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ABSTRACT 

 

 

 

In telecommunications, the two most important developments in the last few decades 

are mobile communication and optical fiber transmission. Due to the exponentially 

growing number of internet users and the world wide web being rich in graphics and 

video content, more and more channel bandwidth and ultra-fast transmission speed are 

required to accommodate the high demands of modern technologies. As a result of 

this, a lot of research was carried out in these past decades on optical fibers which 

appeared to be a potential candidate. Proving more promising than ever, advance in 

fiber optic technology further led to the discovery of photonic crystal fibers 

abbreviated PCFs. Expanding the application of optical fiber technology beyond 

communication and transmission, PCFs are nowadays used in various fields such as in 

medicine or automotive and for several other proposes. One such application is in 

sensing. Due to the dire need to monitor, sense and control useful and harmful 

chemicals for industrial, environmental and bio-medical purposes, chemical sensing 

has become an eminent subject among researchers. Hence this paper focuses mainly 

on two designs proposed so as to meet with the aim of designing an optimum chemical 

sensor with sensitivities close enough to perfection. A modified kagome design with a 

relatively high sensitivity of 99.98%, effective material loss of as low as 

0.000263 cm−1 and low confinement of 2.394 × 10−14 cm−1 using water, ethanol 

and benzene as analytes is first observed while considering other parameters such as 

non-linearity, dispersion, numerical aperture and effective area, which are equally 

investigated and discussed. In the light to reduce design complexity, a second design 

was proposed whereby a photonic crystal fiber made up of a spider-web like cladding 

and an octagonal core was investigated for sensing applications. Three widely used 

industrial liquids and/or by-products namely; water, acetic acid and glycerol have been 

investigated using Finite Element Method (FEM). Extremely high sensitivities of 

99.5%, 99.7% and 99.9% were achieved at 4.5 THz for water, acetic acid and glycerol 

respectively. In addition to the sensitivity, parameters such as Effective Material Loss 

(EML), confinement loss, nonlinearity and dispersion equally showed well enhanced 

results compared to previous related works. The results obtained were tabulated and 

compared to recent works published.   
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APPENDIX 

 

COMSOL MULTIPHYSICS SOFTWARE OVERVIEW 

 

 

3.1. Introduction 

 

COMSOL MULTIPHYSICS is a cross-platform finite element analysis, solver and 

multi-physics simulation software package. It allows conventional physics-based user 

interfaces and coupled systems of partial differential equations (PDEs) for various 

physics and engineering applications, especially coupled phenomena, or multi-

physics. COMSOL contains an App Builder which can be used to develop independent 

domain-specific apps with custom user-interface. Users may use drag-and-drop tools 

(Form Editor) or programming (Method Editor). COMSOL was started in July 1986 

by Svante Littmarck and Farhad Saeidi at the Royal Institute of Technology (KTH) in 

Stockholm, Sweden. 

 

3.2. Running a Simulation in COMSOL MULTIPHYSICS 

 

Generally, to run a simulation, the basic workflow is as follows; 

➢ Set up model environment 

➢ Create geometric objects 

➢ Specify material properties 

➢ Define physics boundary conditions 

➢ Create mesh 

➢ Run simulation Postprocess Results 
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3.2.1. Setting Up a Model Environment 

 

➢ Opening the software for the first time, the user has to select the dimension 

he/she wants to work with. E.g. 2D, 3D or 2- and 3D axisymmetric. 

➢ The required physics is then chosen based on the desired field like AC/DC, 

chemical, fluid flow, acoustics, plasma, heat transfer, radiofrequency, 

structural mechanics and mathematics. As it names indicates, COMSOL 

MULTIPHYSICS allows the combination or use of two or more physics at a 

time hence the term “Multiphysics”. 

➢ The type of study used for the simulation and needed in calculation is prompted 

for selection e.g. frequency domain. It consists of two parts;  

• Pre-set studies: Consists of default studies embedded within the 

software e.g. Boundary Mode analysis, frequency domain, Eigen 

frequency, mode analysis, frequency-domain modal.  

• Custom studies: This is a user-defined study such that a user can create 

and modified a particular study depending on his/her simulation need. 

Hence providing more flexibility. 

➢ The last step consists of a “Units window” which shows the default unit of the 

model’s geometrical parameters. For example, meters for length unit and 

degrees for angular unit are default units. 

 

 

3.2.2. Geometry 

 

Defines the geometry of the design targeted e.g. circles, ellipses, rectangles, squares, 

polygon. The geometries can be drawn using the COMSOL toolbox, imported from 

existing COMSOL file or synchronised with any other software such as Solid Works 

etc. 

➢ Global parameters: The parameters define here are case sensitive, their units 

are written in square brackets and they can be used anywhere in the simulation. 

They are advantageous because it saves a lot of time, easily changes geometry 

and makes parameter sweep possible. 
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➢ Geometry operations: These operations are mainly of two (02) types 

• Boolean operations such as union, intersection and difference. 

• Transforms such as arrays, mirror, rotate, move, copy and scale 

 

 

3.3.3. Defining Materials 

 

The type and nature of material needed for simulation is chosen from this node. The 

COMSOL MULTIPHYSICS library is rich with a diverse variety of materials 

spanning different fields of engineering. Under the material node, we have; 

➢ Material Library: COMSOL’s in-built library listing a huge amount of material 

library with each material containing all of its basic properties required for a 

particular study already built-in or not, depending on the option taken. 

➢ User defined materials: This option allows the user to define or technically 

create his/her desired material and define its properties. 

➢ Material browser: Contains a search tab and various material libraries to 

facilitate research e.g. recent materials. 

Materials arrangement is very important as lower nodes overrides upper nodes within 

the material node within the software.  

 

 

3.3.4. Defining Physics Boundary Conditions 

 

Having choose a physics, the physics boundary conditions need to be defined in order 

to run a simulation in COMSOL MULTIPHYSICS. Here, aspects relating to the 

physics based on the physics configuration and choice of study such as wave equations 

are added beneath the physics node by default and a configuration is expected from 

the user. 

 

➢ Perfectly Matched Layer (PML): The PML boundary condition is useful when 

there is little or no concern regarding a model’s domain e.g. a wave propagating 

through air. Since the air region can be infinitely long, rendering any potential 
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modelling tough to analyse, a PML region is added whereby the waves can 

propagate as if the air domain is infinitely long with little or no reflections.   

 

➢ Scattering boundary condition: The scattering boundary condition is similar to 

the PML in functionality except that it is completely transparent to incoming 

waves which are normal to the incident boundary, reflecting some waves back 

as it hits the incident boundary.  

 

 

3.3.5. Meshing 

 

Defines how many spots or how many points will be calculated in the simulation. Here, 

the smaller the meshing the more accurate the values but the longer it takes and if the 

meshing is too small and too fine, the computer may run out of memory and may not 

be able to run anything. On the other hand, the coarser the meshing the faster the 

simulation and the lesser the result’s accuracy. Also the finer the meshing, the heavier 

the COMSOL file and vice versa. Furthermore, if the mesh is well tuned, then the 

signal power is symmetrical otherwise it is asymmetrical. 

 

3.3.5.1. Meshing distribution: In cases whereby a particular point is targeted to 

produce very good results, a meshing distribution may be used to define an 

independent meshing at that particular boundary. The targeted point may be the point 

whereby we want our EM waves to fall. Here, a desired number of elements may be 

defined on that boundary so as to improve the accuracy.  

 

➢ Physics-controlled mesh: Automatically generates mesh adapting to the 

physics settings within the model e.g. An optic mesh differs from solid 

mechanic mesh or fluid mesh. 

 

➢ User-Controlled mesh; User has menu control over the mesh size and can even 

create a mesh of different element types.  
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3.3.6. Run Simulation Post Process Results 

 

3.3.6.1. Study 

  

Here, the user may define the frequency at which the simulation runs and the number 

of modes desired. Finally, the simulation may be computed.  

 

3.3.6.2. Analysis integrations 

 

➢ Line integration: Help calculates signal power over given boundary or set of 

boundaries. 

 

➢ Surface integration: Help calculates signal over entire surface of geometry. 

 

 

3.3.6.3. Report 

 

 If a user is not too sure of a given parameter in COMSOL MULTIPHYSICS, the user 

can generate a complete report and see details description of each parameter with more 

expounded mathematical formulae under this node. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1. Background and present state of the problem: 

 

Limitation of conventional fibers led to the invention of Photonic Crystal Fibers 

(PCFs). In recent years, a significant interest in the design and fabrication of photonic 

crystal fiber (PCF) has been undertaken due to its diverse applications and also because 

of its novel light guidance properties and potential for interaction of light with gases 

or liquids. Applicable for both communication, telecommunication and sensing 

applications, PCF based sensors are solicited nowadays due to their compact size, 

acceptable cost, design freedom and flexibility, robustness and ability to perform in 

hostile environments such as in high electromagnetic and high chemical exposed 

fields. Major PCF based sensor applications include sensing of vapors and gases, 

chemical sensing and medical analysis, monitoring of industrial production, marine 

and environmental analysis, bioprocess control, and in automotive control [1]. 

Furthermore, PCFs exhibit great progress in dispersion, birefringence, guiding of light 

in air, and nonlinear effect enhancement in the area of sensing applications that makes 

it unique from the conventional fibers [2]. More so, because of their diverse 

applications, significant research has been carried out in the design and fabrication of 

PCFs.  

 

In effect, PCFs has gained massive interest in sensing applications 
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particularly in the terahertz domain, also known as T-ray radiation band, which 

occupies 0.1 to 10 THz frequency range of the electromagnetic spectrum [3]. Thus, 

this narrow band has been used for sensing [4], imaging [5], biotechnology [6], drug 

testing [7], cancer diagnosis [8], security [9], and spectroscopy [10] applications. 

Terahertz PCF has further become a versatile approach for applications in sensing time 

domain spectroscopy, biotechnology, analysis of RNA, DNA, and proteins, 

intraoperative breast cancer and colon cancer, diagnosis of skin cancer, and the real-

time detection of cancer vs. noncancerous cells [11]. 

 

Photonic crystal fibre (PCF) uses photonic crystals to form the cladding around 

the core of the cable. Photonic crystal is a low-loss periodic dielectric medium 

constructed using a periodic array of microscopic air holes that run along the entire 

fibre length. As such PCF is constructed using dielectric medium made up of 

microscopic air holes, which in turn, are organized in 2D array patterns. In PCFs, 

photonic crystals with photonic band gaps (PBG) are constructed to prevent light 

propagation in certain directions with a certain range of wavelengths. Contrary to 

normal fibre optics, PCFs use total internal reflection or light confinement in hollow 

core methods to propagate light. Light propagation in PCFs is far superior to standard 

fibre, which uses a constant lower refractive index cladding. Photonic crystal fibre is 

also called micro structured- or holey fibre [12-16]. Optical fibres do not need any 

geometrical phenomena and thus they are based on normal operations [17-20].  

 

PCFs are basically constructed with periodic air holes and for this reason; 

Refractive Index (RI) varies with change in pitch. Three different types of dielectric 

are generally operational: air, solid and substrate. In PCFs, varying geometrical 

parameters such as the pitch and air hole diameter varies the PCFs’ properties [21]. 

Hence giving rise to numerous existing structural diversities such as circular [22], 

honey comb [23], spiral [24], octagonal [25], decagonal [26] and hybrid [27]. 

Structural diversities vary for geometrical parameters and PCF property is 

determined by the diameter of holes and pitches [28]. In fact, the light guiding 

characteristics of PCFs are mainly determined by  
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➢ Size and spacing of the holes in the micro structure 

➢ Refractive index of its constituent materials 

 

Despite the availability of many and varying shapes, octagonal shapes have immense 

popularity in recent researches because of their geometric patterns. This type of PCF 

sensor is basically used in electrical field sensor, pH sensor, food processing sensor 

and bio-sensors. Solid core PCFs has the core with organic, metal or metal-organic 

material cores. Similarly, for hollow core, it consists of a void air hole and the 

calculation of Sellmeier equation is easier.  

 

PCFs were initially restricted to Silica as their background material until 

recently whereby graphene [29], tellurite [30], PMMA (Polymethyl-methacrylate) 

[31], Teflon (Tetrafluoroethylene) [32] and Topas (COC) [33] are used as background 

materials to fabricate PCF and are reported in several works including [34, 35]. 

Depending on the light guiding mechanism, PCF can be categorized into two classes. 

One is the photonic band gap fiber (PBG-PCF), which uses the photonic band gap 

effect for guiding light through the fiber while Index guided fiber uses total internal 

reflection (TIR) to guide light through it [36]. Among the different types of PCF, 

hollow core is chosen for sensing applications as it allows a greater analyte volume 

inside its core area compared to other core types. Moreover, guided mode in a hollow 

core fiber has strongly confined core area, which greatly reduces the effect of the 

background material in wave guiding properties of the fiber [37, 38]. 

 

 

1.2. PCFs as Sensors 

 

PCF sensing applications are versatile and widely used in modern days. Physical, 

biochemical and biological sensors are used for different features. Physical sensors 

may be temperature, curvature, displacement, torsion, pressure, refractive indices, 

electrical field, and vibration sensors. Environment, food processing, food monitoring, 

glucose sensors are recently added into these fields. Every form of PCF sensor has its 

intrinsic parameters but sensitivity differs from one another.  
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Biosensors implement a new aperture for diverse promising applications 

including biological sample tracking, antibody-antigen collaboration, medical 

diagnosis, organic-chemical sensing, food quality control, bio imaging, environment 

monitoring. For a biosensor, it generally uses the Sellmeier equation to calculate the 

effective refractive index, n, with respect to wavelength λ. The sensitivity of a 

biosensor depends on the change of wavelength and refractive indices. The ratio of 

peak wavelength change to refractive index is known as the sensitivity.  

 

Evanescent sensors mostly depend on their refractive indices, relative 

sensitivity coefficient and effective refractive index of air holes. As the EM field 

varies, so the percentage also differs from one another.  

 

Highly sensitive chemical (liquid and gas) sensors are playing a salient role in 

the industrial processes especially for detecting toxic and combustible chemicals (e.g. 

toxic gases or liquids) to overcome the safety issues. Therefore, it has become one of 

the key challenges, to intense the performance of liquid and gas sensors. Nowadays, 

researchers are keeping much concern on the development of PCF based sensors for 

environmental and safety monitoring issues. PCF based liquid and gas sensors through 

the evanescent field show peerless performance in terms of sensitivity, because PCF’s 

core directly relates with the material to be analysed [39].  

 

Gas sensors based on hollow-core PBGPCFs were equally proposed so as to 

confine more light in the core, which incorporates the gas sample. At present, most of 

the gas sensing techniques tend to be substantial, costly, and lack acute time data 

measurement; thus, surrogate sensing methods are in great demand.  

 

In particular, SPR sensors offer many advantages such as high sensitivity as 

well as label-free, high sensitivity and rapid real-time detection. Because of the high 

sensitivity to small variations in the refractive index of the probed medium, small 

concentrations of bio molecules can be detected.  
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Temperature PCF sensors have applications in various fields such as 

medicine/biomedicine, the food and beverage industry, agriculture, industrial 

processing, and research. In the field of medicine, PCF sensors are used in real time 

structural health monitoring (SHM), organ transplant systems, kidney dialysis 

machines, and medical incubators. In the agricultural sector, they are used to monitor 

the temperature of plants, soil, and water. In the food and beverage industry, PCF 

sensors are used in fermentation, brewing, meat processing, and the manufacture of 

storeroom tanks. PCF temperature sensors are also versatile in the Petro-chemical 

industry, the automotive industry, metal industries, geo-thermal wells, electronics 

industry, petroleum industries, and in harsh environmental applications. 

 

The measurement of torsion is an imperative method for the In-service 

evaluation and monitoring condition of engineering structures such as bridges, 

buildings, trains and so on. 

 

 

1.3. Types of PCFs 

 

Based on the light guiding mechanism, there are two (02) basic types of PCFs namely: 

Index guiding fibre and Photonic band gap fibre. 

 

➢ Index Guiding PCF: A cladding region with air holes with diameter and pitch, 

running along the fibre length surrounds a solid high index core. Both core and 

cladding are made of same material. Nevertheless, the air holes lower the 

effective refractive index of the cladding creating a step index optical fibre.  

 

➢ Photonic Bandgap Fibre: In this type of fibre, a hollow core is surrounded by 

a cladding region which contains air holes along the fibre length. In PBG fibre, 

the hollow core acts as a defect in the photonic bandgap structure, creating a 

region through which light can propagate.  

 



6 | P a g e  
 

PCFs may also be classified based on the nature of their cores as solid core, porous 

core or hollow core. 

 

➢ Solid: Here, a solid high index solid core is having the same material with the 

cladding region. The cladding region equally contain air holes. 

 

➢ Porous: The core, in this case, is made of different material than the cladding 

region. However, both regions contain air holes.  

 

➢ Hollow: For this case, a hollow in made within the core of the PCF, having a 

different material than that of the air filled cladding region. 

 

 

1.4. Unique Characteristics of PCFs 

 

The unique characteristics of PCFs makes them advantageous over conventional 

fibres. They are; 

 

➢ Small and compact size 

➢ Robustness 

➢ Acceptable cost 

➢ Extremely low dispersion 

➢ High birefringence 

➢ High nonlinear effect 

➢ Design flexibility 

➢ Low confinement loss 

➢ Endlessly single mode operation 

 

 

1.5. Fabrication  
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For this research, two main designs have been proposed namely; Proposed modified 

kagome and spider-web respectively. With the advent of more sophisticated 

technologies such as the 3D printer, Sol-gel technique and the extrusion technique, the 

proposed sensor designs can easily be fabricated using existing fabrication techniques. 

A Sol-gel technique as proposed by [41, 42] can be used to fabricate PCFs with any 

structure while providing the possibility to adjust air-hole size, shape and spacing, 

resulting in a better design flexibility. Kagome lattice PCFs with different cladding 

structures have been fabricated by Max Planck Institute [43]. More so, with the advent 

of the 3D printing technology, any types of complex preform of PCF can be printed 

[44, 45] and the printed preform can then extruded using the extrusion technique [46]. 

Kiang et al. [47] proposed an extrusion technique which allows the fabrication of 

almost any structure can be used to extrude the slotted air holes. Furthermore, because 

a standard fiber draw may result in a ±1% variation of the total fiber diameter, 

sensitivity and EML curves of up to ±2% parameter variation (for the proposed 

modified kagome design) for a worst case scenario have been investigated and have 

been shown to have little or insignificant change compared to the optimum parameters. 

Hence the fabrication of the proposed structure is feasible using the existing 

technologies.  

 

The most challenging aspect of manufacturing being the fiber preform, the sol-

gel and 3D printing techniques are ideal candidates for design of any complex, precise 

or flexible structure. 

 

 

1.5.1. Sol-Gel Processing Method  

 

Interest in the sol-gel processing is dated since the mid-1800s when the 

hydrolysis of tetraethyl orthosilicate (TEOS) was observed to have led to the formation 

of 𝑆𝑖𝑂2 under acidic conditions. Later on, the sol-gel grew so important that more than 

35,000 papers were published worldwide on its process. [48-51]. The sol-gel process 

is the method used to produce solid materials from small molecules. This method is 

mainly used for the fabrication of metal oxides especially those of silicon (Si) and 
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titanium (Ti). Here, monomers are converted into a colloidal solution called sol, which 

acts as precursors for an integrated network called gel, of either discrete particles or 

network.  Sol solution is a solution where particle distribution of the size of 

approximately 0.1-1 µm takes place in a liquid, where the only suspending force is the 

Brownian motion. A gel is formed when solid and liquid phases are dispersed on each 

other. In this process, colloidal particles are initially dispersed in a liquid forming the 

sol. Sol deposition then produce thin coating on any substrate by means of spraying, 

coating or spinning. Particles in sol are further left to polymerize by removing the 

stabilizing components to then produce a complex network, gel. Using appropriate 

coating container, precursor sol obtained can be given a desired shape. The stages in 

this process have been summarized into the following [52];  

 

➢ Mixing: Here, the colloidal solution is formed by mechanical mixing of 

colloidal particles in a solvent such as water, at a precipitation preventing pH. 

The metal alkoxide precursor undergoes hydrolysis and poly-condensation 

reactions after reacting with water. A colloidal dispersion formation of 

extremely small particles of 1-2 nm takes place and converts into a 3-D 

network of the corresponding inorganic oxide. 

 

➢ Casting: The low viscosity of the sol makes it easier for it to be casted into a 

mold or shape. A suitable mold choice is needed to prevent the gel from 

sticking to the casting container. The precursor sol can be casted into a suitable 

container with the desired shape e.g. to obtain monolithic ceramics, glasses or 

fibers. With sol viscosity adjusted into proper range, both refractory ceramics 

and optical fibers can be drawn which are used for thermal insulation and fiber 

optic sensors respectively.  

  

➢ Gelation: The gelation process and the size of the particles decide the 

properties of the gel. Three dimensional networks start forming from colloidal 

particles and condensed silica as the gelation process takes place. In this 

process, there is subsequent increase in viscosity which will result in shape of 

casting container. With time, with controlled change in viscosity, fibers can be 
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spun together while gelation occurs. This results into a stock of colloidal 

particle as a result of interactions among the components which can be 

electrical in nature [53]. 

 

➢ Aging: it involves the maintenance of the cast object for a period of time, 

ranging from hours to days. During this process, poly-condensation continues 

with the solution the cast object is immersed in, re-precipitating the gel 

network. This process decreases the porosity and increases the inter-particle 

neck’s thickness, thus, the gel’s potency is increased, producing a product 

resistant to cracking while drying. The aging process is also called Syneresis.  

 

➢ Drying: Removal of remaining liquid i.e. solvent phase requires a drying 

process which is accompanied generally by a significant amount of 

densification and shrinkage. In this stage, excess solvent is removed from the 

complex network. A large capillary stress can develop during drying when the 

pores are small, causing instant cracks in the gel. These stresses can be 

stopped by decreasing the liquid surface. This can be achieved by eliminating 

very small pores, by hypercritical evaporation, which can stop the solid and 

liquid portions to interact. The aerogel becomes of low density after drying, 

gains a very good thermal insulation when placed between the glass plates and 

evacuated. The distribution of porosity in the gel determines the rate at which 

the solvent can be removed while the ultimate microstructure of the final 

component will be strongly influenced by changes imposed upon the structural 

template during this processing phase. 

 

➢ Densification: A thermal treatment is necessary in order to further favor poly-

condensation and enhance mechanical and structural stability via 

densification. The gel produced is densified by heating it at elevated 

temperatures. This further eliminate the pores in the gel, making its density 

approximately around fused quartz or silica. The densification temperature 

depends on pore dimension, surface area and pore connectivity [54]. In this 
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method, densification is achieved at much lower temperatures compared to 

more traditional processing techniques. 

 

This approach is a cheap and low-temperature technique that allows a fine control of 

the product’s chemical composition.  Small quantities of dopants such as organic dyes 

and rare-earth elements can be introduced in the sol and end up uniformly dispersed in 

the final product. Sol-gel derived materials equally have diverse applications in optics, 

electronics, energy, space, sensors, medicine such as controlled drug release and 

separation technology e.g. chromatography. 

 

 

1.5.2. 3D Printing Method 

 

3D printers have been around since the 1980s but were mostly used industrially 

and were prohibitively expensive for most, until around 2009. Today, businesses 

around the world are able to utilize 3D printers to produce parts for manufacturing 

purposes with improvements to 3D printing costs. 3D printing is also known as 

additive manufacturing since the numerous available 3D printing processes tend to be 

additive in nature with little key differences in the materials and technology used. 

Here, a variety of processes, equipment and materials are used to produce a three-

dimensional object via additive manufacturing. This variety allows for innumerable 

uses by professionals, amateurs, industries or consumers alike. Additive 

manufacturing is where a part is made by adding material, whereas the subtractive 

manufacturing process is where a part is made by subtracting material. 3D printed 

objects can be geometrically complex and thus, are ideal in various manufacturing 

applications. Machines cost ranges from hundreds to millions of dollars and utilize a 

wide variety of technologies to print the parts. Much of this technology’s growth 

comes from an explosion in the use of 3D printing in manufacturing, something that 

was previously thought impossible when the process started.  

 

3D printed parts are being used in industries such as manufacturing, energy, 

and automotive. Ranging from functional prototypes, tools and fixtures to end-user 
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parts, the 3D printing industry is revolutionizing several other industries and processes. 

New materials, processes, and companies are popping up by the minute, all making 

promises about the unrivaled properties their parts can achieve.  

 

The sharp drop in the cost of additive manufacturing systems between 2012 to 

2018, the availability of more low-cost higher quality desktop printers widely used in 

industries for prototyping, fixing small custom components or additive manufacturing 

of actual products [55] have further made higher end 3D printers now relatively 

commonly used for production and additive manufacturing [56]. Many of these 

systems are used for prototyping before employing mass production. Almost 75% of 

desktop 3D printers are used in industry and not by customers [57] while military and 

defense are also incorporating the use of 3D printers [58, 59]. In education, higher 

education is another major buyer of desktop and professional 3D printers [60, 61]. 

Being home to research, 3D printing is used to fabricate equipment to further research 

and hold down costs [62]. Also, libraries around the world are locations housing 

smaller 3D printers for community and educational access [63].  

 

While there are many varieties in 3D printer technologies, according to [64] 

there are seven most common types.  

 

➢ Fused Filament Fabrication (FFF) or Fused Deposition Modeling (FDM) 

➢ Continuous Filament Fabrication (CFF) 

➢ Atomic Diffusion Additive Manufacturing (ADAM), also called Bound 

Powder Deposition 

➢ Selective Laser Sintering/Melting (SLS/SLM) 

➢ Direct Light Processing (DLP) 

➢ Stereo-lithography (SLA) 

➢ Binder Jetting 

 

Each process and piece of equipment has advantages and disadvantages associated 

with it, which involve aspects such as speed, costs, geometrical limitations, tolerances, 

as well as appearance and mechanical properties of the products such as the texture, 
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color or strength. Some printers are large enough to fabricate buildings while others 

are micro- and Nano-scale sized objects, which generally exploits several different 

technologies to produce the designed product physically [65]. Both metal and glass are 

equally used for 3D printing but they are much more expensive and often used for 

works of arts. 

3D printers turn computer aided design (CAD) designs into parts by building 

them layer by layer. For Markforged 3D printers, both metal and composite utilize 

processes based on Fused Filament Fabrication (FFF), the most common and 

affordable type of printing. In FFF, the printer heats up thermoplastic to near melting 

point and extrudes it out a nozzle that traces the cross section of a part for each layer, 

repeating this process for each layer. This is comprised of three relatively simple 

components [66]: 

 

➢ 3D printing software: Relying on a fully-automated software system that 

controls everything from gantry position to material deposition, these systems 

vary significantly although they all have the same core elements. 

 

➢ 3D printing materials: The material selection dictates both the mechanical 

properties of the final part and the specifics of the printing process required to 

fabricate it. While selecting a material, application constraints come first. 

However, fabrication constraints can equally make or break the part, making 

some materials easier to print than others. 

 

➢ 3D printing process: This is the physical process by which FFF 3D printers 

deposit material layer-by-layer in the shape of a part and is dictated by software 

used. This process influence part quality, precision and print time. 

 

In 3D printing, a 3D printer makes a three-dimensional object from a CAD (computer-

aided design) file. Because of the variety of materials and 3D printing technologies 

available, it is easier more than ever to create parts for all sorts of industries. 3D 

printing is a relatively simple and highly automated process. [67] described 3D 

printing using Markforged 3D printers as follows: 
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➢ Creating a computer aided design (CAD) file: A computer aided design (CAD) 

file can be created by CAD software like Solidworks, Autodesk Fusion, 

Onshape, ANSYS, or many others. 

 

➢ The file is exported from CAD as an STL file, which is the universal input file 

type of 3D printers.  

 

➢ The exported part or STL file is then uploaded to a computer printer's slicing 

software. In this case, the software used for Markforged printers is called Eiger. 

 

➢ Once the part is uploaded, it is oriented as desired, material and other print 

settings are selected and the software automatically process the part, slicing the 

file into layers and determining tool paths for each layer.  

 

➢ After the part has been sliced, it can be printed using the print option to be 

printed layer-by-layer. The thickness, surface finish and durability of the 

finished part and materials can be controlled using different varying 

technologies while the print time depends on the part size. 

 

To perform 3D printing for nanoscale-sized objects, microelectronic device fabrication 

methods can be employed, whereby printed objects are typically grown on a solid 

substrate e.g. silicon wafer, to which to adhere after printing since they are too small 

and fragile to be manipulated after post-construction. 3D nanostructures can equally 

be printed by moving a dynamic stencil mask during the material deposition process. 

Nanostructures with resolution as small as 10 nm have been produced using this 

method [68] while objects with resolution of 100 nm have been reported by [69] using 

an enhanced photo-polymerization process using finely-focused lasers, controlled by 

adjustable mirrors. Presently, 3D printing technology keeps increasing drastically. [70] 

reported the manufacturing of microgravity enabled optical fiber with 3D printed 

objects while [71] reports researchers to have that an optical fiber as thin as human 

hair can be used to create microscopic structures with laser based 3D printing. In a 
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review paper, [72] 3D nanofabrication by femtosecond laser direct writing which can 

be applied to micro-optics was examined with detail. 

 

 

1.6. Applications of PCFs 

 

Some applications of PCFs may include; 

 

➢ Spectroscopy 

➢ Metrology 

➢ Biomedicine 

➢ Imaging 

➢ Telecommunication 

➢ Industrial machining 

➢ Military technology 

➢ Sensing of chemicals, vapours and gases 

➢ Monitoring of industrial production 

➢ Drug monitoring 

➢ Medical, marine and environmental analysis 

➢ Automotive control 

➢ Bioprocess control 

➢ Astronomy 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

 

2.1 Introduction 

 

Rapid advancement in optical fiber technologies led to the discovery of Photonic 

Crystal Fibers (PCFs). These include high nonlinearity [75], highly negative 

dispersion [76], preserved single mode operation [77] just to name a few. In addition 

to the fact that geometrical parameters can be freely adjusted in PCFs, PCFs properties 

easily vary as geometrical parameters like air filling fraction (AFF), core pitch and/or 

air hole diameter, size or shape vary. Lately, these PCFs have been widely used in the 

Terahertz band as a result of their high potential to be used in various application areas 

of sensing and communication. However, terahertz technologies usage remains limited 

due to numerous practical challenges. Among them, the high losses in atmospheric 

conditions [78], low power generation of terahertz sources [46], difficult to integrate 

with other components [45] and the challenging task of designing a waveguide that 

transmits effectively due to high material loss of background materials. Despite these 

challenges, terahertz waves possess a lot of advantages and are used in far more major 

applications. Application areas include non-destructive security screening [80], short 

distance high volume wireless communication [79, 80], diagnosis of nonintrusive 

types of skin cancer like melanoma and basal cell carcinoma [81] and so on.  

 

2.2. Present State Reported Works  

 

In 1978, Yeh et al. proposed the first PCF [82].  Using a hydrothermal process, 

Xu et al. proposed a Zinc-Oxide (ZnO) Nano-rods for chemical analyte detection in 
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2006 [83] whereby the practicability of the proposed sensor was limited by the very 

high temperature required. In 2007 and 2008, Jepsen et al. in [84, 85] respectively 

proposed a method to detect chemical analytes using reflection mode terahertz time 

domain spectroscopy, which proved to be challenging. Terahertz time domain 

spectroscopy of alcohol in fuel oils was proposed by Arik et al. [86] in 2013. Ademgil 

proposed an octagonal PCF sensor for chemical sensing [25] in 2014, showing close 

to 47% sensitivity for aqueous analytes at 1.00 m wavelength operation. Ahmed et 

al. [87] designed an octagonal PCF (O-PCF) with relatively high sensitivity in 2015 

while sensitivity and low confinement loss was proposed in 2016 by Asaduzzaman et 

al. [88]. In 2016, [89] proposed a hybrid PCF with 49.17 % sensitivity. A year later, a 

new structure of PCF with high sensitivity, high nonlinear effect, high birefringence 

alongside a low confinement for chemical sensing was reported by [90]. The relative 

sensitivity of the design was 53.35 %. In the same year, a liquid-infiltrated PCF sensor 

was analyzed by [28] having a sensitivity of 55.56 %.  Later on, [91] and [2] both 

proposed designs with relatively better sensitivities of 57.18 % and 61.45 % 

respectively. K. Ahmad proposed in [92] a microstructure optical fiber that can be used 

to sense environmental pollution, showing a relatively high sensitivity of 62.19 %. An 

octagonal porous cored PCF for Alcohol sensing was proposed [36], showing a 

relatively higher sensitivity of 67.66%. In 2018, Saiful et al. [11] proposed a highly 

sensitive porous core photonic crystal fiber (PC-PCF) of 85.7% at 1.6 THz, a very low 

dispersion and confinement loss of 0.47 ± 0.265 ps/THz/cm and  1.7 × 10−9 cm−1 

respectively. Finally, [1] reported a sensitivity of 96.8 % using rectangular slots 

constituting the cladding and a square hollowed core. The design further displayed a 

low effective material loss, EML of 0.0035 cm−1 and an improved confinement loss 

of  6.95 × 10−14 cm−1. 

 

Previously, several research works using slotted cladding have been proposed 

due to many advantages resulting from using slotted designs. Slotted cladding designs 

such as Kagome lattice does not have band gap and thus offers very low loss in broad 

spectral range [93, 94], highly filled structural formation of cladding, depends on 

Inhibited Couplings [95] and on a mechanism similar to Von Neumann-Wigner bound 

conditions of the Schrödinger equation [96, 97]. Porous core PCFs are among the best 
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solutions for low loss efficient transmission of terahertz signal while hollow core PCFs 

are preferable in sensing applications as it allows a greater analyte volume within its 

core area and also because hollow cored fibers have strongly confined guided mode 

compared to porous cored fibers. This further reduces the effect of the background 

material in the fiber’s wave guiding properties [98, 99]. In the same year Islam et al. 

[100] proposed a diamond core hexagonal lattice PCF whereby an EML of 0.07 cm−1 

at 0.7 THz frequency with a large dispersion variation of 2.92 ± 0.55 ps/THz/cm. 

 

Polymer materials are commonly used as background or bulk materials in a 

sensor design. A popular polymer used as bulk material is Zeonex (COP) due to its 

numerous useful optical properties. Zeonex has negligible water absorption, a constant 

refractive index of 1.53 in the terahertz frequency range, high biocompatibility, low 

absorption loss of 0.2 cm−1 and is an excellent chemical resistance even at very high 

temperatures [101-103] among others. Other polymers used may include Silica, Teflon 

(Tetrafluoroethylene), PMMA (Polymethyl-methacrylate) and Topas (COC) [102–

104]. Topas and Zeonex are very similar in terms of optical characteristics though 

Zeonex’s higher biocompatibility, higher chemical resistivity and in some cases, 

higher glass transitional temperature makes it suitable as a sensor and easier to 

fabricate [105]. 

 

Hence in this work, the main aim is to design a PCF a highly sensitive PCF 

with low effective material loss suitable for chemical sensing and that can be easily 

implemented by industries. This design should be such that its structural shape allows 

for a sensitivity of at least 85%, and a very EML as low as 0.003 𝑐𝑚−1. More so, 

because the desired parameters to be investigated varies with PCF different 

geometrical shape and size, two novel designs have been proposed while considering 

practical feasibility of the design 
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CHAPTER 3 

 

DESIGN CHOICE AND NUMERICAL ANALYSIS 

 

3.1. Design Choice 

 

Improving the performance of chemical sensors is a key challenge due to the concern 

for monitoring safety and environmental issues. Also, because PCF based chemical 

sensors show peerless performance in terms of sensitivity, a lot of research has been 

reported on chemical sensing. This is so because, the core of chemical sensors relates 

directly with the material to be sensed or analyzed. Given the multitudes of PCF 

designs already reported for chemical sensing, the varying refractive index, the loss in 

spectral range, the chemical reactivity and the core nature; An adequate design and 

material should be chosen such that properties aforementioned, alongside other 

properties like air hole size or pitch, are combined together to yield a highly performant 

chemical sensor. 

 

➢ Slotted designs: They are the recent trend of PCF designs mainly because they 

offer low loss in a broad spectral range and relies on weak couplings between 

core and cladding modes.  

 

➢ Zeonex: Zeonex has numerous desirable characteristics as discussed earlier, 

compared to many polymers e.g. a constant refractive index of 1.53 in THz 

range etc. In terms of optical characteristics, Topas and Zeonex are very 

similar. Nevertheless, Zeonex’s higher biocompatibility, higher chemical 

resistivity and in some cases, higher transitional temperature makes it a better 

sensor than Topas; and equally easier to fabricate. 
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➢ Hollow cores: Hollow cored based PCF designs are unparalleled compared to 

porous or solid cored PCFs with respect to sensing because they have strong 

confined guided modes and allows a greater analyte volume within its core. 

➢ Liquid sensing: Presently, compared to liquid sensing, reported works on gas 

sensing techniques have proven to be substantial, costly and lacking acute time 

data measurement. 

 

 

3.2. Numerical Analysis 

 

There exist several numerical methods used in EM simulations to compute the modal 

parameter of a given fiber in order to evaluate the overall behavior of the given PCF, 

such as Finite Element Method (FEM), Finite Difference Time Domain Method 

(FDTDM), and Effective Index Method (EIM)) are proposed for different examined 

microstructure PCF. Among them, the Finite element method (FEM) is the most 

popular. Through this method, PCF architecture is broken down from a larger complex 

design into smaller and simpler ones producing a better approximate solution and thus, 

an increased computational accuracy.  

 

PCF with low confinement loss guarantees tight mode confinement within fiber 

core for a specific propagating mode. Different guiding properties of proposed PCF 

are numerically evaluated using Finite Element Method (FEM). The core region of the 

proposed PCF is filled with different commonly used industrial analytes. Overall 

impacts on the optical properties are investigated and an optimum result is obtained 

and recorded after inspection each time, alongside the optimum operating wavelength 

or frequency and refractive index. 

 

3.2.1. The Finite Element Method (FEM) 

 

This is a numerical technique used for solving problems described by partial 

differential equations or formulated as functional minimization, representing a 

domain of interest as an assembly of finite elements. Approximating functions in these 
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finite elements are determined based on the nodal values the physical field investigated 

and a continuous physical problem is transformed into a discretized finite element 

problem having unknown nodal values. Values inside finite elements can be recovered 

using the nodal values. For linear problems, a system of linear algebraic equations is 

solved. Two features of the FEM are; 

 

➢ Piece-wise approximation of physical fields on finite elements; ensures good 

precision even with simple approximating functions since in increasing the 

number of elements, any precision can be achieved.   

 

➢ Approximation locality leads to sparse equation systems for discretized 

problems, thereby useful when solving problems involving large number of 

nodal unknowns. 

 

In [106], the FEM was summarized to work as follows; 

 

➢ Discretization: The continuum is discretized by divide a solution region into 

finite elements. The finite element mesh is generated by a preprocessor 

program and its description consists of several arrays main of nodal 

coordinates and element connectivity. 

 

➢ Selecting Interpolation functions: Interpolation functions help to interpolate 

the field variables over the element and usually, polynomials are selected as 

interpolation functions while the number of nodes assigned to the element 

defines the degree of the polynomial. 

 

➢ Finding the element properties: A finite element matrix equation which relates 

the nodal values of the unknown function to other parameters should 

established. This can be done using several approaches. However, the most 

convenient are the Galerkin method and variational approach. 
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➢ Assembly of element equations: This is necessary for finding the global 

equation system for the entire solution region i.e. combining local element 

equations for all elements used in discretization. Element connectivity is used 

for the assembly process and before solution, boundary conditions, not 

accounted in element equations should be imposed.  

 

➢ Solving the global equation system: Being sparse, positive definite and 

symmetry in nature, direct and iterative methods can be used for solution and 

as a result of the solution, nodal values of the sought function are produced. 

 

➢ Computing additional results: Quite frequently, we need to compute additional 

parameters e.g. strains and stresses are of interest in addition to displacements 

obtained after solution of the global equation system. 

 

Numerous approaches are used to transform finite element discrete analogue from the 

physical formulation of the problem (also called a differential equation). Galerkin 

method is the most popular finite element formulation while the variational 

formulation of the finite element equations are usually used for function minimization. 

To apply finite element procedures, a discrete model of the problem is presented in 

numerical form and the problem description may contain;  

 

➢ Material properties Connectivity array for finite element 

➢ Scalar parameters e.g. node number or number of elements 

➢ Coordinates of nodal points 

➢ Arrays for description of surface and concentrated loads 

➢ Coordinates of nodal points and temperature field.  

 

Even though finite element model can be coded by hand for simple a example, 

it is not the case for real-life models. Finite element models with complex shapes are 

created using mesh generators. This is because such models used for practical analysis 

can contain tens of thousands to hundreds of thousands degrees of freedom, making 

manual meshing impossible. Mesh generators are software tools that divides the 
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solution domain into many subdomains of finite elements. They can be of different 

types. Generally, for two-dimensional problems, block mesh generators and 

triangulators are used; 

 

➢ Block mesh generators: They require some initial form of gross partitioning, 

partitioning the solution domain in relatively small number of blocks of 

standard form. The mesh inside each block is generated by mapping technique. 

 

➢ Triangulators: They generate irregular mesh inside arbitrary domains. 

Triangular mesh can be later transformed to the mesh consisting of 

quadrilateral elements. Voronoi polygons and Delaunay triangulation are 

widely used for mesh generation. Delaunay triangulation can also be 

generalized for three-dimensional domains. 

 

The practical applications of the FEM lead to large systems of simultaneous linear 

algebraic equations. Luckily, finite element equation systems possess some properties 

which permits to reduce storage and computing time. Finite element equation systems 

are symmetric, sparse and positive definite. A sparse matrix contains more zero entries 

than non-zero entries such that storage and computation are being economized. 

Symmetry allows to store just half the matrix including diagonal entries while positive 

definite matrices are characterized by large positive entries on the main diagonal, 

thus, solutions can be carried out without pivoting. Linear equation systems can be 

divided into two solution methods, that is, direct methods, used for moderate sized 

problems; and iterative methods for large problems, which in this case, are preferable 

because they require less computing time. Solution methods and matrix storage 

formats are closely related. 

 

As with every method, FEM has some setbacks that makes it disadvantageous 

in some aspects. This method uses advanced mathematics which requires 

mathematical expertise for implementation and most importantly is the most 

demanding on computers. 
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FEM is successful in multi-physics because is a very general method which is 

similar to well-known and efficient structural and EM analysis methods. In addition 

to this, mixed formulations are equally applicable in a straight forward manner, an 

important factor for multi-physics analysis. By this, it combines different functions that 

approximates a solution within each element e.g. In EM heating, a function for heat 

transfer and another function for EM field is required. More so, it is easy to increase 

the order of elements such that the physics field approximates accurately. Again, FEM 

uses adaptive mesh refinement, whereby a mesh is automatically tuned (from a user 

perspective) to yield better result in FEM software and hence the more accurate the 

mesh, the better the result. Finally, curved or irregular geometries are handled 

naturally. 

 

3.2.2. Equations Required 

 

COMSOL MULTIPHYSICS version v5.3 is used here for investigating the 

proposed PCF. COMSOL MULTIPHYSICS is overviewed in Appendix IX. Perfectly 

matched layers (PML) boundary condition is applied. According to the boundary 

condition, PML is fixed at 10% of the entire diameter of the proposed design [95]. As 

given by [108, 28], the required equations are described below. An important factor in 

PCF designs are PCF loss properties. The EML of a PCF is given by Eq. (4.1). 

 

𝛼𝑒𝑓𝑓 = √
𝜀0

𝜇0
(

∫   𝑛𝑚𝑎𝑡𝑚𝑎𝑡   |𝐸|2  𝛼𝑚𝑎𝑡  𝑑𝐴

|∫   𝑆𝑧𝑎𝑙𝑙   𝑑𝐴|
) , 𝑐𝑚−1                                (4.1) 

 

where 𝛼𝑒𝑓𝑓 is the EML, 𝑆𝑧 denotes the z-component of the poynting vector, 𝜇0 and 

𝜀0 designate the permeability and permittivity in air respectively while 𝛼𝑚𝑎𝑡 and 

𝑛𝑚𝑎𝑡 represent the bulk absorption loss and RI of Zeonex 

 

The relative sensitivity coefficient, r, can be computed using Beer Lambert 

Law whereby the mutual action between light and the sensed material [109] can be 

understood at a particular wavelength. Sensitivity response for aqueous analytes is 

given by Eq. (4.2) 
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Here, nr is the refractive index of the sensed material, neff is modal effective index 

and f is the percentage of the air holes power by total power. The effective refractive 

index can be calculated by 

 

0/effn B k=                                                            (4.3) 

 

where B is the propagation constant, and k0 = 2π/ is the free space wave number.  

 

The fraction of air cavity power and the absolute power percentage represented 

by X can be calculated as below. Thus f can deduce as given in Eq. (4.4). 
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where Ex and Ey  are the transverse and longitudinal electric fields respectively; 

Hx and Hy are the transverse and longitudinal magnetic fields respectively. Effective 

mode area is the quantitative measurement of core area when the field mode is tightly 

confined within the core region. This expression is as in Eq. (4.5). 
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E indicates the electric field vector. The effective mode area of a PCF correlates with 

its numerical aperture (NA). This can be calculated as shown 
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High power intensity generates lower effective mode area whereas high mode area 

provides lower nonlinearity. The nonlinearity () of a PCF can be calculated by Eq. 

(4.7) 
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= =  = =        

                      (4.7) 

 

where n2 is the nonlinear coefficient of Zeonex; Nonlinearity () is measured 

in W−1Km−1; C, n and  present the velocity, frequency, and wavelength of light, 

respectively.  

 

Ideally, light in PCFs should be entirely confined into the core but due to 

material impurities, design structure or limited number of air holes, some light are 

passed out of the core region leading to loss of light energy known as confinement 

loss. Confinement loss is a waveguide impairment causing a decrease in the signal 

strength of the PCF and is calculated from the imaginary part of the effective refractive 

index and propagation constant. It can be expressed as in Eq. (4.8). 
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where 𝐼𝑚(𝑛𝑒𝑓𝑓) is the imaginary part of effective refractive index, 𝑘0 = 2;  is the 

wavelength of light.  

 

In fiber optic transmission, dispersion can be defined as the spreading of light 

pulse as its travels down the length of an optical fiber, thus it is a consequence of the 

physical properties of the transmission medium and therefore can be reduced by the 

adequate fiber design choice. This can be obtained using Eq. (4.9) [110]. 
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where c is the speed of light into free space, 𝛽2 is the dispersion parameter, 𝜔 = 2𝜋𝑓 

is the radian frequency and 𝑛𝑒𝑓𝑓 represents the effective refractive index. 
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CHAPTER 4 

 

DESIGN I:  PROPOSED MODIFIED KAGOME 

 

 

4.1. Introduction 

 

Innumerable chemical sensing reported research works have been published using 

water, ethanol and benzene. Benzene is a widely used industrial liquid and is also 

highly toxic. Ethanol in the other hand is used in food and beverage industries where 

it is responsible for the alcoholic nature of drinks while water is used in our daily 

household activities. If not properly handled, water can degrade the ecosystem and 

cause pollution. 

 

As seen earlier, kagome lattice PCF offers extremely low loss in a broad 

spectral range [111, 93] since it does not have band gap but rather depends on a 

mechanism similar to Von Neumann-Wigner bound conditions of the Schrödinger 

equation [94, 96] and on Inhibited Coupling, which relies on weak coupling between 

the core and cladding modes [97]. Furthermore, the structural formation of the 

cladding in kagome is highly filled with air holes greatly impacting effect of the 

background material. The last couple of years have seen significant increase in the 

relative sensitivity of PCF designs. In 2017, [2] and [36] proposed sensors with 

sensitivities of 61.45 % and 67.66 % respectively. This was greatly improved by [11], 

whereby the design showed a sensitivity of 85.7 % at optimum frequencies. 

 

Hence due to the fact that of most of these researches have failed to attain a 

near 100 % sensitivity mark, we propose a modified kagome hollow cored PCF with 

very high sensitivity and low EML in the Terahertz band for an improved sensing 

performance. 
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4.2. Design Geometry 

 

Fig. 4.1. depicts the geometrical and parametric display of the proposed design. 

The proposed design consists of rectangular slots of equal lengths and widths denoted 

by l and w respectively, initially arranged vertically and a diameter D. The slots are 

then reflected 90° such that they lie horizontally on the origin and further rotated at 

45° clockwise and anti-clockwise respectively to yield an array of diagonal construct 

on both left hand- and right hand sides of the initial vertical slot. These slots are 

separated by a distance Λ apart known as pitch and are fused together to form the 

cladding. The triangles obtained as a result of this union are defined as air holes while 

the rest of the cladding and PML are made up of the background material, in this case 

Zeonex. The perfectly matched layer (PML) is made 10% thicker than the entire 

diameter for an enhanced efficiency. 

 

The core of the proposed design is made up of an octagonal shaped polygon 

with a core pitch, Λc = 5 µm and sides P1 = (l1, l2), P2 = (l3, l4), P3 = (l5, l6), P4 = 

(l7, l8), P5 = (l9, l10), P6 = (l11, l12), P7 = (l13, l14), P8 = (l15, l16) respectively as shown 

in Fig. 1 (b) below while Fig. 2. shows the power distribution confined within the core 

for both x-polarization (left) and y-polarization (right). Table 4.1. shows detailed 

information on the numerical value of geometrical parameters. 

 

         

(a) 
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(b) 

 

Fig. 4.1. Design geometry (a) Proposed Modified kagome (b) Octagonal Core 

(Magnified) 

 

 

       

(a)   (b) 

  

 

(c) 

  

Fig. 4.2. Power distribution with x-Polarization (Left) and y-Polarization(Right) 

for (a) water, (b) ethanol and (c) benzene respectively 
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Table 4.1. Geometrical Parameters and Values 

 

Parameter Numerical Value Parameter Numerical Value 

d 850 µm 𝑙6 245 µm 

H 3200 µm 𝑙7 172.5 µm 

l 2 × H 𝑙8 172.5 µm 

w 20 µm 𝑙9 245 µm 

𝛬 0.93 × d 𝑙10 0 µm 

D 2 × d 𝑙11 172.5 µm 

𝑙1 -245 µm 𝑙12 -172.5 µm 

𝑙2 0 µm 𝑙13 0 µm 

𝑙3 -172.5 µm 𝑙14 -245 µm 

𝑙4 172.5 µm 𝑙15 -172.5 µm 

𝑙5 0 µm 𝑙16 -172.5 µm 

 

 

4.3. Results and Discussion 

 

Three commonly used liquids being water, ethanol and benzene have been selected as 

analytes. Fig. 4.3 describes the effect on 𝑛𝑒𝑓𝑓 when varying frequency. Here, it is 

observed that increasing the frequency result in an increase in effective mode index. 
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Fig. 4.3. Frequency vs. Effective Mode Index for water, ethanol and benzene 

 

Fig. 4.4. depicts the relationship between sensitivity and frequency. It can be seen that 

as frequency increases, so is the sensitivity. It can further be seen that the graphs start 

growing exponentially up to a certain frequency and then it starts decreasing gradually 

as frequency increases. This is so because sensitivity is directly proportional to the 

core power fraction while being inversely proportional to the effective mode index as 

shown in Eq. (4.3) and as such at lower frequencies, both the core power fraction and 

effective mode indices change significantly as a result of a significant change in both 

the sensitivity promoting factor (core power fraction) and sensitivity degrading factor 

(effective mode index). At higher frequencies, however, the rate of change of core 

power fraction is relatively smaller than the rate of change of the effective mode 

indices, forcing the graph to curve downwards. This should be expected since the 

effective mode index increases continually with an increase in frequency whereas the 

core power fraction increases to a maximum value and then starts regressing with 

increasing frequency hence causing an overall increase and then decrease in sensitivity 

as the frequency moves to infinity.     
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Fig. 4.4. Frequency vs. Sensitivity for water, ethanol and benzene 

 

Fig. 4.5-4.7 shows the change in sensitivity of aqueous benzene, ethanol and water 

respectively when core diameter Dcore is varied. Dcore is chosen such that the vertices 

of each side of the octagon, P1 to P8, are equally varied so that the core’s overall surface 

area is increased or decreased accordingly.  As it can be seen, sensitivity increases as 

Dcore  increases and the reverse is also true i.e. sensitivity reduces with decrease 

in Dcore. Increasing Dcore implies that the core can accommodate a more significant 

volume of the chemical to be sensed allowing more interaction between the analyte 

and the fiber core thereby increasing sensitivity. Hence it can be concluded that 

sensitivities of the above mentioned aqueous chemical solutions are directly 

proportional to their Dcore. Nevertheless, the core diameter is restricted by certain 

conditions preventing it to be increased infinitely. For example, for desired guiding 

goals, the core diameter should not overlap with the cladding. Also, for flexible 

fabrication of desired design, a sufficient distance should be kept between the core and 

cladding. 
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Fig. 4.5. Frequency vs Sensitivity for benzene with varying core diameter 

 

 

 

Fig. 4.6. Frequency vs Sensitivity for ethanol with varying core diameter 

 



34 | P a g e  
 

 

 

Fig. 4.7. Frequency vs Sensitivity for water with varying core diameter 

 

Fig. 4.8. relates the effect of varying frequency with respect to effective material loss 

(EML). EML comes in as a result of using a background material and as such depends 

on the surface area occupied by the background material. To reduce the effect of EML, 

air holes are used. More so, a hollow core further helps reduce EML by reducing the 

amount of space occupied by the background material. Here, it can be observed that 

EML reduces as frequency increases. However, at a certain frequency, EML reaches 

its threshold minima beyond which it starts increasing again, thereby restricting the 

corresponding bandwidth to a limited number of frequencies for optimal operation. 

This can be explained by the fact that, the more the confinement at the core, the more 

the overall signal power is stronger thereby overcoming the relatively weaker bulk 

material loss as frequency increases, resulting in a smaller bulk material to overall 

signal strength. At a certain frequency, core confinement becomes weaker resulting in 

weaker core power fraction and thus the ratio bulk material to total signal power 

becomes larger, hence increasing EML accordingly.  
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Fig. 4.8. Frequency vs. Effective Material Loss for water, ethanol and benzene 

 

Fig. 4.9-4.11 displays the effect of varying Dcore on EML for all three analytes. It can 

be seen that as diameter of core reduces, EML increases whereas core diameter 

increases, EML decreases. This is because as Dcore reduces for a constant fiber 

diameter, D, and constant air hole size, the portion lost by Dcore is added to the 

cladding region and hence to the background material thereby increasing the EML of 

that material. Similarly, increasing core diameter also results in a stronger signal which 

in turn reduces EML as explained earlier for Fig. 4.8. 
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Fig. 4.9. Frequency vs EML for water with varying core diameter 

 

 

 

Fig. 4.10. Frequency vs EML for ethanol with varying core diameter 
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Fig. 4.11. Frequency vs EML for benzene with varying core diameter 

 

Fig. 4.12. displays information regarding the confinement loss of the three chemical 

analytes that are water, ethanol and benzene. It can be noted that due to the strong 

confinement and very high sensitivity, an extremely low confinement compared to 

previous published works is obtained as shown in Table 4.3. 
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Fig. 4.12. Frequency vs. Confinement loss for water, ethanol and benzene 

 

Fig. 4.13. depicts the change in Aeff with respect to frequency whereby Aeff reduces as 

frequency increases. This can be explained by the fact that as frequency increases; the 

signal becomes more and more confined, hence reducing the Aeff occupied by the 

signal. 
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Fig. 4.13. Frequency vs. Effective Area (𝑨𝒆𝒇𝒇) for water, ethanol and benzene 

 

Fig. 4.14. displays the relationship between numerical aperture (NA) and frequency. 

It can be seen that numerical aperture is inversely proportional to frequency provided 

all other parameters are kept constant. This means that as we increase the frequency, 

the numerical aperture is reduced accordingly. This should be expected given the fact 

that from its theoretical point of view, NA is inversely proportional to the effective 

area, which is in turn, is directly proportional to frequency.  

 



40 | P a g e  
 

 

 

Fig. 4.14. Frequency vs. Numerical Aperture for water, ethanol and benzene 

 

Fig. 4.15. shows the relationship between nonlinearity and frequency. It can be seen 

that as frequency increases, nonlinearity increases. This is due to the fact nonlinearity 

is inversely proportional to wavelength which in turn implies that it is directly 

proportional to frequency. To add to this, this behavior can be explained using the 

theoretical calculation of nonlinearity, whereby nonlinearity is inversely related to 

effective area and thus the obtained linear slope. In conclusion, analysis of both the 

two main varying parameters which influence the behavior of the nonlinearity vs. 

frequency curve which are wavelength or effective area, all results in a slope linearly 

increasing with frequency.   
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Fig. 4.15. Frequency vs. Nonlinearity for water, ethanol and benzene 

 

Fig. 4.16. gives information about the dispersion properties of water, ethanol and 

benzene. Only a slight difference can be appreciated as all three analytes are closely 

similar in terms of dispersion.  
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Fig. 4.16. Frequency vs. Dispersion for water, ethanol and benzene 

 

Dispersion is an important issue for optical fiber links as it limits or restricts the 

information carrying capacity or bandwidth of a fiber whereby the need for dispersion 

compensation. Fig. 4.16 indicates that for all three chemical analytes, a dispersion less 

than 0.3 ps/THz/cm is obtained within the chosen frequency range which displays 

better results than [112]. 
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Table 4.2. Comparison of the sensitivity and EML of the proposed modified 

kagome sensor design to those of previously reported sensors 

 

PCF Designs 
Sensitivity 

(%) 

EML 

(cm−1) 

[3] - 0.052 

[129] - ±0.000416 

[89] 49.17 - 

[90] 53.35 - 

[28] 55.56 - 

[91] 57.18 - 

[2] 61.45 - 

[92] 62.19 - 

[36] 69.09 - 

[11] 85.7 - 

[1] 96.8 0.0035 

[45] - 0.04 

M. Kagome 99.98 0.000263 
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Table 4.3. Comparison of the performance characteristics between the proposed 

modified kagome sensor design and previously reported sensors 

 

PCF Designs 
Confinement loss 

(dB/m) 

Dispersion 

(ps/THz/cm) 

Numerical Aperture 

(units) 

[3] - 2.2±0.25 - 

[129] 1.2 ×  10−9 0.4±0.042 - 

[89] 6.3 ×  10−11 - - 

[90] 3.7 ×  10−11 - - 

[28] - - - 

[91] 1.11 ×  10−11 - - 

[2] 1.41 ×  10−10 - 0.32 

[92] 5.56 ×  10−11 - - 

[36] 4.99 × 10−9 - - 

[11] 1.7 ×  10−9 0.47 ± 0.265 0.37 

[1] 6.95 ×  10−14 - - 

[45] - 0.98 ± 0.09 - 

M. Kagome 2.117 × 10−17 0.4 0.33 
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4.4. Conclusion 

 

A modified kagome with octagonal hollowed core design with a very high sensitivity 

of up to 99.98% and an extremely low EML of 0.000263 cm−1 at 4.5 THz for benzene 

was proposed. Key parameters such as confinement loss and dispersion among others 

were investigated, yielding better and highly improved results compared to previous 

works proposed thereby. While keeping in mind that the main challenging aspect of 

the proposed design is the practical feasibility of its geometrical design, an adequate 

fabrication method has been proposed. Finally, the proposed design is an ideal 

candidate as a sensor for a wide variety of sensing purposes as well as in the area of 

communication of the optical field. 
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CHAPTER 5 

 

DESIGN II:  PROPOSED SPIDER-WEB 

 

 

5.1. Introduction 

 

Three main widely used industrial analytes that are water, glycerol and acetic acid, 

have been selected and analyzed for sensing purposes throughout this paper. Despite 

their numerous uses such as in vinegar, laxative and in daily household activities for 

acetic acid, glycerol and water respectively, these chemicals can equally become a 

hazard if not used appropriately or discarded in a safe and appropriate manner. Acetic 

acid for instance may damage the internal organs if ingested or if its vapor is inhaled 

and is highly corrosive to the skin and eyes [113], glycerol may seriously damage red 

blood cells during intravenous injections or may cause serious side effects in some 

patients when used as medication [114, 115] while water given out as an industrial by-

product, if not properly discharged, may result in water pollution an important 

environmental concern causing diseases and degrading the ecosystem [116]. A liquid-

infiltrated PCF sensor with sensitivity of 55.56 % was proposed in [28] while [91] 

proposed a relatively higher sensitivity of 57.18 %.  In [1] reported a sensitivity of 96.8 

% using rectangular slotted cladding and a square hollowed core. The design further 

displayed a low effective material loss, EML of 0.0035 cm−1 and an improved 

confinement loss of  6.95 × 10−14 cm−1 accordingly. 

 

Therefore, a spider web-like hollow core photonic crystal fiber design is 

proposed in this paper.  This design has a very high sensitivity nearing the 100% mark, 

an extremely low EML and an improved dispersion than previously reported papers. 

 

 

 

 

5.2. Design Insight and Methodology 
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The proposed design is a spider-web like hollowed core that uses Zeonex as its bulk 

material. The design is made up by first constructing a pair of rectangular slots 

perpendicular to each other, with one lying on the vertical axes while the other lies on 

the horizontal axes. Another pair of rectangular slots are made to lie diagonally at an 

angle pi/4 to the vertical and horizontal axes as shown in Fig. 1. These horizontal, 

vertical and diagonal slots all have the same lengths and widths denoted by l = 2900 

μm and w = 30 μm respectively. The cladding’s spider-web like structure is 

constructed using three rectangular slots labelled R1, R2 and R3 with lengths 360 μm, 

710 μm and 1070 μm respectively, all rotated at an angle of pi/8. More so, the 

rectangular slots R1, R2 and R3 all have equal widths, w. The core is an octagonal 

structure with vertices (0, 250), (177.5, 177.5), (250, 0), (177.5, -177.5), (0, -250), (-

177.5, -177.5), (-250, 0) and (-177.5, 177.5) respectively, all measured in μm. The air 

holes within the cladding are separated by a distance Ʌ = 30 μm called the pitch. The 

octagonal core and spider-web like cladding on the other hand are separated by Λc = 5 

μm. These design parameters are chosen such as to ensure the maximum confinement 

strength. The power distribution on both the X- and Y-Polarization for water, acetic 

acid and glycerol can be observed in Fig. 2. 

 

 

(a) 
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(b) 

 

Fig. 5.1. Design geometry (a) Spider Web (b) Octagonal Core (Zoomed in) 

 

 

 

 

Fig. 5.2. x- and y-Polarization Power distribution from left-right for water, 

acetic acid and glycerol respectively 

 

 

5.3. Results and Discussion  

 

Fig. 5.3 relates the effective mode index to the operating frequencies. It can be seen 

that Effective index increases with frequency, with glycerol having the highest RI. 

 

Fig. 5.4 shows the relationship between frequency and sensitivity. As 

frequency increases, the sensitivity also increases. The graph starts growing 

exponentially at first, then it starts increasing at a lower speed at the latter part of the 

graph. This is so because at higher frequencies, the change in the effective modal index 

becomes more and more negligible compared to those at lower frequencies and as a 

result, the sensitivity curve starts bulging downwards. 
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Fig. 5.3. Frequency vs. Effective Mode Index for water, acetic acid and glycerol 

 

 

 

Fig. 5.4. Frequency vs. Sensitivity for water, acetic acid and glycerol 
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Fig. 5.5 displays the effect of varying frequency with respect to effective material loss 

(EML). EML depends on the surface area occupied by the background material, reason 

why air holes are used so as to reduce the effect of EML. It can be seen that EML 

reduces as frequency increases. This is because the more the confinement at the core, 

the better and stronger the overall signal is, resulting in a smaller bulk material to 

overall signal strength. Nevertheless, at a certain high frequency, core confinement 

starts to weaken as core power fraction becomes weaker.  The ratio bulk material to 

total signal power becomes larger and EML starts increasing again, restricting the 

corresponding bandwidth to a limited number of frequencies for an optimum 

operation.  

 

 

 

Fig. 5.5. Frequency vs. EML for water, acetic acid and glycerol 

 

Fig. 5.6 Depicts the confinement loss with respect to water, acetic acid and 

glycerol. It is seen than confinement loss decreases as frequency increases. This should 

be expected since the confinement loss is inversely proportional to the operating 

frequency as given by Eq. (5.3) above. 
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Fig. 5.6. Frequency vs. Confinement loss for water, acetic acid and glycerol 

 

Fig. 5.7 displays the relationship between nonlinearity and frequency and it can 

be noted that nonlinearity increases linearly with frequency. This is so because 

nonlinearity is inversely proportional to wavelength, implying that it is directly 

proportional to frequency and hence the linear relationship. 
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Fig. 5.7. Frequency vs. Nonlinearity for water, acetic acid and glycerol 

 

As shown in Fig. 5.8, dispersion decreases with increase in frequency. This 

should be expected since dispersion depends on the rate of change of the modal 

effective index and as explained earlier for sensitivity, as we move towards higher 

frequencies, the rate of change of the modal effective index decreases and hence 

dispersion. 



53 | P a g e  
 

 

 

Fig. 5.8. Frequency vs. Dispersion for water, acetic acid and glycerol 

 

In Fig. 5.9, 𝐴𝑒𝑓𝑓 decreases as frequency increases. As frequency increases; the 

signal becomes more and more confined within the core area. The more confined the 

core is, the smaller the effective area occupied by the signal. Therefore 𝐴𝑒𝑓𝑓 decreases 

as frequency increases. 
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Fig. 5.9. Frequency vs. Effective Area (𝑨𝒆𝒇𝒇) for water, acetic acid and glycerol 

 

Fig. 5.10 displays the relationship between numerical aperture (NA) and frequency. It 

can be seen that numerical aperture is inversely proportional to frequency provided all 

other parameters are kept constant. Moreover, for a constant operating frequency, 

numerical aperture is directly proportional to effective area. These two points implies 

that as the frequency increases, the numerical aperture is expected to decrease 

accordingly. Thus the curve decreases as the frequency is increased. 
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Fig. 5.10. Frequency vs. Numerical Aperture for water, acetic acid and glycerol 

 

 

Table 5.1 Compares the sensitivity and EML of the proposed design to that of recent 

research works. 
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Table 5.1. Comparison of the sensitivity and EML of the proposed spider-web 

sensor design to those of previously reported sensors 

 

PCF Designs 
Sensitivity 

(%) 

EML 

(cm−1) 

[3] - 0.052 

[129] - ±0.000416 

[89] 49.17 - 

[90] 53.35 - 

[28] 55.56 - 

[91] 57.18 - 

[2] 61.45 - 

[92] 62.19 - 

[36] 69.09 - 

[11] 85.7 - 

[1] 96.8 0.0035 

[45] - 0.04 

Spider Web 99.90 0.000113 

 

 

In table 5.2 below, it can be seen that the proposed design has shown better results 

than recent reported works in the same field. 
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Table 5.2. Comparison of the performance characteristics between the proposed 

spider-web sensor design and previously reported sensors 

 

PCF Designs 
Confinement loss 

(dB/m) 

Dispersion 

(ps/THz/cm) 

Numerical Aperture 

(units) 

[3] - 2.2±0.25 - 

[129] 1.2 ×  10−9 0.4±0.042 - 

[89] 6.3 ×  10−11 - - 

[90] 3.7 ×  10−11 - - 

[28] - - - 

[91] 1.11 ×  10−11 - - 

[2] 1.41 ×  10−10 - 0.32 

[92] 5.56 ×  10−11 - - 

[36] 4.99 × 10−9 - - 

[11] 1.7 ×  10−9 0.47 ± 0.265 0.37 

[1] 6.95 ×  10−14 - - 

[45] - 0.98 ± 0.09 - 

Spider Web 1.429 × 10−16 0.017 ± 0.001 0.26 

 

 

Table 5.3 summarizes the performance of the proposed sensor designs. 
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Table 5.3. Comparison between the proposed modified kagome vs. the proposed 

spider-web design 

 

Parameter 
Proposed Modified 

Kagome 
Proposed Spider Web 

Sensitivity 99.98 99.90 

EML 0.000263 0.000113 

Confinement loss 2.117 × 10−17 1.429 ×  10−16 

Dispersion 0.4 0.017 ± 0.001 

Numerical aperture 0.33 0.26 

 

 

5.4. Conclusion 

 

A spider-web like hollowed core design was proposed for sensing applications. The 

proposed design displayed a sensitivity of 99.90%, a very low EML of 

0.000113 cm−1 at 4.5 THz for glycerol. Important parameters like confinement loss, 

dispersion and numerical aperture were equally investigated and have shown to yield 

improved results compared to previously published research works. Finally, the 

proposed design is an ideal candidate as a sensor for a wide variety of sensing 

purposes. 
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CHAPTER 6 

 

CONCLUSION AND FUTUR WORKS 

 

 

6.1. Conclusion 

 

Two octagonal hollowed cored designs with a modified Kagome- and Spider-web like 

claddings respectively were proposed and investigated varying several parameters to 

obtain the desired sensitivity for liquid sensing applications. More so, the maximum 

possible enhancement of the sensitivity, EML and design complexity of each of these 

designs were made a priority with respect to other parameters. Hence, even though the 

first proposed design (Modified Kagome) showed a better sensitivity and improved 

EML than previously reported works, compared to the second design (Spider web), 

the relatively lower sensitivity, higher EML and design complexity of the former 

makes the latter a better candidate for an accurate design implementation during 

fabrication. Appendix I and II compare the results obtained with of previously reported 

works. It is clearly seen that the proposed designs both showed far better results 

compared to previous works in same field. Finally, the proposed designs can be seen 

as very effective sensors that can be used ideally as chemical sensors bringing about 

an appreciable contribution into its respective field of research, that is, the oceanic 

field of PCFs based sensors. 

 

Even though, the proposed designs display outstanding results, there still exist 

a number of limitations and challenges faced during this research process. The main 

limitations and challenges faced during this research includes: 

 

➢ There is no allowance for real time monitoring of the sample analyte’s 

interaction 
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➢ Speed, specificity and affinity of molecules’ association and 

disassociation cannot be retrieve from simulation through the proposed 

method  

 

➢ The limited and inadequate physical and online library resources with 

regards to COMSOL Multiphysics software 

 

➢ High computational requirement of COMSOL Multiphysics software 

➢ The high instability associated with the complex values of the effective 

mode indices due to operation at high frequencies i.e. above 1.5 THz 

 

➢ Time consumption due to the cumbersome process of collecting, 

processing and retrieving data. This is because any potential error may 

result in a completely new simulation process and all previous efforts 

rendered vain. 

 

 

6.2. Future Works 

 

Future research areas may include sensitivity measurements based on Surface Plasmon 

Resonance (SPR). Surface Plasmon resonance refers to an optical phenomenon that 

allows the monitoring of changes in RI via quantum mechanical principles.  

 

SFR is a label-free, proven biosensor technique used in studying interactions 

between all classes of biomolecules and biochemical mechanisms in real time. SFR 

sensors are the current trend in recent sensing and similar technologies, and are 

becoming even more important across a number of fields. SFR has innumerable 

advantages as it is possible to know how fast molecules associate and disassociate, 

how strong they interact, how specific is the interaction and what is the interaction of 

the interactants. 
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Basically, four (04) main steps are required in a classic SFR experiment [117], 

namely;  

 

➢ A target is captured or immobilized onto a surface, referred to as sensor 

chip 

 

➢ Analytes are been flown unto the sensor chip using a pump 

 

➢ Changes occurring on the surface of the sensor chip is are then captured 

using an optical measurement system 

 

➢ A software then plots time-dependent responses in the form of a graph 

known as a sensor gram 

 

The main advantages of SFR sensors [118] are; 

 

➢ Label-free detection: Since differences in RI are detected using SFR, 

there is no need for any label detection. 

 

➢ Small samples sizes: A minimal amount of sample is required to run an 

experiment using SFR. Hence, scientists and healthcare professionals 

may use less number of expensive materials saving money and making 

SFR more affordable and accessible. 

 

➢ Reusable sensor chips: Sensor chips influence directly is a vital 

component and influence directly data quality, thus, its ability to be 

reused is highly cost effective. 

 

➢ Ability to replicate measurement: Replicate injections of the same 

concentration throughout a run can be done repeatedly. This further 

increases result accuracy. 
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➢ Real-time monitoring: SFR technology provides a relatively affordable 

and simple way of observing different biomolecules interaction in real 

time. 

 

➢ Ability to handle complex samples: SFR has been used for testing 

samples in a variety of complicated matrices, including situations 

where only crude samples are available for testing. 

 

Applications areas of SFR are medical diagnosis, colorimetric sensor, organic 

chemical sensing, telemedicine, glucose monitor, disease detection, bio imaging, 

environmental monitoring and chemical sensing [119]. 
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