stabilised 
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SWCNT solution is equally important as it will ensure that the initial dispersed 

concentration of SWCNTs remains uniform throughout the entire duration of the 

coating process. From the different variations of SWCNT solutions, the SWCNT 

solution with dispersant and a SWCNT concentration of 0.00025% fits both of 

these requirements and is therefore chosen as the one to be used in the later 

fabrication processes of the sensor element. 

5.3.2 Characterisation of SWCNT-SMFs 

This section illustrates and discusses the SEM surface topography the SWCNT-

SMFs. 

5.3.2.1 Single Coated SMFs 

For a 1µm length of SWCNT-SMF with a single set of coating applied to, there 

are some areas that can be seen to not have been coated entirely and uniformly. 

These uncoated areas appears under the SEM to be ‘reflective’ and is outlined in 

Figure 33. In addition, from the SEM it can be seen that there are large clumps 

of SWCNTs at various locations that are deposited around the fibre with some 

clumps greater than 10µm in width. Regardless, at 10000x magnification as 

shown in Figure 33b the SWCNT can be confirmed to be successfully deposited 

onto the SMF. 
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a) 

 

b) 

Figure 33 SEM Imagery of a 1𝑐𝑚 single coated SMF showing SWCNT deposits and uncoated areas 
(enclosed by the red outline) at a) 1000x magnification b) 10,000x magnification.  

Similarly, for a 3cm length of SWCNT-SMF with a single coating, there are some 

areas, big and small, that remain uncoated. There are also clumps of SWCNT 

around various locations of the cladding but it can be confirmed that the SWCNTs 

have been successfully deposited onto the SMF. 
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a) 

 

b) 

Figure 34 SEM Imagery of a 3𝑐𝑚 single coated SMF showing SWCNT deposits and uncoated areas 
(enclosed by the red outline) at a) 1000x magnification b) 10,000x magnification 

5.3.2.2 Double Coated SMFs 

For a 1µm length of SWCNT-SMF with double amount coating applied to, there 

are no longer any visible areas that can be seen to be uncoated under the SEM 

as shown in Figure 35. It is obvious that there is no clear uniformity in the coating 

and there are many visible large concentrations of deposits at various locations 

with some locations that can be seen to have more layers of SWCNT deposited 

than other areas. However, the SWCNTs have been successfully deposited and 
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remain adhered to the fibre and at 10,000x magnification we can successfully 

see the strands individual strands of SWCNTs. 

 

a) 

 

b) 

Figure 35 SEM Imagery of a 1µ𝑚 double coated SMF showing SWCNT deposits at a) 1000x magnification 
b) 10,000x magnification 

Likewise, for a 3cm length of SWCNT-SMF with double layer coating, there are 

no areas that can be seen to remain uncoated. In addition, there are no 

uniformity in the coating. As seen in Figure 35a, the right side of the fibre SEM 

image can be seen to have more SWCNT deposited and other higher 

concentration SWCNT deposits at various locations around the fibre. However, 



Fabrication of SWCNT-SMF sensor 

99 
 

Figure 36 confirms the successful deposition and adherence of SWCNTs to the 

fibre. 

 

a) 

 

b) 

Figure 36 SEM Imagery of a 3µ𝑚 double coated SMF showing SWCNT deposits at a) 1000x magnification 
b) 10,000x magnification 

5.3.2.3 Quadruple Coating Layer SMFs 

A quadruple coated SMF was fabricated to investigate their properties if an excess 

amount of SWCNTs were deposited on the SMF. The SWCNT coating shown in 

Figure 37a can be seen to not be uniform and there are areas of the coating 

where there are less SWCNT deposited. With such thickness of coating, there 
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appears to be ‘caverns’ in the coating which can be more clearly seen at 10,000x 

magnification in Figure 37b. Despite the non-uniformity and thickness of the 

coating, the SWCNTs have been successfully deposited and remain adhered to 

the fibre. 

 

a) 

 

b) 

Figure 37 SEM Imagery of a 1cm quadruple coated SMF showing heavy deposits of SWCNTs 

Even with a 3cm length of SMF, a quadruple layer of Coating can be seen to be 

successfully deposited and remains adhered to the SMF as shown in Figure 38. 

However, it is obvious that there are holes in the coating on the fibre which 

unfortunately leads to less deposited areas of the fibre at various locations. 
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a) 

 

b) 

Figure 38 SEM Imagery of a 3𝑐𝑚 quadruple coated SMF showing heavy deposits of SWCNTs 

5.3.3 RI-Sensing of SWCNT-SMF 

This section presents the results obtained from the RI sensing experimentation 

of the fabricated SWCNT-SMF with analysis on repeatability, comparison and 

discussion. 
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5.3.3.1 3cm Non-Coated Fibre 

To serve as a reference for the SWCNT-SMFs, a 3cm length of uncoated SMF was 

tested under the RI sensing setup. From Figure 39,  it can be seen that there are 

some changes in the intensity spectra from the spectrometer when the bare SMF 

is dipped in different concentrations of dextrose solution, with more obvious 

attenuation band shifts at the response with 0-30% dextrose concentration tests. 

Most of the intensity spectra peak is found to lie between 1560.552-1577.355nm 

for all tests.  If we take a set of intensity data points situated at 1571.757nm 

across the different SRI test solutions then we can observe the changes of RI 

against the intensity spectra as shown in Figure 40. 
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a) 

 

b) 

Figure 39 Optical Response from the uncoated SMF when subjected to test solutions of various RIs with a) 
showing the whole peak b) zoomed into the peak 

It can be seen that there are two sets of correlation with the first set found 

between 1.3335-1.3451RI and the second set of correlation between 1.3625-

1.3789RI.  

An initial reference spectra was taken based on the ambient air environment and 

it was found to have an optical power intensity count of 13998.62units. However, 

it is unexpected that with an increase of SRI from Air to 20% Concentration of 

Dextrose solution there would be a gain in the response. In addition, it can be 

noticed that the initial response from Air exhibits a slightly larger bandwidth than 

the latter results which can be due modal dispersion as the increase in SIR 
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weakens the light confinement in the fibre. At 1.3451- 1.3625RI, there is also a 

greater loss of optical power in comparison before a gradual gain is made again 

at the second set of correlations with the increase of SRI. 

 

a) 

 

b) 

Figure 40 Intensity Response of the non-coated SMF against SRI at the wavelength point of 1571.757𝑛𝑚 
with error bars based on standard error across 19 samples a) intensity (units) against SRI b) Loss (dB) 

against SRI 

As mentioned in Chapter 4.2 and from simulation, a reason for this can be 

suggested from the theory of mode transitions where it can occur depending on 

the effective refractive index and thickness of the surrounding medium around 

the cladding. Nonetheless, it can be concluded that even for an non-coated 

exposed cladding SMF, there are both intensity and wavelength modulated 

spectral response against the change in SRI. 
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5.3.3.2 1cm Single Coated SWCNT-SMF 

The first sample to be tested is a 1cm single coated SWCNT-SMF and it is clear 

that there is an observable intensity change between the response of the ambient 

air in comparison to the rest of the test solution as shown in Figure 41. The peak 

of these responses is found to all lie between a wavelength of 1543.719-

1594.128nm. 

 

a) 

 

b) 

Figure 41 Optical Response from a 1𝑐𝑚 single coated SWCNT-SMF when subjected to test solutions of 
various RIs with a) showing the whole peak b) zoomed into the peak 

When subjected to the ambient environment of air, the intensity response is 

found to be at an initial 3442.01units at 1571.757nm. By taking the intensity data 

points situated at 1571.757nm across the different RI tests, there seems to be 
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some sort of non-linear gain initially against the increase in SRI but no clear 

correlation can be concluded as shown from Figure 42. 

 

a) 

 

b) 

Figure 42 Intensity Response of the 1cm single coated SWCNT-SMF against SRI at the wavelength point of 
1571.757𝑛𝑚 with error bars based on standard error across 19 samples a) intensity (units) against SRI b) 

Loss (dB) against SRI 
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peaks of these responses were found to lie between a wavelength of 1543.719-

1594.128nm. 

 

a) 

 

b) 

Figure 43 Optical Response from a 3𝑛𝑚 single coated SWCNT-SMF when subjected to test solutions of 
various RIs with a) showing the whole peak b) zoomed into the peaks 

If we take a closer look at a specific wavelength of data points at 1571.757nm, 

the initial reference intensity response of air is found to be 10006.8units as shown 

in Figure 44. However, once submerged in a 0% Dextrose solution (de-ionised 

water) there is an immediate 48.6% drop in intensity. From Figure 44b, a 

correlation can be noticed that with the increase of SRI, there is non-linear  loss 

of intensity from the response of the SWCNT-SMF. 
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a) 

 

b) 

Figure 44 Intensity Response of the 3𝑐𝑚 single coated SWCNT-SMF against SRI at the wavelength point of 
1571.757𝑛𝑚 with error bars based on standard error across 19 samples a) intensity (units) against SRI b) 

Loss (dB) against SRI 

5.3.3.4 1cm Double Coated SWCNT-SMF 

The peaks of the responses for a 1cm double coated SWCNT-SMF were all found 

to lie between a wavelength of 1543.719-1594.128nm. At a glance, Figure 45a 

shows some responses to having a significant drop in intensity with the change 

of SRI but there lies an anomaly in which a 10% dextrose solution seem to lead 

to a gain in the intensity response against the reference response of air. 
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a) 

 

b) 

Figure 45 Optical Response from a 1𝑐𝑚 double coated SWCNT-SMF when subjected to test solutions of 
various RIs with a) showing the whole peak b) zoomed into the peak 

At the specific wavelength of datapoints at 1571.757nm, the initial reference 

intensity response of air was 5989.43units. As seen in Figure 46, there is an initial 

loss in intensity but immediately at a concentration of 10%, there is a massive 

gain in intensity that exceeds the initial reference intensity from the ambient 

environment air before. From 10% dextrose concentration onwards, the increase 

in concentration and RI leads to a non-linear loss of intensity from the SWCNT-

SMF. 
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a) 

 

b) 

Figure 46 Intensity Response of the 1cm double coated SWCNT-SMF against ERI at the wavelength point 
of 1571.757nm with error bars based on standard error across 19 samples a) intensity (units) against SRI 

b) Loss (dB) against SRI 

5.3.3.5 3cm Double Coated SWCNT-SMF 

For a 3cm double coated SWCNT-SMF, it can be observed immediately from 

Figure 47a that there is a great amount of intensity change against the change 

in SRI from the initial reference response of air. There are no anomalies found 

within this particular set of results and the peaks of all responses were found to 

lie between wavelength of 1543.719-1594.128nm. 
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a) 

 

b) 

Figure 47 Optical Response from a 3𝑐𝑚 double coated SWCNT-SMF when subjected to test solutions of 
various RIs with a) showing the whole peak b) zoomed into the peak 

Taking an in depth analysis of the changes of the peaks at the wavelength of 

1571.757nm, the initial intensity response from air as reference was found to 

have an intensity value of 8972.12units as shown in Figure 48a. Overall, this 

particular fibre was found to have a non-linear reduction in intensity response 

with the increase in SRI. 
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a) 

 

b) 

Figure 48 Intensity Response of the 3𝑐𝑚 double coated SWCNT-SMF against SRI at the wavelength point 
of 1571.757𝑛𝑚 with error bars based on standard error across 19 samples a) intensity (units) against SRI 

b) Loss (dB) against SRI 

5.3.3.6 Quadruple Coated SWCNT-SMF 

For quadruple Coated SWCNT-SMF, it has been found that for both 1cm and 3cm 

length of coating, no response was obtained across the various concentrations of 

Dextrose solution nor from the reference air. Figure 49 shows a sample of the 

static noise level response received from the spectrometer across all test 

solutions and air for both lengths of quadruple coated SWCNT-SMFs. 
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Figure 49 Quadruple coated SWCNT-SMFs demonstrating no response and only background noise  

5.3.3.7 Repeatability 

To analyse and understand the overall repeatability of the fabrication and tests, 

3cm double coated fibres were subjected under the same RI tests with results 

shown in Figure 50.  

 

 Figure 50 Results depicting repeated RI tests for 3cm Double Coated SWCNT-SMFs 

Under similar fabrication parameters and test conditions, it can be seen that fibre 

No.1 and No.2 show closely related results in comparison to fibre No.3. Fibre 

No.1 has a sensitivity of approximately -20.886 dB/RIU  and -5.236 dB/RIU 

between the ranges 1.3335-1.3451RI and 1.3451RI-1.3789RI respectively. 
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Similarly, Fibre No.2 has a sensitivity of approximately -20.842dB/RIU and -

5.514 dB/RIU  between the ranges 1.3335-1.3451RI and 1.3451RI-1.3789RI 

respectively. Despite similar results observed for No.1 and No.2, it does not 

necessarily imply that the two fibres have similar coating thickness, coating 

structure nor uniformity. However, it can suggest that the cumulative effect of 

the coating and its overall thickness is similar. Hence, it can suggest that Fibre 

No.3 has greater cumulative effect and thickness which leads to reduced 

sensitivity in comparison. Fibre No.3 is found to have a reduced sensitivity of 

approximately -16.755dB/RIU and -5.236dB/RIU between the ranges 1.3335-

1.3451RI and 1.3451RI-1.3789RI respectively. Although, the fabrication 

parameters and conditions are the same but due to the nature of spray coating 

there are expected inconsistencies in the thickness of the coating across each 

fabricated SWCNT-SMF. These inconsistencies can lead to greater overall 

thicknesses that can attenuate the sensitivity as shown in fibre No.3. 

The repeated fabrication and their tests do not reflect to be exactly identical, in 

particularly with fibre No.3. However, all fabricated fibres are able to function 

effectively with largely similar correlation pattern and sensitivities. Overall, the 

results suggest good repeatability even with a spray coating methodology.  

5.3.3.8 Comparison and Discussion 

In this section, the collective performance of the fabricated SWCNT-SMF and 

uncoated SMF will be put in comparison amongst the simulated LPFG results, 

other fabricated SWCNT-SMF, and against other novel sensing schemes from 

existing literatures. By comparing the differences sensors, we can gain insight on 

the effects of the coating, thickness, length and different sensor systems. 
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5.3.3.8.1  Uncoated SMF vs Simulated Uncoated LPFG 

The initial RI sensing experimentation of a plain uncoated SMF with jacket 

stripped and cladding exposed has shown results similar to the uncoated LPFG 

simulated and discussed in Chapter 4.4.1. The response of the uncoated SMF 

around the 1550 nm  wavelength has confirmed intensity and wavelength 

modulated response variations against the change in SRI. Although there is a 

large difference in RI between air and water, both intensity response remains 

locally around a loss of 0dB. This suggests that the uncoated SMF is not sensitive 

to change in SRI. In addition, this factor is particularly more true when put in 

comparison with the simulated uncoated LPFG. An uncoated SMF is expected to 

have minimal interactions with the surrounding environment, due to its nature in 

confining the guided light within the core of the fibre. However, LPFGs behave 

otherwise, the gratings that induce ‘leaky’ modes allows greater interactions 

between the fibre and the surrounding environment. Therefore, although the 

intensity and wavelength modulated behaviour of the uncoated SMF is found to 

be similar to the uncoated LPFG in simulation, the sensitivity is significantly lower 

as expected.  

5.3.3.8.2 SWCNT-SMF 

With the addition of a single set of SWCNT coating around the SMF the effects of 

the SWCNTs can immediately be noticed. When the SWCNT-SMF is subjected to 

varying concentrations of dextrose solution for testing, no wavelength 

modulations were found between the output spectra of all tests. The intensity 

modulated aspect remains similar for both single and double coated fibre at all 

lengths. Furthermore, there is now a discernible amount of intensity change with 
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the change of SRI from air to water. This change highlights the effects of  the 

SWCNT that enhances interaction between the surrounding environment and 

their potential for sensitive detection of chemicals. Furthermore, the effects show 

alignment to the theory of mode transitions discussed in Chapter 4.2, where by 

depending on the refractive index and thickness of the coating, the cladding 

modes can ‘leak’ into the coating for enhanced interactions with the surrounding 

environment.  

The double coated SWCNT-SMFs were found to exhibit even greater intensity 

drops from the initial air to water test solution. In particular, the fabricated 3cm 

double coated SWCNT-SMF was found to exhibit a sensitivity of -20.82dB/RIU 

and -5.24dB/RIU between the RI ranges 1.3335-1.3451RI and 1.3451-1.3789RI 

respectively.  

When the effective RI of the coating and thickness of the coating far exceeds the 

evanescent field penetration depth, the field cannot effectively interact with the 

surrounding environment beyond the coating. In some cases, the evanescent 

field may only interact with the excess coating material itself. As shown from a 

quadruple coated SWCNT-SMF, there is an upper limitation in the coating 

thickness, in which an over-coated fibre can lead to no response and the sensor 

failing. 

The effects of the SWCNT coating can be observed even at a small coating length 

of 1cm around the cladding of the SMF where there is an discernible amount of 

intensity change from air to water. Despite such sensitivity, there are some 

instabilities observed in the results for a short SWCNT coating length of 1cm. As 

mentioned in Chapter 3.4, the overall performance of a coated evanescent field 
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sensor is dependent on the cumulative interaction effects of the SWCNT coating. 

With the spray coating methodology adopted, the instabilities in the correlation 

can arise due to non-uniform deposition of SWCNT. At such short lengths of 

SWCNT coatings, any inconsistencies can dominate the response of the sensor 

and lead to more noticeable effects from mode transitions which disrupts the 

correlations in the results. However, at an increased SWCNT coating length of 

3cm, which may not always be true, the sudden inconsistencies have a greater 

chance of being mediated by the longer length of consistent coating. Thus, the 

fabricated 3cm double coated SWCNT-SMF have no sudden large gains nor losses 

observed.  

 

Figure 51 SEM imagery of the 3𝑐𝑚 double coated SWCNT-SMF cross-section showing an approximate 
0.5µ𝑚 thick SWCNT coating around the 125 ± 0.7µ𝑚 cladding diameter of the SMF-28 

From Figure 51, we can see that there is an approximate SWCNT coating 

thickness of 0.5µm. This is an approximation to the thickness of the coating, as 

at certain areas down the length of fibre, the coating thickness can suddenly 

exceed 0.5µm with some areas also less than that. However, despite the non-

unform coating, the 3cm  double coated SWCNT-SMF has demonstrated the 

sensitive detection of varying dextrose concentrations. This can suggest that the 
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effects from the non-uniform spray coating can be offset through greater lengths 

of SWCNT-coating due to the increased cumulative effects from the overall 

coating. 

Overall, amongst the fabricated SWCNT-SMF, the 3cm double coated SWCNT-

SMF has demonstrated the most excellent characteristics for chemical detection 

based on SRI changes. 

5.3.3.8.3 3cm Double Coated SWCNT-SMF vs Simulation 

From all the fabricated fibre, a 3cm doubled coated SWCNT-SMF demonstrates 

the most enhanced and most stable correlation in intensity change against the 

change in RI from the test solutions. The 3cm doubled coated SWCNT-SMF is 

found to have an approximate thickness of 0.5µm and exhibit an approximate 

sensitivity of 20.886 dB/RIU  and 5.236 dB/RIU  between the ranges 1.3335-

1.3451RI and 1.3451RI-1.3789RI respectively. This is slightly greater than the 

simulated 1.70RI 0.5µm LPFG from Chapter 4.4.2.3 with a sensitivity of 

approximately 3.4571dB/RIU for the ranges 1.33-1.44RI but significantly less 

than the simulated 1.60RI 0.50µm LPFG from Chapter 4.4.2.2 with a sensitivity 

of approximately 119.73dB/RIU for the same ranges.  

From the simulation in Chapter 4, it is found that for coatings increasing RI above 

1.70RI to have gradually attenuated sensitivity of lower dB/RIU  ranges. 

Therefore, it is likely that the effective refractive index of the SWCNT coating on 

the fabricated 3cm double coated SWCNT-SMF to fall within the ranges of 1.60-

1.70RI. The primary remaining factor that can lead to the difference in sensitivity 

is the presence of a LPFG in the simulation that enhances the evanescent field.  
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In addition, the length of the simulated LPFG was 9cm compared to the 1cm and 

3cm lengths of the fabricated SWCNT-SMF. Longer lengths of coating can have 

varying effects between the evanescent field and the cumulative effects coating 

which can lead to further differences in sensitivity. 

5.3.3.8.4 3cm Double Coated SWCNT-SMF vs Literature. 

In comparison with similar Optical fibre sensors, a previous paper on a fabricated  

CNT deposited LPFG has reported to achieved an approximate sensitivity of 

31 dB/RIU  and 47 dB/RIU  for the ranges 1.33-1.38RI and 1.38-1.42RI 

respectively (Tan et al., 2014a), which is significant greater amount of sensitivity 

than our fabricated 3cm SWCNT-SMF. The fundamental purpose of an SMF is just 

to transmit light over long distances with minimal loss and dispersion quite. In 

contrast, the purpose of LPFGs is to couple light from the core mode of an optical 

fibre to its cladding mode to enable sensitive sensing. With the sensitivity 

enhancements from both the LPFGs and a CNT coating, it is expected that a CNT 

deposited LPFG would provide greater sensitivity than our fabricated SWCNT-

SMF. This contrast would be similar to the Layer-by-layer assembly of 

polyelectrolytes-wrapped multi-walled carbon nanotubes on long period fibre 

grating sensors (Ni et al., 2019) which was found to exhibit a greater sensitivity 

of 103dB/RIU for the ranges 1.37-1.43RI.  

In an alternative approach to RI sensing, a graphene-deposited photonic crystal 

fibre in a fibre-based Mach-Zehnder Interferometer has reported to exhibit a 

sensitivity similar to our fabricated SWCNT-SMF of approximately 9.4dB/RIU and 

17.5dB/RIU for the ranges 1.33-1.38RI and 1.38-1.43RI respectively (Tan et al., 

2015). However, it should be noted that for this approach, the intensity variation 
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from the output spectra was taken from an interference dip at 1577.68nm 

without regards to the wavelength shift that were present. 

5.4 Limitations 

This research has taken a simple yet cost effective approach with high production 

scalability towards the fabrication of a SWCNT-SMF for sensing applications. 

There are some limitations that can be identified from the preparation of the fibre, 

to the synthesis of solution, the spray coating and the RI sensing equipment 

assembly. The first limitation lies in the preparation process of the SMF where 

the outer jacket was removed with a standard mechanical three hole fibre stripper. 

Although these strippers are widely used for their straightforward consistent 

operations, the stripping quality is highly dependent on the operator’s skill and 

applying incorrect pressure can damage the fibre. Due to the damages being 

unnoticeable to the naked eye when stripping the jacket, the fragility of the 

damaged fibre surfaces during the coating stages when they break under the air 

pressure of the depositing spray gun. An alternative to this tool could be the use 

of thermal strippers in which they soften the jacket with heat provide uniform 

stripping of the jacket with less requirement on the manual effort of the operator. 

The spray coating methodology is based on short burst depositions of SWCNT 

solution along with rapid evaporation of the DIW base solution to quickly adhere 

the SWCNTs around the cladding of the fibre. As the SWCNTs are randomly 

deposited without alignment through a spray gun nozzle, it is unavoidable that 

there is minimal control over the deposition volume and thickness of SWCNT. The 

short burst deposition of the SWCNT is manually controlled and timed with a stop 
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watch which can cause minor variations to the actual coated time. Electronically 

timed and activated spray gun system can be implemented to increase the overall 

accuracies in the spray coating duration. In cohesion with the theory of 

cumulative effects in evanescent field sensor, a greater tolerance in the non-

uniform coating has been allowed. However, if greater uniformity coatings can 

be achieved, it can provide further in depth insights to the effects from varying 

precise thickness of coatings. 

In the design of our sensor system for this research, we have chosen to utilise a 

temporal connector to integrate the fabricated SWCNT-SMF. The use of a 

temporal connector was to provide quick and simple integration of the fabricated 

SWCNT-SMF without the need of epoxy and polishing. In addition, they could be 

constantly reused with various other fabricated SWCNT-SMF to ensure cost 

effective experimentations. As a result, they create higher insertion losses and 

are more sensitive to the environmental conditions. Furthermore, in the RI 

sensing experimentation, it has caused some mild disconnection throughout the 

continuous monitoring of the test solutions due to loose alignments and fibre 

tensions. However, this would not be the case for most industrial and commercial 

Optical fibre systems as a fixed fibre connector would be utilised instead. 

5.5 Summary 

In this chapter, the theoretical concept from Chapters 2 and 3 is used to fabricate 

a SWCNT-SMF chemical sensor to detect varying concentrations of dextrose 

solution based on RI changes with real-time continuous monitoring capabilities 
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Initially, two sets of SWCNT solutions, with and without dispersant was 

investigated to ensure the uniform dispersion of CNTs with stability over time 

whilst also meeting the requirements restricted by the spray gun. A SWCNT 

concentration of 0.00025% with dispersant was found to fit the requirements of 

the coating setup and was used for the latter stages. The chosen SWCNT solution 

was then deposited under three different amounts of coatings at coating lengths 

of 1cm and 3cm to assess the effects. The dextrose concentration tests has 

confirmed the enhancements can made through the deposition of SWCNTs with 

upper enhancement limitations restricted by an excess of coating. In particular, 

a 3cm double coated SWCNT-SMF has demonstrated the most stable correlation 

between the intensity response of the spectrometer and the change in 

RI/dextrose concentration which further suggests that, an optimal coating 

thickness and length can be found.  

In conclusion, SWCNT-SMFs with a selective variation of coating parameters was 

successfully fabricated and investigated. The fabricated SWCNTs has confirmed 

intensity modulated RI sensing capabilities with enhanced optical interactions 

without the presence of wavelengths shifts in the output spectra. In addition, for 

all variations of SWCNT-SMF, measurements could be made monitored 

continuously and instantaneously in real-time with the SWCNT-SMFs recovering 

in air at room temperature within 10seconds after being dipped into de-ionized 

water for cleansing. 
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6 CONCLUSION AND FURTHER 

WORKS 

Real-time and accurate measurements are key factors in chemical sensor designs. 

The research presented by this thesis has performed simulations and 

experimental work as a proof of concept for a SWCNT-SMF for chemical detection 

based on RI variations. The novelty and importance of this research have been 

introduced and detailed. This chapter concludes this thesis with various potential 

future research work outlined. 

6.1 Conclusion 

This thesis has demonstrated a clear proof-of-concept for intensity modulated 

SWCNT-SMF sensors with real-time continuous monitoring capabilities for 

chemical detection utilising simplistic, cost effective yet reproducible 

methodologies without speciality fibres. By avoiding complex wavelength-shift 
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analysis, instantaneous response and rapid recovery is realized, the research lays 

the groundwork for a chemical sensor platform that can be integrated into 

existing optical networks for remote detections with functionalisation and 

multiplexing capabilities. 

The simulation studies in Chapter 4 has verified RI sensing capabilities through 

intensity modulated behaviour without any wavelength shifts through the 

application of a coating above 1.60RI. The results suggests that a 0.5µm CNT 

coating with RI between 1.60-1.70RI would offer a maximal sensitivity for 

detecting a SRI range between 1.30-1.44RI. Chapter 5 applies the theoretical 

expectations of the CNT coating onto a SMF. A stabilized 0.00025% (w/w) 

SWCNT coating solution was developed to allow for the deposition on bare SMFs. 

Amongst all variants of fabricated SWCNT-SMFs, the 3cm double coated SWCNT-

SMF has demonstrated the most excellent performance with 20.886dB/RIU and 

5.236 dB/RIU  between the ranges 1.3335-1.3451RI and 1.3451RI-1.3789RI 

respectively. Furthermore, across all trials, the SWCNT-SMFs have shown 

instantaneous response to liquid RI changes with baseline recovery to air within 

10seconds after rinsing. The fabricated 3cm double coated SWCNT has been 

characterized with coating thickness closely matching to the simulated 

parameters which has shown highly detectable and repeatable correlations with 

SRI changes. Given the intensity modulated nature of the sensor and its 

application, environmental factors such as temperature and pressure would have 

insignificant effect on the effective RIs of the optic fibre and the sensor’s 

performance. 
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By demonstrating intensity modulated behaviour, this thesis has eliminated the 

need for speciality fibres, spectrally resolved detection methodologies and more 

complex computational requirements, paving the way for a passive, band-pass-

filter read out systems. The spray-coating methodology developed requires 

minimal specialized equipment whilst fabricating reproducible CNT coatings, 

making it accessible to a wide range of laboratories of all sizes. Moreover, the 

CNT layer can be functionalized with receptor molecules whereby the same 

platform can be tailored to selectively detect a large range of chemicals and 

industrial pollutants at various locations. Thus, the overall sensor platform can 

offer a versatile toolkit for multiplexed sensing networks free from 

electromagnetic interferences. 

6.2 Further Works 

This section discusses the possible future research and developments of CNT 

optical fibre sensors. This includes branching further based on existing work or 

building and scaling up the present sensor design. 

6.2.1 Future Research 

The research conducted so far has provided a robust framework for CNT optical 

fibre sensors. To develop the current portable sensor design, functionalisation of 

the CNT solutions can allow specific analyte CNT Fibres to be fabricated for 

selective chemical detection which is the core motivation of this thesis. The CNTs 

can be functionalized with carboxylic acid groups (CNT-COOH). In such a form, 

the CNT-COOH can then coordinate the metalloporphyrins to form a square 

pyramidal metal complex where a vacant site is opened for the acceptance of 
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chemicals allowing the sensing capabilities. In addition, the porphyrin ring can be 

modified to achieve different selectivity. With the functionalisation, further tests 

can be experimented with the functionalized CNT fibres tested under various 

liquid conditions and ultimately gaseous conditions can be made possible. 

The fibre base used in Chapter 4 was an SMF due to the simplicity, however, for 

optimization and enhancements the fibre base can explore a single point invasive  

LPFG setup. In addition, further fibre platforms such as Fibre Bragg Gratings, 

Photonic Crystal Fibres, Side-polish Fibres etc. can be further explored for their 

individual advantageous properties.   

To branch out the existing methodologies in the fabrication of CNT fibres, more 

controlled deposition of CNTs can be explored with chemical vapour deposition 

of the CNTs. With greater control, optimum coating thickness can be achieved 

for more enhanced optical properties and stable correlations between SRI and 

analyte concentrations. For greater novelty, vertically aligned CNT deposited 

fibres can be explored for any enhancements to the optical sensitivities. 

Ultimately, the design can be scaled up and integrated into a multi-channel 

system where multiple analytes can be remotely monitored in real-time 

continuously. 

6.3 Summary 

Overall, the aims and objectives is achieved in fabricating a sensor for liquid 

contaminants with sensitivities of around 20.886 dB/RIU  and 5.26 dB/RIU 

between the ranges 1.3335-1.3451RI and 1.3451RI-1.3789RI respectively. 

Ultimately, the design can be functionalised, scaled up and integrated into a 
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multi-channel system where multiple selective analytes can be remotely 

monitored in real-time continuously. 
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2. Comparison of sensors 
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3. Fabrication of sensing probe 

��������������������������� ��������������������������������
���������������������������������������������������������������
�������������������������������������������������������������������
����������������������������������������������������������
�������������������������������������������������������������
���� ������������������������������������������������� ����������
�������������������������������������������������������������������
���������������������������������������������������������������
���������������� ����������������������� �������������������
�� ��� ��������������������������������������������� ���������������
����� ������������ ��� �������������������������� ���������� �
������������������������������������������������������������
�������������������������������������������������������������
�����������������������������������������������������������������



�� 

 

AIMS Electronics and Electrical Engineering � �������������������������

������������ �������������������������������������������������
������������������������������������������������������������������
��������������������������������������������������������������� �������
������������������������������������������������������������������
��������������������������������������������������������������������
������������������������������������ ������� ��� ������������
�������������������������������������������� ����������������������
��������������������������

�

�

�

�

�

�

Figure 2�����������������������������������������������
������������������������� ��� �������������������������
����������������������������������������

�
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4. Measurement results of sensing probe 
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5. Wireless sensor network and performance analysis 
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5.1. System model 

�������������������������������������������������������������
���������������������������������������������������������������
����������������������������������������������������������������������
����������������������������������������������������������
��������������������������������������������������������������
���������������� ������������������������������������������
�����������������������������������������������������������������
����������������������������������������������������������
����������������������������������������������������������������
�������������������������������������������������������������
����������������������������������tp�������������������������������
���������������������������

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

1.32 1.34 1.36 1.38 1.4 1.42 1.44 1.46 1.48

V
o
lt
a
g
e
 (
V

)

Refractive Index



��� 

 

AIMS Electronics and Electrical Engineering � �������������������������

p

s

t P
PDR

TN
⸀ � � � � � � � � � � ���

�����������������������������������������������������������
���������������

Table 1���������������������

������� �����

������������������ ����������������

��������� �������

�������������� ����

������������� ���

����������� �����������

���������������

������ ������

���������� � �� �

������������ ���

5.2. Simulation setup 
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5.3. Simulation results 
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Abstract—An optical fiber-based refractive index (RI) 
sensing probe fabricated through optical deposition of carbon 
nanotubes (CNTs) onto the cleaved end face of a multimode 
fiber (MMF) segment, fusion spliced at one end to a single 
mode fiber (SMF), is presented. The interference of the excited 
higher order modes in the MMF segment with the fundamental 
mode led to the formation of various spectral features in the 
resulting output spectrum which were then used as reference 
points for RI measurements. RI perturbations in the external 
environment of the sensing probe could then be characterized 
by variations in intensity of these spectral features with little 
wavelength dependence. The deposited CNTs extended the 
continuous measurement range of the sensor and the 
achievable sensitivity was calculated to be approximately 35.8 
dB/RIU for the RI range of 1.33-1.40 and approximately 98.8 
dB/RIU for the RI range of 1.40-1.46. The sensing probe also 
exhibited good stability with little fluctuations in intensity of 
the output spectrum for a constant RI. 

Keywords—carbon nanotubes, optical fiber sensing, optical 
fiber devices, optical materials 

I. INTRODUCTION 

Refractive index (RI) sensing of a liquid medium has 
many important industrial applications especially in those 
involving water purification. These industries require low 
cost, easy to fabricate, and sensitive sensors which would 
enable them to detect RI changes within a suitable range of 
RIs. In recent years, optical fibers have been the subject of 
much research not only for their applications in the 
telecommunications industry but also for their applications in 
RI sensing. Optical fibers have been shown to be ideal RI 
sensors due to their compactibility, fast response, immunity 
to electromagnetic interference and ability to carry large 
amounts of information over long distances. Many types of 
fiber sensors for RI sensing have been proposed over the 
years. These fiber sensors usually consist of sensing probes 
fabricated through the inscription of a grating in various 
types of fibers [1-3], splicing fibers of different core 
dimensions together [4-9], depositing a plasmon supporting 
material onto the exposed fiber core [10-13] and tapering the 
fiber [14-18]. The sensing set up would usually require a 
light source and a spectrometer to monitor the transmitted or 
reflected spectrum. The change in RI of the external 
environment would usually be characterized by a shift in the 
wavelength or variation in intensity levels of any spectral 
features in the output spectrum. In recent years, many groups 
have managed to enhance these sensing probes further by 
depositing a thin layer of dielectric or polymer material onto 
the region of the sensing probe [19-26]. The deposited 
material would have a variety of functions including 
enhancing the sensitivity of the sensor, modifying the 
sensing scheme for wider sensing capabilities or improving 

the specificity of the sensor towards certain chemical 
compounds.  

In this paper, a RI sensing probe working in the reflection 
configuration is proposed. The sensing probe was fabricated 
by first fusion splicing a multimode fiber (MMF) segment to 
a single mode fiber (SMF). The other end of the MMF 
segment is then cleaved to a certain length to form a joint 
fiber segment. Carbon nanotubes (CNTs) were then 
deposited onto the cleaved end face of the MMF segment 
using an optical deposition procedure whose process and 
mechanics have been extensively discussed in [28] and [29]. 
The behavior of the sensing probe to RI perturbations in the 
external environment was then characterized by a variation 
in intensity of the spectral features in the output spectrum 
with little fluctuations in their wavelengths. The deposited 
CNTs which are known to be a material with unique optical 
properties, such as a high RI [30], enabled the sensing probe 
to continuously measure a wide range of RIs and the 
achievable sensitivity was calculated to be approximately 
35.8 dB/RIU for the RI range of 1.33-1.40 and 
approximately 98.8 dB/RIU for the RI range of 1.40-1.46. 
The sensing probe also displayed little variation in intensity 
when it was immersed in a solution of fixed RI over a period 
of time and can be concluded to exhibit good stability. 

II. DESIGN AND FABRICATION OF SENSING PROBE

A schematic of the joint fiber segment is shown in Fig. 1. 
At the SMF-MMF interface, the fundamental mode (solid 
line) propagating through the SMF would excite the higher 
order modes (dashed line) in the MMF. These higher order 
modes would propagate through the MMF together with the 
fundamental mode. However, due to differences in their 
propagation constants, the higher order modes would 
accumulate a phase difference. At the MMF-external 
environment interface, part of the energy of all the modes 
would be reflected and the amount of reflectance would be 
governed by the Fresnel equation: 

2( )core env

core env

n n
R

n n

�㴀
⬀

 (1) 

where coren  and envn  are the RIs of the core of the MMF and 
the external environment, respectively. The reflected modes 
would then propagate back along the length of the MMF and 
interfere and recombine with each other at the MMF-SMF 
interface. Due to this interference and recombination, well 
defined interference peaks and dips (spectral features) can be 
observed in the reflected spectrum. These spectral features 
can then be used as accurate reference points to observe any 
variations in intensity of the back reflected light due to RI 
perturbations in the external environment around the MMF 
end face. Following the deposition of CNTs onto the cleaved 
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MMF end face of the joint fiber segment to form the sensing 
probe, all the modes arriving at the MMF-CNT interface 
would interact with the CNTs and experience a reflectance 
[31, 32]. Hence, the continuous detectable range of RIs for 
the sensing probe would be significantly wider.  

Multimode Fiber

Single Mode Fiber Deposited CNTs

 

Fig. 1 Schematic illustration of sensor probe with carbon 
nanotubes (CNTs) deposited onto the cleaved MMF end face 

of a joint fiber segment. 

In our experiment, a MMF fiber (Thor Labs 
AFS105/125Y) with core and cladding diameters of 105 µm 
and 125 µm, respectively, was first fusion spliced to a 
standard SMF. The MMF was then cleaved to a length of 21 
mm from the SMF-MMF splice point to form the SMF-
MMF joint fiber segment as shown in Fig. 1. 
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Fig. 2 Experimental setup for the optical deposition of CNTs 
onto the cleaved MMF end face of the joint fiber segment. 

To deposit CNTs onto the cleaved MMF end face of the 
joint fiber segment, a CNT solution was prepared by first 
dispersing CNT powder into a fixed volume of 
dimethylformamide (DMF) solution and then sonicating the 
resulting solution in an ultrasonic water bath for 
approximately 30 hours. Optical deposition of CNTs onto the 
end face of the MMF was carried out using the setup shown 
in Fig. 2. The SMF end of the joint fiber segment was 
connected to a fiber circulator while the MMF end of the 
joint fiber segment was lowered vertically into the CNT 
solution. Light from a tunable laser source, amplified to an 
intensity of 19 dBm (at 1550 nm) by an erbium doped fiber 
amplifier, was coupled into the joint fiber segment via a 
circulator. The back reflected light from the joint fiber 
segment would propagate through the circulator and be 
coupled into a power meter where its intensity would be 
monitored throughout the deposition process. Changes in the 
intensity would indicate that CNTs have been deposited onto 
the MMF end face of the joint fiber segment to form the 
sensing probe as shown in Fig. 1. The joint fiber segment 
was removed from the CNT solution 5 s after the change in 
intensity was observed and left to dry without any further 

physical or chemical treatment. The output spectrum of the 
joint fiber segment before (dashed line) and after (solid line) 
the optical deposition process is shown in Fig. 3. As can be 
seen, the deposition of CNTs resulted approximately in a 6 
dB increase in intensity and approximately 0.6 nm red shift 
in the wavelength. The increase in intensity of the reflected 
spectrum is to be expected as the CNTs would vary the 
amount of reflectance. The red shift is relatively small and 
can be attributed to measurement errors from the equipment. 
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Fig. 3 Output spectrum of the joint fiber segment before 
(dashed line) and after (solid line) deposition of CNTs onto 

the cleaved MMF end face. 

III. EXPERIMENT AND DISCUSSION OF RESULTS 

In order to carry out the RI characterization, test solutions 
of different sugar concentrations and hence different RIs, 
were used to simulate perturbations in RI of the external 
environment of the sensing probe. These test solutions were 
prepared by first dissolving sugar into de-ionized (DI) water 
until a saturated sucrose solution was obtained. Fixed 
volumes of the saturated sucrose solution were then drawn 
out and diluted with different volumes of DI water to obtain 
the test solutions with different RIs. A commercially 
available refractometer (Krauss DR201-95) was used to 
measure the RI of each test solution. To minimize the cross-
coupling effects between RI and temperature, the 
characterization process was carried out in a thermally stable 
environment at an ambient temperature of 23.7 ± 0.1 °C. The 
SMF end of the sensing probe was connected to a broadband 
source (Optical Link Limited CL 15-16ASE) via a circulator 
as shown in Fig. 4. The back reflected light from the sensing 
probe was monitored by an optical spectrum analyzer (OSA, 
Ando AQ6317B). 1 ml of each of the test solutions was 
dropped on a glass slide and the sensing probe was then 
completely immersed in the test solution and the 
corresponding variation in intensity of the spectral features in 
the output spectra was recorded on the OSA. The sensing 
probe was properly rinsed with DI water and allowed to dry 
in between test solutions. It was ensured that the reflected 
spectrum when the sensing probe was exposed to air, as 
shown in Fig. 3 (solid line), was recovered before the sensing 
probe was immersed in the next test solution. 
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Fig. 4 Experimental setup of the RI measurements with the 
fabricated sensing probe. 

The behavior of the sensing probe to RI perturbations in the 
external environment for the entire characterization process 
is shown in Fig. 5. The interference peak at 1558.84 nm was 
monitored for any observable variations. This peak was 
chosen due to its close proximity to that of the 
telecommunications wavelength of 1550 nm where the 
conventional SMF operates with minimal power attenuation. 
As can be seen from the figure, there is an observable 
decrease in the intensity of the interference peak with an 
increase in RI of the external environment. It can also be 
seen that data from RIs higher than that of the MMF core 
(1.4446) could be continuously recorded without the need for 
new reference points to be obtained first. 
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Fig. 5 Variations in intensity of the interference peak at 
1558.84 nm of the sensing probe due to RI perturbations in 

the external environment. 

To test the repeatability of the sensing probe, a second trial 
was carried out for a different set of RIs after a month. The 
variation in intensity of the interference dip due to RI 
perturbations in the external environment for both trials is 
plotted in Fig. 6. The intensity at each RI value, for both 
trials were plotted in relation to the intensity corresponding 
to the lowest RI value for the respective trials (1.3331 for 
trial 1 and 1.3334 for trial 2). A single line was fitted through 
all the data points (diamonds for trial 1 and circles for trial 2) 
for both trials. It can be seen that the sensing probe exhibited 
a nonlinear variation in intensity as the RI of the external 
environment increased. This nonlinear behavior is to be 
expected where a variation in RI of the external environment 
would lead to a nonlinear variation in the amount of 
reflectance. From here, the sensitivity of the sensing probe 
was calculated to be approximately 35.8 dB/RIU for the RI 

range of 1.33-1.40 and approximately 98.8 dB/RIU for the 
RI range of 1.40-1.46. 
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Fig. 6 Plot of the intensity values of the same interference 
peak corresponding to the various RIs of the external 

environment for two separate trials. 

IV. SUMMARY 

In summary, a refractive index (RI) sensing probe, 
fabricated through fusion splicing a multimode fiber (MMF) 
segment to a single mode fiber (SMF) and depositing carbon 
nanotubes (CNT) onto the MMF end face of the resulting 
joint fiber segment, has been presented. The MMF enabled 
the excitation of higher order modes which led to the 
formation of interference peaks and dips which served as 
accurate reference points for RI measurements. The high RI 
of the deposited CNTs enabled the continuous detection of a 
wider range of RIs. The sensing probe displayed clear and 
distinct variations in its output spectrum to perturbations in 
RI of its external environment. The achievable sensitivity 
was calculated to be approximately 35.8 dB/RIU for the RI 
range of 1.33-1.40 and approximately 98.8 dB/RIU for the 
RIs of 1.40-1.46. The sensing probe also demonstrated good 
repeatability and stability behaviors as the RI of the external 
environment varied. Due to its ability to measure variations 
in RI and temperature through variations in intensity and 
shifts in wavelength, respectively, such a sensing probe 
would be able to resolve any RI-temperature related cross-
coupling effects in its RI measurements and possibly 
function as a dual parameter sensor. 
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