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Abstract 

The ultimate objective of this PhD thesis is to develop and characterise optical fibre sensors 

for carbon dioxide (CO2) monitoring during tissue loading. CO2 is a reliable marker for the 

early detection of pressure ulcers (PUs). In this thesis, a reflection mode optical fibre CO2 

sensor (OFCS) was developed for early prediction of PUs formation.  

Transcutaneous CO2 probes based on electrochemical sensing are commercially available 

for measurement of arterial partial pressure. It is therefore important to consider the 

advantages of OFCS in terms of device form and performance. The most important 

potential advantage is that an OFCS is very thin (core diameter, Ø 62.5 µm, cladding 

diameter, Ø 125 µm) and flexible and so could be used for continuous monitoring during 

patient treatment or during everyday life. Furthermore, electrochemical sensors require 

skin heating, temperature calibration and use of contact gel; OFCS can potentially monitor 

without. Therefore, if comparable performance to electrochemical sensing could be 

achieved, then there is an opportunity for OFCS to be widely adopted for monitoring tissue 

breakdown.       

Skin damage is quite a slow process (1-2 hrs to develop a grade 3 or 4 PUs); a commercially 

available transcutaneous CO2 probe (tC Sensor 92) response time is around 78 seconds, 

which is acceptable to clinicians and requires no further improvement. Therefore, a 

response time of approximately 3 minutes would be acceptable for monitoring PUs. The tC 

Sensor 92 probe measures the partial pressure of CO2 (PCO2) in units of mmHg or kPa. 

The measurement range varies according to the different loading amounts on the skin, such 

as the PCO2 value of 36-44 mmHg (for 40 mmHg or 5.3 kPa loading), 50-60 mmHg (for 

80 mmHg or 10.7 kPa loading), and > 80 mmHg (for 120 mmHg or 16 kPa loading). 

Therefore, an OFCS would need to be able to discriminate these ranges.  

The optical fibre tip was coated with thymol blue (TB) using a sol-gel coating process. The 

highest absorption peak of the OFCS was achieved at a wavelength of around 600 nm. The 

OFCS had response and recovery times of 60 seconds and 413 seconds, respectively, in the 

range of 0 ppm (0% CO2) to 50000 ppm (5% CO2). Light from a halogen light source 

illuminated the optical fibre tip, and the reflected light (proportional to CO2) was detected.  
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The OFCS has been calibrated in a gas chamber alongside the tC Sensor 92 probe and a 

commercial CO2 datalogger. The humidity effects on the OFCS were nullified using a 

polytetrafluoroethylene (PTFE) film as a barrier between the sensor and external 

environment.  

Further characterisation of the sensing film has also been conducted. The dye 

characteristics such as transmission and absorption spectra of TB were observed by varying 

pH values and CO2 flow. The highest absorption peak of TB (red), TB (yellow), and TB 

(blue) were achieved at a wavelength of 549, 452, and 606 nm, respectively. The different 

shapes of the spectrum of TB according to pH variation and CO2 flow were illustrated using 

skewness and kurtosis as an alternative to attenuation measurements at a single detection 

wavelength.  

The TB concentration was calculated from the film thickness of the dried film on the OFCS 

tip. This film thickness was measured using scanning electron microscope (SEM) images. 

These values were used as input parameters in a simulation of the fibre tip as a Fabry-Perot 

interferometer (FPI). The highest absorption peak of the FPI was achieved at a wavelength 

of around 600 nm, and the spectrum of TB contains interference fringes. The fringe 

visibility was calculated from the simulated reflection spectrum of the FPI. The relationship 

between fringe visibility and film thickness helped to choose 7.234 µm as the optimum 

film thickness.  

All three CO2 sensors have been used to measure the skin CO2 with and without weight 

loading. The PCO2 emitted from the human forearm has been measured using the tC Sensor 

92 probe without weight loading at sensor temperatures of 37 °C and 42 °C for 30 minutes. 

The developed 10 OFCSs (OFCS 1-10)  and a commercial CO2 sensor were validated on 

10 volunteers’ (Volunteer 1-10) forearms and measured the changes in CO2 concentration 

during loading at a range of 32 °C and 43.4 °C for 20 minutes. The gas flow was stopped 

when the skin was loaded, which allowed CO2 to build up in the tissue. The OFCS 1-6 

measured the CO2 changes on the volunteers’ (Volunteer 1-6) skin and in the air 

successfully, but unfortunately, the OFCS 7-10 couldn’t measure the CO2 changes on the 

volunteers’ (Volunteer 7-10) skin and in the air. The commercial CO2 sensor also 

successfully measured the CO2 changes on the volunteers’ (Volunteer 1-10) skin and in the 
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air. The minimum and maximum achieved skin CO2 concentration was 149 ppm and 429 

ppm, respectively, over 3 trials.  

In conclusion, promising results from the human forearm using the OFCS and commercial 

CO2 sensor were achieved. Key improvements of the OFCS are identified which, with 

future work, will lead to improved performance for eventual deployment in the clinic. 
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1. Chapter 1 

Thesis Introduction  

1.1 Introduction 

This chapter introduces the project goals and potential contribution of an optical fibre 

sensor (OFS) for monitoring tissue loading. Section 1.2 discusses the aims and objectives 

of this research. Section 1.3 explains the novelty of this research. Section 1.4 is focused on 

the classification, features, and applications of the OFS. Section 1.5 illustrates the skin 

properties and the relationship between transcutaneous CO2, pressure, and the skin. Section 

1.6 demonstrates how the optical fibre CO2 sensor (OFCS) will be placed on the patients’ 

skin in future. Finally, Section 1.7 provides an overview of the whole thesis. 

1.2 Aims and Objectives 

This research aims to develop an OFS that can be used to monitor skin biomarkers 

associated with tissue breakdown, such as CO2. If successful, this could ultimately be used 

to prevent pressure ulcers (PUs) by alerting subjects or medical professionals at an early 

stage whether they are at risk of developing PUs.  

The specific aims of this PhD thesis are: 

1) To develop and fabricate an OFCS. 

2) To apply the sensor to monitor transcutaneous CO2, a known skin biomarker of 

tissue breakdown.  

The specific objectives of this PhD thesis are: 

1) To fabricate an OFCS to monitor emission of CO2 from skin. 

2) To compare the OFCS’s response to that of a commercial transcutaneous CO2 probe 

and commercial CO2 datalogger. 

3) To monitor CO2 emitted from human skin during loading using the developed 

OFCS and a commercial CO2 sensor. 

4) To develop a Fabry-Perot interferometer (FPI) model of the optical cavity created 

at the fibre tip to simulate varying the sensing film thickness.
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1.3 Motivation 

Several commercial clinical devices exist to measure transcutaneous carbon dioxide 

pressure (TCPCO2); however, these devices are either expensive or unsuitable to be used 

for continuous monitoring in positions likely to be susceptible to PUs due mainly to the 

size of the sensor head (diameter and height of the tC Sensor 92 probe is 15 mm and 8 mm, 

respectively [1]). However, TCPCO2 is a promising biomarker for early detection of PUs 

in such a setting [2]. The commercial electrode is a pH electrode that detects the blood’s 

pH changes that are proportional to the concentration of dissolved blood CO2 [3]. The 

working principle of a pH electrode is mentioned in Section 2.5. The main drawbacks of 

commercial TCPCO2 electrodes are they are bulky preventing use for long periods on 

vulnerable body areas; and the high electrode temperature (37-45 ℃) results in only short 

application times to reduce skin burning risks. The commercial TCPCO2 electrode attaches 

to the skin via a contact gel, preventing bias from ambient air between the electrode and 

tissue [4]. This contact gel comprises a small quantity of sensitising element, which may 

cause an allergic reaction on sensitive skin [5]. Alternatively, optical fibre technology 

offers a suitable, reasonable, secure, and viable approach for long term monitoring by 

analysing the output response of the sensor and has been utilised clinically since the early 

1960s. OFSs, such as the fabricated OFCS presented in this thesis, are small (core diameter, 

Ø 62.5 µm, cladding diameter, Ø 125 µm), lightweight, passive, have low attenuation, are 

insusceptible to electromagnetic interference (EMI), have high sensitivity and the 

capability to adhere to harsh environmental conditions [6]. The OFCS doesn’t require skin 

heating, contact gel, and temperature calibration compared to the commercial TCPCO2 

electrode. Therefore, if comparable performance to electrochemical sensing could be 

achieved, then there is an opportunity for OFCS to be widely adopted for monitoring tissue 

breakdown.       

Skin damage is quite a slow process (1-2 hrs to develop a grade 3 or 4 PUs [7]); a 

commercially available transcutaneous CO2 probe (tC Sensor 92) response time is around 

78 seconds [4], which is acceptable to clinicians and requires no further improvement. 

Therefore, I estimate a response time of approximately 3 minutes would be acceptable for 

monitoring PUs. The tC Sensor 92 probe measures the partial pressure of CO2 (PCO2) in 
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units of mmHg or kPa. The measurement range varies according to the different loading 

amounts on the skin, such as the PCO2 value of 36-44 mmHg (for 40 mmHg or 5.3 kPa 

loading), 50-60 mmHg (for 80 mmHg or 10.7 kPa loading), and > 80 mmHg (for 120 

mmHg or 16 kPa loading) [8]. Therefore, an OFCS would need to be able to discriminate 

these ranges. This project aims to measure TCPCO2 without interfering with the metabolism 

or tissue perfusion, resulting in a novel and non-invasive approach for the tissue CO2 

measurement. 

1.4 Optical fibre sensors 

Optical fibres with appropriate modifications can be used as sensors to effectively observe 

physical, biological, and chemical measurands [9]. 

1.4.1 OFS principles 

The basic block diagram of an OFS is illustrated in Figure 1.1. It comprises a light source 

(laser or light emitting diode (LED)), an optical fibre as a measurement channel, a sensing 

element (which converts the measurands to an optical signal), an optical detector, and 

processing tools at the endpoint (oscilloscope or computer). Depending on the sensor’s site, 

an OFS can be categorized into intrinsic or extrinsic [9]. 

Figure 1.1: Basic block diagram of OFS system (adapted from [9]) 
 

1.4.1.1 Intrinsic OFS 

Figure 1.2 (a) shows the fundamental concept of an intrinsic OFS in which the sensing 

mechanism is due to a change in the fibre itself. The optical fibre’s internal property 

converts the environmental variations into a modulation of the optical signal. The intensity, 

phase, frequency, or polarisation are considered the light signal parameters [9]. 
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Figure 1.2: Block diagram of (a) intrinsic OFS (b) extrinsic OFS (adapted from [9]) 

1.4.1.2 Extrinsic OFS  

Compared to intrinsic sensing, extrinsic sensing uses fibres to carry information to a 

measurement chamber, generating a light signal based on the data received in the 

measurement chamber. This measurement chamber could contain gas or liquid samples 

that will eventually produce an optical signal [9].  

Figure 1.2 (b) illustrates the working principle of an extrinsic optical fibre sensing. In an 

extrinsic sensor the fibre itself is unchanged and sensing is undertaken by measuring a 

sensing element external to the fibre. The light travels from the light source to the black 

box attached to an input fibre, and the transmitted light is sent to the detector via an output 

fibre [10]. Also, the working principle of a reflection mode extrinsic OFS is mentioned in 

Section 2.10. The light travels from the light source to the sensor, and the optical detector 

receives the reflected light through an optical fibre coupler, according to Figure 2.16 (a).   

The OFCS developed in this research is an extrinsic sensor because the fibre properties are 

not changing. The fibre tip is coated with a chemically sensitive layer (pH indicator dye, 

thymol blue, TB) and light is reflected from the fibre tip. The OFCS is placed inside 

different media (like air or CO2 environment) to detect CO2. The pH indicator dye changes 

its colour (blue to yellow), and the light intensity also varies within the absorbance band 

(around 500-700 nm) of the pH indicator dye due to the presence of CO2. The change in 

light intensity is detected when the analyte interacts with the chemical coating on the fibre 

tip. The refractive index difference between the optical fibre core and chemically sensitive 

layer controls the reflected light intensity to the detector [11]. 
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1.4.2 Benefits of OFSs 

The OFSs give numerous benefits over typical electronics sensors. Such as [9],  

I)  Simple to implement in any form because of their small size and tubular geometry.  

II)  Lack of current flow reducing safety issues. 

III)  Fibres are chemically inert. 

IV)  Remote detecting capability. 

V)  Resistant to EMI and radio frequency interaction. 

1.4.3 Commercially available OFCSs 

Much progress has been made in the medical field with invasive and non-invasive OFSs. 

The sensor’s small size permits insertion into tissue, and its non-voltaic behaviour means 

they are electrically safe. The functions of the OFSs are categorized within 

the several fields of usage, such as in-vitro (e.g., gas detection, body fluids, or ex-vivo 

tissue tests), non-invasive in-vivo, (e.g., optode placed on human skin), invasive in-vivo, 

(e.g., endoscopic devices or catheters), or in challenging situations where electronic 

devices are susceptible to the environment, such as during magnetic resonance imaging 

(MRI) [10]. 

Commercially available OFCSs have many functions in several areas. Two such companies 

are:  

i) Intelligent Optical Systems, Inc., USA (https://www.intopsys.com) have developed a 

robust distributed fibre optic CO2 sensor to measure the dissolved CO2 from underground 

water. The whole length of the optical fibre functions as the sensor, able to cover a wide 

area and depths of hundreds of metres. A silica (SiO2) glass core fibre is coated with a 

polymer [(SiO2)n] cladding consisting of a colorimetric pH indicator {8-hydroxypyrene-

1,3,6-trisulfonic acid (HPTS) and Oregon Green 514 carboxylic acid}. During CO2 

exposure of any part of the optical fibre, CO2 diffuses into the fibre cladding and 

immediately shifts the colour of the pH indicator. In this sensor, the evanescent field is 

utilised to interrogate the fibre cladding’s properties. The light transmitted through the fibre 



6 

 

varies with the CO2 concentration. The transmission spectrum of light (at a particular 

wavelength) rises with the dissolved CO2 concentration in water [12]. 

ii) PreSens Precision Sensing GmbH, Germany (https://www.presens.de) developed a CO2 

dipping probe (DP-CD1) to measure and monitor the dissolved CO2. Here, a 2 mm polymer 

optical fibre functions as the sensor where the fibre end is coated with a CO2 sensitive 

material (HPTS). A high-grade steel tube covers and protects the fibre end containing CO2 

sensitive material. The response time is less than 3 minutes with a CO2 measurement range 

from 10000 ppm to 250000 ppm and partial pressure of CO2 (PCO2) measurement range 

from 10 hPa to 250 hPa (8 mmHg to 180 mmHg) [13]. 

1.5 Monitoring TCPCO2 from skin 

1.5.1 Skin structure 

Skin is known as the human body’s largest organ [14]. On average 1 square inch of skin 

comprises 650 sweat glands, 20 blood vessels, more than 1,000 nerve endings and 60000 

pigment-producing cells and is typically 2 mm thick [15].  

Figure 1.3: (a) Cross-section of human skin [14] Schematic structure of (b) epidermis 

layer (c) dermis layer and hypodermis layer [16] 
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Figure 1.3 demonstrates the cross-sectional view of human skin consisting of 2 main layers: 

the epidermis and dermis. Beneath the dermis is the hypodermis or subcutaneous greasy 

tissue [14]. 

1.5.1.1 Epidermis  

The epidermis is the thinner and outermost layer of the skin containing 25-30 layers of 

dead cells. It functions as a defensive cover, waterproof barrier for skin, and contains the 

skin tone. It comprises keratinocytes, epithelial cells, which create hard, fibrous protein 

keratin. Keratinocytes give protection against parasites, bacteria, viruses, heat, fungi, 

ultraviolet (UV) radiation, and water loss by functioning as a barrier. No blood vessels 

exist in the epidermis. Diffusion from blood capillaries feeds the cells from the epidermis’ 

lowest layers to the dermis’ top layers [14-15] [17].  

New cells are continually being formed in the epidermis’ lowest layers. Naturally, these 

cells come up to the skin surface via the epidermis and remove the dead cells within 4 

weeks. Melanin is a pigment generated by melanocytes inside the epidermis, and it protects 

the skin from UV light. Melanin is responsible for the skin’s colour. The acid mantle and 

lipid barrier are located above the epidermis [16]. The epidermis is split into 5 sub-layers 

[14]:  

I) stratum corneum – dead cells at the surface 

II) stratum lucidum,  

III) stratum granulosum,  

IV) stratum spinosum,  

V) stratum basale – sometimes called stratum germinativum. 

1.5.1.2  Dermis 

The dermis is the thickest and innermost layer of the skin, just beneath the epidermis. Sweat 

glands, tough connective tissue, lymphatic vessels, blood vessels, hair follicles, and 

sebaceous glands, which produce sebum (an oil that waterproofs hair) are inside the dermis. 

A basement membrane connects the dermis and epidermis firmly. The dermis gives the 

skin flexibility and strength and protects the skin from strain and stress by functioning as 

connective tissue [17]. The dermis’ blood vessels eliminate wastes from its cells and the 
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epidermis’s stratum basale (sometimes called stratum germinativum). Those blood vessels 

also feed to the cells and stratum basale [14]. 

The dermis contains 2 different regions, such as the papillary and reticular areas. Loose 

connective tissue can be found in the papillary region. The papillary area contains finger-

like projections pressing into the epidermis, providing the dermis with a rough surface – 

this generates a person’s fingerprint. The reticular area contains protein fibres that provide 

skin rigidity and elasticity and consist of dense, irregularly organised connective tissue 

[17]. 

1.5.1.3  Hypodermis 

The subcutaneous tissue is the last and deepest layer of the skin, known as hypodermis or 

subcutis. The hypodermis is not considered a part of our skin. The hypodermis joins the 

skin to bone and muscle and connects the skin with nerve and blood vessels. The connective 

tissue, fat, and elastin can be found inside the hypodermis. Elastin (a flexible protein) 

returns the stretched tissue to its actual shape [14]. The large quantities of fat prevent 

excessive heat loss from the skin and protect our muscles and bones [17].  

There are different types of skin injuries. They include cuts, lacerations, gashes, tears, 

scrapes, scratches, bruises, punctured skin, and pressure injuries [18]. PUs is caused by 

long periods of pressure over a bony part of the body (such as the hip and heel) [19]. 

Hulka and colleagues [20] defined biomarkers as biochemical alterations or an indicator 

that are measurable in biological media. Biomarker shows the whole scenario of disease 

from the initial symptoms through to the final stage [21]. For instance, the concentration 

of sweat lactate and TCPCO2 increased considerably in the presence of loading. 

Consequently, sweat lactate and TCPCO2 are considered potential biomarkers for PUs [2].  

1.5.2 Overview of transcutaneous monitoring 

The first appearance of commercial TCPCO2 examinations was in 1978. According to 

Bromley 2008 [22], 150 years ago, Physiologists discovered that human skin ‘breathes’ – 

that is it takes up O2 and gives off CO2 to the air. CO2 diffuses through the skin surface 

faster than O2: a transcutaneous sensor accurately shows the arterial partial pressure of CO2 

(PaCO2) value at sensor temperature ≃ 37 °C considering the prolonged sensor’s response 
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time. The membrane covered Severinghaus PCO2 electrode are suitable for measuring 

TCPCO2 from newborns. The transcutaneous oxygen pressure (TCPO2) and TCPCO2 

measuring technique were merged in 1979, and nowadays, this technique has become very 

popular [22]. 

1.5.2.1 Key factors for transcutaneous monitoring  

A patient’s respiratory and circulatory performance is monitored by a TCPCO2 probe (TP). 

The results obtained from TCPCO2 measurement develop the understanding of local skin 

variables (skin perfusion, diffusion path, and skin metabolism) [23].  

Several factors have an influence on PCO2 measurement using the TP. The essential factors 

are the following [23]:   

i) The blood flow in the skin. 

ii) The rate of O2 absorption and CO2 generation within dermal and epidermal tissue 

between the TP and skin capillaries. 

iii) The temperature of the capillary blood. 

iv) The diffusion resistance between the capillaries. 

There are 2 reasons why local skin blood flow is significant. Firstly, the ratio between the 

blood flow and O2 absorption and CO2 generation controls the variances in arterial to 

venous O2 and CO2. As a result, capillary blood is not arterialised at minimal blood flow. 

Secondly, the skin capillaries contain the extended part of the diffusion gradient between 

the blood and TP. TCPCO2 measurement also depends on tissue metabolism. Because the 

O2 and CO2 binding curves of blood are highly temperature sensitive, knowing the 

temperature of capillary blood is essential for TCPCO2 measurement. Finally, the resistance 

between the TP and skin capillaries affects TCPCO2 measurement [23].  

1.5.2.2 A transcutaneous sensor on skin 

The transport of necessary nutrients to the tissue, which is directly related to its viability, 

is referred to as perfusion [24]. Good-quality skin perfusion areas are suitable for 

transcutaneous monitoring, especially the region having a uniform capillary bed with no 

large veins, hair, or skin defects. An incorrect result can be achieved when the TP is placed 
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on the top of the bone and has impaired perfusion. In addition, the TP can’t be placed on 

the patient’s skin having dermatological complications because those areas have lower 

local perfusion due to damaged tissue [4]. 

Even though the epidermis (outer layer) is avascular, tissue fluid is present in the lower 

dermal layers. Capillary loops run from the subcutaneous tissue to the skin surface. The 

body’s temperature regulation system includes the skin structure. The TP’s heat induces 

capillary loops to widen, and as a result, local skin blood flow increases, thus permitting 

CO2 and O2 to disperse up to 20 times more rapidly than at equilibrium from blood 

capillaries via the skin membrane [4] [22]. Increased tissue metabolism causes a significant 

rise in CO2 production at this higher temperature. A “correction factor” can be used to 

eliminate this temperature effect. This correction factor adjusts the calibration values to 

provide a measurement nearly 30 % below the value predicted by the calibration gas. This 

correction factor must always be turned on and indicates “Corr.” on a TCM monitor 

display. If the correction factor is turned off, the TCPCO2 values will overread by around 

30 % [22]. 

1.6 OFCS on patients’ skin 

The future goal is to measure the skin CO2 from an at-risk patient’s skin using the OFCS. 

The process is described in detail in Sections 6.3.3 and 6.3.5, but this process is also briefly 

discussed here. The OFCS will be mounted by a fixation ring-based gas collection chamber 

(GCC) according to Figure 6.4. The size and shape of this kind of GCC are also mentioned 

in Figure 6.4. In Figure 1.4, four OFCSs (OFCS 1-4) are placed in different positions (such 

as the back of the head, shoulder blade, lower back, and heel) on the patient lying on a 

smart mattress. A grade 3 or 4 PUs can develop within 1 or 2 hours [7]. So, continuous 

monitoring of PUs is needed for the skin CO2 measurement. Four OFCSs are placed inside 

the GCC based on the fixation ring, and the fixation ring with polyurethane foam is attached 

to the affected regions on the skin. If the skin CO2 exceeds the normal range, the patient 

will be moved, or the cushion will be placed on the affected area to release the pressure 

from the skin.  
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Figure 1.4: Skin CO2 measurement from PUs patient’s skin using 4 OFCSs 

1.7 Thesis structure 

This thesis is divided into 6 chapters that introduces OFS in healthcare; reviews literature; 

describes the fabrication and characterisation of the OFCS; describes the measurement of 

CO2 emitted from human skin; observes dye (thymol blue) characteristics and develops an 

FPI simulation; summarises the present work and future directions of improving the OFCS 

in healthcare.  

Chapter 1, as mentioned above, discusses the objectives and motivation for using the OFS 

to predict PUs. The principles, merits, usage of the OFS in the clinical field, various skin 

layers, and TCPCO2 measurement from the skin are also provided.  

Chapter 2 contains the literature review relevant to this thesis and the background of this 

work. A review of the developed OFCS for monitoring CO2 from human skin is described. 

A comparison of the benefits and drawbacks and healthcare applications of the literature is 

provided to demonstrate the novelty of the work developed in this thesis. 

Chapter 3 describes the fabrication and characterisation of the developed OFCS. The 

results of in-vitro tests from the OFCS are compared to those of commercial devices. The 

method of reducing film cracking and the improved performance of the OFCS are also 

illustrated. The film thickness, dye (TB) concentration, absorption, and molar absorption 
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coefficient of dye (TB) are found. The fibre-to-fibre variability is achieved from the 

sensitivity of the 10 calibrated OFCSs (OFCS 1-10). 

Chapter 4 reports on the modelling of an FPI on the optical fibre tip. Fringe visibility is 

calculated from experimental data and compared with simulated data. Also, the shape of 

the spectrum achieved from dye (TB) characteristics with and without CO2 is discussed.   

Chapter 5 shows the experimental set-up of monitoring CO2 emitted from human skin using 

the TP, OFCS, and commercial CO2 sensor during loading and unloading. The results of 

in-vivo tests from different volunteers are demonstrated. 

Chapter 6 focuses on an overall summary and conclusion of the presented work with future 

directions proposed for the OFCS built for monitoring tissue loading. 
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2. Chapter 2 

Literature Review  

2.1 Introduction 

A literature review delivers the necessary knowledge on the working principle and 

applications of a transcutaneous CO2 sensor probe (tC Sensor 92, Radiometer, UK), a 

commercial CO2 sensor, and an optical fibre CO2 sensor for designing the experiment using 

the devices. The previously done research with the tC Sensor 92 probe provides guidelines 

for setting the experiment protocol using the devices. Section 2.2 illustrates the mechanism 

of CO2 transport and CO2 release from the skin and explains the relationship between pH 

and CO2, pressure ulcers and transcutaneous CO2. Section 2.3 demonstrates the previously 

conducted research at the University of Southampton and Beijing Chaoyang Hospital. 

Section 2.4 presents the optical methods for measuring TCPCO2. Section 2.5 is focused on 

the operating principle and available features of existing commercial devices for measuring 

CO2 and TCPCO2. Section 2.6 discusses how an OFS is beneficial to measure TCPCO2 

instead of using a tC Sensor 92 probe. Section 2.7 includes the general principle and 

classification of an OFS. Section 2.8 is based on the latest advances in optical fibre pH 

sensors. Section 2.9 shows the sensing film coating techniques. Section 2.10 describes the 

working principle of different optical fibre CO2 sensors. Section 2.11 mentions the 

fundamentals of optical fibres, and Section 2.12 concludes with a summary of this chapter. 

2.2 CO2 inside human body and Pressure ulcers relationship 

with transcutaneous CO2 

CO2 is a non-flammable and colourless gas at normal pressure and temperature. CO2 is 

produced in the body’s tissue due to the cellular breathing method because of bicarbonates 

with buffering protons due to the metabolic acidosis resulting ischemia [25]. 
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2.2.1 CO2 transport to body 

CO2 is the outcome of cellular respiration and is moved from the tissues’ cells in the body 

to the lung’s alveoli through the bloodstream. CO2 is moved in the blood via 3 separate 

paths [26]: 

(I) Dissolved in the plasma: Only 5 % of CO2 is moved in the blood’s plasma as dissolved 

CO2 molecules. CO2 has a greater solubility than O2; that is why a moderately larger CO2 

amount is dispersed in the blood’s plasma compared to O2 [26]. 

(II) Bound to haemoglobin: While O2 attaches to the iron substance in haemoglobin, CO2 

can attach to the amino acid chains on haemoglobin. When CO2 sticks to haemoglobin, it 

builds carbaminohaemoglobin. Around 10 % of CO2 in the human body is transported 

using this approach. Carbaminohaemoglobin provides a bluish colour in red blood cells; 

that is why the veins containing deoxygenated blood seem to be blue [26].  

(III) Bicarbonate ions: Most (i.e. 85 %) of CO2 moves in the bloodstream as bicarbonate 

ions. The chemical reaction that explains the bicarbonate ion’s formation in the blood is 

provided in Eq. (2.1) [26].  

This equation illustrates that CO2 reacts with water (H2O) to develop carbonic acid 

(H2CO3), which detaches in solution to produce bicarbonate ions (HCO3
-) and hydrogen 

ions (H+). The major effect of this method is that the blood’s pH becomes a pathway of 

finding the CO2 amount in the blood. Bicarbonate ions (HCO3
-) perform as a buffer for the 

blood’s pH so that blood’s pH level will be neutral (i.e. pH = 7) assuming that hydrogen 

and bicarbonate ions are stable [26]. 

2.2.2 CO2 release from skin 

External respiration or gas interchange happens in our lung’s alveoli, which consist of 

capillaries. It appears in the alveoli so that O2 is inserted into the bloodstream and CO2 is 

extracted from the bloodstream. O2 is transported to the heart’s left side through the 

pulmonary vein, which drives it into the systemic flow [27]. Red blood cells transport O2 

 CO2 + H2O  ⇌ H2CO3  ⇌ H+ + HCO3− (2.1) 
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into the tissues’ capillaries of the human body. O2 circulates into the tissues’ cells, while 

CO2 spreads out of the tissues’ cells and into the blood capillary [26].  

A partial pressure gradient stands for variation in a gas concentration inside a mixture of 

different gases, in which the gas is at a greater pressure in one site and a smaller pressure 

in another site. A gas will disperse from greater pressure to a smaller pressure down the 

gradient [27]. In Figure 2.1, partial pressure gradients permit the loading of O2 into the 

blood capillary and the unloading of CO2 out of the blood capillary. These 2 methods take 

place at the same moment [26]. 

 

 

 

 

 

 

Figure 2.1: Gas exchange in alveolus (adapted from [26]) 

Partial pressure gradients in the systemic capillaries: – the arterial partial pressure of 

O2 (PaO2) has a value of 100 mmHg, and PaCO2 has a value of 40 mmHg within the blood 

capillary. PaO2 value of 40 mmHg and PaCO2 value of 45 mmHg inside the tissues’ cells 

permit gas interchange [26]. PO2 is larger in ambient air than in the blood capillaries, so 

O2 disperses into the blood capillaries (PO2 in the air is about 159 mmHg). PCO2 is larger 

inside the blood capillaries than in ambient air, so CO2 spreads out of the blood capillaries. 

CO2 within the skin tissue diffuses through the skin barrier to the air under the drive of the 

partial pressure difference (PCO2 in the air is about 0.3 mmHg). The CO2 starts to diffuse 

from the blood plasma into the alveoli under the drive of differential partial pressure (45 

mmHg to 0.3 mmHg) [27]. 
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2.2.3 pH and CO2 relationship 

Eq. (2.1) shows how CO2 is mixed with H2O and makes H2CO3 (a weak acid that decreases 

the water's pH). Reference [28] provides a standard curve determining the relationship 

between pH and CO2 in water. The CO2 flow rate was 1 L/min, and CO2 concentrations 

were monitored using pH sensors placed inside a water tank. Here the x-axis represents the 

pH of the water, and the y-axis represents the CO2 concentration inside the water [28].  

Figure 2.2: Relationship between pH and dissolved CO2 concentrations in water [28] 

The skin surface pH varies due to different factors such as age, ethnicity, sebum, sweat, 

detergents, cosmetic products, soaps, and occlusive dressing. The pH value of the normal 

skin surface is 4.5-6.0 [16]. The skin pH can’t be related directly to water pH in Figure 2.2 

and measurements of skin pH and CO2 haven’t been performed previously. Moreover, the 

skin pH cannot be directly related to the internal tissue pH due to the different factors 

described, hence a measurement of CO2 emitted from the tissue via the skin is potentially 

a valuable biomarker. 

However, healthy skin CO2 measurement range is from 149 ppm to 429 ppm, obtained 

from the healthy 10 volunteers’ skin over 3 trials during the skin CO2 measurement test in 



17 

 

Section 5.3.4. However, as the human body is 60 % water [29], we can assume that Figure 

2.2 is approximately valid, corresponding to a pH range of 5.5-6.25.  

CO2 can be calculated using the formula from Figure 2.2, y = 108e-2.212x 

CO2 (pH = 5.5) = 108 × e-(2.212 × 5.5) = 520.443 ppm ≈ 520 ppm 

CO2 (pH = 6.25) = 108 × e-(2.212 × 6.25) = 99.056 ppm ≈ 99 ppm 

The OFCS will be able to detect the CO2 range of 99 ppm to 520 ppm corresponding to the 

pH range of 5.5 to 6.25.  

2.2.4 Transcutaneous CO2  

Transcutaneous monitoring is an advanced and precise technology that gives constant, non-

invasive measuring of CO2. They are popular because a non-invasive sensor is employed 

on the body, blood gases diffusing through the skin can be detected and measured [1]. 

TCPCO2 is a measurement of the level of CO2 released from the skin that has a good 

correlation with PaCO2 [25]. PCO2 indicates the CO2 concentration dispersed in the blood 

and the interchange of this gas via lungs to outside as well [30]. PCO2 of tissue is defined 

by the balance between PaCO2, blood flow and its circulation in tissue, the combination of 

anaerobic and aerobic metabolism, lactate variations in the body’s tissue, and venous O2 

saturation. The amount of dissolved gas [from Eq. (2.2)] in the fluid (blood) is governed 

by Henry’s law, namely [2], 

where KH is Henry’s coefficient which depends on the CO2 solubility in the body’s tissue 

and its temperature [2].  

PCO2 rises with enhanced CO2 concentrations. The level of expired CO2
 level from the 

human body is around 4 %, whereas the CO2 range in the body’s tissue is around 5-6 %. 

The existence of CO2 aids the O2 release from haemoglobin. This method, recognized as 

the Bohr effect, described as a move to the right of the oxyhaemoglobin dissociation curve 

(shown in Figure 2.3), indicates that a rise in plasma CO2 diminishes the stability of 

haemoglobin saturation [2].  

 𝑃𝐶𝑂2  =  𝐾𝐻 [𝐶𝑂2] (2.2) 
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Figure 2.3: Oxyhaemoglobin dissociation curve [26] 

The oxyhaemoglobin dissociation curve can shift in terms of different parameters. A 

change in the P50 of the curve is an indication that the dissociation curve has moved. P50 

means PO2 value at which 50 % haemoglobin, is saturated with O2. Rightward shifts 

indicate a reduced affinity for the binding of haemoglobin, so that less O2 binds to 

haemoglobin, and more O2 is unloaded from it into the tissues. The curve moves right due 

to reduced blood pH (called the Bohr effect), boosted temperature, increased concentration 

of 2-3 diphosphoglycerate (DPG) and PCO2. Red blood cells produce a substance called 

DPG which regulates the O2 movement from red blood cells to body tissues. Leftward 

shifts indicate a raised affinity for the binding of haemoglobin, so that more O2 binds to 

haemoglobin, but less O2 is unloaded from it into the tissues. The curve moves left due to 

boosted blood pH, reduced temperature, decreased concentration of DPG and PCO2 [26]. 

Rising CO2 may add more molecules to haemoglobin to move away the extra amount of 

CO2. Thus, large rises of PCO2 in the body’s tissue over normal rates shows both an 

immobility of blood flow and a move to anaerobic metabolism [2]. As the tissue is under 

pressure, the systemic capillary beneath the skin is occluded. So, the gas exchange is cut 

off, resulting in the accumulation of CO2 in the tissue. CO2 easily circulates into the 

extracellular area; localised tissue acidosis may arise. Indeed, CO2 may disperse out of the 
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cells and be found at the tissue’s surface. As a result, TCPCO2 increases. As a result, CO2 

detected from the skin is a valid marker for early PUs detection [2].  

2.2.5 Pressure ulcers 

PUs occurs when the skin is under high pressure for a short duration, or it is under moderate 

pressure for a long duration. The skin stops the blood flow due to the pressure on the skin, 

and the skin does not get enough O2 and nutrients. Finally, the skin breaks down because 

of not receiving sufficient blood flow. These are recognized as PUs, pressure injuries, bed 

sores, and decubitus ulcers [31-32].  

 

 

 

 

 

Figure 2.4: (a) Common locations of PUs [31] (b) Different stages of PUs [32] 

PUs appears over the body areas with minimum body fat or muscle between bone and skin, 

such as at the tailbone, spine, hips, shoulder blades, elbows, and heels, as shown in Figure 

2.4 (a) [34]. Figure 2.4 (b) demonstrates 4 stages of PUs: 

(I) Stage 1: Skin may look red or a bruise. The outer side of the skin remains unbroken, but 

the body area is at extreme risk of future tissue breakdown. These sores can heal within 60 

days with proper treatment if the affected area is identified rapidly [32]. 

(II) Stage 2: Skin starts to break open and create an ulcer [32].  

(III) Stage 3: The sores worsen and expand below the skin side, creating a tiny crater. The 

risks of skin infection and tissue death are high [32]. 

(IV) Stage 4: The sores make progress, with massive damage to a deeper level of tissues 

(bones, tendons, and muscles). Major problems, such as osteomyelitis (bone infection) or 

sepsis (infection conducted via the blood), can arise [32]. 
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It is not fully understood how observed CO2 changes relate to PU formation. Clinically the 

tC Sensor 92 probe is used to measure PaCO2 from the skin to gain a better understanding. 

As discussed in Section 2.3.1, TCPCO2 has the potential to be used as a biomarker in a 

diagnostic test; and it is recommended that TCPCO2 > 80 mmHg [8], the patient needs to 

be switched positions or a cushion needs to be used to relieve the pressure [8]. 

The most crucial part of treating and preventing PUs is recognizing symptoms rapidly and 

requiring regular care to prevent the sores from becoming unmanageable [34]. The 

following actions are available as a treatment of PUs:  

(I) (Re) Positioning: Frequent position changes within every couple of hours or 15 minutes 

ease pressure and permit sufficient blood flow to the skin [34].  

(II) Pressure relieving devices: Cushions, air mattresses, and other pressure-easing devices 

ease pressure points [34].  

(III) Wound cleaning process: Tiny wounds requires cleaning gently with clean water and 

soap. Broken sores need to be cleansed with a saline solution with every dressing [34]. 

(III) Nutrition: Especially protein keeps the skin healthy and repairs wounds. Adequate 

nutrition prevents and heals the sores [34].  

(IV) Dressings and topical treatments: Barrier creams, gels, and ointments protect wounds 

from infection and promote healing [34].  

(V) Antibiotics: Topical, oral, or IV, antibiotics stop infections before developing 

systematic infections or even sepsis [34].  

(VI) Surgical debridement: Debridement means removing dead tissue using different 

techniques, such as rinsing dead tissue with a heavy water flow and or taking off dead 

tissue with laser [34].  

(VII) Vacuum treatments: Negative pressure therapy provides vacuum pressure on the skin 

injured area, removes moisture, and eliminates infection risk [34]. 

(VIII) Surgery: When PUs is in Stage 3 or 4, surgery may be required to block the wound, 

minimise fluid loss, and reduce the risk of future difficulties [34]. 
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PUs treatment cost ranges from £ 1,064 (Stage 1) to £ 10,551 (Stage 4). Treatment costs 

rise with the associated PUs stage because the healing time is extended, and difficulties are 

greater in more serious situations. The total treatment cost in the UK is yearly £ 1.4-2.1 

billion (around 4 % of total National Health Service (NHS) budget) where the nursing time 

is the most expensive part of this treatment [35]. 

2.3 Previously conducted research at different institutions 

2.3.1 Research conducted by our collaborators at the University of 

Southampton  

Skin ischemia will change the soft tissue’s status leading to their ultimate tissue 

breakdown. The outcome of various loading regimes, comprising repetitive and prolonged 

loading, on the normal TCPCO2 value, at locations alongside bony prominences of 14 

healthy participants were monitored using a transcutaneous electrochemical sensor by our 

collaborators at the University of Southampton. The device deployed was a combined O2 

and CO2 tension electrode (model D841, Radiometer A/S, Denmark) with the TCM3 

device (Radiometer A/S, Denmark). The correlation between the tissue breakdown and 

tissue CO2 for a fixed duration was observed [8]. 

 

 

 

 

 

 

 

 

Figure 2.5: Loading gantry utilised to provide pressure on sacrum [8] 
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The pressure was applied generally between the volunteer’s support and soft body tissues. 

Loads were placed on the test location through a 40 mm Perspex indenter and bed-mounted 

loading jig, as shown in Figure 2.5. Three nominal mode ranges for applied pressures were 

chosen 40 mmHg (5.3 kPa), 80 mmHg (10.7 kPa), and 120 mmHg (16 kPa) for the loading 

or unloading procedure. The changes in gas levels were evaluated continuously at the 

sacrum during the test interval (20 minutes) [8]. 

 

 

 

 

 

 

 

 

 

Figure 2.6: TCPCO2 response after applying pressure on soft body tissues for 3 separate 

modes [8] 

The normal range of PaCO2 is 36-44 mmHg (4.8-5.9 kPa) in healthy soft tissues. The 

normal range was slightly exceeded (50 mmHg) in this test. The threshold TCPCO2 value 

was fixed at 50 mmHg (6.7 kPa) during this test period [8]. Figure 2.5 shows the sensor on 

the sacrum with loading (t = 0 mins defines the point when loading is first applied). The 

analysis was suitably split into 3 separate pressure modes [Mode 1 (40 mmHg or 5.3 kPa), 

Mode 2 (80 mmHg or 10.7 kPa), and Mode 3 (120 mmHg or 16 kPa)] as shown in Figure 

2.6. The achieved TCPCO2 value range was 36-44 mmHg, 50-60 mmHg, and > 80 mmHg 

for Modes 1, 2, and 3, respectively. The resulting response based on these different modes 

is given below [8]: 

(I) Mode 1 (40 mmHg or 5.3 kPa): Steady TCPCO2 values that are the same as base values 

for soft body tissues [8].  
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(II) Mode 2 (80 mmHg or 10.7 kPa): The significant CO2 accumulation in the localised 

body tissues [8].  

(III) Mode 3 (120 mmHg or 16 kPa): A blocking of both lymphatic drainage and blood 

supply [8]. 

The increment in tissue TCPCO2 was monitored during the test [8]. The impaired 

oxygenation combined with an excess of tissue TCPCO2, termed hypercapnia, would 

influence cell apoptosis [2]. The measure of TCPCO2 is consequently a potential marker to 

determine the viability of the tissue [8]. 

 

 

 

 

 

 

 

 

 

Figure 2.7: TCPCO2 skin response for 3 separate categories at sacrum [2] 

The performance of an alternating pressure air mattress (APAM) was also observed with 

work from the University of Southampton, regarding its capacity to keep skin status on 12 

healthy participants lying in a supine position. The APAM consists of a sacral segment 

assisted with alternating low pressure, with inner pressure rates adapted to body mass index 

and subject morphology, which act as a natural pressure sensor. Inner mattress pressure, 

interface pressure, and transcutaneous gas values at the sacrum were all measured. The 

measured skin response at the sacrum due to the alternating support pressures was 

presented in 3 separate groups and identified as Categories 1, 2, and 3, as shown in Figure 

2.7. Figure 2.7 shows that associated TCPCO2 levels remained within the normal range 

(around 40 mmHg) for Category 1 and 2. However, Category 3 showed an increased value 

in CO2 above base levels. In all cases, the maximum interface pressure at the sacrum was 
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60 mmHg (8 kPa). The researchers indicated that Category 3 had the possible threat of 

having PUs and thus required comfortable cushions with strict observance to a pressure 

release scheme. The conclusion being that TCPCO2 has again proved as a reliable marker 

to determine the status of tissue [2]. 

2.3.2 Research conducted by researchers at Beijing Chaoyang Hospital 

PUs brings mental and physical discomfort to patients whilst, additionally increasing 

clinical expenditure (£ 1,064 (Grade 1) to £ 10,551 (Grade 4) [35]). The incidence of PUs 

is possible to avoid only by detection and prevention at the early stage of PUs. The link 

between TCPCO2 and Braden score was explored by researchers at the Beijing Chaoyang 

Hospital, an affiliated hospital of Capital Medical University, Beijing, China, to measure 

the tissue’s activity after being pressed. The Braden scale is generally used in the medical 

care of PUs now. The TCPCO2 values were measured at the anterior chest in a lateral 

position and sacrococcygeal regions in lateral and supine positions using a TCM CombiM 

device (Radiometer A/S, Denmark) [36]. 

Braden and Bergstrom developed the Braden scale in 1984. The Braden scale evaluates 

PUs risk in patients from 6 aspects: sensory perception, moisture; activity; mobility; 

nutrition; friction force, and shear force (also related to the patient’s ability of movement). 

The lower the Braden score, the greater the risk [36]. Table 2.1 provides the grading system 

of the Braden scale.  

Table 2.1: Grading pattern of Braden scale [37] 
 

Sensor 

Perception 

Moisture Activity Mobility Nutrition Friction and 

Shear 

No 

Impairment 

4 Rarely Moist 4 Walks 

Frequently 

4 No 

Limitations 

4 Excellent 4   

Slightly 

Limited 

3 Occasionally 

Moist 

3 Walks 

Occasionally 

3 Slightly 

Limited 

3 Adequate 3 No 

Apparent 

Problem 

3 

Very 

Limited 

2 Very Moist 2 Chair Bound 2 Very 

Limited 

2 Probably 

Inadequate 

2 Potential 

Problem 

2 

Completely 

Limited 

1 Completely 

Moist 

1 Bedbound 1 Completely 

Immobile 

1 Very Poor 1 Problem 1 
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80 volunteers with no PUs were recruited from 1 February 2017 to 31 May 2017 in Beijing 

Chaoyang Hospital. A balanced approach was adopted to identify a PUs risk status defined 

into 2 classes, a high-risk class (i.e., volunteers with a maximum Braden score of 12 points) 

and a low-risk class (i.e., volunteers with a Braden score range 15-22 points). By 

considering, the Braden score’s inaccuracies, volunteers with a Braden score range of 12-

15 were not classified in terms of high or low risk classification [36]. 

This analysis contained 31 subjects (25 men, 6 women, aged 41~88 years old) in the high-

risk class and 49 subjects (32 men and 17 women, aged 40~87 years old) in the low-risk 

class [36].  

TCPCO2 was monitored with the following procedure for both classes [36]. 

(i) After turning on the device, the probe temperature was fixed at 44 ℃ and prewarmed 

for 20 minutes allowing the widening of blood vessels. Initially, with the subject in the 

lateral position, the researchers placed the probe on the volunteer’s sacrococcygeal region. 

TCPCO2 was measured for around 20 minutes after stabilising the values [36]. 

(ii) Next, volunteers switched to the supine position from the lateral position. Then TCPCO2 

was measured for nearly 20 minutes after stabilising the values [36]. 

(iii) The researcher then placed the probe on the volunteer’s anterior chest in the lateral 

position. Then TCPCO2 was measured for about 20 minutes after stabilising the values [36]. 

The relationships between the Braden Scale and TCPCO2 were assessed using correlation 

analysis [36].  

The obtained results are provided below:  

(i) Comparison of TCPCO2 between the chest and sacrococcygeal areas in lateral posture 

[36]: 

The outcomes are presented in Table 2.2, which reveals no remarkable change in TCPCO2 

values between the chest and sacrococcygeal areas in lateral posture both in low and high-

risk class [36]. 
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Table 2.2: Variation in TCPCO2 values between chest in lateral position, sacrococcygeal 

region in lateral and supine position [36] 

Volunteer 

class 

TCPCO2 in 

chest 

[lateral 

posture] 

(mmHg) 

TCPCO2 in 

sacrococcygeal 

region [lateral 

posture] (mmHg) 

TCPCO2 in 

sacrococcygeal 

region [supine 

posture] (mmHg) 

△TCPCO2 from 

lateral posture to 

supine posture in 

sacrococcygeal 

region (mmHg) 

High risk 41.78 

± 10.91 

41.63 ± 10.88 72.81 ± 28.23  31.19 ± 9.92 

Low risk 40.84 

± 9.82 

39.14 ± 7.93 48.47 ± 17.61 9.33 ± 2.66 

(ii) TCPCO2 values in supine posture are sensitive to the risk level of PUs [36]:  

Table 2.2 shows that TCPCO2 values in the high-risk class are considerably greater than 

those in the low-risk class in supine posture. These results indicate a remarkable increase 

in TCPCO2 when the volunteer switches from lateral to supine posture. This outcome shows 

that TCPCO2 values are delicate to the variation of pressure applied on the assessed zone 

[36]. 

The magnitudes of changes TCPCO2 are sensitive to the risk level of PUs [36]: 

Table 2.2 illustrates that TCPCO2 magnitude rise in the high-risk class is considerably 

greater than in the low-risk class. This outcome indicates that the variations for TCPCO2 

magnitude are sensitive to the risk level of PUs [36].   

The accumulation of toxic metabolites causes elevated TCPCO2, which is not beneficial for 

tissue activity. When TCPCO2 continues to affect local tissue, the blood flow of the tissue 

will be blocked entirely. TCPCO2 is greater for a high-risk class than for a low-risk class. 

The results show that TCPCO2 increases by 75 % in the high-risk class after the 

sacrococcygeal regions are pressed, and TCPCO2 increases by 24 % in the low-risk class. 

TCPCO2 is used as a method to assess the risk of damage to a patient’s soft tissue. TCPCO2 

serves as an active metric in evaluating the threat of PUs [36]. 
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2.4 TCPCO2 measurement using an optical miniaturized cell 

The Institute of Applied Optics researchers, École Polytechnique Fédérale de Lausanne 

(EPFL), Switzerland, propose the following method as a substitute for electrochemical CO2 

measurement. CO2 is estimated by identifying its optical absorption from the sensor’s 

surface using the evanescent wave (EW). The sensor’s surface consists of a spiral and 

straight waveguide established on silicon nitride (Si3N4) using the modulation spectroscopy 

method. The waveguide is designed in a shrunk spiral less than 5 mm in diameter. Figure 

2.8 illustrates the spiral implemented on-chip of 6 mm x 6 mm and waveguide length are 

16 cm. The propagation loss of -0.4 dB/cm is achieved, over 50 cm of detecting length 

[38].  

 

 

 

 

 

Figure 2.8: Miniature EW sensor with spiral and straight waveguide [38] 

In Figure 2.9, elevated selectivity is achieved by adjusting the laser source’s narrow 

spectral width in a certain molecule absorption line. A near-infrared light (a wavelength of 

1580 nm) is used as a light source. Alternatively, a micro-optics-type miniaturized 

sampling cell is used for measuring CO2. The sample volume adjoining to the skin surface 

is nearly 1 mm3 permitting less than 1 minute response time. This experiment was executed 

on a volunteer with the microcell optical sensor placed on the human forearm and warmed 

at 42 °C. Figure 2.10 presents comparable results achieved with a commercial 

electrochemical TCPCO2 sensor (MicroGas 7650, Radiometer-Basel, Switzerland) [39]. 
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Figure 2.9: Optical TCPCO2 monitoring method using optical miniaturized sampling cell 

[39] 

 

 

 

 

 

 

 

 

 

Figure 2.10: Comparison in-vivo TCPCO2 monitoring achieved with MicroGas and 

optical microcell system [39] 

A list of researcher group and company are mentioned below who is working on optical 

fibre CO2 sensors.  

a) Researchers from City University London (School of Computer Science, Mathematics, 

and Engineering), UK, fabricated a fibre optic multi-sensor for detecting partial pressure 

of CO2 and O2 [40].  

b) Researchers from University of Nottingham (Optics and Photonics Research Group and 

Department of Chemical and Environmental Engineering), UK and Charles University 
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(Institute for Environmental Studies), Czech Republic, fabricated long period grating 

optical fibre CO2 sensor coated with metal organic framework HKUST-1 [41]. 

c) Researchers from the Northwest University (School of Physics), China, fabricated 2 

different optical fibre CO2 sensors based on the Fabry-Perot interferometer [42-43].  

d) Researchers from the Ming Chi University of Technology (Department of Mechanical 

Engineering), Taiwan, fabricated optical fibre CO2 sensor based on colorimetric change of 

pH indicator dye and quantum dots [44].  

The summary of these above mentioned works is mentioned in Section 2.10. 

(e) Also, two commercial optical fibre CO2 sensors are mentioned in Section 1.4.3. 

Intelligent Optical Systems, Inc., USA, made one of them [12] and PreSens Precision 

Sensing GmbH, Germany, made another one [13]. 

The sensor from EPFL is not based on optical fibre; here, the researchers from EPFL built 

the CO2 sensor using a waveguide or micro-optics-type miniaturized sampling cell. A 

modulation spectroscopy technique is used to measure CO2 by detecting the optical 

absorption in the evanescent wave at the surface of a transcutaneous sensor [39]. 

In this thesis, a developed OFCS utilises the intensity response of guided light in a 

multimode fibre. Here, the absorbance of a sensitive film at the optical fibre tip is used for 

monitoring CO2 in the intensity based OFS configuration and is relatively easy to fabricate. 

The transmission of intensity modulated signal in typical commercial optical fibres is stable 

[45].  

2.5 Commercial devices for measuring CO2 and TCPCO2 

Existing commercial devices are available to measure CO2 from the environment and 

TCPCO2 from human skin, such as infrared (IR) gas analyser (Applied Physics 

Corporation); commercial CO2 datalogger and CO2 sensor (CO2Meter.com); tC Sensor 92 

probe (Radiometer); and V-Sign™ Sensor 2 probe (SenTec). 
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Figure 2.11: IR gas analyser (Applied Physics Corporation) [46] 

Since the 1750s, when Joseph Black, a Scottish physicist and chemist, first discovered CO2, 

a mercury manometer was initially used to measure CO2 levels. Manometers contain a U-

shaped glass tube loaded with mercury to estimate gas pressure. If volume, pressure, and 

temperature of a dry gas sample including CO2 molecules are recognized, the number of 

CO2 moles can be determined utilising the Boyle’s ideal gas law (PV = nRT), where P is 

the pressure, V is the volume, n is the number of moles, R is the gas constant, and T is the 

temperature in Kelvin [47]. 

The method of estimating CO2 in atmospheric air samples requires several recording hours 

allowing mercury manometers to increase accuracy. CO2Meter.com website provides the 

following information about early CO2 sensor technologies [47]: 

‘That is why Charles Keeling used an IR gas analyser, which was calibrated along 

with his manometer when the US weather office called to begin hourly ambient air 

CO2 testing on the Maura Loa volcano in Hawaii. The earliest IR gas analyser 

(Applied Physics Corporation) functioned on Mauna Loa between 1958 to 2006. 

Like each IR gas sensor, the analyser at Mauna Loa utilised a similar simple 

principle for CO2 measurement.’  

Figure 2.11 shows the IR gas analyser with vacuum tube electronics. The 2 prominent steel 

tubes are the reference and sample cells. The earliest IR gas analyser was precise, but it 

was very large, with a 40 cm long sample tube. The IR source is attached to the right of the 
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tubes, and detectors are attached to the left of the tubes [46]. The CO2 absorption band is 

quite near to the IR band. Therefore, the amount of light absorbed by the CO2 molecules is 

proportional to the CO2 levels in the gas sample. Since low CO2 levels do not consume too 

much light, the effect can be calculated by requiring an extended tubing [47]. 

 Another example is a nondispersive infrared (NDIR) CO2 sensor. Figure 2.12 (a) illustrates 

such a commercial CO2 datalogger (K33 ICB 10% CO2 Sensor, CO2Meter.com, USA) 

with a measurement range of 0-100000 ppm (0-10% CO2) and a response time of nearly 

20 seconds [48]. Figure 2.12 (b) demonstrates a commercial CO2 sensor (CozIR-A 10,000 

ppm CO2 Sensor, CO2Meter.com, USA) with a measurement range of 0-10000 ppm (0-

1% CO2) and a response time of around 30 seconds. The diameter of the external body of 

CO2 sensor, Cozir (C1) is 43 mm and the diameter of CO2 sensor, Cozir’s sensing head (C2) 

is 18 mm [49].  

The measuring principle of NDIR at a known wavelength is established on gas absorption 

of radiation. Figure 2.12 (c) shows the NDIR module part, which includes a gas measuring 

chamber, a wavelength filter, a far IR source, and a far IR detector. Every CO2 molecule 

inside the gas chamber absorbs the IR-radiated light at a particular wavelength. The filter 

permits movement across it only with a wavelength of 4.3 μm. The detector’s light intensity 

is proportional to the amount of CO2 molecules provided inside the gas chamber and 

follows Lambert-Beer law [50]: 

where I is the light intensity at the detector after CO2 absorption, I0 is the light intensity at 

the source (Wm-2), k is the absorption index of CO2 at 4.3 μm, l is the absorption path 

length, and [CO2] is the CO2 concentration [50]. 

 𝐼 =  𝐼0 𝑒
−𝑘𝑙[𝐶𝑂2] (2.3) 
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Figure 2.12: (a) Commercial CO2 datalogger (CO2Meter.com, CM-0058) [48] (b) 

Commercial CO2 sensor (CO2Meter.com, CM-0120) [49] (c) NDIR CO2 sensor (adapted 

from [50]) 

Figure 2.13: (a) tC Sensor 92 probe (Radiometer) [1] (b) V-Sign™ Sensor 2 probe 

(SenTec) [51] 

 

 

 

 
 



33 

 

Table 2.3: Specifications of commercial devices for measuring CO2 and TCPCO2 

 

Radiometer Ltd. offers a complete range of the TCM monitors, such as a TCM TOSCA 

monitor. This monitoring system is intended for continuous monitoring of PCO2, oxygen 

Device CO2 

Sensor 

Range Resolutio

n 

Accuracy Response 

Time 

Drift Tempera

ture 

Referen

ce 

K33 

ICB 

10% 

CO2 

Sensor  

NDIR  0-

100000 

ppm 

0.001 

%/10 ppm 

± 100 ppm 

vol ± 1 % 

of 

measured 

value 

< 20 

seconds 

– 0-50 °C [48] 

CozIR-

A 

10,000 

ppm 

CO2 

Sensor 

NDIR 0-10000 

ppm 

 1 ppm ± 50 ppm 

± 3 % of 

reading 

30 

seconds 

– 0-50 °C [49] 

tC 

Sensor 

92 

Stow-

Severing

haus 

Electrode 

5-100 

mmHg 

– ± 5 mmHg 

over the 

measurem

ent range 

26 

seconds 

(measure

d at 43 

ºC) 

± 10 

% 

over 

calib

ratio

n 

inter

val 

37-45 ºC [52] 

V-

SignTM 

Sensor 

2 

Stow-

Severing

haus 

Electrode 

0-200 

mmHg 

0.1 

mmHg 

below 100 

mmHg / 1 

mmHg 

above 100 

mmHg 

– < 75 

seconds 

< 0.5 

%/ho

ur 

37-44.5 

ºC 

[51] 
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saturation of arterial haemoglobin (SPO2), and pulse rate (PR). SenTec Ltd. also offers the 

SenTec Digital monitor with V-Sign™ Sensor 2 probe for monitoring TCPCO2, SPO2, and 

PR. It is indicated for use on neonatal, paediatrics, and adults [1]. Both the tC Sensor 92 

probe (Radiometer, UK) and V-Sign™ Sensor 2 probe (SenTec, UK) contains a red LED, 

an IR LED, and a photodiode to measure SPO2 and PR along with a pH electrode to measure 

TCPCO2, as shown in Figure 2.13 (a) and (b), respectively. The characteristics of 

commercial devices for assessing CO2 and TCPCO2 are presented in Table 2.3.  

In both the tC Sensor 92 probe and V-Sign™ Sensor 2 probe, CO2 is estimated using a 

Stow-Severinghaus-type electrode (as shown in Figure 2.14), which is a modified glass 

electrode. This technique contains a pH electrode in an electrolyte buffer including sodium 

bicarbonate (NaHCO3) which reacts with CO2, wrapped by a gas-permeable membrane. 

CO2 disperses from the skin across the membrane, where it produces a carbonic acid 

dissociation reaction. The reaction changes the pH of the solution, causing a measured 

potential difference between the pH electrode and the reference silver/silver chloride 

(Ag/AgCl). The change in pH is proportional to the concentration of dissolved blood CO2 

[3]. 

As HCO3
− in the electrolyte solution is held at a stable level, the H+ concentration 

variations will be almost the same as the pH variations according to Eq. (2.1). The 

estimated pH is therefore transformed into CO2 values by the Henderson-Hasselbalch 

equation and presented as a TCPCO2 value in mmHg or kPa [53]:  

where pH is the blood’s acidity, pKa H2CO3 (= 6.1) is the negative logarithm (base 10) of 

the acid dissociation constant of carbonic acid. [HCO3
−] is the bicarbonate concentration 

in the blood, in mmol/L. [H2CO3] is the carbonic acid concentration in the blood [53]:  

where kH CO2 (~ 0.03 (mmol/L)/mmHg) is a constant, including the solubility of CO2 in 

blood. PCO2 is the partial pressure of CO2 in the blood in mmHg. The modified 

Henderson-Hasselbalch equation is found after substituting the value of pKa H2CO3 and 

[H2CO3] in Eq. (2.6) [53] resulting in: 

 𝑝𝐻 = 𝑝𝐾𝑎 𝐻2𝐶𝑂3
+ 𝑙𝑜𝑔10

[𝐻𝐶𝑂3
−]

 [𝐻2𝐶𝑂3]
                                          (2.4) 

 [𝐻2𝐶𝑂3] =  𝑘𝐻 𝐶𝑂2  ×  𝑃𝐶𝑂2                                                       (2.5) 
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Figure 2.14: A Stow-Severinghaus electrode for measuring pH (adapted from [54]) 

The tC Sensor 92 probe and V-Sign™ Sensor 2 probe are transcutaneous sensors. The 

sensors are placed on the skin, and the skin is heated. The suitable transcutaneous 

monitoring temperature is 42-45 °C. This sort of temperature is applied to rise the rate at 

which the reading can be performed and to ‘arterialise’ or raise perfusion to this area. The 

sensors must contact the skin through the contact gel, which is used to prevent bias from 

ambient air between the tissue and sensor. It requires around 3-7 minutes after the sensors 

have been put on the skin for estimating TCPCO2 values to become stable, and it may 

require a further 10-17 minutes to achieve consistent TCPCO2 values. The 90 % response 

time of a TCPCO2 electrode typically is 78 seconds. A shorter response time of these 

sensors is possible to be achieved for higher values of sensor temperature. Also, it is 

possible to reduce the risk of skin burns by changing location regularly and/or using a lower 

level of sensor temperature [4]. 

The tC Sensor 92 probe (TCM4, Radiometer, UK) has been chosen to measure TCPCO2 

from human skin during the experiments in this thesis. Previously our collaborators at the 

University of Southampton conducted their experiment using also the TCM devices 

(TCM3, Radiometer, UK) [8]. So, the obtained results from our experiment can be 

compared to the achieved results from our collaborators.  

 
𝑝𝐻 = 6.1 + 𝑙𝑜𝑔10

[𝐻𝐶𝑂3
−]

0.03 ×  𝑃𝐶𝑂2
 

(2.6) 



36 

 

2.6 Comparison between a tC Sensor 92 probe and an OFS 

The tC Sensor 92 probe and associated TCM TOSCA monitor require other accessories to 

measure TCPCO2 from human skin. These are [55]: 

a) Adhesive Fixation Ring (Diameter = 32 mm) Kits with 1 Contact Gel (10 ml of 

Propylene Glycol)   

b) Membraning Kits (12 Preparators) with 1 Electrolyte (10 ml of Ethylene Glycol)  

c) Calibration Gas Cylinder (7.5% CO2, 20.9% O2, balance nitrogen (N2)) 

The fixation ring is used to attach the probe to the skin. The fixation ring needs to be 

changed for every measurement because it loses its adhesion after removal from the skin. 

Patients who experience allergic reactions should not use the adhesive tapes of the fixation 

rings and are often excluded. The membrane of the probe needs to be changed every 2 

weeks. The calibration gas cylinder needs to be changed when the monitor indicates less 

than 10 % gas remaining [55].  

The main drawback of this probe, as mentioned in Section 1.3, are: the operating 

temperature of 37-45 ℃ may burn the skin; the contact gel may cause allergic skin 

reactions, and the TCM TOSCA monitor is relatively large and heavy (around 4 kg) [52].  

An OFS is potentially a better method to measure CO2 instead of using a tC Sensor 92 

probe. The features and benefits of an OFS are mentioned in Sections 1.3 and 1.4.2, 

respectively. The optical fibre is compact in size and lightweight and there are  no skin 

burning and negligible skin irritations.  In operation the intensity of the OFS at a specific 

wavelength changes due to the level of CO2 concentrations. 

2.7 Overview of an OFS 

2.7.1 General principle of designing an OFS  

The 4 components of an OFS are a light source, an optical fibre, a sensing element, and a 

detector. The general working principle of an OFS is described in Section 1.4.1 according 

to the schematic diagram in Figure 1.1. Those 4 components are used to make an OFS 

system, and the final step is a data processing to achieve the OFS’s response. 
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2.7.2 Classification of an OFS depending on operating principle 

An OFS can be categorised as an intensity (Figure 2.15 (a)), wavelength (Figure 2.15 (b)), 

phase (Figure 2.15 (c)), or polarisation (Figure 2.15 (d)) sensor depending on the operating 

principle [56]. These 4 different categories of OFSs are described below.  

Figure 2.15: (a) Intensity based optical fibre sensor (adapted from [56]) (b) Wavelength 

modulated optical fibre sensor [57] (c) Phase modulated optical fibre sensor (adapted 

from [9]) (d) Polarisation modulated optical fibre sensor (adapted from [9]) 

2.7.2.1 Intensity based optical fibre sensor 

The intensity based optical fibre sensor (IBOFS) depends on a signal that experiences some 

signal loss. They are created using equipment which converts the measured value into a 

force that bends the fibre and attenuates the signal. The signal can also be attenuated by a 

target’s absorption or scattering. The IBOFS works as a transmission sensor which needs 

more light compared to other types of sensors, and multimode large core fibres are often 

used. A measurand induced variation in the optical intensity conveyed by an optical fibre 

can be brought on by several phenomena, including attenuation, microbending loss, and 

evanescent fields [56]. IBOFS are the simplest to implement, reliable, and low cost. 

However, source intensity variations, variable losses in fibres and connectors, and changes 
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in detector sensitivity can all cause drift in IBOFSs. So, a reference technique is required 

to prevent signal corruption [58].  

The example of an IBOFS is a microbend sensor. This sensor’s working principle is based 

on how the energy of guided modes is coupled to radiation modes by use of mechanical 

periodic micro bends. The transmitted light is attenuated as a result. The sensor is made up 

of 2 grooved plates with an optical fibre pass in between them, as shown in Figure 2.15 (a). 

The top plate may shift due to the applied pressure. When the fibre’s bend radius exceeds 

the critical angle required to restrict the light to the core region light starts to leak into the 

cladding, causing an intensity modulation. [56]. 

Suppose we consider an optical fibre humidity sensor that comprises 2 optical fibres. One 

fibre with a thin film of poly(allylamine hydrochloride) (PAH)/silica nanoparticles (SiO2 

NPs) on its distal end for relative humidity (RH) measurement. A second, bare fibre (BF) 

is placed alongside the first fibre. Water vapour does not cling to the uncoated BF’s smooth 

perpendicular fibre tip surface; hence it can be used to reduce the effect of bending losses 

[59] seen in the signal obtained from the sensor as both fibres. If 2 fibres are identical, they 

will suffer equal bending losses.   

IBOFSs are typically used as chemical sensors using a sensitive film on the optical fibre 

tip. The sensing is achieved by utilising a light source with a wavelength absorbed by the 

chemical to be sensed. The resulting light intensity variation measures the chemical 

concentration inside a solution [60]. 

Absorption based OFSs are based on the property that the chosen analyte affects the 

intensity of the light propagating along the optical fibre. The Lambert-Beer law can be used 

to describe the intensity loss according to Eq. (2.20). For example, graphene-based thin 

films can be used to fabricate OFSs [61]. Adsorption of molecules on the surface of 

graphene can change the electrical conductivity and the complex refractive index (RI) 

value, which affects the absorption spectrum. Thus, by only measuring the absorption 

spectrum, different elements can be detected, and their concentrations can be determined 

[62]. The conductivity of graphene is significantly influenced by the ambient temperature, 
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humidity, and UV light, which can change the material’s effective RI, which may be 

measured in the transmitted optical power [61]. 

The microfibre [63] and side-polished [64] optical fibre structures have been used to create 

graphene coated optical fibre temperature sensors. Highly birefringent fibre coated with 

graphene oxide and tapered single mode microfibres in contact with methylene-blue 

functionalised reduced graphene oxide has been used to fabricate optical fibre UV light 

exposure sensors [65]. The side-polished single mode fibres coated with reduced graphene 

oxide are used to fabricate optical fibre humidity sensors [66]. Light modulation of reduced 

graphene oxide affects by a high RH range from 70% RH to 90% RH [67]. 

 

2.7.2.2 Wavelength modulated optical fibre sensor 

A wavelength modulated optical fibre sensor (WMOFS) uses changes in the wavelength of 

light for detection. The most widely used WMOFSs are the Fibre Bragg Grating (FBG) and 

Long Period Grating (LPG) sensor. An FBG is developed by making periodic changes in 

the refractive index (RI) of the core of a single mode fibre [9]. The fibre core is exposed to 

an intense interference pattern of an UV or a femtosecond laser to create this periodic change 

in RI. The RI variation created in this way creates an interference pattern functioning as a 

grating. FBG has a period of around 1 μm for a resonance wavelength of 1550 nm [68]. The 

working principle of a WMOFS using an FBG is represented in Figure 2.15 (b). An FBG 

sensor essentially reflects a portion of the incoming probe light spectrum corresponding to 

the Bragg wavelength and allows the rest of the spectrum to pass, almost undistorted. The 

Bragg wavelength depends on the RI of the fibre and grating pitch, defined when the sensor 

is manufactured, but both change with external environmental effects [57]. The reflected 

Bragg wavelength, λB, is defined by the following formula [69]: 

where Λ is the grating pitch and neff is the effective RI [69]. 

FBGs can be deployed to determine pressure, temperature, strain, and slow vibration. 

These, parameters are monitored by directly measuring the Bragg shift [57]. The FBGs 

have high accuracy, high sensitivity, and a wide dynamic range. The drawbacks of FBGs 

are temperature sensitivity and difficulty in demodulating wavelength shifts [69]. 

 𝜆𝐵 =  2 𝑛𝑒𝑓𝑓 𝛬 (2.7) 
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An LPG has a period range from 100 μm to 1 mm. LPG transmits light from the core mode 

to a specific group of co-propagating cladding modes. A series of resonance bands 

characterise the transmission spectrum of an LPG; each corresponds to coupling to a 

different cladding mode due to the high attenuation in the cladding modes. The resonance 

wavelength of LPG is calculated using Eq. (2.8) [68].  

where Λ is the period of the grating, nc is the RI of the mode propagating in the core, and 

ni
clad is the effective RI of the ith axially symmetric and linearly polarised (LP) cladding 

mode. The surrounding RI’s variation and optical thickness of nanoscale coatings 

deposited onto the cladding change the resonance wavelength because the cladding mode’s 

EW interacts with the surrounding medium. LPG sensors are an excellent option for 

developing refractometers and biosensors [68]. 

2.7.2.3 Phase modulated optical fibre sensor 

A phase modulated optical fibre sensor (PMOFS) compares the phase of light in a single 

fibre to a reference fibre. Figure 2.15 (c) illustrates the technique deployed in both a 

Michelson and Mach-Zehnder interferometer. When a light beam passes through an 

interferometer, the light is divided into 2 beams, one of the beams is exposed to the sensing 

environment and hence goes through a phase change whilst the second beam, doesn’t pass 

through the sensing environment and is utilised as a reference. The beams interfere with 

each other when the beams are recombined. The available interferometers are Fabry-Perot 

(FP), Mach-Zehnder, Sagnac, Michelson, grating and polarimetric interferometer [9] – 

only the Michelson and Mach-Zehnder are illustrated in Figure 2.15 (c).  

The PMOFS technique is widely used for acoustic sensing (Mach-Zehnder interferometer), 

temperature sensing (Michelson interferometer), and rotation sensing (Sagnac 

interferometer). Compared to IBOFSs, PMOFSs are more complex. Firstly, a wavelength 

variation of the source can be the reason for an unwanted phase shift. In a Mach-Zehnder 

interferometer, a wavelength shift of the source would affect both the sensing and reference 

arm equally, and the source variation would cancel out. So sensing is possible because one 

arm is exposed whilst another is, creating different optical path lengths. Secondly, the 

output signal may be uncertain due to the interferometer’s sinusoidal output. Finally, 

 𝜆𝑖  = (𝑛𝑐 − 𝑛𝑖
𝑐𝑙𝑎𝑑 𝛬 ) (2.8) 
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PMOFSs can only be operated  when the optical path difference between the sensing and 

reference arm is less than the source’s coherence length [58]. 

2.7.2.4 Polarisation modulated optical fibre sensor 

The polarisation state of the light field acts as a sensing mechanism in a polarisation 

modulated optical fibre sensor (POMOFS). Whenever a fibre is in contact with any strain 

or stress, the RI will be varied. The RI’s variation due to strain or stress is called an induced 

RI. So, different polarisation directions have an induced RI. Figure 2.15 (d) illustrates the 

set-up for the POMOFS, where a polariser generates polarising light that can be a 

polarisation-preserving fibre’s length. There are several states of polarisation, such as 

circular, linear, and elliptical. In linear, during the light propagation, the electric field’s 

direction remains in the same line. Whereas in elliptical polarisation state, the electric 

field’s direction fluctuates during the light propagation, and in circular polarisation state, 

it rotates at a constant rate in a line perpendicular to the direction of the light propagation 

[9]. 

POMOFS are used as temperature sensors because the birefringence differs with 

temperature. Low birefringence fibres are utilised to develop the Faraday effect for current 

and magnetic field sensing application [58]. 

2.7.3 Classification of an OFS depending on application 

An OFS can be categorized as a physical or chemical sensor depending on the application 

[56].  

2.7.3.1 Physical optical fibre sensor 

Physical optical fibre sensors (POFSs) are used to measure physical properties like 

temperature, pressure, strain etc. [56]. The examples of POFSs are given below: 

Optical fibre temperature sensors (OFTSs) make use of a variety of transduction 

mechanisms, including Rayleigh scattering, temperature-dependent fluorescence lifetime, 

the thermo-optic effect, and thermal expansion in FPIs, LPGs, and FBGs. Body 

temperature can be measured with OFTSs [68].  
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Pressure can be measured using several OFS, including intensity modulated, FBGs, and 

FPIs. Optical fibre pressure sensors (OFPSs) are employed in neurology, cardiology, 

gastrointestinal, and urodynamics [68]. 

Optical fibre strain sensors (OFSSs) are based on FBGs or LPGs. OFSSs can measure the 

respiratory rate where chest movement causes a strain [68].  

For instance, FBG is one kind of OFS to measure the pressure, temperature, and strain by 

using the following formula [68]: 

where Δλ is the wavelength shift, ΔT is the temperature change, Δε is the strain change, Pe 

is the effective elasto-optical coefficient (theoretical value 0.22) of the FBG, α is the 

thermal expansion coefficient, and ξ is the thermo-optical coefficient [70]. 

The reflected centre wavelength is affected by the grating period and effective RI. The 

centre wavelength variation depends on temperature and strain. Strain variation has a linear 

relation with the FBG centre wavelength shift at a fixed temperature according to Eq. (2.9). 

The applied pressure on the FBG is correlated with the centre wavelength shift [70]. 

2.7.3.2 Chemical optical fibre sensor 

Chemical optical fibre sensors (COFSs) are used to measure like biomarkers in gases, 

humidity, and pH, etc. [56]. The examples of COFSs are given below: 

The breath biomarkers ammonia (NH3) and CO2 are essential for the detection of renal and 

respiratory illnesses [71]. The OFCS described in this thesis consists of an optical fibre tip 

coated with organically modified silica (Ormosil) films containing colorimetric dye, 

thymol blue (114545, Sigma-Aldrich, UK) enabling measurement of CO2. 

The optical fibre NH3 sensor (OFNS) is coated with tetraphenylporphyrin tetrasulfic acid 

(TPPS) on the optical fibre tip. The intensity of the optical fibre NH3 and CO2 sensor is 

found at a particular wavelength window, which changes due to the different NH3 and CO2 

concentrations, respectively [71].   

Optical fibre humidity sensors (OFHSs) are fabricated using a few OFS configurations 

such as FBGs or FPIs that use humidity-sensitive thin films. For example, the FPI OFHS 

 ∆𝜆 = 𝜆𝐵 [(1 − 𝑃𝑒) ∆𝜀 + ((1 − 𝑃𝑒) 𝛼 + 𝜉)∆𝑇] (2.9) 
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works based on detecting the RI fluctuation brought on by water molecules absorbing into 

a humidity-sensitive film and reacting quickly according to different humidity levels. One 

of the most important factors in wound healing is humidity [68].  

Optical fibre pH sensors (OFpHSs) are coated with dye indicators or fluorophores on the 

optical fibre tip. The OFpHS works based on detecting the colour change of the pH 

indicator dyes and the fluorophore’s lifetime or fluorescent intensity. For instance, the FPI 

OFpHS is coated with PAH and the polymer poly(acrylic acid) (PAA) on the optical fibre 

tip to detect pH. The OFpHS can be used to monitor pH levels in human samples [68]. 

2.8 Latest advances in OFpHSs  

A list of research groups is mentioned below who are actively working on optical fibre pH 

sensors.  

a) Researchers from Wuhan University of Technology (National Engineering Research 

Centre of Fibre Optic Sensing Technology and Networks), China fabricated a no-core fibre 

optic sensor coated with PAni/PAA layer for pH detection. An optical fibre pH sensor is 

fabricated by combining 2 pieces of single mode fibre (SMF) and 1 section of no-core fibre 

(NCF), which is coated by pH-sensitive polyaniline/polyacrylic acid (PAni/PAA) using a 

layer-by-layer (LBL) method [72].  

Firstly, a section of NCF (length ~ 3 cm) is spliced with 2 sections of SMFs by a fusion 

splicer, and the SNS (SMF-NCF-SMF) probe is created. After that, the PAni/PAA-

sensitive film is deposited onto the NCF surface. A light source with a central wavelength 

of 1550 nm is used. This pH sensor is tested inside solution of hydrochloric acid (HCl) or 

sodium hydroxide (NaOH) in DI water with a pH range of 2-12. The NCF and surrounding 

medium act as the core and cladding during the RI sensing. The higher-order modes excite 

when the light enters from the input SMF to the NCF, resulting in a multimode interface. 

The pH variations of the sample affect the RI of the coated pH-sensitive film because the 

thickness of the film changes with pH. The ionic cross-linking between PAni and PAA will 

increase as the pH rises, leading to the sensitive film’s shrinking. The amount of water 

molecules in the sensitive film gradually reduces as its thickness declines, which results in 
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a rise in the sensitive film’s effective RI. The RI of the PAni/PAA-sensitive film increases 

due to the pH increment, resulting in a red shift of the resonance wavelength [72]. 

This sensor has cross-sensitivity to temperature because the pH of the solution rises due to 

the temperature increment. The temperature sensitivity is found to be about 0.01 nm/°C. 

The response and recovery times of this sensor are measured at < 10 secs. The sensor’s 

sensitivity is achieved at 0.985 nm/pH for a pH range of 2-12 [72]. 

b) Researchers from City University London (School of Mathematics, Computer Science, 

and Engineering), UK and Technische Hochschule Mittelhessen University of Applied 

Sciences, Germany fabricated a fibre optic sensor coated with fluorescent monomer for pH 

detection. A fibre tip is coated with a pH indicator dye, fluorescein O-methacrylate doped 

hydrogel matrix, to make an optical fibre pH sensor for detecting a pH range of 5-8.5. 

Fluorescein is polymerizable; it makes covalent bonding with hydrogel matrix to prevent 

the dye leaching. Also, fluorescein contains the least negative charges compared to other 

fluorescent dyes (HPTS) [73].   

The sensing mechanism is based on the changes in luminescence intensity due to the pH 

variation in the samples. A 470 nm wavelength LED is used as a light source for coupling 

light into the optical fibre. This pH sensor is tested inside 5 different pH buffers (at pH 5, 

6, 7, 8, and 8.5, respectively).  A maximum absorbance and a peak emission wavelength 

are achieved at 490 nm and 520 nm, respectively. An LED with an optical filter is used to 

keep the effect of stray light to a minimum. The relative intensity increases due to the pH 

increment. This pH sensor showed a stable response over a long-duration measurement (12 

hours at pH 7) with continuous irradiation. A low signal drift is achieved at < 2.42 %/hr 

with a negligible effect of stray light. The response time of this sensor is measured at < 5 

secs. The sensor’s accuracy is achieved at around ± 0.04 pH units (at pH-7) [73]. 

c) Researchers from Jinan University (Institute of Photonics Technology), China and Hong 

Kong Polytechnic University (Photonics Research Centre), Hong Kong fabricated an all-

polymer fibre optic sensor coated with hydrogel for pH detection. A single mode polymer 

fibre inscribed with a Bragg grating is coated with a UV-cured pH-sensitive hydrogel, 

poly(ethylene glycol) diacrylate (PEGDA) to make an optical fibre pH sensor. The pH of 
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the surrounding fluid affected the volume of the PEGDA, which caused lateral stress to 

develop in the Bragg grating [74]. 

An FBG array is created utilising the phase mask technology with a 325 nm He-Cd laser. 

This pH sensor is tested inside an aqueous solution of HCl with a pH range of 0-6.5. The 

resonance wavelength is found at around 1555 nm. The peak wavelength moves to a longer 

wavelength due to the pH decrement (6.5 to 3). This occurs because the HCl solution 

contains higher H+ ions with lower pH values, which permits more H+ ions to bind with O2 

atoms in the PEGDA. No peak wavelength shift is observed for the pH range of 0-2 [74].  

This sensor has cross-sensitivity to temperature because the solidified PEGDA shows a 

thermal expansion coefficient of around 1.56 × 10-4. This pH sensor shows a red shift of 

the resonance wavelength due to the temperature variation. The temperature sensitivity is 

found to be about 10 pm/°C. The response of this sensor is measured at 30 secs. The 

sensor’s sensitivity is achieved at -0.34 nm/pH for a pH range of 3-6.5 [74]. 

d) Researchers from the Indian Institute of Technology, Dhanbad (Department of Applied 

Physics), India fabricated a no-core fibre optic sensor coated with bromophenol blue, cresol 

red, and chlorophenol red for pH measurement. An NCF with a bulge at the end of a single-

mode fibre is coated with different pH indicator dyes (bromophenol blue, cresol red, and 

chlorophenol red) by dip-coating to develop an optical fibre pH sensor [75].  

A small portion of the NCF is spliced with single mode fibre using a fusion splicer, and the 

NCF acts as a sensing probe. The eigenmodes excite when the light enters from the single 

mode fibre to the NCF. The surrounding environment has a significant impact on the RI of 

modes. A broadband light source with an operating wavelength of 1400-2000 nm is used. 

This pH sensor is tested inside a solution of HCl or nitric acid (HNO3) in DI water with a 

pH range of 2-13. The resonance wavelength is found at around 1527 nm. The resonance 

wavelength moves towards a shorter wavelength (blue shift) due to pH increment for 

alkaline solutions. Oppositely, the resonance wavelength moves to a longer wavelength 

(red shift) due to pH increment for acid solutions [75].  

The pH variation can be determined by observing the transition of indicators on the surface 

of the fibre probe from protonated to deprotonated forms. As a result, the electron density 

varies due to the cladding’s RI increase. The effective RI of the cladding mode is 
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influenced, but the fundamental mode is unaffected after immersing this pH sensor in 

solutions of different pH values. The external RI affects the effective RI of the cladding 

mode. Consequently, when the external RI varies, the resonance wavelength moves 

towards the shorter or longer wavelength [75].  

This sensor has cross-sensitivity to temperature because the thermal expansion of pH-

sensitive film increases its volume and declines RI. This pH sensor shows a blue shift of 

the resonance wavelength due to the temperature variation. High temperature for either 

acidic or alkaline solutions increase H+ ions, and as a result the pH value drops. So, the 

temperature sensitivity is found to be about 0.0018 nm/°C. The sensor’s sensitivity is 1.02 

nm/pH and -0.93 nm/pH for acidic solutions (pH = 2-7) and alkaline solutions (pH = 8-

13), respectively [75]. 

2.9 Sensing film coating techniques  

Two techniques commonly used for coating the pH indicator dyes onto the optical fibre tip 

are Layer-by-Layer (LbL) deposition and sol-gel process. 

(a) LbL deposition: The LbL deposition process is used for thin-film fabrication 

procedures, illustrated in Figure 2.16 (a). The films are created by adding alternating 

multilayers of oppositely charged substances with solvent wash steps in between the layers. 

LbL can be completed using numerous methods such as spin, spray, immersion, 

electromagnetism, or fluidics [76]. The whole process of multilayer structures build-up by 

LbL usually consists of the following 4 steps: polycation, deionised (DI) water wash, 

polyanion, and DI water wash, as shown in Figure 2.16 (a). The substrate is immersed in 

the polycation and polyanion solutions, and then the substrate is cleaned with DI water 

between these 2 stages. These deposition techniques are then cycled to achieve the required 

number of paired layers called bilayers, and the multi-layered films are finally dried in N2 

gas after fabrication [77]. 
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Figure 2.16: Film coating processing routes (a) LbL deposition [77] (b) Sol-gel coating 

[78] 

(b) Sol-gel process: It is derived from the solution-gelation process. This term was 

described as a solution method that primarily created a colloid generated by a gel stage. 

The sol-gel method, illustrated in Figure 2.16 (b), comprises 4 steps: hydrolysis, 

condensation or polymerisation of monomers, particle growth, and gel creation. The 

precursor solution (an inorganic salt like metal chlorides or metal alkoxide solution) is 

chemically prepared to create hydrous metal oxides called hydroxides (hydrolysate). 

Colloidal dispersions (sols) of the hydrolysate are made by peptization, a gel is created by 

dehydration or pH control, and the resulting body calcined to create a fixed oxide product 

[78]. As sol is a liquid, it can be poured into a mould or be applied on a surface using the 

dip-coating method to create the layer on the fibre tip. The last and critical step in the sol-

gel process is drying in N2 environment for around 24 hours [79].  

pH indicator dyes are commonly trapped in a solid matrix such as sol-gel developed 

materials or a polymer [80]. Such matrices expose selectivity and give flexibility and 

permeability, providing chemical and mechanical stability. The LbL method is ideal for 

fabricating thin polymer or polymetric NPs multilayers. The dip-LbL method is useful, but 

the overall prolonged deposition time and rinsing stages and the risk of cross-

contamination make it a very time-consuming technique [77]. However, the sol-gel coating 

is a simple and very low-cost method to make metal oxides and permits control over the 

doping method or addition of transition metals with a high-level of purity and homogeneity 

as compared to other techniques. Sol-gel based materials have been chosen for fabricating 
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the OFCS because compared to polymers, sol-gel provides better optical transparency and 

are more flexible in terms of their fabrication. Ormosil is a reliable class of sol-gel 

substances containing features like porosity, flexibility, hydrophobicity, hardness, and 

stability, and fabricated under room temperature situations. In addition, polymers can resist 

autoclaving being superior to sol-gel based substances [80]. 

2.10 OFCSs review 

The analytical signal is generated in a sensing element using electromagnetic (EM) 

radiation for the chemical optical fibre sensors. These sensors are based on optical 

principles such as reflectance, absorbance, fluorescence, or RI [81]. The chemical optical 

fibre sensors detect CO2 using sensitive layers based on polymer or sol-gel that contains 

an organic pH indicator dye such as HPTS, thymol blue, methyl red, and phenol red. 

Colorimetric or fluorescent indicator dyes are possible to use for sensing CO2 [82]. The 

operating principle of a reflection mode OFCS is shown in Figure 2.17 (a). The sensing 

material can be coated on the optical fibre tip, and it forms the film. The light travels from 

the source to the sensor and then from the sensor to the receiver by the optical fibre coupler. 

Also, the operating principle of a transmission mode OFCS is shown in Figure 2.17 (b). 

The light source and receiver are connected via a direct optical path. The amount of 

transmitted light depends on different interactions between the sensitive coating and input 

light [83].  

Figure 2.17: Schematic diagram of set-up used for OFCS operating in (a) reflection 

mode (b) transmission mode (adapted from [83])  

Reference [42] discusses RI based OFCS. Here, a single mode fibre tip is coated with a 

sensitive layer of polyhexamethylene biguanide (PHMB) using the dip-coating method. 
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This PHMB micro-hemisphere layer forms a Fabry-Perot (FP) cavity on the fibre tip, which 

is highly sensitive to CO2. The RI of the functionalisation layers varies due to the 

environmental CO2 concentration. PHMB is a member of the guanidine polymer family, 

and basic amide-bearing functional groups are present in PHMB. Guanidine derivatives 

absorb and release CO2 molecules, which results in RI variations in the material. PHMB is 

a suitable material for the functionalisation polymer layer, which is sensitive and selective 

to low CO2 concentrations at ambient temperature and atmospheric pressure. A spectrum 

analyser (wavelength range of 1510-1590 nm) is used to record the reflection spectrum. 

The resonance wavelength is found at around 1570 nm. The resonance wavelengths of 

interference fringes moved toward shorter wavelengths due to increase in CO2 

concentration. The sensor’s sensitivity is 1.22 pm/ppm for a CO2 concentration range of 0-

700 ppm [42]. 

The fluorescent pH indicator dyes (such as HPTS) are used in fluorescence type OFCSs. 

For instance, a blue light (470 nm) is used for excitation and fluorescent peak at 515 nm 

(green) is used for measuring PCO2. The presence of CO2 decreases the intensity of the 

fluorescence type OFCSs at 515 nm [84]. The colorimetric pH indicator dyes (such as 

thymol blue) are used in reflectance and absorption type OFCSs. The sensing methods that 

rely on fluorescence offer greater detection selectivity and sensitivity than other optical 

techniques formed on absorption estimations [80]. . The limitation of these sensors is that 

the indicator dyes suffer from leaching or photobleaching effects [85]. 

The different types of OFCSs based on sol-gel films and their special features are presented 

in Table 2.4. 

 

 

 

 

 

 

 



50 

 

Table 2.4: OFCSs based on sol-gel films [81] 
 
Reagent Sol-gel 

precursors 

Linear 

range 

Response 

time 

Lifetime Sensing 

Method 

Comments Refere

nce 

Pyranine MTES/ETE

S, basic 

catalysis 

0-20 % < 1 minute 6 months 

(stored 

ambient)  

Fluorescence – [86] 

HPTS TEOS+PDM

S+APTES 

0.023 % 

(gas)/6.6 

% 

(dissolve

d) 

8 seconds 

(gas)/1-2 

minutes 

(dissolved) 

 12 months 

(stored dry) 

Fluorescence – [87] 

HPTS+R

U (dpp)3 

MTES+CTA

B 

0.08 % 20-30 

seconds 

> 7 months Fluorescence Modified 

atmosphere 

packaging 

applications 

[88] 

Thymol 

Blue 

MTMS Full 

range, 

except 

0.02-0.1 

% 

2 minutes – Absorption – [89] 

APTES: 3-Aminopropyltrioxysilane, CTAB: cetyltrimethylammonium bromide, ETES: 

ethyltriethoxysliane, MTES: methyltriethoxysilane, HPTS: 8-hydroxypyrene-1,3,6-

trisulfonic acid, RU(dpp)3: RU(II)-tris(4,7-diphenyl-1,10-phenanthroline), MTMS: 

methyltrimethoxysilane, TEOS: tetraethyl orthosilicate, PDMS: polydimethylsiloxane 

A few important parameters need to be considered before selecting materials and methods 

for OFS fabrication. The choice of material and methods depends on the response time, 

storage stability, gas sensing phase, gas measurement range, and applications for Table 2.4.   

a) The fluorescence-based OFCS from Reference [86] is coated with pH indicator dye 

‘pyranine’. This can be a good choice for fabricating thin film waveguide sensors for mass 

production with a CO2 measurement range of 0-20% CO2.  
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b) The fluorescence-based OFCS from Reference [87] is coated with pH indicator dye 

‘HTPS’. This can be a suitable option for CO2 detection in both phases (gaseous and 

aqueous) with long shelf life (at least 12 months).  

c) The fluorescence-based OFCS from Reference [88] is coated with pH indicator dye 

‘HTPS and RU(dpp)3’. This can be a wise choice for CO2 measurement in Modified 

Atmosphere Packaging applications with quite a long shelf life (at least 7 months). 

d) The absorption-based OFCS from Reference [89] is coated with pH indicator dye 

‘thymol blue’ This can be an appropriate choice for detecting the full range of CO2 (100% 

CO2) within only 2 minutes. 

An optical fibre LPG based CO2 sensor is coated with HKUST-1 (a material that belongs 

to the metal organic framework (MOF) family) using the LbL method. The measuring of 

the coating’s RI variation, which is brought on by the entry of CO2 molecules into the 

HKUST-1 pores, serves as the basis for the sensing mechanism. MOFs is a part of the 

crystalline materials with enormous internal surface areas, variable internal porosity, and 

organic activity. The materials have exceptional thermal and chemical stabilities due to the 

strong metal-oxygen-carbon linkages [90]. 

 

 

 

Figure 2.18: Schematic diagram of LPG based CO2 sensor [90] 

An LPG array of 30 mm long LPGs with periods of 109.5 µm and 110.5 µm is created by 

utilising an UV laser illumination and an amplitude mask. In Figure 2.18, the coated LPG1 

with HKUST-1 can detect CO2, but both LPGs have temperature sensitivity. Only a 

response to CO2 may explain any variations in the separation between the centre 

wavelengths related to the bare and coated LPGs [90]. 

An alternative approach uses a single mode fibre with its tip coated with a sensitive layer 

of poly (ethyleneimine) (PEI)/poly (vinyl alcohol) (PVA). A Fabry-Perot interferometer 
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(FPI) cavity is created, which is sensitive to variations of CO2 concentrations. PEI acts as 

a carrier molecule for the CO2 reaction, and PVA serves as a base material for film 

formation. PEI/PVA blend membrane is a type of dense polymer film with many amino 

groups. At room temperature and normal atmospheric pressure, the dense polymer 

membrane can interact with CO2 molecules due to the amino groups present in the polymer. 

A swept laser based optical spectrum analyser (resolution = 5 pm) is used to record the 

reflection spectrum. The wavelength shift of an interference fringe pattern can be used to 

measure CO2 concentration. The tracing wavelength is chosen at around 1527 nm, and this 

wavelength moves to longer wavelengths due to increase in CO2 concentration. RI 

variation in PEI/PVA film is 0.0509 for a CO2 concentration range of 7.6-86.9% CO2. The 

sensor’s sensitivity is achieved at 0.281 pm/% CO2 for a CO2 concentration range of 7.6-

86.9% CO2. Multiple gas channels on the outer surface of PEI/PVA hybrid film make it 

easier for CO2 to be transported. This sensor has a cross-sensitivity of humidity and 

temperature due to the properties of the PEI/PVA film [43].  

Other research has developed a plastic optical fibre CO2 sensor with a tip coated with 

CuInS2/ZnS quantum dots (CIS/ZnS QDs) and α-naphtholphthalein-doped polymer matrix. 

The sensing mechanism is based on the fluorescence emission wavelength and colorimetric 

change of the CIS/ZnS QDs due to the variation in absorption of the pH-sensitive dye, α-

naphtholphthalein, with changing CO2 concentration. A UV LED light source with a 

central wavelength of 375 nm is used. The α-naphtholphthalein has an absorption 

wavelength of around 600 nm, and the absorbance declines as the CO2 concentration rises. 

CIS/ZnS QDs have an emission wavelength of nearly 578 nm; as CO2 concentration rises, 

the CIS/ZnS QDs fluorescence intensity increases due to the absorbance variation of the α-

naphtholphthalein. Also, the CIS/ZnS QDs peak red emission wavelength moves to longer 

wavelengths due to the CO2 concentrations increment. This red emission of the CIS/ZnS 

QDs as a wavelength shift detects a CO2 concentration range of 0-100% CO2. The 

sensitivity  achieved is 630 pm/% CO2 for a CO2 concentration range of 0-100% CO2. 

CIS/QDs can be a promising candidate for optical imaging and sensing due to their 

improved photoluminescence properties. However, the fluorescence intensity of this sensor 

reduces by around 65 % as the temperature increases from 25.3 °C to 54.8 °C [44]. 
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2.11 Background of the OFS developed in this research 

The basic information of an optical fibre is provided below: 

2.11.1  Optical fibre structure 

An optical fibre structure shown in Figure 2.19 contains 3 parts: the core, cladding, and 

buffer coating [91].  

Figure 2.19: (a) Basic structure (adapted from [91]) (b) Cross-sectional view of optical 

fibre (adapted from [92]) 

The core is a rod-shaped dielectric material made of glass through which light propagates. 

A layer of dielectric material encloses the core called the cladding, whose RI is less than 

that of the core. The cladding reduces the light loss from the core into ambient air, 

minimises scattering loss at the core’s surface, safeguards the fibre from absorbing surface 

contaminants such as dust and enhances mechanical robustness. The cladding is covered 

in an extra plastic soft layer labelled the buffer coating to protect the fibre from physical 

damage caused by micro bends [91]. The jacket is a layer of material around the buffer 

coating, usually made of plastic [92]. 

2.11.2 Refractive index 

The ratio of the light velocity in the free space to the light velocity in material is defined 

as a material’s refractive index. Thus, the refractive index, n, is defined as [92]:  

where v represents the light’s speed in a medium and c is the light velocity in free space. 

Since v is always less than c, the RI is a dimensionless number greater than or equal to 

unity. Figure 2.20 illustrates the light bending as it passes between 2 media with different 

RI’s according to Snell’s law [92]. 

 𝑛 =  
𝑐

𝑣
 (2.10) 
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Figure 2.20: Refraction of a beam of light is based on indices of refraction (n1 and n2) 

for each material (adapted from [92]) 

Snell’s law formula is developed from Fermat’s principle. Fermat’s theory states that “light 

travels in the shortest path that takes the least time”. The formula is given below [92]. 

where n1 and n2 represent the RI of material 1 and 2 correspondingly, 

and θ1 and θ2 represent the incidence angle and the refraction angle, respectively [92]. 

2.11.3  Critical angle, Total internal reflection, and Numerical aperture  

When a ray of light hits the juncture between the core and cladding, the light beam will be 

entirely refracted back to the core if the beam’s angle to the juncture is higher than a 

specific value called the critical angle. This incident is called total internal reflection (TIR); 

it is called total as virtually 100 % of the beam is reflected [92]. The critical angle is the 

incidence angle, where the refraction angle is 90°. The light must travel from a medium 

optically thick to a medium which is less dense, as shown in Figure 2.21 (a).  

 

 

 

 

 

 

Figure 2.21: (a) When incidence angle is equal to θC, refraction angle is equal to 90° (b) 

When incidence angle is greater than θC, light is reflected into core (adapted from [93]) 

 𝑛1 sin 𝜃1 = 𝑛2 sin 𝜃2 (2.11) 
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Snell’s law is used to measure the critical angle at the surface between different media [Eq. 

(2.11)].  

For TIR, the incidence angle is equal to critical angle.  So, θ1 = θC 

The refraction angle at the critical angle is equal to 90°. So, θ2 = 90° 

Solving for θC using Eq. (2.11) 

In Figure 2.21 (b), this critical angle is smaller than the incidence angle; the refracted beam 

is not reflected in the medium but is referred to as TIR. The 2 conditions for TIR are a) 

light is passing through from an optically denser medium (larger RI) to a less dense medium 

(smaller RI) and b) the incidence angle is higher than the critical angle. To obtain TIR, the 

core’s RI, ncore > the cladding’s RI, ncladding [92].  

An evanescent wave (EW) is created when a small portion of the guided electromagnetic 

wave’s energy penetrates past the reflective interface, as shown in Figure 2.22. Numerous 

factors, including physical, optical, and geometrical variables, affect the EW. Among these 

factors, the EW is highly sensitive to changes in the medium’s RI at the core-cladding 

interface in optical fibre sensors. The EW is absorbed by the medium surrounding the fibre 

core, including any molecules existing within the penetration depth of the EW which, in 

turn, causes  attenuation of the guided wave’s amplitude. The electromagnetic field’s 

amplitude at the core-cladding interface diminishes exponentially to 1/e of its starting 

value at a distance known as the penetration depth (dp) of the EW. It can be expressed in 

Eq. (2.13) [94]. 

 𝑛1 sin 𝜃𝐶 = 𝑛2 sin 90° 

sin 𝜃𝐶 = (
𝑛2

𝑛1
) (1) 

𝜃𝐶  =  𝑠𝑖𝑛−1 (
𝑛2

𝑛1
) 

 

 

 

(2.12) 

 
𝑑𝑝 = 

λ

2𝜋 √𝑛2
𝑐𝑜𝑟𝑒 sin(𝜃𝑖) − 𝑛2

𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 
 

(2.13) 
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where θi is the incident angle (with respect to the normal at the core-cladding interface), 

ncore is the core RI, ncladding is the cladding RI, and λ is the wavelength of the light. From 

Eq. (2.13), it can be seen that the incident wave angle, θi affects the penetration depth. 

Moreover, a lower refractive index contrast at the core-cladding interface produces a higher 

penetration depth. As a result, there is an increase in the interaction of light with the 

surrounding medium [94]. 

Figure 2.22: Schematic of the evanescent wave with ray theory approach [94] 

An optical fibre’s numerical aperture (NA) gives a measurement of the fibre’s capacity to 

gather light. Mathematically, the NA reflects the RI’s variation of the core, ncore and 

cladding, ncladding as follows [92]: 

The optical fibre allows more light to be coupled as the value of NA rises. 

2.11.4  Maxwell’s equations 

Maxwell’s 4 equations describe the light propagation. The equations are provided below 

[95]: 

where E is the electric field, ρ is the electric charge density, and ε0 is the permittivity of 

free space (8.854 x 10-12 F/m) [95]. 

 
𝑁𝐴 = √𝑛2

𝑐𝑜𝑟𝑒 − 𝑛2
𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 

(2.14) 

1st Law, 𝛻 .  𝐸⃗ =  
𝜌

𝜖0
 (2.15) 
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1st law [Eq. (2.15)] is based on Gauss’s law of electricity which means that “the divergence 

of the electric field in a specific region of space is proportional to the charge density in that 

region” [95]. 

where B is the electric field [95]. 

2nd law [Eq. (2.16)] is based on Gauss’s law of magnetism which means that “the 

divergence of the magnetic field is zero” [95]. 

3rd law [Eq. (2.17)] is based on Faraday’s law of induction which means “a closed loop of 

electric field lines will exist when the magnetic field varies with time” [95].  

where J is the current density and µ0 is the permeability of free space (4π x 10-7 H/m) [95]. 

4th law [Eq. (2.18)] is based on Ampere’s circuital law which means “a closed loop of 

magnetic field lines will exist in the presence of a current and/or time varying electric field” 

[95]. 

 

 

 

 

 

Figure 2.23:  An EM wave consisting of electric and magnetic oscillating fields [96] 

According to 3rd and 4th law of Maxwell’s equations a variable magnetic field causes a 

variable electric field, and a variable electric field causes a variable magnetic field. 

Sinusoidal fields can propagate by themselves once they have been generated. Another 

name of propagating fields is electromagnetic waves. EM waves can propagate through the 

2nd Law, 𝛻 .  𝐵⃗ =  0 (2.16) 

3rd Law, 
𝛻 𝑥  𝐸⃗ =  

−𝜕𝐵⃗ 

𝜕𝑡
 

(2.17) 

4th Law, 
𝛻 𝑥  𝐵⃗ = 𝜇0𝐽 + 𝜖0𝜇0

𝜕𝐸⃗ 

𝜕𝑡
 

(2.18) 

 



58 

 

vacuum according to Eq. (2.19). Figure 2.23 shows the EM waves (combination of 

orthogonal electric and magnetic waves) propagates through the vacuum with a wavelength 

(λ) [95-96]. 

The speed of light or EM waves is related to and electric and magnetic vacuum constants 

according to Eq. (2.19). The speed of light is calculated a 3 x 108 ms-1 using the values of 

permittivity and permeability of free space. So, light propagates as an EM wave through 

the vacuum [95].  

2.11.5  Optical fibre category 

There are 2 general types of optical fibre: single mode fibre (SMF) and multimode fibre 

(MMF). MMF’s core is significantly bigger than SMF’s, numerous light rays or modes can 

go through the fibre at once. Light propagates through the core due to reflections at the 

core-cladding boundary [92]. Light propagates as an EM wave inside the optical fibre. 

SMF can only transmit the fundamental LP01 mode. However, MMF enables the 

propagation of more than one mode of the light wave (for instance, up to the LP21 mode) 

[97]. LP modes of an optical fibre have radially symmetric refractive index profiles 

(subscript denotes the radial and azimuthal symmetry) [98]. There are 2 types of MMF: 

step-index and graded-index.  

 

 

 

 

 

 

Figure 2.24: Different characteristics of (a) multimode graded-index fibre (b) multimode 

step-index fibre (c) single-mode fibre (adapted from [91-92]) 

Speed of Light, 
𝑐 =

1

√𝜖0𝜇0

 
(2.19) 
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In Figure 2.24 (a), a multimode graded-index fibre comprises a core in which the RI slowly 

reduces from the core centre outward towards the cladding. The light rays travel with 

different velocity in various paths because of the RI’s variation. Light rays travel along the 

axis more slowly than those that go close to the cladding because of the higher RI at the 

core centre. Also, the light path is helical, and the attenuation is less than the multimode 

step-index fibre because of the graded-index. The set of rays arrive to the receiver at nearly 

the same moment due to the reduced path and increased speed made possible by the lower 

index towards the cladding; thus, it diminishes modal dispersion. Compared to a multimode 

step-index fibre, it can provide a faster data transfer rate [92]. 

In Figure 2.24 (b), a multimode step index fibre consists of a core with uniform RI and a 

core-cladding interface with a sharply decreased RI because cladding has a lower RI. The 

path of light rays is zig-zag in manner. Some of the light rays that make up a light pulse 

can follow a direct path from beginning to end and are referred to as direct rays. On the 

other hand, other rays pass through the cladding and arrive at the fibre’s end. The dispersion 

is more than a multimode graded-index fibre because light travels through different paths 

inside the fibre, which makes a difference in the propagation time of light rays, resulting 

in a broadened light pulse at the fibre’s end [92]. 

In Figure 2.24 (c), the SMF’s core diameter is smaller and permits only one mode to 

propagate, so no modal dispersion occurs. As a result, an optical signal can travel farther 

distances. In addition, the distance between pulses can be narrowed with an optical 

transmitter when the SMF is used because of the lack of pulse spreading. This facilitates a 

greater operating rate by enabling the use of quicker pulsating light sources. The ray of 

light is transmitted through an SMF according to Figure 2.24 (c) [92]. The cut-off 

wavelength of an SMF is the wavelength above which the fibre propagates only with the 

fundamental mode. Under the cut-off wavelength, the light passes through more than one 

mode at a time [99]. The core of an SMF is typically 8-10 µm, compared to 50-200 µm for 

an MMF [92]. 

The outer cladding diameter of most SMFs and MMFs is 125 µm. Thus, standard size 

specifications indicate 8/125 µm (core/cladding) or 10/125 µm for a typical SMF and 

50/125 µm or 62.5/125 µm for an MMF [92].  
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MMF with a diameter of 62.5/125 µm has been used for fabricating the OFCS in this thesis. 

Here, the operating wavelength for the OFCS is around 600 nm (visible wavelength). The 

reason for selecting an MMF over an SMF is because the MMF has a wide bandwidth. 

Either a LED or an incandescent light source (halogen light source) can be used with MMF. 

However, an SMF has a narrow bandwidth, and the price of the SMF in the visible 

wavelength range is high. In addition, a laser light source can be used with SMF.   

2.11.6  Optical attenuation and Bending losses 

There are many causes whereby an optical signal can be attenuated. For example, when 

photons travel through an optical fibre, they may collide with impurities and be absorbed, 

or they may scatter and lose energy. Attenuation must be expressed in decibels per 

kilometre (dB/km) at a particular wavelength since each wavelength travels differently 

through an optical fibre [92]. Lambert-Beer law describes how the intensity of a light beam 

exponentially decreases as it travels through a purely absorbing medium and is expressed 

as [100]: 

where It and I0 are the transmitted intensities and incident light beams intensities, 

respectively, α is the medium’s absorption coefficient (M−1cm−1), c is its concentration 

(M), and l is the path length that the beam traverses (cm). The αcl term gives the 

absorbance (A), or optical density (OD) of the sample, with an OD of one, meaning that a 

tenth of the incident light passes through the sample [100]. 

Bending losses occur when an optical fibre is bent. The fibre mode becomes substantially 

smaller and then very lossy as the light is coupled out into the cladding. There are 2 types 

of bending losses: microbend loss and macrobend loss.  

Microbend loss occurs because of microscopic fibre bends in the core-cladding boundary, 

generally caused by weak cable design and fabrication. Non-uniform horizontal stresses 

throughout the cabling establish micro bends [101]. 

 𝐼𝑡 = 𝐼010
−𝛼𝑐𝑙 = 𝐼010

−𝐴     

     𝐴 =  𝛼𝑐𝑙                                                                                                      

(2.20) 

(2.21) 
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Macrobends mean when a fibre has a large curvature (bend) radius or diameter, r relative 

to the fibre core diameter, r>>a. When a fibre has been bent in this manner, the incident 

angle is compromised, TIR fails, and thus the fibre’s core no longer effectively confines 

and directs light. Macrobend losses are normally encountered throughout the installation 

process of the optical fibre [101]. 

The detected intensity of the OFCS used in this research therefore drops due to the bending 

effect and hence the fibre is kept as straight as possible during the experiment to avoid such 

bending losses. 

2.11.7 Types of fibre materials 

An optical fibre can be made from 3 different types of materials: glass, plastic, and plastic-

clad silica [92]. 

Glass fibre is made of a glass core and cladding with impurities added to achieve the 

required indices of refraction needed to transmit light through the fibre. Glass fibre has the 

lowest attenuation [92]. 

Plastic fibre has a relatively thick plastic core and cladding. Plastic fibre has the highest 

attenuation and is relatively cheap [92].  

Plastic-clad silica (PCS) fibre combines a glass core and a plastic cladding. Transparent 

silica makes up the glass core, while the plastic cladding has a lower RI than the core. A 

PCS fibre’s composition places its attenuation in the middle of glass fibre and plastic fibre. 

Connecting or splicing PCS fibres can be challenging due to the significant plasticity in 

this fibre [92]. 

2.12  Summary 

This chapter has illustrated the importance of CO2 as a biomarker for PUs and presents a 

possible early treatment indicator. One way to measure the skin CO2 is with TCPCO2 and 

different researchers in the field have been expanded upon. The process of measuring 

TCPCO2 using an optical miniaturized sampling cell has been presented with a list of 

commercial devices for monitoring CO2 and TCPCO2 along with their operating principle. 

The overarching message is that the OFCS offers tremendous opportunities to monitor CO2 



62 

 

giving an early warning sign with an unobtrusive, very small footprint. Optical fibre CO2 

sensors are frequently used in various environmental, industrial, and biological 

applications depending on the detection range and moisture insensitivity requirements. 

Optical fibre CO2 sensors are developed by coating a fluorescent or colorimetric pH 

indicator dye on the optical fibre, which is sensitive to CO2. pH indicator dyes are 

entrapped within a solid matrix such as polymer or sol-gel-based materials. The sensing 

film can be deposited on the optical fibre using several methods, such as dip-coating or 

spin-coating. The performance of the OFCSs depends on the selected materials and 

techniques. A drawback is that OFCSs suffer from leaching or photobleaching effects, 

which degrade the sensor performance (stability) and shelf life. The fabrication and 

characterisation of an OFCS will be discussed in Chapter 3. 
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3. Chapter 3 

Optical Fibre CO2 Sensor – Fabrication & 

Characterisation  

3.1 Introduction 

To understand the characteristics of an optical fibre CO2 sensor properly, it is essential to 

fabricate the OFCS using the recipe and protocol from previous research and to calibrate 

the OFCS alongside the commercial CO2 datalogger and tC Sensor 92 probe. Section 3.2 

lists materials used in this process and describes the reasons behind choosing these 

materials, the dye characteristics (changes in transmission and absorption spectra due to 

pH variation), the CO2 sensing mechanism, and film preparation techniques. Section 3.3 

focuses on the characteristics of the OFCS, such as the experimental set-up for calibration, 

the obtained results from the fabrication and calibration method along with stability of the 

OFCS. Section 3.4 shows the negligible temperature cross-sensitivity of the OFCS and 

how to nullify humidity cross-sensitivity. Section 3.5 illustrates the improved performance 

of the OFCS using Triton X-100 with sol-gel. Section 3.6 discusses the film thickness 

measurement and dye concentration calculation from the OFCS tip using the scanning 

electron microscope. Section 3.7 is based on the calibration results of 10 OFCSs and the 

sensitivity variation on the OFCSs. Finally, Section 3.8 summarises this chapter. 

3.2 Sensor fabrication 

It is essential to know the name of the materials and understand the dye characteristics for 

fabricating the OFCS. This section provides that information about the OFCS fabrication, 

including the film preparation method. 

3.2.1 Materials 

The materials used for the OFCS fabrication are as follows:  

• Tetraethyl orthosilicate or tetraethoxysilane (TEOS), triethoxymethylsilane 

(MTEOS), ethanol, thymol blue (TB), tetramethylammonium hydroxide (TMAH) 

(10 wt. % in H2O), and Triton X-100 are all obtained from Sigma-Aldrich, UK; 
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• Isopropyl alcohol (IPA) or 2-Propanol, ≥ 99.5% is obtained from Fisher Chemical, 

UK;  

• CO2 (5% Argon (Ar) mixture) is obtained from Ryvalgas, UK;  

• N2 (O2 free) is obtained from BOC, UK;  

• OM1 Multimode (MM) silica core, silica cladding (core diameter, Ø 62.5 µm, 

cladding diameter, Ø 125 µm) optical fibre and Pigtail Easystrip (ST, Length 1.5 

m) are purchased from all4fiber GmbH, Austria. 

3.2.2 Reason behind choosing materials 

The sol-gel process has been selected for fabricating the OFCS. TEOS and tetramethyl 

orthosilicate (TMOS) are the most popular orthosilicates used as precursors. An 

orthosilicate is any salt of orthosilicic acid, Si(OR)4. Both silicates function as inorganic 

crosslinking agents. They are uncoloured and crystal-clear liquids. When TMOS is 

hydrolysed, hazardous methanol is released, whereas ethanol is released from TEOS, 

therefore, TEOS is preferred as a silicon (Si) source [102]. H2CO3 is an acid which 

develops when CO2 reacts with H2O, according to Eq. (2.1). H2CO3 needs to be mixed with 

a base catalyst, TMAH to balance the acid-base equilibrium.   

The precursor, TEOS is often combined with water and a co-solvent (commonly ethanol) 

to produce a homogeneous sol. The use of an adequate acid or base catalyst can speed up 

hydrolysis and polycondensation. TB is a suitable pH indicator dye entrapped in a sol-gel 

matrix for CO2 detection. During the reaction, the viscosity of the solution gradually rises, 

forming a hard, porous, interconnected gel. The reaction occurs when monomeric 

alkoxysilanes are hydrolysed [Eq. (3.1)] and then condensed [Eq. (3.2)] [81]: 

where R = C2H5 is an alkyl group [81]. 

Two detectable ranges are available for TB as a pH indicator dye. Its colour changes from 

red to yellow at pH levels of 1.2 to 2.8 and from yellow to blue at pH levels of 8.0 to 9.2. 

The gas exchange between film and environment is controlled by the prepared sol-gel film 

doped with TB and TMAH. The colour change that occurs during the CO2 reaction can be 

explained as follows [103]: 

 ≡ 𝑆𝑖 − 𝑂𝑅 + 𝐻2𝑂 → ≡ 𝑆𝑖 − 𝑂𝐻 + 𝑅𝑂𝐻         

≡ 𝑆𝑖 − 𝑂𝑅 +  𝑂𝐻 − 𝑆𝑖 ≡ → ≡ 𝑆𝑖 − 𝑂 − 𝑆𝑖 ≡ + 𝑅𝑂𝐻                                                                                              

(3.1) 

(3.2) 
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where QOH is TMAH, HT is the acidic version of TB, T- is the deprotonated TB ion and 

Q+ is a tetramethylammonium ion. Q+T-. xH2O is the ion pair formed within the sol-gel 

film by acidic TB and TMAH, which causes the colour shift from red to blue when the 

protonation state of TB changes [Eq. (3.3)]. Gaseous CO2 moves to aqueous CO2 once 

it infuses from the exterior into the sol-gel film. The hydrated water molecule combines 

with CO2 to produce a hydrogen ion, which transforms from T- to HT, as shown in Eq. 

(3.5), and the colour changes from blue to yellow [103].    

3.2.3 Absorption and Dye concentration relationship 

The amount of light that may travel through a material is known as its transmittance. The 

amount of light that a material absorbs is known as its absorbance. Figure 3.1 shows how 

the light travels through the dye solution. It is possible to identify the wavelength or range 

of wavelengths at which a solution absorbs light by exposing it to broadband light. If the 

light of a specific wavelength is not absorbed, the incident beam’s intensity, which is 

directed at the solution (I0), would be equal to the transmitted beam’s intensity (It). If any 

of the light is absorbed, the beam’s intensity as it passes through the solution will be lower 

than its original intensity. The proportion of incoming light which is absorbed by the 

solution can be calculated from the ratio of It to I0. This is known as the transmittance (T) 

[104]. 

Absorbance (A) is defined in terms of the transmittance or another form of Eq. (2.20) [104].  

 𝑄𝑂𝐻 + 𝐻𝑇 (𝑟𝑒𝑑)  ⇌  𝑄+𝑇−. 𝑥𝐻2𝑂         

𝐶𝑂2 (𝑔)  ⇌  𝐶𝑂2 (𝑎𝑞)          

{𝑄+𝑇−. 𝑥𝐻2𝑂 (𝑏𝑙𝑢𝑒)}  +  𝐶𝑂2 (𝑎𝑞) ⇌  𝑄+𝐻𝐶𝑂3
−. (𝑥−1)𝐻2𝑂 + 𝐻𝑇 (𝑦𝑒𝑙𝑙𝑜𝑤)                                                                                             

(3.3) 

(3.4) 

(3.5) 

  𝑇 =
𝐼𝑡

𝐼0
    (3.6) 

 𝐴 = −𝑙𝑜𝑔10 (𝑇)   (3.7) 
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Figure 3.1: Schematic diagram of light travelling through a solution (adapted from 

[104]) 

The transmittance of a solution decreases with increasing light absorbance. A maximum 

wavelength (λmax) is the wavelength at the highest absorption peak, which changes due to 

dye concentrations. In the absence of light scattering, a solution’s absorbance is influenced 

by 3 different factors: the molar absorption coefficient (ε), concentration (c), and optical 

pathlength (l). The substance, solvent, and wavelength affect the molar absorption 

coefficient. Eq. (2.21) can be expressed as a function of a wavelength [104]. 

3.2.4 Characteristics of dye according to pH variation  

The OFCS was coated with TB on the optical fibre tip to detect CO2. TB is a pH indicator 

dye.  

3.2.4.1 Characteristics of Thymol Blue 

TB changes its colour from red (pH = 1.2) to yellow (pH = 2.8) and again from yellow (pH 

= 8) to blue (pH = 9.2). The pH transformation and structural transitions are illustrated in 

Figure 3.2. TB (red) deprotonates and becomes TB (yellow). After that, TB (yellow) 

deprotonates and becomes TB (blue). Conversely, TB (blue) protonates and becomes TB 

(yellow). After that, TB (yellow) protonates and becomes TB (red). Ultraviolet-visible 

(UV/vis) spectroscopy measured the transition from yellow to blue at a wavelength of 595 

nm [105].  

 𝐴𝜆 = 𝜀𝜆𝑐𝑙   (3.8) 
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Figure 3.2: Structural transitions of TB according to different pH values [105] 

The obtained calibration curves of TB from other research [105] are displayed in Figure 

3.3. Two peaks can be seen in the absorption spectra of TB at wavelengths of 420 nm and 

595 nm which are particularly noticeable in the pH range of 8-9. The absorbance at a 

wavelength of 595 nm (A595 nm) rises strongly at a pH value of 7.7-9 approximately 

following a sigmoidal curve [105]. 

Figure 3.3: Absorption spectra, Aλ of TB for different pH values [105] 

On the other hand, the absorption at a wavelength of 420 nm decreases slowly at a pH value 

of 7.7-9 as shown in Figure 3.3. The absorption peak at 420 nm gradually declines with 

rising pH values which means A420 nm is less sensitive to pH variation. The changes in 

absorbance values at 595 nm can be used for pH measurements [105]. 
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3.2.4.2 Experimental set-up for varying pH of Thymol Blue 

In Figure 3.4, a krypton halogen light source (ecoVis, Ocean Insight, UK) illuminates a 

solution via a 1 x 2 MM coupler 50/50 (core diameter, Ø 62.5 µm, cladding diameter, Ø 

125 µm, ideal loss/port 3 dB, Lightel, USA) and the transmitted light is detected using a 

spectrometer (FLAME-S-VIS-NIR-ES, optical resolution ~ 0.1-10 nm, Ocean Insight, UK) 

which is connected to a computer for data analysis. The coupler acts as a crude attenuator 

in this set-up. The ecoVis light source has a built-in cuvette holder. The cuvette (length = 

1 cm) contains 2 ml of solution (TB with ethanol).  

 

 

 

 

 

Figure 3.4: Experimental set-up for monitoring pH variation of TB 

TB was purchased in powder form, and it is soluble in ethanol [106]. The TB solution 

became red after mixing TB with ethanol. To confirm the spectral response of TB in 

solution, sodium hydroxide (NaOH) and DI water were used to change the pH. The 

concentration of TB was also changed due to mixing NaOH and DI water into TB (red). In 

Figure 3.5, the ethanol and different colours of TB are poured inside the cuvette for further 

measurement. Eq. (5.4) is used to calculate an unknown concentration where 2 solutions 

are proportional. The concentration of TB is calculated from yellow and blue solutions 

using Eq. (3.9) [107]. 

where Ci is the TB concentration (initial), Vi is the solution’s volume (initial), Cf is the TB 

concentration (final), and Vf is the solution’s volume (final) [107]. 

 𝐶𝑖𝑉𝑖 = 𝐶𝑓𝑉𝑓   (3.9) 
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Figure 3.5: Ethanol and different colours of TB solutions in 1 cm pathlength cuvettes 

The protocol of changing pH of TB is shown in Table 3.1. Thymol blue was purchased 

from Sigma-Aldrich and was of an American Chemical Society (ACS) grade and used 

without further purification. 

Table 3.1: Calculation of TB concentration according to pH variation 

pH = 6, Red colour solution [130 ml Ethanol (EtOH) + 2.51 mg TB] 

Molar weight of TB = 466.6 g/mol = 466600 mg/mol 

Concentration (C) of TB in EtOH = [(2.51 mg) / (130 ml)] = 0.019307692 mg/ml  

Conversion from mg/ml to M 

Cred = [(0.019307692 mg/ml) / (466600 mg/mol)] = 0.000000041379 mol/ml = 

0.000041379 mol/litre = 0.000041379 M 

Base (NaOH) preparation: 545.08 mg NaOH + 1.4 ml DI water   

Molar weight of NaOH = 39.997 g/mol 

Concentration of NaOH in DI water = [(0.54508 g) / (0.0014 l)] = 389.343 g/l  

Conversion from mg/ml to M 

CNaOH = [(389.343 g/l) / (39.997 g/mol)] = 9.7343 mol/l = 9.7343 M 

pH = 5, Yellow colour solution [2 ml Red colour solution + 0.2 ml DI water] 

CfY = Ci Vi  / Vf 

CfY = (0.000041379 M x 2 ml) / 2.2 ml = 0.000037617 M  

pH = 11, Blue colour solution [2 ml Red colour solution + 0.5 µl NaOH solution] 

CfB = Ci Vi / Vf 

CfB = (0.000041379 M x 2 ml) / 2.0005 ml = 0.000041368 M  
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3.2.4.3 Spectra of Thymol Blue according to pH variation 

Figure 3.6 (a) shows the transmission spectra of the ethanol, TB (red), TB (yellow), and 

TB (blue) solutions. The transmission spectrum of ethanol is used as a reference signal. 

The transmission spectra of TB (red) and TB (blue) contains troughs at around 549 nm and 

606 nm, respectively. The transmission spectrum of TB (yellow) doesn’t contain a trough 

at any wavelengths.  

Figure 3.6 (b) demonstrates the absorption spectra of the TB (red), TB (yellow), and TB 

(blue) solutions. The absorbance is calculated using Eq. (3.7). The highest absorption peak 

is found at around 549, 452, and 606 nm for TB (red), TB (yellow), and TB (blue) solutions, 

respectively.  

Figure 3.6: (a) Transmission spectra (b) Absorption spectra (c) Molar absorption 

coefficient curve of TB for different pH values  

Figure 3.6 (c) illustrates the molar absorption coefficient (MAC) of the TB (red), TB 

(yellow), and TB (blue) solutions. The MAC is calculated using Eq. (3.8), Lambert-Beer 

law (ελ = Aλ/cl). The absorbance value is taken from Figure 3.6 (b), and the concentration 

value is obtained from Table 3.1. The pathlength of the cuvette is assumed to be 1 cm. To 

the author’s knowledge, Lambert-Beer law is the best way to calculate the MAC. The MAC 

is 19188 M-1cm-1 at around 549 nm for TB (red). The MAC is 12439 M-1cm-1 at about 452 

nm for TB (yellow). The MAC is 35144 M-1cm-1 at nearly 606 nm for TB (blue). The MAC 
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is ≥ 30000 M-1cm-1 at a wavelength range of 595-599 nm for TB, according to TB 

specification sheet [106]. The MAC value from the datasheet is close to the obtained MAC 

value from TB (blue). The observed MAC values are different from the specification sheet 

due to the experimental error. The MAC was calculated through the experiment performed 

in ambient conditions (room temperature), and the liquid was in a plastic (polystyrene) 

cuvette cell. Plastic absorbs UV light. The specification sheet of TB was taken from Sigma-

Aldrich. It is not specified, but Sigma-Aldrich may calculate the MAC in standard 

conditions (fixed temperature), and the liquid may be in a quartz cuvette cell. Quartz 

doesn’t absorb any light; it has greater transparency which doesn’t affect measurements. 

3.2.5 Film preparation 

A stirrer (Stuart Hotplate Stirrer, US152, Cole-Parmer, UK) was used to mix the chemicals 

on each occasion. The mixture was prepared at room temperature (around 20 °C), and the 

heat-controlled knob of the plate was turned off during this mixing process. The speed was 

chosen at an arbitrary value of 1, equivalent to nearly 220 rpm, while mixing the chemicals. 

1.8 ml MTEOS was stirred with 200 µl TEOS for 10 minutes in a 20 ml glass vial for 

preparing Ormosil solution. Next, 6 mL ethanol was added to the solution and stirred for 

another 10 minutes. TB powder (22 mg) was then added to the solution and stirred for 

another 15 minutes. Finally, 500 µl of TMAH was added to the solution, and the glass vial 

was covered and stirred for 1 hour using above mentioned automated stirrer before the dip-

coating method [103].  

Figure 3.7: Experimental set-up for coating process onto (a) optical fibre tip (b) glass 

substrate using commercial dip coating unit 
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The jacket and buffer coating of the optical fibre was removed using a fibre optic stripper 

(JIC 375, Jonards Tools, USA). The optical fibre cladding was cleaned using IPA alcohol 

and clean wipes (Stickler Benchtop, MCC-WFW, Thorlabs, UK). The optical fibre tip was 

cleaved at 90⁰ using a fibre-optic precision cleaver (VF-15H, Inno Instrument, Germany) 

and then dip-coated 4 times employing a commercial dip-coating unit (HO-TH-02, 

Holmarc Opto-Mechatronics Pvt. Ltd., India) with withdrawal speed of 3 mm/s, as shown 

in Figure 3.7 (a). The drying interval was 2 minutes between each coating layer in ambient 

air. Before use, the coated fibres were placed inside the pure N2 (CO2 and humidity free) 

environment for around 24 hours [103].  

3.2.6 Selection process of optimum withdrawal speed  

An optical fibre is made of silica (glass materials). In order to select the optimum 

withdrawal speed in the experimental set-up of Figure 3.7 (b), a glass substrate (GS) is 

deployed in place of the silica optical fibre. A GS (75 mm x 10 mm x 1 mm) also contains 

similar glass properties to an optical fibre. GS is transparent, and the size and shape are 

larger than the optical fibre tip. The fabrication process of GS doped with Ormosil is 

technically simple.  It is much easier to observe the cracking on Ormosil coated GS during 

the drying process compared to the optical fibre tip.  

A cleaning solution was prepared by mixing 20 ml of water with 20 ml of ethanol in a 100 

ml volume glass beaker. The GS was put inside the cleaning solution. The glass beaker 

containing the cleaning solution was placed in an ultrasonic water bath (U50, Ultrawave, 

UK) for 3 minutes. The GS was cleaned by water and ethanol through this same process. 

Finally, the GS was left to dry in ambient air (for around 30 minutes), resulting in layer 

fixation.  The preparation process (Section 3.2.5) of sol-gel solutions inside the glass vial 

was used for this experiment. In order to obtain samples with different thicknesses, the GS 

was dip-coated employing the commercial dip-coating unit with withdrawal speeds of 1, 

2, 3, 4, 5, 6, 7, 8, and 9 mm/s 3 times, as shown in Figure 3.7 (b). The drying interval was 

2 minutes between each coating layer in ambient air. 

Figure 3.8 shows the thickness versus withdrawal speed curve for a precursor solution 

system consisting of TEOS, triethyl methyl orthosilicate, and Pluronic F-127 in ethanol on 
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a glass slide. The curve illustrates a minimum thickness for the withdrawal speed range of 

0.1-1 mm/s when overlapping draining and capillarity regions. Thickness depends on the 

2 opposing film thickness evolution regions (draining and capillarity) that were observed 

in this curve. If the withdrawal speed (normal range of ~ 1-10 mm/s) increases, the film 

thickness also rises [108]. The thick film creates the cracking, so reducing the withdrawal 

speed is one of the ways to remove the film cracking.  

 

 

 

 

 

 

 

 

 

Figure 3.8: Plot of the thickness versus withdrawal speed [108] 

Figure 3.9: Observation of dried GS with 3 layers after 24 hours with different 

withdrawal speeds 
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When 1 mm/s and 2 mm/s are used for creating thin films, the thin film loses absorbance 

by around 24 hours. Figure 3.9 shows the effect after the drying process in ambient air for 

about 24 hours after coating with different withdrawal speeds. Cracking appeared on the 

GS the day after coating with the withdrawal speed 4, 5, 6, 7, 8, and 9 mm/s. So, 3 mm/s 

is chosen as an optimum withdrawal speed enabling a thick film while minimising 

cracking.  

Figure 3.10 illustrates the images of dried GS without and with cracking, where it is visible 

that the bottom part of GS suffers from cracking. The purpose of Figure 3.10 is to show 

how the GS looks like with and without cracking. Both GSs have a withdrawal speed 3 

mm/s. GS without cracking was observed from the coated GS with 3 layers on the coating 

day. Oppositely, GS with cracking was observed from the dried GS with 3 layers after 24 

hours.    

 

 

 

 

 

 

 

 

 

Figure 3.10: Zoom view of dried GS without and with cracking 

3.3 Sensor characterisation 

3.3.1 Experiment set-up 

In Figure 3.11, a halogen light source (HL-2000, Ocean Insight, UK) is linked to a MM 

fibre optic attenuator (Fixed / Variable, Thorlabs, UK) through an SMA fibre optic patch 

cable (M92L01, core diameter, Ø 200 µm, cladding diameter, Ø 220 µm, Thorlabs, UK). 

The OFCS tip is illuminated by a halogen light source through a 1 x 2 MM Coupler 50/50 
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(core diameter, Ø 62.5 µm, cladding diameter, Ø 125 µm, ideal loss/port 3 dB, Lightel, 

USA) and the reflected light is captured using an optical spectrometer (FLAME-S-VIS-

NIR-ES, optical resolution ~ 0.1-10 nm, Ocean Insight, UK) which is linked to a computer 

for data analysis. 

Figure 3.11: Experimental set-up for CO2 calibration of OFCS 

The tC Sensor 92 probe and commercial CO2 datalogger independently measure the PCO2 

values and CO2 concentrations in the gas chamber. The tC Sensor 92 probe is connected to 

the TCM TOSCA monitor, which is used to visualise the data and obtain the results. The 

OFCS, tC Sensor 92 probe, and commercial CO2 datalogger are housed inside a custom-

made gas chamber (270 mm (L) x 195 mm (W) x 105 mm (H), BPA free plastic airtight 

container, Nisbets Plc., UK) with an input route and output route for gas inclusion and 

exclusion. N2 and CO2 gas mixture controlled the CO2 concentration inside the gas 

chamber. The reflection intensity of the OFCS, CO2 concentration (from the commercial 

CO2 datalogger), and PCO2 value (from the tC Sensor 92 probe) were recorded using 

SpectraSuite Software, Gaslab Software, and the TCM TOSCA monitor, respectively 

during the experiment. 

Pure N2 gas was flushed inside the gas chamber until the CO2 concentration becomes 0 

ppm before the experiment commences. A polytetrafluoroethylene (PTFE) flowmeter 

(WZ-03216-52, Cole-Parmer, UK) was used to control the step-by-step variation of CO2 

concentration inside the gas chamber via the “gas-in” route. At least 10 minutes was needed 
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for the CO2 concentration inside the gas chamber to stabilise. The reflection spectrum of 

the OFCS, CO2 concentrations, and PCO2 values (used for reference purposes) were 

recorded with a frequency of 1, 0.05, and 0.1 Hz, respectively. The minimum data 

recording interval was 20 seconds for the commercial CO2 datalogger and 10 seconds for 

the tC Sensor 92 probe. The integration time and data recording interval were chosen for 

the OFCS as 1 second to get enough data to plot the OFCS’s response.  

The formula of Absorbance, A is given below [103]: 

where I0 is the light intensity reflected from the optical fibre tip without any film, and Ir is 

the light intensity after interaction with the coated film [103].  

3.3.2 Results  

Figure 3.12 demonstrates a typical reflection spectrum after each coating cycle on the 

optical fibre tip during the coating process. Interference fringes for 1 layer and 2 layers of 

coating can be seen. The coated layer on the optical fibre tip creates an FPI cavity. FPI 

fringes can be visible due to the differential phase of reflected light between the optical 

fibre interface to the coated thin film and the interface of the coated thin film to ambient 

air. The absorption window was selected from 500 nm to 700 nm according to TB’s 

absorption characteristics [109]. The fringes become less visible for 3 layers and 4 layers 

of coating, as shown in Figure 3.12. The interference fringes disappear when the thicker 

sol-gel coating or layers make the large path difference between the fibre and film. A 

continuous distribution of inference fringes with a range of phase differences that 

“average” to zero will generate due to the large path difference. As a result, the fringe 

visibility decreases [110]. Due to the increased absorption value induced by the thick film 

based on Eq. (3.10), the reflected intensity at a wavelength of around 600 nm diminishes 

as each layer is deposited [103].  

Figure 3.13 (a) shows the reflection spectrum of a BF and the 4th layer coated optical fibre 

tip for drying in the pure N2 (CO2 and humidity free) environment after around 24 hours. 

During the drying process, the walls of the pores combine, and the pore size minimises due 

to the capillary forces on the pores’ walls. As a result, a structural collapse occurs due to 

 𝐴 = 2 − 𝑙𝑜𝑔10 [(
𝐼𝑟

𝐼0
) × 100]    (3.10) 



77 

 

the normal drying of the gel [111]. As the cavity length (film thickness) rises, the number 

of fringes increases after each layer coating. At the 4th layer, the fringe visibility 

diminishes, and the fringes will disappear due to the further increment number of coating 

cycles [108]. In Figure 3.13 (b), the absorbance is calculated by putting the reference signal 

(from the reflection spectrum of the BF) in Eq. (3.10), and the highest absorption peak is 

achieved at a wavelength of around 600 nm. 

  

 

 

 

Figure 3.12: Reflection spectrum of OFCS after coating 

Figure 3.13: (a) Reflection spectrum of OFCS including reflection spectrum of bare fibre 

(b) Absorption spectrum of OFCS with 4 layers after drying for 24 hours 

An example of calculating the absorbance from the OFCS w.r.t. BF (Figure 3.13) using 

Eq. (3.10) is as follows: 
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Reflection intensity of OFCS at wavelength 600 nm = 18122 counts 

Reflection intensity of BF at wavelength 600 nm = 64217 counts 

Absorbance at 600 nm, A600 nm = 2 – log10 [(18122 counts / 64217 counts) x 100] = 0.549 

Figures 3.14 (a) and (b) illustrate the reflection spectrum of the BF, the reflection and 

absorption spectra of the OFCS for maximum (45000 ppm or 4.5% CO2) and minimum (0 

ppm or 0% CO2) CO2 concentration, respectively. The highest absorption peak due to the 

changes for CO2 concentrations is achieved at a wavelength of around 600 nm, as shown 

in Figure 3.14 (b). A noticeable change in reflection intensity and absorbance at a 

wavelength of around 600 nm is observed and hence about 600 nm has been used for CO2 

detection and measurement. 

Figure 3.14: (a) Reflection spectra of OFCS including reflection spectrum of bare fibre 

(b) Absorption spectra of OFCS with 4 layers for maximum and minimum CO2 

concentration 

Figures 3.15 (a) and (b) show the reference signals, which are reflected from the BFs’ tip 

for the step up and step down response, respectively and those reference signals were used 

to calculate the absorbance using Eq. (3.10). The intensity of one BF is 61700 counts for 

step up response and the intensity of another BF is 54814 counts for step down response at 

a wavelength of 600 nm. Those responses of the BFs are achieved using the same 

experimental set-up with the same equipment, as detailed in Section 3.3.1. The reflection 
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spectrum of the BF was recorded with an integration time of 1 second using SpectraSuite 

Software. 

Figure 3.15: Reflection spectrum of bare fibre for (a) step up (b) step down response of 

OFCS 

Figures 3.16 (a)-(d) show the step up and step down response of the OFCS to the CO2 

concentration and PCO2 value measured (from the commercial CO2 datalogger and tC 

Sensor 92 probe, respectively) using the set-up, as shown in Figure 3.11, respectively. The 

reflection intensity of the OFCS at a wavelength of around 600 nm varies according to the 

variation of CO2 concentrations from the commercial CO2 datalogger and the shift of PCO2 

value from the tC Sensor 92 probe. In Figures 3.16 (a) and (c), the reflection intensity and 

absorbance of OFCS increases and decreases with rising CO2 concentration from 0 ppm 

(0% CO2) to around 46000 ppm (4.6% CO2), respectively. The PCO2 value changes from 

0 mmHg to 31.5 mmHg during the CO2 measurement inside the gas chamber. In Figures 

3.16 (b) and (d), the reflection intensity of the OFCS and absorbance decreases and 

increases with falling CO2 concentration from around 53000 ppm (5.3% CO2) to 0 ppm 

(0% CO2), respectively. The PCO2 value changes from 44 mmHg to 0 mmHg during the 

CO2 measurement inside the gas chamber. 
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Figure 3.16: (a) Step up response w.r.t. reflection intensity (b) Step down response w.r.t. 

reflection intensity (c) Step up response w.r.t. absorbance (d) Step down response w.r.t. 

absorbance response of OFCS modified with sol-gel coating to different CO2 

concentrations with changing PCO2 values at wavelength 600 nm 
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Figure 3.17 shows the reference signal, which is reflected from the BF’s tip for the 

reversibility of OFCS and this reference signal was used to calculate the absorbance using 

Eq. (3.10). The intensity of the BF is 56995 counts at a wavelength of 600 nm. This 

response of the BF is achieved using the same experimental set-up, as detailed in Section 

3.3.1. The reflection spectrum of the BF was recorded with an integration time of 1 second 

using SpectraSuite Software.  

 

 

 

 

 

 

 

 

Figure 3.17: Reflection spectrum of bare fibre for reversibility of OFCS 

Figure 3.18: Reversibility ((a) w.r.t. reflection intensity (b) w.r.t. absorbance) of OFCS 

different CO2 concentrations with changing PCO2 values at wavelength 600 nm 
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The reflection intensity and absorbance of the OFCS declines and rises with decreasing 

CO2 concentration from nearly 50000 ppm (5% CO2) to 0 ppm (0% CO2), respectively. 

The reflection intensity and absorbance of the OFCS rises and declines with increasing 

CO2 concentration from 0 ppm (0% CO2) to almost 50000 ppm (5% CO2) again, 

respectively. The PCO2 value varies between the window of 0 mmHg and around 40 

mmHg. The repeatability and reversibility of the response (reflection intensity and 

absorbance) of the OFCS at a wavelength of around 600 nm are shown in Figures 3.18 (a) 

and (b). 

Figures 3.19 (a) and (b) show how the average reflection intensity is related to the average 

value of CO2 concentration and PCO2 via a polynomial fitting curve, respectively. Next, 

Figures 3.19 (c) and (d) illustrate how the average absorbance is associated with the 

average value of CO2 concentration and PCO2 via a polynomial fitting curve, respectively. 

Similarly, Figure 3.19 (e) demonstrates how the average value of PCO2 is associated with 

the average value of CO2 concentration via a polynomial fitting curve. 
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Figure 3.19: Polynomial fitting of (a) reflection intensities of OFCS to different CO2 

concentrations (b) reflection intensities of OFCS to different PCO2 values (c) 

absorbances of OFCS to different CO2 concentrations (d) absorbances of OFCS to 

different PCO2 values and (e) PCO2 values of tC Sensor 92 probe to different CO2 

concentrations at wavelength 600 nm 

(d) 

 

(e)  
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Figure 3.20: Response and recovery times measurement of OFCS for 5% CO2 at 

wavelength 600 nm 

The calculation of response and recovery times of the OFCS at a wavelength of around 600 

nm is illustrated in Figure 3.20. The response time was calculated when the OFCS was 

inserted into gas chamber with 50000 ppm (5% CO2) from ambient air (around 400 ppm). 

The recovery time was measured when the OFCS was taken out from the gas chamber 

50000 ppm (5% CO2) to ambient air (nearly 400 ppm). The response time of the OFCS is 

60 seconds, which is the time required to rise from 10 % to 90 % of the final value of 

reflection intensity. However, the recovery time of the OFCS is 413 seconds which is the 

time required to drop from 90 % to 10 % of the final value of reflection intensity.  

The response time is shorter than the recovery time as there are more active binding sites 

before measuring CO2. CO2 molecules quickly bind with the absorbing sites from lower to 

higher CO2 concentrations. On the other hand, CO2 molecules diffuse for a long time 

through the membrane surface (depending on film thickness and pore size) from higher to 

lower CO2 concentrations [43]. Removing the sensor to ambient created a step change in 

CO2, in future this could be flushed in an N2 environment to achieve close to 0 ppm, but 

care would need to be taken to ensure rapid flushing so that the recovery time is not 

overestimated. 
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3.3.3 Discussion 

To optimise the signal return from the OFCS, it is important that the absorbance is high 

enough to create measurable signal changes proportional to CO2 but not too high to leave 

the reflected light undetectable. It is beneficial to consider the reflection intensity of the 

coated film after each layer of coating. When the number of layers increases, film thickness 

rises; consequently, the reflected intensity at a wavelength of around 600 nm declines, as 

shown in Figure 3.12. The absorbance will increase due to film thickness increment, 

according to Eq. (3.10). It was observed that if the film thickness increases too much (> 12 

µm), the reflection intensity at a wavelength of 600 nm is below the detection threshold. 

Another visual observation is that if the film thickness increases too much (> 12 µm), the 

film starts cracking, and the absorbance band at 600 nm is lost. So, the optimum film 

thickness selection is based on observing the lowest reflection intensity (above 0 counts) 

while avoiding film cracking.  

Still, the dip coating method is a suitable option for fabricating the OFCS. The thicker film 

can be achieved while avoiding cracking by raising the dye concentration and reducing the 

withdrawal speed using the dip coating method [108] [112]. Different additives, such as 

ethylene glycol, can be used in the sol-gel recipe, preventing the evaporation of base 

catalyst (TMAH is volatile) from sol-gel coatings. In my work, the minimum time (2 

minutes) was chosen for curing between each layer.  

Another layer may be put on the next day (after 24 hours) once the previous layer has dried, 

but there is a risk of reducing the layer’s sensitivity. If the curing time chosen between each 

layer is long (such as 24 hours or the next day), TMAH will decompose, and the pH of the 

sensing layer will decrease. The OFCS containing TB on the fibre tip initially has a blue 

active layer, which first turns green and then yellow, and this colour change is related to 

the decrement of the layer’s sensitivity to CO2. This way, the coated layer will react with 

CO2 and decrease the layer’s sensitivity. TMAH will also evaporate from the layer of the 

sol-gel coating, and there will be an interaction between the layer and other chemicals in 

the ambient air [112].  

The film thickness can be calculated from the fringes using the following expression [113]:  
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sin2θ can be expressed using Eq. (2.14): 

𝑁𝐴 = 𝑠𝑖𝑛𝜃 = √𝑛2
𝑐𝑜𝑟𝑒 − 𝑛2

𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 

⟹ 𝑠𝑖𝑛2𝜃 = 𝑛2
𝑐𝑜𝑟𝑒 − 𝑛2

𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔 

By placing (n2
core

 - n2
cladding) instead of sin2θ in Eq. (3.11) 

where d is the film thickness, Δm is the number of peaks in the wavelength range used for 

calculation, n is the refractive index of the film (nfilm), ncore is the refractive index of the 

fibre core, ncladding is the refractive index of the fibre cladding, θ is the angle of incidence, 

and λ1 and λ2 are the start and end wavelengths in the wavelength range used for calculation 

[92] [113]. The value of the parameter which is used in Eq. (3.12) is provided in Table 3.2.  

Table 3.2: Film Thickness of the layers from the fringes observed in Figure 3.12 

Layer 

number 

Number 

of peaks 

or fringes, 

Δm 

Start 

wavelength, 

λ1 (nm) 

End 

wavelength, 

λ2 (nm) 

Film 

thickness 

(µm) 

Refractive Index, n 

nfilm  ncore ncladding 

1 3 508 587 3.835 1.501 

[109]  

 

1.475 

[114] 

 

1.45 

[115] 
2 2 536 569 6.259 

The film thickness is extracted from the number of fringes from 1 layer and 2 layers of 

OFCS from Figure 3.12. The film thickness of 3 and 4 layers can’t be extracted from Figure 

3.12 due to no visible fringes in those layers at a wavelength range of 508-587 nm. The 

film thickness obtained from the SEM images of other OFCSs is used in an FPI simulation. 

In Figure 3.12, the OFCS of 1 layer and 2 layers have a film thickness of 3.835 µm and 

6.259 µm, respectively. Conversely, in Figures 3.35-3.37, the SEM images of the 3 OFCSs 

 
𝑑 =  

Δm

2 √𝑛2 − 𝑠𝑖𝑛2𝜃
 ×  

1

(λ1 − λ2)
  

(3.11) 

 
⟹ 𝑑 = 

Δm

2 √𝑛2
𝑓𝑖𝑙𝑚 − (𝑛2

𝑐𝑜𝑟𝑒
− 𝑛2

𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔)

 ×  
1

(λ1 − λ2)
 

⟹ 𝑑 = 
Δm

2 √𝑛2
𝑓𝑖𝑙𝑚 − 𝑛2

𝑐𝑜𝑟𝑒 + 𝑛2
𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔

 ×  
1

(λ1 − λ2)
 

 

 

 

(3.12) 
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(OFCS 1-3) of 1, 2, and 3 layers have a film thickness of 4.888, 5.690, and 7.234 µm. 

Those film thickness values have differences from each other because they all are different 

sensors (OFCSs).  

The responses (reflection intensity and absorbance) are different from the step up and step 

down response of Figures 3.16 (a)-(d) because this is the response from 2 different OFCSs 

fabricated on different days. Figures 3.16 (a) and (c) are obtained from one OFCS, and 

Figures 3.16 (b)  and (d) are obtained from another OFCS. The polynomial equation and 

R2 are almost the same for the increasing and decreasing trend, according to Figures 3.19 

(a)-(e). So, the OFCSs worked in the same way because using the same fabrication method, 

but the reflection intensity values are different because of the changes (such as dye 

concentration increases due to the sol-gel matrix’s volume shrinks) in film properties after 

drying. It is worth noting that although the polynomial fitting provides a good fit it does 

result in an ill-conditioned relationship i.e. 1 value of intensity correspond to 2 values of 

CO2. 

The OFCS reveals a moderate diminution in reflection intensity with every single day after 

the OFCS is fabricated. The OFCS loses its capability for sensing CO2 within 10-15 days 

when stored in ambient air because of the decomposition of the base catalyst (TMAH) 

inside the film; the air toxicity to the sensing film and pH of the sensing film decreases 

slowly. The OFCS’s shelf life (> 15 days) and stability in reflectivity may be considerably 

increased by storing the OFCS in pure N2 [103].  

The shaped glass and ceramics are fabricated using the sol-gel process. Although the sol-

gel process is a lower-temperature preparation method and very appealing compared to 

traditional melting approach it still has drawbacks. For example, the emergence of cracks 

in the monolithic gel during the drying period is regarded as the most problematic [116]. 

The physical property of the gel varies during the ageing and drying process [117]. The 

thin film is created by Ormosil on the optical fibre tip using the sol-gel method. Sometimes 

the severe cracks appear from dried gel and defects during the storage period. This cracking 

caused the OFCS absorbance feature to be lost within a few days. 
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3.4 Cross-sensitivity of an OFCS 

Temperature or humidity may affect the performance of an OFCS. So, it is essential to 

perform different tests to observe the response of an OFCS for temperature and humidity 

levels. 

3.4.1 Temperature cross-sensitivity of an OFCS 

Temperature cross-sensitivity of an OFCS was performed previously in Reference [109]. 

The average normalised intensity of a wavelength range of 595-617 nm was used for 

measuring CO2 by varying different temperatures [109]. The following characterisation 

experiments follow this methodology.  

In Figure 3.21, an OFCS is placed inside a gas chamber (15 cm (L) × 13 cm (W) × 8 cm 

(H)) with a humidity and temperature sensor (K33, CO2Meter.com, USA) and a 

temperature-controlled heating mat (TCHM). The TCHM was prepared by combining a 

heating mat (diameter = 50 mm), a J-type thermocouple, and a controller (IR33, Carol, 

UK). The OFCS was placed on the top of the heating mat and put inside the gas chamber 

for performing temperature calibration of the OFCS. The spectral information of the OFCS 

was obtained using a halogen light (HL-2000, Ocean Insight, UK) and a spectrometer (USB 

2000, Ocean Insight, UK). N2 and CO2 gas mixture controlled the CO2 concentration inside 

the gas chamber with the help of the PTFE flowmeter [109]. 

 

 

 

 

 

 

 

 

Figure 3.21: Experimental set-up for temperature calibration of OFCS [109] 
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Figure 3.22: Average normalised intensity value of OFCS to different CO2 

concentrations with changing temperature values at wavelengths 595-617 nm [109] 

In Figure 3.22, the changes in average normalised intensity value between wavelengths of 

596-617 nm of the dye (thymol blue) were observed at varying temperatures (20 °C to 40 

°C) and the CO2 concentrations. The normalised intensity decreases by approximately 6 % 

at 0.03% CO2, and the normalised intensity drops by about 9 % at 5% CO2 when the 

temperature increases from 20 °C to 40 °C. The temperature effect depends on the CO2 

concentrations. Generally, the temperature effect is negligible at a stable room temperature 

[109].  

3.4.2 Humidity cross-sensitivity of an OFCS 

The response of an OFCS is affected by relative humidity. The OFCS is used for measuring 

the skin CO2 due to the skin being a high area of humidity on the body. The ideal RH for 

human skin is around 50 % [118]. The OFCS is tested inside an environmental chamber to 

observe the response of the OFCS due to the RH variation.  

In Figure 3.23, the same experimental set-up is used with the same equipment, as detailed 

in Section 3.3.1. The OFCS was placed inside an environmental chamber (Bench Top, C-

TH40-20/1, CVMS Climatic, UK) for RH calibration (up to 90% RH). The environmental 

chamber can be controlled manually for step-by-step variation from 50 % to 90 %. The 

reflection spectrum of the OFCS was recorded with an integration time of 1 second using 
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SpectraSuite Software. The RH values were noted down manually every 1 minute from the 

environmental chamber during the experiment. The temperature inside the environmental 

chamber was controlled at 35 °C (similar to normal human body temperature). 

 

 

Figure 3.23: Experimental set-up for RH calibration of OFCS  

Figure 3.24: (a) Reflection spectrum of bare fibre (b) Reflection spectra (c) Absorption 

spectra of OFCS to different RH values 

Figure 3.24 (a) shows the reference signal, which is reflected from the BF’s tip, and this 

reference signal was used to calculate the absorbance using Eq. (3.10) in Figures 3.25 (b) 

and 3.27 (b). The intensity of the BF is 59328 counts at a wavelength of 600 nm. The 

reflection spectrum of the BF was recorded with an integration time of 1 second using 

SpectraSuite Software. Figures 3.24 (b) and (c) illustrates the reflection and absorption 
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spectra of the OFCS for the maximum (90% RH) and minimum (50% RH) limit of RH 

level, respectively, using the set-up, as shown in Figure 3.23. The reflection intensity 

decreases, and absorbance increases due to the increment of RH values. 

Figure 3.25: (a) Reflection intensity (b) Absorbance of OFCS to different RH values at 

wavelength 600 nm 

In Figures 3.25 (a) and (b), the reflection intensity and absorbance of the OFCS at a 

wavelength of around 600 nm decline and rise with increasing RH levels from 50% RH to 

90% RH, respectively. The reflection intensity and absorbance decrease and increases 

sharply from 50% RH to 70% RH, respectively. The reflection intensity and absorbance 

fluctuate from 70% RH to 90% RH. There is a 13.65 % reflection intensity decrease, and 

a 9.16 % absorbance increase for RH levels between 50% RH and 90% RH. The reflection 

signal changes as CO2 penetrates through the Ormosil film and interacts with the dye-ion 

pair. CO2 permeability to the Ormosil film determines the OFCS’s sensitivity. The Ormosil 

coating has a greater permeability to water molecules due to selective absorption by the 

silanol group (Si-OH), causing a blocking effect on the pore gas channel, which may 

restrict CO2 permeability. Many factors affect the blocking effect such as gas pressure, 

film’s drying conditions, and pore size [103].  
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3.4.3 Nullifying humidity effects on OFCS 

A PTFE cast film (FLONFILM™ 100, Polyflon, UK) is a single layer, multi-laminar film 

which acts as a semi-permeable membrane [119], allows gas flow and prevents water 

condensation. To investigate whether this film can be used as a barrier to prevent RH cross-

sensitivity (Section 3.4.2), the PTFE film (thickness = 5 μm, tensile strength = 29.65 MPa 

or 4300 psi [119]) was placed as a sandwiched layer within a small GCC. The GCC (Figure 

3.26 (a)) is custom made of biocompatible soft room temperature vulcanizing (RTV) 

silicone rubber (Polycraft ZA 22, MB Fibreglass, UK). The combination of GCC with the 

PTFE film can be used to nullify the humidity cross-sensitivity. The GCC’s external 

diameter (D1) is 48 mm, and the internal diameter (D2) is 24 mm. A plastic tube was 

appropriately fixed through a hole of the GCC, which is called a channel, to allow the 

OFCS to be inserted into the environmental chamber. The OFCS tip was protected by a 

black polyolefin tube, reducing the chances of breakage, and avoiding background light 

affecting the measurement. The humidity calibration was performed inside the 

environment chamber by placing the OFCS tip into the GCC according to Figure 3.26 (b). 

Figure 3.26: (a) Dimension of GCC (b) Experimental set-up for RH calibration of OFCS 

inside GCC with PTFE film 

In Figure 3.26 (b), the same experimental set-up is used with the same equipment, as 

detailed in Section 3.3.1. The OFCS tip was connected to the GCC through the channel. 

The GCC contained the PTFE film layer to prevent humidity from reaching the OFCS tip. 
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The GCC with OFCS was placed inside the environmental chamber for RH calibration at 

a level (up to 70% RH). The environmental chamber can be controlled manually for the 

step-by-step variation from 50% RH to 70% RH. The commercial CO2 sensor measured 

the CO2 concentrations inside the environmental chamber during the experiment. The 

reflection spectrum of the OFCS was recorded with an integration time of 1 second using 

SpectraSuite Software. The RH values were noted down manually every 1 minute from the 

environmental chamber during the experiment. The CO2 concentrations (from the 

commercial CO2 Sensor) were recorded every 20 seconds using Gaslab Software. The 

temperature inside the environmental chamber was controlled at 35 °C (similar to normal 

human body temperature). 

Figure 3.27: (a) Reflection intensity (b) Absorbance of OFCS inside GCC sandwiched 

with PTFE film and commercial CO2 sensor to different RH values at wavelength 600 nm 

In Figures 3.27 (a) and (b), the reflection intensity and absorbance of the OFCS at a 

wavelength of around 600 nm are almost stable, respectively, and the CO2 concentrations 

(from the commercial CO2 Sensor) vary (510-570 ppm) with increasing RH levels from 

50% RH to 70% RH. Compared to Figure 3.25 (a) and (b), the variation in reflection 

intensity and absorbance of the OFCS at 600 nm inside the environmental chamber is 

minor. The PTFE film successfully prevents the humidity effects from the response of the 
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OFCS at 600 nm. The humidity effects can be nullified using the PTFE film inside the 

GCC. 

3.5 Reducing film cracking 

The film cracking can be removed by adding a chemical (Triton X-100) to provide a 

smooth film surface on the optical fibre tip.  

3.5.1 Cracking demonstrated on GS  

The preparation process (Section 3.2.5) of the sol-gel solutions inside the glass vial was 

used for this experiment. The GS was cleaned according to the process mentioned in 

Section 3.2.6. The GS was dip-coated 3 times employing the commercial dip-coating unit 

(see Figure 3.7 (b)) having a withdrawal speed of 3 mm/s. The drying interval was 2 

minutes between each coating layer in ambient air.  

Figure 3.28: (a) Dimension of GS (b) Observation of coated GS with 1, 2, and 3 layers 

and dried GS with 3 layers after 24 hours 

Figure 3.28 shows the effect after each coating cycle on the GS during the coating process 

on the day the process is carried out. Also shown is the 3-layer GS following the drying 

process in ambient air for around 24 hours after coating, where cracking appeared on the 

GS. The sol-gel matrix’s volume shrinks significantly during the gelation and drying stages 

due to evaporation of organic solvent and water from the GS. The pore size relies on the 

amount of evaporation. The smaller pores remain wetted by the solvent when the bigger 

pores are emptied, after that the cracks are formed in monoliths due to the large internal 

pressure gradients [116]. 



96 

 

3.5.2 Fibre sensor with and without Triton X-100 

The preparation process (Section 3.2.5) of the sol-gel solutions inside the glass vial was 

followed according to Table 3.3. The optical fibre tip was cleaned and cleaved following 

the same process mentioned in Section 3.2.5 and then dip-coated 3 times using the 

commercial dip coating machine with a withdrawal speed of 3 mm/s, as shown in Figure 

3.7 (b). The drying interval was 2 minutes between each coating layer in ambient air. 

Before use, the coated fibres were placed inside the pure N2 (CO2 and humidity free) 

environment for around 24 hours [103].   

Table 3.3: Preparation protocol of sol-gel solutions (Solution 1 and Solution 2) inside 

glass vial [103] 

Solution 1 Solution 2 

TEOS (0.2 ml) + MTEOS (1.8 ml) 

Stirring for 10 mins 

Ethanol (6 ml) 

Stirring for 10 mins 

Thymol Blue (22 mg) 

Stirring for 15 mins 

TMAH (0.5 ml) 

Stirring for 1 hour 

TEOS (0.2 ml) + MTEOS (1.8 ml) 

Stirring for 10 mins 

Ethanol (5 ml) 

Stirring for 10 mins 

Thymol Blue (22 mg) 

Stirring for 15 mins 

Triton X-100 (0.1 ml) + DI H2O (0.9 ml) 

Stirring for 15 mins 

TMAH (0.5 ml) 

Stirring for 1 hour 

The non-ionic surfactant Triton X-100 was used in Solution 2. The surfactants belong to 

the poly(ethylene glycol) family which is a useful ingredient for microporous silica 

preparation. The inclusion of the surfactant resulted in a smooth surface texture, 

transmittance of coating as well as improved homogeneity, uniformity, and porosity. Triton 

X-100 prevented the previously mentioned cracking by raising molecular mass, lowering 

interfacial energy and capillary stresses when it is added to the pore liquid [116] [120-121]. 

Reference [117] shows the images of platinum octaethylporphyrin (PtOEP)-doped silica 

gel glass without and with Triton X-100. The images were obtained by Nomarski 

differential-interference contrast microscopy. PtOEP-doped glass aggregates and the 
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cracking became visible in Figure 3.29 (a). Figure 3.29 (b) demonstrates PtOEP was 

homogeneously dispersed and immobilised in the silica matrix after adding Triton X-100 

[117]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.29: Images of PtOEP immobilised in silica matrices (a) without (b) with Triton 

X-100 [117] 

3.5.3 OFCS spectra with and without Triton X-100  

OFCS 1 and OFCS 2 consist of Solution 1 (without Triton X-100), and Solution 2 (with 

Triton X-100) coated onto the tip of the optical fibre 1 and optical fibre 2, respectively. 

Figures 3.30 (a) and (b) demonstrate the reflection and absorption spectra of OFCS 1 and 

OFCS 2 respectively with 3 layers of coating on the day they are created. Figures 3.30 (c) 

and (d) illustrate the reflection and absorption spectra of OFCS 1 and OFCS 2 respectively 

with 3 layers of coating after drying in pure N2 (CO2 and humidity free) environment for 

around 24 hours. The noticeable change of reflection intensity and absorbance at a 

wavelength of around 600 nm is observed. 
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Figure 3.30: (a) Reflection spectra (b) Absorption spectra of OFCSs with 3 layers after 

coating on that day (c) Reflection spectra (d) Absorption spectra of OFCSs with 3 layers 

coating after drying for 24 hours on next day 
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 Figure 3.31: (a) Reflection spectra (b) Absorption spectra of OFCSs with 3 layers 

coating after storing for 9 days (c) Reflection spectra (d) Absorption spectra of OFCSs 

with 3 layers coating after storing for 16 days (e) Reflection spectra (f) Absorption 

spectra of OFCSs with 3 layers coating after storing for 35 days 
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Changes are visible between the reflection and absorption spectra of OFCS 1 and OFCS 2 

when the OFCSs are stored inside vacuum sealed bags inside a wooden drawer for around 

35 days. Figures 3.31 (a)-(f) show a comparison between the 3 pairs. 

Firstly, Figures 3.31 (a) and (b) present the reflection and absorption spectra of OFCS 1 

and OFCS 2 with 3 layers of the coating after storing for 9 days. Secondly, Figures 3.31 

(c) and (d) illustrate the reflection and absorption spectra of OFCS 1 and OFCS 2 with 3 

layers of the coating after storing for 16 days. Finally, Figures 3.31 (e) and (f) demonstrate 

the reflection and absorption spectra of OFCS 1 and OFCS 2 with 3 layers of the coating 

after storing for 35 days. Table 3.4 illustrates the reflection intensity and absorbance of 

OFCS 1 and OFCS 2 and the reflection spectrum of the BF at a wavelength of around 600 

nm according to the number of OFCSs’ storing days. 

Table 3.4: Reflection intensity and absorbance of OFCS 1 and OFCS 2 and reflection 

intensity of bare fibre at wavelength 600 nm based on number of OFCSs’ storing days 

Number of 

OFCSs’ 

storing days 

OFCS 1 without Triton 

X-100 

OFCS 2 with Triton X-

100 

BF 

Intensity 

(counts) 

Absorbance 

(a.u.) 

Intensity 

(counts) 

Absorbance 

(a.u.) 

Intensity 

(counts) 

9 24115 ± 

79.413 

0.405 ± 

0.00112 

9204 ± 

50.518 

0.823 ± 

0.00207 

61271 ± 45.065 

16 29924 ± 

47.976 

0.312 ± 

0.00029 

9425 ± 

20.539 

0.813 ± 

0.00063 

61302 ± 58.829 

35 41333 ± 

72.896 

0.177 ± 

0.00016 

8927 ± 

18.176 

0.843 ± 

0.00026 

62147 ± 91.518 

 

The reflection intensity of the BF is needed to calculate the absorbance of OFCS 1 and 

OFCS 2 using Eq. (3.10). The reflection intensity (24115-41333 counts) and the 

absorbance (0.405-0.177) of OFCS 1 at 600 nm increase and decrease from Figures 3.31 

(a)-(f). On the other hand, the reflection intensity (8927-9425 counts) and the absorbance 

(0.813-0.843) of OFCS 2 at 600 nm varies from Figures 3.31 (a)-(f). The absorbance 
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variation of OFCS 2 is small compared to the absorbance variation of OFCS 1 after several 

storing days.  

The improvement of the stability of OFCS 2 with Solution 2 was achieved because of the 

effect of Triton X-100. The OFCS 2 demonstrated a relatively prolonged shelf life (> 35 

days) with minor absorbance variation. This experiment was performed with only the 

optical fibres. So, the same glass substrate wasn’t stored for many days to perform the 

stability test, but it may be performed in the future.   

3.6 Film thickness measurement of an OFCS from 

SEM images 

The film thickness was measured from the dried film on the coated fibre tip using the 

scanning electron microscope (SEM) images. This film thickness was utilised for 

calculating dye concentration from the dried film and simulating the normalised intensity 

and absorbance of an FPI sensor. 

The OFCSs (OFCS 1-3) were fabricated and dried using the same set-up with the same 

equipment, as detailed in Sections 3.2.5 and 3.5.2 (OFCS preparation scheme using 

Solution 2). After coating and drying, the reflection spectra of the OFCSs (OFCS 1-3) were 

measured using the same equipment, as detailed in Sections 3.2.5 and 3.3.1, such as the 

light source, coupler, spectrometer, and PC.  

Figure 3.32: (a) Reflection spectra (b) Absorption spectra of OFCSs after drying for 24 

hours 
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Figures 3.32 (a) and (b) demonstrate the reflection and absorption spectra of the OFCSs 

(OFCS 1-3) with 1, 2, and 3 layers of the coating after drying in a pure N2 (CO2 and 

humidity free) environment for around 24 hours. 

The fibre tip was detached from the whole fibre using the fibre optic stripper for the SEM 

measurements. The BF was used for 0 layers of coating. The tip of an OFCS 1, 2, and 3 

was coated with 1, 2, and 3 layers, respectively. The fibre tips (0, 1, 2, and 3 layers) were 

placed on a specimen holder for the SEM measurements, as shown in Figure 3.33. The 

SEM images were taken by one of the research technicians at the Nanoscale and Microscale 

Research Centre (nmRC), University of Nottingham (UoN).  

 

 

 

 

Figure 3.33: Schematic diagram of fibre tips on specimen holder 

Figure 3.34 illustrates the SEM images of the BF’s tip, including the residue left on the 

fibre tip.  

 

 

 

 

 

Figure 3.34: SEM images of bare fibre’s tip 
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Figures 3.35 (a), 3.36 (a), and 3.37 (a) show the SEM images of coated fibres with 1, 2, 

and 3 layers, respectively. Figures 3.35 (b), 3.36 (b), and 3.37 (b) demonstrate the SEM 

images, including the film thickness at different parts of the coated fibre tips. 

 

 

 

 

 

Figure 3.35: SEM images of OFCS 1’s tip with (a) 1 layer (b) film thickness 

measurement 

 

 

 

 

 

 

Figure 3.36: SEM images of OFCS 2’s tip with (a) 2 layers (b) film thickness 

measurement 

 

 

 

 

 

Figure 3.37: SEM images of OFCS 3’s tip with (a) 3 layers (b) film thickness 

measurement 

The molar weight of dye, TB is 466.59 g/mol [96] or 466590 mg/ml. The TB concentration 

inside Solution 2 (Section 3.5.2) is: 
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TB concentration inside solution = TB amounts inside solution / Total volume of solution 

                                                      = (22.03 mg / 8.5 ml) = 2.592 mg/ml  

                                                      = (2.592 mg/ml) / (466590 mg/ml) 

                                                      = 0.000005555 mol/ml = 0.0055 mol/L = 0.0055 M 

The TB concentration from the dried film was calculated using the average film thickness 

(cm) from Table 3.5, the MAC (35144 M-1cm-1 at nearly 606 nm for TB (blue)) from Figure 

3.6 (c) and the absorbance at around 600 nm from Figure 3.32 (b).  

An example of calculating the TB concentration from the dried film (1 layer, OFCS 1) 

using Eq. (3.8) is as follows:  

TB concentration from dried film = Absorbance at 600 nm / (MAC x film thickness) 

                                                       = 0.5192 / (35144 M-1cm-1 x 0.0004888 cm) = 0.0302 M 

TB concentration from the dried film is higher than the TB concentration inside the 

solution. The volume of the coated tip shrinks after drying the film. When the volume 

decreases, the concentration increases, according to Eq. (3.13) [122]. 

where c is the concentration (mol/Litre, mol/L, or M), n is number of moles (mol), and V 

is the volume (Litre, L) [122]. 

 

 

 

 

 

 

 𝑐 =  
𝑛

𝑉
 (3.13) 
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Table 3.5: Average film thickness and TB concentration measurement from SEM images 

of OFCSs 

OFCS 

number 

and layer 

number 

Film 

thickness 

(μm) at 

different 

parts 

Mean 

of film 

thickne

ss (μm) 

Mean of 

film 

thickness 

(cm) 

Standard 

deviation 

of film 

thickness 

(μm) 

Absorban

ce at 600 

nm (a.u.) 

Dye 

concentra

tion (M) 

OFCS 1 

1 layer 

4.8, 4.73 

5.53, 4.98 

4.42, 4.14 

5.59 

 

 

4.8886 

 

 

0.0004888 

 

 

0.5354 

 

 

0.5192 

 

 

0.0302 

OFCS 2 

2 layers 

7.12, 5.74 

4.91, 5.06 

6.46, 5.5 

5.47, 5.26 

 

 

5.69 

 

 

0.000569 

 

 

0.7479 

 

 

0.6007 

 

 

0.0300 

OFCS 3 

3 layers 

8.23, 6.91 

6.47, 6.68 

7.38, 7.81 

7.38, 7.12 

6.98, 7.38 

 

 

7.234 

 

 

0.0007234 

 

 

0.5229 

 

 

0.7835 

 

 

0.0308 
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3.7 Fibre-to-fibre variability 

10 OFCSs (OFCS 1-10) were fabricated and calibrated for the skin CO2 measurement. The 

calibration results of these 10 coated fibres are useful to understand how much the 

measurement varies from one fibre to another. In Figure 3.38, the same experimental set-

up is used with the same equipment, as detailed in Section 3.3.1. The PLA based holder 

containing the OFCS tip and commercial CO2 sensor was put inside a gas chamber. N2 gas 

was flushed inside the gas chamber for the first 5 minutes for the OFCS calibration. A line 

regulator (GCE druva, UK) and a blowgun were used to control the step-by-step variation 

of lower CO2 concentrations inside the gas chamber via the gas route. A minimum of 

around 10 minutes was needed for the CO2 concentrations inside the gas chamber to 

stabilise. The reflection spectrum of the OFCS was recorded with an integration time of 1 

second using SpectraSuite Software. The CO2 concentrations (from the commercial CO2 

sensor) were recorded every 20 seconds using Gaslab Software. 

Figure 3.38: Experimental set-up for CO2 calibration of OFCS for skin CO2 measurement 

Figure 3.39 shows the reference signal, which is reflected from the BF’s tip, and this 

reference signal was used to calculate the absorbance using Eq. (3.10) in Figures 3.40 (b) 

and odd numbers of Figures A.1 (b)-A.17 (b) [Appendix A]. The intensity of the BF is 

52601 counts at a wavelength of 600 nm. This response of the BF is achieved using the 
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same experimental set-up as detailed in Section 3.3.1. The reflection spectrum of the BF 

was recorded with an integration time of 1 second using SpectraSuite Software. 

 

 

 

 

 

 

 

Figure 3.39: Reflection spectrum of bare fibre for fibre to fibre variability 

Figure 3.40 and odd numbers of Figures A.1-A.17 [Appendix A]  show the step-up 

response of the OFCS 1-10 to the CO2 concentrations (from the commercial CO2 sensor) 

using the set-up shown in Figure 3.38. The intensity (counts) of the OFCS 1-10 and CO2 

(ppm) from the commercial CO2 sensor are not stable because of lower CO2 concentrations. 

Table 3.6 and Tables A.1-A.9 [Appendix A] illustrate the CO2 (ppm), intensity (counts), 

and absorbance (a.u.) variation for every step of the OFCS 1-10 (blue dot in the intensity 

response curves such as Figure 3.40 (a) and green dot in the absorbance response curves 

such as Figure 3.40 (b)).  

In Figures 3.40 (a) and (b), the blue and green dots represent the start of each  step for 

intensity (counts) and absorbance (a.u.) changes respectively due to the CO2 (ppm). The 

CO2 gas was inserted into the gas chamber in amounts of 378-469 ppm, 469-671 ppm, and 

671-961 ppm within the intervals 6-17, 17-19, and 29-45 minutes, respectively. The 

reflection intensity and absorbance of OFCS 1 at a wavelength of 600 nm increases and 

decreases, respectively, with rising CO2 concentration.  
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 Figure 3.40: Response (a) Reflection Intensity (b) Absorbance of OFCS 1 for 

different CO2 concentrations at wavelength 600 nm 

 



109 

 

Table 3.6 shows the values of CO2 (ppm), intensity (counts), and absorbance (a.u.) at each 

of the beginning of the steps, such as 6, 17, 29, and 45 minutes (last step). The first 5 

minutes were not considered a step response because the N2 gas was flushed inside the gas 

chamber during that period. The change in CO2 (ppm), intensity (counts), and absorbance 

(a.u.) was calculated between each of the steps from Figures 3.40 (a) and (b), such as 

between 6-17, 17-19, and 19-45 minutes. The change in intensity (counts) and absorbance 

(a.u.) were plotted with respect to the change in CO2 (ppm) in Figure 3.41. Two linear 

correlations were found from this figure, one is between intensity (counts) and CO2 (ppm), 

and another is between absorbance (a.u.) and CO2 (ppm). Those linear equations represent 

the sensitivity of OFCS 1, such as 1.20239 counts/ppm for intensity and 0.00004 a.u./ppm 

for absorbance. The linear equations are used to calculate the variation in OFCS’s response 

(intensity and absorbance) and commercial CO2 datalogger during the skin CO2 

measurement.  

Table 3.6: Variation of CO2 concentration and response (reflection intensity and 

absorbance) of OFCS 1 at wavelength 600 nm for different time periods 

 

 

 

Time 

(mins) 

CO2 

(ppm) 

Intensity 

(counts) 

Absorbance 

(a.u.) 

Time duration 

(mins) for 

measuring the  

change  in 

CO2, 

Intensity, and 

Absorbance 

Change in 

CO2 

(ppm) 

Change in 

Intensity 

(counts) 

Change in 

Absorbance 

(a.u.) 

6 378 10126 0.715     

17 469 10201 0.712 6-17 91 75 0.003 

29 671 10499 0.699 17-29 202 298 0.013 

45 961 10769 0.688 29-45 290 270 0.011 



110 

 

 

Figure 3.41: Linear fitting of variation in response (reflection intensity and absorbance) 

of OFCS 1 to different CO2 concentrations at wavelength 600 nm 

Odd numbers of Figures A.1-A.17 [Appendix A] represents the response (intensity (counts) 

and absorbance (a.u.)) of the OFCS 2-10, respectively. Those graphs follow the same trend 

as Figure 3.40.  

Tables A.1-A.9 [Appendix A] also represent the change in intensity (counts) and 

absorbance (a.u.) according to the change in CO2 concentrations for the OFCS 2-9, 

respectively. Even numbers of Figures A.2-A.18 [Appendix A] illustrate the linear 

correlations (from Tables A.1-A.9) between intensity (counts) and CO2 (ppm) and between 

absorbance (a.u.) and CO2 (ppm) for the OFCS 2-10. Those linear correlations show the 

sensitivity of the OFCS 2-10.  

The fibre-to-fibre variability is transparent due to the obtained sensitivity of the 10 OFCSs 

(OFCS 1-10) from those linear correlations (Figure 3.41 and even numbers of Figures A.2-

A.18 [Appendix A] between the OFCSs’ (OFCS 1-10) responses (intensity and 

absorbance) and CO2 (ppm).    
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Table 3.7: OFCS’s sensitivity w.r.t. intensity and absorbance 

Table 3.7 shows the variation in fibre to fibre according to the sensitivity of the 10 OFCSs 

(OFCS 1-10). The sensitivity w.r.t. intensity varies from 0.3742 counts/ppm to 2.7503 

counts/ppm. The sensitivity w.r.t. absorbance also varies from 0.000008 a.u./ppm to 

0.00007 a.u./ppm. This variability was obtained due to the changes in film properties (such 

as dye concentration rising due to the sol-gel matrix’s shrinks) after drying. Each sensor is 

made manually and requires individual calibration, however, in future these variations can 

be reduced by introducing automation into the manufacturing process. 

3.8 Summary  

The fabrication and characterisation of an OFCS utilising a MM optical fibre tip coated 

with Ormosil films containing TB as a colorimetric pH indicator dye has been described. 

The spectrum of TB changes due to the various pH values and CO2 flow. The highest 

absorption peak was achieved at a wavelength of 549, 452, and 606 nm for TB (red), TB 

(yellow), and TB (blue), respectively.  

OFCS number OFCS’s Sensitivity w.r.t. 

Intensity (counts/ppm) 

OFCS’s Sensitivity w.r.t. 

Absorbance (a.u./ppm) 

1 1.0239 0.00004 

2 1.2182 0.00007 

3 1.2366 0.00003 

4 1.8839 0.00005 

5 2.7503 0.00007 

6 0.5448 0.00002 

7 0.3962 0.000008 

8 0.3742 0.00001 

9 0.4189 0.00001 

10 0.4668 0.00003 

Mean 1.0314 0.00003 

Standard deviation 0.7835 0.00002 
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The spectra characteristics of the OFCS were studied, and the highest absorption peak was 

found at a wavelength of approximately 600 nm. The response of the highest absorption 

peak was tested between 0 ppm (0% CO2) and 50000 ppm (5% CO2). Measurements of 

CO2 from the OFCS were compared to the commercial CO2 datalogger and tC Sensor 92 

probe. The response time of the commercial CO2 datalogger is approximately 20 seconds 

[47]. The 90 % response time of TCPCO2 electrode is almost 78 seconds [4] which is higher 

than that of the OFCS of 60 seconds.  

The OFCS was characterised by cross-sensitivity effects. There was a negligible 

temperature effect on the OFCS at a stable temperature, as found in the previous literature 

review [108]. Humidity degrades the OFCS’s performance, but the PTFE film can be used 

to prevent the humidity effects on the OFCS. A sol-gel coating with Triton X-100 was used 

in the fabrication process of the OFCS to remove cracking from the optical fibre tip and 

improve the shelf life and stability.  

The TB concentration was calculated using the film thickness from the dried film on the 

OFCS tip with the aid of the SEM images. The 10 different OFCSs (OFCS 1-10) were 

calibrated at a range of CO2 concentrations from 276 ppm to 1383 ppm according to the 

mentioned process in Section 3.7. The response time of the OFCS 1-10 couldn’t be 

measured during the calibration process because the response of the OFCS 1-10 and 

commercial CO2 sensor was unstable due to lower CO2 concentration inside the gas 

chamber. The sensitivity varied in intensity from 0.3742 counts/ppm to 2.7503 counts/ppm, 

and the sensitivity also varied in absorbance from 0.000008 a.u./ppm to 0.00007 a.u./ppm 

for the 10 OFCSs (OFCS 1-10).  

The measurement range varies according to the different loading amounts on the skin, such 

as the PCO2 value of 36-44 mmHg (for 40 mmHg or 5.3 kPa loading) [8]. The OFCS 

detects changes in CO2 of around 46000 ppm and 53000 ppm, equivalent to the PCO2 value 

of 31.5 mmHg and 44 mmHg during the calibration (step up and down responses), 

respectively. Therefore, the OFCS can detect the first pressure mode, Mode 1 [8], from our 

collaborators at the University of Southampton, mentioned in Sections 1.3 and 2.3.1.  
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The achieved results from the developed OFCS {small with tubular geometry, lightweight, 

doesn’t require heating, contact gel, and temperature calibration (mentioned in Section 

3.4.1) compared to the commercial TCPCO2 electrode} demonstrate the potential for 

monitoring TCPCO2 from human skin using optical fibre, and this will be explored further 

in Chapter 5. 
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4. Chapter 4 

Shape Analysis of Dye’s Spectrum & Modelling of 

Fabry-Perot Interferometer 

4.1 Introduction 

To fully explore the effect of different parameters on the sensor response, a numerical 

model is very useful. To develop the model, it is important to understand the dye’s 

transmission and absorption spectra at different concentrations and typical film thickness 

values. Dye concentration can then be combined with film thickness and used to model the 

tip of the optical fibre CO2 sensor as a Fabry-Perot interferometer. Section 4.2 describes 

the shape of the dye’s transmission and absorption spectra with and without CO2 flow. 

Section 4.3 describes the model based on Fabry-Perot interferometry and its relevant 

equations. Section 4.4 illustrates the simulated reflection and absorption spectrum of an 

FPI and the calculation of fringe visibility by varying film thickness, and finally, Section 

4.5 concludes with a summary of this chapter. 

4.2 Analysis of Thymol Blue spectrum shape 

Tracking the changes in the TB peaks absorbance spectrum, it is worthwhile investigating 

whether any other properties of the absorption spectrum can be used to achieve more robust 

measurements of pH. Two unitless shape measurements were investigated: skewness and 

kurtosis [123]. These are potentially useful as they depend on the full shape of the spectrum 

and not on absolute intensity measurements. 

4.2.1 Relevant theory of skewness and kurtosis 

Skewness includes information on the magnitude and direction of skew, and kurtosis 

provides information about the centre peak’s height and sharpness relative to a typical bell 

curve. Excess kurtosis is simply kurtosis−3. Microsoft Excel’s skewness and kurtosis 

function calculate skewness and excess kurtosis, respectively [123]. 

Skewness and kurtosis are calculated as follows [124]: 
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where n is the sample size, xi is the value of ith value of datasheet, x̅ is the mean of sample, 

and s is the standard deviation of the sample [124].  

Tables 4.1 and 4.2 show the interpretation of skewness and kurtosis values. The values 

mention the curve’s distribution, tails, and centre peaks movement.  

Table 4.1: Interpretation of skewness values [123] 
 

Skewness Data Meaning 

Positive Positively skewed or skewed right The right tail is longer than the left tail 

Negative Negatively skewed or skewed left The left tail is longer than the right tail 

Skewness Distribution 

0 Perfectly symmetric 

Less than -1 or greater than +1 Highly skewed 

Between -1 and -0.5 or between +0.5 and +1  Moderately skewed 

Between -0.5 and +0.5  Approximately symmetric 

 

Table 4.2: Interpretation of kurtosis values [123] 
 

Kurtosis Excess 

kurtosis  

Name Distribution 

3 0 Mesokurtic Normal 

Less than 3 Less than 0 Platykurtic Compared to Normal 

Distribution 

Tails are 

shorter and 

thinner 

Central peak is 

lower and 

broader 

Greater 

than 3 

Greater 

than 0 

Leptokurtic Compared to Normal 

Distribution 

Tails are 

longer and 

fatter 

Central peak is 

higher and 

sharper 

 𝑆𝑘𝑒𝑤𝑛𝑒𝑠𝑠 =
𝑛∑ (𝑥𝑖− 𝑥  )3𝑛

𝑖=1 

(𝑛−1) (𝑛−2) 𝑠3
    (4.1) 

 𝐾𝑢𝑟𝑡𝑜𝑠𝑖𝑠 =
𝑛 (𝑛+1)∑ (𝑥𝑖− 𝑥  )4𝑛

𝑖=1 

(𝑛−1) (𝑛−2) (𝑛−3) 𝑠4  −  
3(𝑛−1)2

(𝑛−2) (𝑛−3)
    (4.2) 
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Figure 4.1: Illustration of skewness and kurtosis (adapted from [125]) 

Figure 4.1 demonstrates different curves such as the standard bell curve with normal 

distribution, positive skewed, negative skewed, leptokurtic, mesokurtic, and platykurtic 

curves. Leptokurtic, mesokurtic, and platykurtic curves can use a full width at half 

maximum (FWHM) to define width. 

4.2.2 CO2 and pH relationship 

Eq. (2.1) shows how CO2 reacts with water (H2O) to develop carbonic acid (H2CO3), a 

weak acid breaks into bicarbonate ions (HCO3
-) and hydrogen ions (H+) [26].  

A test was performed by adding CO2 to DI water as shown in Figure 4.2. The pH of DI 

water was observed before and after adding CO2 using pH colour strips (pH 0-14, 

resolution 1.0 pH unit, Sigma-Aldrich, UK [126]). Although a pH meter could be used, it 

needs to be calibrated in buffer solution before every measurement and so pH strips were 

preferred for convenience. The pH test strips with colour coding are presented in Figure 

4.3. The pH value of DI water is 6 before adding CO2 and the pH value of DI water became 

5 after adding CO2. So, H2CO3 reduced the pH value of DI water.  
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Figure 4.2: A process of adding CO2 with DI water 

 

 

 

 

 

 

 

Figure 4.3: pH test strips (P4786, Sigma-Aldrich, UK) [126] 

4.2.3 Experimental set-up for adding CO2 inside Thymol Blue 

solution 

In Figure 4.4, the same experimental set-up is used with the same equipment, as detailed 

in Section 3.2.4.2. The CO2 concentration was controlled inside the solution using the 

PTFE flowmeter. The flowmeter with a valve was used to control the flow rate. The flow 

rate was set to 7.30 ml/min or 0.1216 ml/sec on the flowmeter for 10 seconds. Any changes 

in pH, colour, and shape of the spectrum were monitored during the process. 
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Figure 4.4: Experimental set-up for monitoring pH variation of TB with CO2 

Figure 4.5 illustrates ethanol and different colours of TB inside the cuvette before and after 

adding CO2 into the solution. There was no change in pH value and colour in ethanol, TB 

(red), and TB (yellow) after adding CO2 into the solution. The pH value of ethanol and TB 

(red) is 6, and the pH value of TB (yellow) is 5 with and without CO2, measured by the pH 

strips. However, the colour of TB (blue) turned into TB (yellow), and the pH value dropped 

from 11 to 8 after adding CO2 into the TB (blue) solution. 

  

 

 

 

 

 

 

 

 

Figure 4.5: Monitoring pH variation of TB with CO2 using pH strip 

4.2.4 Spectrum of Thymol Blue according to pH variation 

with and without CO2 

The transmission spectra of ethanol, TB (red), TB (yellow), and TB (blue) were recorded 

for 10 seconds with an interval of 1 second. So, there are 10 sets of data (Serial 1, S1-Serial 

10, S10) for calculating the average of skewness, kurtosis, intensity, absorbance, and MAC 
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curve with and without CO2 inside the solutions. The transmission spectra of ethanol with 

and without CO2 is used as a reference signal with an integration time of 56 ms using the 

set-up as shown in Figure 4.4. All the spectra without CO2 flow are illustrated in Figures 

4.6-4.9. 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Transmission spectra of Ethanol without CO2 flow 

Figure 4.7: (a) Transmission spectra (b) Absorption spectra (c) MAC curve of TB 

(red) without CO2 flow 
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Figure 4.8: (a) Transmission spectra (b) Absorption spectra (c) MAC curve of TB 

(yellow) without CO2 flow 

Figure 4.9: (a) Transmission spectra (b) Absorption spectra (c) MAC curve of TB 

(blue) without CO2 flow 

All the spectra with CO2 flow are illustrated in Figures 4.10-4.13. In Figures 4.10, 4.11 (a), 

and 4.12 (a), the transmission spectrum is unstable because of bubbling CO2 inside the 

solution, and the pH doesn’t change due to bubbling CO2 inside ethanol, TB (red), and TB 

(yellow). In Figure 4.13 (a), the transmission spectrum of TB (blue) becomes similar to the 
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transmission spectrum of TB (yellow), and the absorption at around 600 nm is lost due to 

changing pH because of bubbling CO2 inside TB (blue) solution. 

 

 

 

 

 

 

 
 

 

 

Figure 4.10: Transmission spectra of Ethanol with CO2 flow 

Figure 4.11: (a) Transmission spectra (b) Absorption spectra (c) MAC curve of 

TB (red) with CO2 flow 

All the graphs represent TB characteristics without CO2 in Figure 4.7; on the other hand, 

all the graphs represent TB characteristics with CO2 in Figure 4.11. The baseline between 

a wavelength of 700-900 nm is high because TB has the highest intensity at 700-900 nm, 
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and the intensity difference at this wavelength range was observed due to bubbling CO2 

inside TB solutions (creates non-regularity of the solution and the intensity was not steady 

state). 

Figure 4.12: (a) Transmission spectra (b) Absorption spectra (c) MAC curve of TB 

(yellow) with CO2 flow  

Figure 4.13: (a) Transmission spectra (b) Absorption spectra (c) MAC curve of TB (blue) 

with CO2 flow 

Comments about the shape of the response of TB (red), TB (yellow), and TB (blue) are 

presented in Table 4.3 according to the skewness and kurtosis values.  
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Table 4.3: Interpretation of all spectra of TB for different pH values 

Thymol 

Blue  

Average value of 

skewness for 

transmission 

spectra and 

comments 

Average value 

of kurtosis for 

transmission 

spectra and 

comments 

Average value of 

skewness for 

absorption Spectra 

and MAC curve 

and comments 

Average value 

of kurtosis for 

absorption 

spectra and 

MAC curve 

and comments 

Red 

without 

CO2 

0.43 

Approximately 

Symmetric  

-1.47 

Platykurtic 

1.89 

Highly, Positively 

Skewed  

3.06 

Leptokurtic 

Red 

with 

CO2 

0.45  

Approximately 

Symmetric 

-1.39 

Platykurtic 

0.57 

Moderately, 

Positively Skewed 

1.08 

Leptokurtic 

Yellow 

without 

CO2 

0.22 

Approximately 

Symmetric 

-1.55 

Platykurtic 

2.06 

Highly, Positively 

Skewed 

3.32 

Leptokurtic 

Yellow 

with 

CO2 

0.26 

Approximately 

Symmetric 

-1.51 

Platykurtic 

1.66 

Highly, Positively 

Skewed 

2.74 

Leptokurtic 

Blue 

without 

CO2 

0.83 

Moderately, 

Positively Skewed 

-0.89 

Platykurtic 

1.89 

Highly, Positively 

Skewed 

2.37 

Leptokurtic 

Blue 

with 

CO2 

0.29 

Approximately 

Symmetric 

-1.42 

Platykurtic 

1.62 

Highly, Positively 

Skewed 

2.21 

Leptokurtic 

 

Figure 4.14 shows the mean intensity, absorbance, and MAC at different wavelengths. 

Those wavelengths are based on the highest absorption peak of TB (red), TB (yellow), and 

TB (blue). The pH value of TB (red) and TB (yellow) is 6 and 5, respectively, with and 

without CO2, but the pH value drops from 11 to 8 after bubbling CO2 inside the TB (blue) 



124 

 

solution, and TB (blue) turns into TB (yellow). In Figure 4.14 (a), the mean intensity of 

TB (red) and TB (yellow) without CO2 flow is slightly higher than with CO2 at 549 nm and 

452 nm, respectively. The mean intensity of TB (blue) without CO2 flow is much lower 

than with CO2 flow at 606 nm. The mean absorbance and MAC have the opposite trend of 

mean intensity. In Figures 4.14 (b) and (c), the mean absorbance and MAC of TB (red) and 

TB (yellow) without CO2 flow are slightly lower than with CO2 at 549 nm and 452 nm, 

respectively. The mean absorbance and MAC of TB (blue) without CO2 flow are much 

higher than with CO2 flow at 606 nm.  

Figure 4.14: (a) Mean Intensity (b) Mean Absorbance (c) Mean MAC of TB with and 

without CO2 flow 

Figure 4.15: Mean Skewness of (a) Intensity (b) Absorbance and MAC of TB with and 

without CO2 flow 
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In Figure 4.15 (a), the mean skewness of TB (blue) is higher than TB (red) and TB (yellow) 

without CO2 flow. The mean skewness of TB (red) is higher than TB (blue) and TB 

(yellow) with CO2 flow. In Figure 4.15 (b), the mean skewness of absorbance and MAC 

of TB (yellow) is higher than TB (red) and TB (blue) without CO2 flow. The mean 

skewness of absorbance and MAC of TB (red) and TB (blue) are almost same without CO2 

flow. The mean skewness of absorbance and MAC of TB (red) is lower than TB (yellow) 

and TB (blue) with CO2 flow. The mean skewness of absorbance and MAC of TB (yellow) 

and TB (red) are almost same with CO2 flow. 

Figure 4.16: Mean Kurtosis of (a) Intensity (b) Absorbance and MAC of TB with and 

without CO2 flow 

In Figure 4.16 (a), the mean kurtosis of TB (blue) is higher than TB (red) and TB (yellow) 

without CO2 flow. The mean kurtosis of TB (red) is higher than TB (blue) and TB (yellow) 

with CO2 flow. In Figure 4.16 (b), the mean kurtosis of absorbance and MAC of TB (blue) 

is lower than TB (red) and TB (yellow) without CO2 flow. The mean kurtosis of absorbance 

and MAC of TB (red) is lower than TB (yellow) and TB (blue) with CO2 flow.  

Skewness and kurtosis are parameters that might be useful in observing how the shape of 

the spectrum of TB varies according to pH and CO2 variation. As shape is independent of 

the absolute intensity value it is potentially more reliable than measurements of attenuation. 

The skewness and kurtosis weren’t used in the skin CO2 measurements. The skewness and 

kurtosis can be used in future measurements according to Section 6.3.2. 
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4.3 Fabry-Perot interferometer  

A Fabry-Perot arrangement is an optical cavity device that acts as an interferometer and is 

known as a Fabry-Perot interferometer. French physicists Charles Fabry and Alfred Perot 

invented the FPI in 1899 [127]. 

4.3.1 Principle of operation 

An FPI consists of 2 optical reflectors M1 and M2, with reflectance R1 and R2 on either side 

of an optically transparent medium with length L, as shown in Figure 4.17. Two planar 

mirrors allow propagation of the light between the mirrors [127]. Current advancements 

have permitted FPIs to be developed also at an optical fibre tip. A fibre-tip FPI sensor 

merges the exclusive features of both optical fibre and FPI sensors. The thickness of the 

FPI is controlled with a multiple cycle dip-coating process for visualising the interference 

fringes. In Figure 4.17, film materials such as silica, polymer, pyrex, and graphene can be 

coated on the fibre tip for the optical fibre FPI sensor. The optical fibre FPI sensor provides 

immunity to EMI, the ability to respond to a large variety of factors, high sensitivity, high 

resolution, high accuracy, easy fabrication, small size, and low cost [128]. For example, 

pressure can be measured using an optical fibre FP pressure sensor. The incident light on 

the FP cavity changes when pressure is applied to the diaphragm. The reflected light is 

wavelength modulated by variations in this FP cavity’s width [58].  

 

 

 

 

Figure 4.17: Schematic diagram of fibre-tip FPI sensor (adapted from [127]) 

The interference between the multiple reflections of light between 2 interfaces affects the 

transmitted beams of an FPI. Constructive interference occurs when the transmitted beams 

are in phase resulting in maximum transmission. Figure 4.18 (a) shows that constructive 

interference retains the frequency and doubles the amplitude when 2 identical waves (in 
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phase) of the same period and amplitude arrive at the detector simultaneously. On the other 

hand, destructive interference occurs when the transmitted beams are out-of-phase, 

resulting in minimum transmission. Figure 4.18 (b) illustrates that destructive interference 

occurs when 2 identical waves (out-of-phase) arrive simultaneously, and the amplitude 

becomes zero. Depending on the optical path difference, the reflected beams will be in-

phase or out-of-phase. The optical path difference between 2 neighbouring rays depends 

on the RI of the medium in the cavity, the FPI cavity’s thickness, and the incidence angle. 

The progression of constructive and destructive interference leads to the bright and dark 

fringes that form an interference pattern [129-131].  

Figure 4.18: (a) Constructive (b) Destructive interference occurs when 2 waves meet 

[130] 

In this thesis, the OFCS was coated onto the fibre tip with Ormosil films consisting of TB 

and TMAH during the sol-gel process to detect CO2. The sensitive coated tip layer of the 

optical fibre forms the FPI cavity with a length of a few micrometres depending upon the 

layer thickness. The light transmits from the fibre into the film and from this film into the 

air; reflectance happens at every interface (presenting a differential RI medium) on its 

route, and as a result FPI fringes are observed [109]. 

4.3.2 Relevant formulas 

The relationship between reflectance, Ri and transmittance, Ti of the FPI in a lossless cavity 

is given by [127]: 

where i is the number of optical reflections [127].  

 𝑅𝑖 + 𝑇𝑖 = 1   (4.3) 
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The reflectance, R and transmittance, T are calculated using the following equations [127]: 

where R is the ratio of the reflected intensity Ir to the incident intensity Ii, T is the ratio of 

the transmitted intensity It to the incident intensity Ii, and φ is the propagation phase shift 

in the FPI, which is calculated as follows [127]: 

where Δ is the optical path difference (OPD), that mainly depends on the characteristics of 

the cavity and λ is the free-space optical wavelength [127].  

The optical difference is given by [129]:  

where n the RI of the medium in cavity, L is the thickness of the FPI cavity, and θ is the 

angle of incidence [129].  

The Fresnel reflection describes how the incident light is reflected at both surfaces, here 

Fresnel coefficient, R1 and R2 are given by [132]: 

 

where n1, nf, and nair are the refractive indices of the fibre, thin film, and air, respectively. 

R1 and R2 are the power reflection coefficients at surfaces 1 and 2, respectively [132]. 

Reference [131] has extended the FPI model by incorporating a lossy cavity. The 

normalised reflection spectrum, IFP(λ) for the thin film FPI case is described by [132]: 

 
𝑅 = 

𝑅1 + 𝑅2 + 2√𝑅1𝑅2𝑐𝑜𝑠 𝜑 

1 + 𝑅1 + 𝑅2 + 2√𝑅1𝑅2𝑐𝑜𝑠 𝜑 
 

𝑇 =  
𝑇1𝑇2 

1 + 𝑅1 + 𝑅2 + 2√𝑅1𝑅2cosφ 
 

(4.4) 
 
 

 

(4.5) 

 
𝜑 = 

2𝜋 

𝜆
𝛥 

(4.6) 

 ∆ = 2𝑛𝐿𝑐𝑜𝑠𝜃   (4.7) 

 
𝑅1 = (

𝑛1 − 𝑛𝑓

𝑛1 + 𝑛𝑓
)

2

 

𝑅2 = (
𝑛𝑓 − 𝑛𝑎𝑖𝑟

𝑛𝑓 + 𝑛𝑎𝑖𝑟
)

2

 

(4.8) 
 
 
 

(4.9) 

 𝐼𝐹𝑃(𝜆) = 𝑅1 + (1 − 𝑇𝐿)
2 (1 − 𝑅1)

2 (1 −  𝛼)2 𝑅2 − 2 √𝑅1𝑅2 (1 −

 𝑇𝐿) (1 − 𝑅1) (1 −  𝛼) cos (
4𝜋𝑛𝑓𝐿

𝜆
)   

(4.10) 
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The absorption spectrum, A(λ) is possible to measure using the normalised reflection 

spectrum as follows [109]:  

The equivalent total loss factor, K of the coated fibre tip is measured using the following 

formula [133]: 

where α is the cavity loss (it depends on the amount of absorbed light within the cavity 

length), TL is the transmission loss (it occurs due to the transmission at each interface), L 

is the physical thickness of the coating, nf is the effective RI of the film, and λ is the 

wavelength [68].  

The fringe visibility (FV) is calculated by identifying the maximum intensity, Imax, and 

minimum intensity, Imin of the fringes [134]:  

Eq. (4.10) describes the interference pattern of the light reflected from the coated fibre tip 

with the FP cavity [132]. The film thickness affects the period of the interference pattern, 

fringe visibility, and cavity loss factor. The cavity’s loss factor and beam divergence will 

rise as the film thickness does. The parameters K, FV, and interference period will all 

decrease with increasing film thickness. As the film thickness increases, the device’s 

performance will suffer [133]. 

Fringe visibility doesn’t have any significance for CO2 detection using the OFCS. Fringe 

visibility was calculated from the simulated reflection spectrum to observe the film 

thickness and fringe visibility relationship.  

4.4 Optimise film thickness according to fringe 

visibility  

The simulated normalised intensity and absorbance of the FPI can be found using Eq. 

(4.10) and (4.11), respectively, using MATLAB. The MAC value is taken from Figure 3.6 

(c) and presented separately in Figure 4.19 for simulation.  

 𝐴(λ) =  𝑙𝑜𝑔10 (
1

𝐼𝐹𝑃(λ)
)  (4.11) 

 𝐾 = (1 − 𝑇𝐿) (1 −  𝛼)   (4.12) 

 
𝐹𝑉 =  

𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛 

𝐼𝑚𝑎𝑥 + 𝐼𝑚𝑖𝑛
 

(4.13) 
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Figure 4.19: MAC curve of TB (blue) 

The value of the parameters which is used in Eq. (4.10) and (4.11) is provided in Table 4.4. 

The abbreviation of the parameters is mentioned in Section 4.3.2. 

Table 4.4: The necessary parameters’ values for simulation of FPI 

Parameter’s symbol Value 

R1 & R2 is calculated using Eq. (4.8) & (4.9)  

n1 1.475 [114] 

nf  1.501 [109] 

nair 1.003 [135] 

TL 0.4 [135] 

α is calculated using Eq. (3.8)   

ε (λ) Figure 4.19 

c 0.030 M from dried film 

L  4.888 / 5.690 / 7.234 µm 

from SEM images 

λ 340-1019 nm 
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Figures 4.20 (a), 4.21 (a), and 4.22 (a) illustrate the simulated reflection spectrum of the 

FPI for the film thickness of 4.888, 5.690, and 7.234 µm, respectively. There is a trough, 

and the intensity value is low at around 600 nm. Figures 4.20 (b), 4.21 (b), and 4.22 (b) 

demonstrate the simulated absorption spectrum of the FPI for the film thickness of 4.888, 

5.690, and 7.234 µm, respectively. There is a peak, and the absorbance value is high at 

around 600 nm. The normalised intensity and fringe visibility at about 600 nm decrease, 

absorbance at nearly 600 nm and the number of fringes increase due to rising film 

thickness. 

Figure 4.20: Simulated (a) Reflection spectrum (b) Absorption spectrum of FPI for film 

thickness 4.888 µm 

Figure 4.21: Simulated (a) Reflection spectrum (b) Absorption spectrum of FPI for film 

thickness 5.690 µm 
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Figure 4.22: Simulated (a) Reflection spectrum (b) Absorption spectrum of FPI for film 

thickness 7.234 µm 

The FV of the FPI is calculated using Eq. (4.13) for the film thickness (L) of 4.888, 5.690, 

and 7.234 µm, respectively. The maximum and minimum intensities at a wavelength range 

of 586-598 nm area are found in Figures 4.23-4.25. The wavelength gap between maximum 

and minimum intensities is 12, 8, and 6 nm for the film thickness of 4.888, 5.690, and 7.234 

µm, respectively. 

 

 

 

 

 

 

 

 

Figure 4.23: The maximum and minimum intensity detection from simulated reflection 

spectrum of FPI for film thickness 4.888 µm at wavelengths 586-598 nm 
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FV (L=4.888 µm) = [(0.004489727 – 0.003149589) / (0.004489727 + 0.003149589)] = 0.2172 

 

 

 

 

 

 

 

 

 

 

Figure 4.24: The maximum and minimum intensity detection from simulated reflection 

spectrum of FPI for film thickness 5.690 µm at wavelengths 586-598 nm 

FV (L=5.690 µm) = [(0.003189105 – 0.002072334) / (0.003189105 + 0.002072334)] = 0.2122 

 

 

 

 

 

 

 

 

 

 

Figure 4.25: The maximum and minimum intensity detection from simulated reflection 

spectrum of FPI for film thickness 7.234 µm at wavelengths 586-598 nm 

FV (L=7.234 µm) = [(0.001448426 – 0.000945612) / (0.001448426 + 0.000945612)] = 0.2100 
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Figure 4.26 shows the relationship between the film thickness and fringe visibility. The 

film thickness is inversely proportional to the fringe visibility at a wavelength range of 

586-598 nm.  

 

 

 

 

 

 

 

 

 

Figure 4.26: Fringe visibility of FPI by varying film thickness at wavelengths 586-598 

nm 

The fringe became less visible for 3 layers of coating for simulation at a wavelength range 

of 586-598 nm, (inside the absorption window) and it is also observed from the fabricated 

OFCSs, as mentioned in Section 3.3.2. The wavelength window (585-615 nm) is sensitive 

to CO2. However, the fringe visibility improves at a wavelength window (700-900 nm) due 

to rising film thickness. The wavelength window (700-900 nm) is not sensitive to CO2. If 

the film thickness is increased, the cavity loss will also increase, as discussed in Section 

4.3.2. So, 7.234 µm can be selected as an optimum film thickness for the simulation of the 

FPI. 

Figure 3.12 is presented separately in Figure 4.27 for calculating the fringe visibility of the 

OFCS. The FV of the FPI is calculated using Eq. (4.13) for the film thickness (L) of 3.835 

µm (1 layer) and 6.259 µm (2 layers). This film thickness is obtained from Table 3.2. The 

maximum and minimum intensities at a wavelength range of 525-567 nm are found in 

Figure 4.27. The wavelength separation between maximum and minimum intensities is 16 

nm and 13 nm for the film thickness of 3.835 µm and 6.259 µm, respectively. 
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FV (L=3.835 µm) = [(15739 – 12113) / (15739 + 12113)] = 0.1302 

FV (L=6.259 µm) = [(27207 – 24153) / (27207 + 24153)] = 0.0595 

Figure 4.27: The maximum and minimum intensity detection from reflection spectrum of 

OFCS for film thickness 3.835 µm and 6.259 µm at wavelengths 525-567 nm 

The minimum FV is calculated as 0.0595 for 2nd layer, which is shown in Figure 4.27. The 

fringes are no longer visible for thicker layers. The film thickness used in the FPI 

simulation was obtained from SEM images of other OFCSs (Section 3.6). The film 

thickness for the OFCS 3 with 3 layers is 7.234 µm in Figure 3.37. The fringes are no 

longer visible after the 2nd layer, according to Figure 4.27. The fringe visibility differs 

between the experiment (0.0595 for 2nd layer) and simulations (0.2122 for 2nd layer) 

because of the different values of reflection intensities obtained from experimental and 

simulated reflection spectra. This is due to not considering the experimental film roughness 

and thickness (practically controlled by the withdrawal speed) during FPI simulation. 

Therefore 7.234 µm is considered as an optimum film thickness. More discussion about 

choosing the optimum film thickness can be found in Section 3.3.3.  
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4.5 Summary 

This chapter has demonstrated the different shapes of the spectrum of TB according to CO2 

flow and pH variation using skewness and kurtosis. TB (blue) turned to TB (yellow) after 

mixing the CO2, and the spectrum’s shape was also changed.  

The basic principle of the FPI was described by using the relevant equations. The fringe 

visibility within the absorption band (wavelength window 585-615 nm) became lower due 

to the rise of film thickness. The optimum film thickness was obtained as 7.234 µm by 

considering the relationship between the fringe visibility and film thickness. 

Qualitatively, the experimental and simulated reflection and absorption spectra of the 

OFCS had similar features in Figure 3.13 (b), Section 3.3.2 and Figures 4.20 (b), 4.21 (b), 

and 4.22 (b), respectively. Each spectrum had clearly visible fringes and the highest 

absorption peak at around 600 nm. However, quantitatively, the experimental and 

simulated reflection, absorption spectra, and fringe visibility of the OFCS were not the 

same because the experimental film roughness and thickness were not considered during 

the FPI simulation because, practically, the film thickness of the FPI was controlled by the 

withdrawal speed according to Section 3.2.6. Improvements to the FPI model will be 

discussed in Chapter 6. 
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5. Chapter 5 

Monitoring CO2 Emitted from Human Skin 

5.1 Introduction 

To understand the behaviour of an optical fibre CO2 sensor, a commercial CO2 sensor, and 

a tC Sensor 92 probe, it is important to test the devices on the skin and monitor their 

responses. Section 5.2 describes the set-up for monitoring CO2 emitted from the skin using 

the tC Sensor 92 probe and presents the achieved results. Section 5.3 discusses the set-up 

for monitoring CO2 emitted from the skin during loading using the OFCS and commercial 

CO2 sensor and illustrates the achieved results from both set-ups. Finally, Section 5.4 

provides the summary of this chapter. 

5.2 Monitoring CO2 emitted from human skin using 

a tC Sensor 92 probe  

This section contains the experimental procedure and the results of PCO2 measurements 

from volunteers’ forearms at 2 different temperatures. This test is essential to understand 

the effect of temperature on the possibility of detecting PCO2 values and the consistency 

of measurements for different volunteers. The ethical approval and risk assessment are 

provided by the Faculty of Engineering Ethics Committee and Health and Safety Advisor 

of the University of Nottingham (UoN), respectively [Appendix D]. 

5.2.1 Experimental set-up for monitoring CO2 emitted from 

human skin using a tC Sensor 92 probe 

In Figure 5.1, a fixation ring is attached to the volunteer’s hand alongside the tC Sensor 92 

probe. The tC Sensor 92 probe is connected to the monitoring unit, TCM TOSCA monitor, 

which is used to observe the data and record the results. The working principle of the tC 

Sensor 92 probe during PCO2 measurement from human skin is described in Section 2.5. 

Before the experiment, the participants were asked to clean the skin under test using alcohol 

wipe tissue (70 % alcohol) provided by the experimenter and allow their skin to adjust to 

the environment. At the beginning, all participants were required to sit quietly for 5 minutes 



138 

 

before the experiment commences. The surface of the tC Sensor 92 was also cleaned by 

alcohol wipe tissue (70 % alcohol). The sensor was calibrated at the temperature at which 

experiments were conducted (37 °C and 42 °C). Figure 5.2 shows the sensor is placed in 

the calibration chamber of the TCM TOSCA monitor and the ready screen appears after 

completing the calibration. A study that took 40 patients aged between 66 and 97 years old 

has shown that a sensor temperature of 43 °C was well tolerated by the patients for around 

8 hours of continuous monitoring at the same measuring site [4].   

Following manufacturer’s instructions, the following procedure is followed:  

a) Volunteers were asked to place a fixation ring (as shown in Figure 5.1) just on top of the 

skin (forearm).  

b) A small drop of the contact gel (as shown in Figure 5.1) was applied to the skin area in 

the centre of the fixation ring and there was a 2-minute delay.  

c) The sensor was attached to the adhesive layer in the centre of the fixation ring and was 

pressed gently against the skin to spread the contact gel.  

d) The experiments were run at sensor temperatures of 37 °C or 42 °C, and the duration of 

the experiment was 30 minutes.  

e) Each participant was tested 5 times. The sensor requires around 10-15 minutes to 

stabilise and so the average PCO2 value was calculated for the last 15 minutes for all 

volunteers. The measurements were conducted with at least 2 hours break to avoid 

prolonged exposure of the skin using the attached sensor to the skin.  
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Figure 5.1: Experimental set-up for monitoring PCO2 from human skin using tC Sensor 

92 probe 

 

 

 

 

 

 

 

Figure 5.2: Calibration process of tC Sensor 92 probe using TCM TOSCA monitor 

According to the manufacturer (personal communication), the contact gel (CE marked) has 

been routinely used in cosmetics and healthcare, and there are no reported allergic 

reactions. The amount of sensitising substance present in the gel is very small, it contains 

36.7 % propylene glycol and 0.125 % cis-1-(3-Chloroallyl)-3, 5, 7-triaza-1-

azoniaadamantane chloride (Quaternium-15). Propylene glycol does not contain any 

hazardous substance or mixture and this ingredient’s level of hazard is low. However, there 

is a tiny quantity of Quaternium-15, which may provoke an allergic reaction among 

individuals with sensitive skin [5].  Before the experiment, the volunteer was asked via a 

questionnaire if they had any allergies that are caused by exposing the skin to certain 

chemicals. If the volunteer had sensitive skin, they were excluded from this experiment. 
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After 2 minutes of observation, it was easier to detect if a participant with an unknown 

sensitivity does react to the chemicals used. If any rash arose after 2 minutes of observation, 

the volunteer was excluded from this experiment. It has been noted by the manufacturer 

(personal communication) that in more than 20 years of routine usage of the TCM probes 

in clinical practice, no allergic reaction was observed. 

The PCO2 values from a volunteer’s forearm were recorded every 10 seconds using the 

TCM TOSCA monitor during the experiment. This experiment took around 30 minutes to 

complete steps a)-e) for each participant.  

5.2.2 Calibration of PCO2 and Temperature corrected PCO2 

values 

The TCM TOSCA monitor has a reference gas chamber with 75000 ppm (7.5% CO2) for 

calibration. The following calibrated PCO2 values are calculated using the 7.5% CO2 (at a 

barometric pressure, B, of 760 mmHg) [55]: 

The PCO2 value can also be found from the step up and step down response curve in Figure 

3.16, Section 3.3.2. During this independent calibration, the tC Sensor 92 probe was tested 

inside an alternative gas chamber during the calibration of the OFCS in Figure 3.11, 

Section 3.3.1. Table 5.1 shows the comparison between the PCO2 values obtained from 

theoretical results [using Eq. (5.1)] and experimental results (using calibration data) for 

increasing and decreasing trends, respectively. The percentage error for 10000 ppm (1% 

CO2) to 50000 ppm (5% CO2) range is calculated in Table 5.1. The error range is 0.44 % 

to 12.01 % for 30000 ppm (3% CO2) to 50000 ppm (5% CO2) range. On the other hand, 

the error is around 24 % and 50 % for 20000 ppm (2% CO2) and below 20000 ppm (2% 

CO2), respectively.  

 

 𝑃𝐶𝑂2(𝐶𝐴𝐿) = 𝐵 × (
% 𝐶𝑂2

100
)         

𝑃𝐶𝑂2(𝐶𝐴𝐿) = 760 𝑚𝑚𝐻𝑔 × (
7.5

100
) = 57 𝑚𝑚𝐻𝑔                                                                                                   

(5.1) 



141 

 

Table 5.1: PCO2 value measurement for different CO2 concentrations [obtained from 

Figures 3.16 (a) and (c), increasing trend (1.7% CO2 to 4.6% CO2) and Figures 3.16 (b) 

and (d), decreasing trend (5.3% CO2 to 1.0% CO2) respectively] 

 

Table 5.2: Temperature correction factor for TCPCO2 measurement at different 

temperatures [55] 

Sensor 

temp, T (ºC) 

37 38 39 40 41 42 43 44 45 

Temperature 

corr. factor 

1.00 1.04 1.09 1.14 1.19 1.24 1.30 1.36 1.42 

Temperature 

corr. PCO2 

value 

(mmHg) 

57 55 52 50 48 46 44 42 40 

 

CO2 

Concentrat

ion ppm 

(%) 

10870 

(1.0) 

17400 

(1.7) 

 

19250 

(1.9) 

24030 

(2.4) 

29070 

(2.9) 

31240 

(3.1) 

38880 

(3.8) 

41290 

(4.1) 

46050 

(4.6) 

53500 

(5.3) 

 

Theoretical 

PCO2, ThP 

(mmHg) 

8.26 13.22 14.63 18.26 22.09 23.74 29.55 31.86 34.99 40.66 

Experimen

tal PCO2, 

ExP 

(mmHg) 

4 7 11 14 20 23 26 32 32 44 

% Error = 

(|ExP-

ThP|/ThP) 

x 100 

51.57 47.05 24.81 23.33 9.46 3.12 12.01 0.44 3.13 8.21 
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The Severinghaus temperature correction factor is used in most clinical settings for 

measuring TCPCO2. Patients of all ages show a strong association between TCPCO2 and 

PaCO2. TCPCO2 is higher than PaCO2 due to the sensor’s elevated temperature. The 

temperature correction factor is applied on the tC Sensor 92 probe to achieve the TCPCO2 

value, which will provide a closer estimation to the PaCO2 value [39] [55].  

Two key reasons are responsible for the increase in the TCPCO2 levels. Firstly, the elevated 

temperature of the sensor causes the local blood and tissue PCO2 measurement to increase 

by approximately 4.5 %/°C (anaerobic factor). Secondly, CO2 is released from the living 

epidermal cells and capillary CO2 level receives a continuous inflow of this CO2 (metabolic 

constant). Skin thickness, age, and other physiological properties significantly affect the 

metabolic contribution. TCPCO2 increases by about 6-7 mmHg due to the skin metabolism 

increment [39] [55]. The TCPCO2 values are corrected to 37 °C (normal body temperature) 

using Eq. (5.3) [55]: 

where the anaerobic temperature coefficient of CO2 in blood, α is 0.019 /ºC, T is the set 

sensor temperature, PCO2 (CAL) value is 57 mmHg. The temperature correction factors 

calculated using these equations are shown in Table 5.2. 

 

 

 

 

 

 

 

 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒 =  10𝛼(𝑇−37℃)      

𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒, 𝑇𝐶𝑃𝐶𝑂2 (𝑇) =  
𝑃𝐶𝑂2 (𝐶𝐴𝐿)

10𝛼(𝑇−37℃)                                                  

(5.2) 
 

(5.3) 



143 

 

5.2.3 Results from monitoring CO2 emitted from human skin using 

a tC Sensor 92 probe 

Figure 5.3 shows the changes of PCO2 from the human forearm of one of the volunteers 

using the set-up, as shown in Figure 5.1.  

Figure 5.3: PCO2 measurement using tC Sensor 92 probe for different temperatures when 

temperature correction factor is turned on 

When the sensor was placed on the skin, it took about 10-15 minutes for vasodilation to 

take place: only then were the transcutaneous readings meaningful. The temperature 

correction factor was turned on during this test. In Figure 5.3, a rapid rise is noticed for the 

first 5 minutes because the sensor is removed from the calibration chamber when t = 0 mins 

and placed on the skin at t = 45 seconds. In Table 5.2, the normal PCO2 value is 57 mmHg 

and 46 mmHg at sensor temperatures of 37 °C and 42 °C, respectively. In Figure 5.3, the 

PCO2 value rises with increasing time and reaches 52 mmHg and 42 mmHg (close to the 

normal range of PCO2) when the contact gel is applied to the skin at temperatures of 37 °C 

and 42 °C, respectively. The obtained results from one of the volunteers in Figure 5.3 has 

same trend compared to the results mentioned in Table 5.2 but there are some differences.  
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 Figure 5.4: Average PCO2 measurement using tC Sensor 92 probe from Volunteer 1’s 

forearm (5 trials)       

Figure 5.4 and Figures B.1-B.9 [Appendix B] show the average PCO2 measurement (last 

15 minutes of data) using the tC Sensor 92 probe from 10 volunteers’ (Volunteer 1-10) 

forearms for 5 trials. The achieved PCO2 values for 10 volunteers’ (Volunteer 1-10) 

forearms are provided in Table 5.3. 

Table 5.3: Average PCO2 values of 10 volunteers’ at different sensor temperatures for 5 

trials 

Volunteer number Range of average PCO2 

values (mmHg) at 37 °C  

Range of average PCO2 

values (mmHg) at 42 °C  

1 44-51 32-42 

2 43-47 33-39 

3 50-55 39-44 

4 45-48 35-36 

5 48-51 37-48 

6 47-55 39-42 
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Volunteer number Range of average PCO2 

values (mmHg) at 37 °C  

Range of average PCO2 

values (mmHg) at 42 °C  

7 44-54 34-39 

8 41-49 36-40 

9 45-59 37-45 

10 46-55 38-44 

The achieved PCO2 value at 37 °C is always higher than the obtained PCO2 value at 42 °C. 

It happened due to applying the Severinghaus temperature correction factor during this 

experiment. The normal range of PaCO2 is 36-44 mmHg, as mentioned in Section 2.3.1. 

Table 5.2 shows the temperature corrected PCO2 values for 37-45 ℃ (the tC Sensor 92 

probe’s operating temperature). TCPCO2 increases as the sensor’s temperature increases. 

However, the Severinghaus temperature correction factor is applied to balance the TCPCO2 

and PaCO2 values. Therefore, the TCPCO2 value is calculated as 40 mmHg (matched to the 

PaCO2 value) for sensor temperature 45 ℃, as opposed to the actual value. The PaCO2 

values are not always close to the obtained PCO2 values from the 10 volunteers (Volunteer 

1-10). Also, the PCO2 values from the 10 volunteers (Volunteer 1-10) differ. Variations in 

results could be attributed to 2 factors. Firstly, the sensor position is not the same for all 

the volunteers’ (Volunteer 1-10) forearms at each trial. Secondly, the volunteer’s 

physiological properties (such as age, skin thickness, and other variables) are different. 

5.3 Monitoring CO2 emitted from human skin during 

loading using an OFCS and a commercial CO2 sensor 

The skin under pressure reacts to loading, which cuts off the gas exchange and helps to 

accumulate CO2 in the tissue, as mentioned in Section 2.2.4. The GCC (RTV silicone 

rubber) is replaced by a holder (polylactic acid, PLA, MP002267, Multicomp Pro, Farnell, 

UK) for a skin loading experiment. It was found that the RTV silicone is too soft (tensile 

strength = 5.8 MPa or 841 psi [136]), takes a long time to cure inside the mould and the 

bottom part of the GCC bends too easily when applying the load. The PLA based holder is 

easy to build with a 3D printing machine, and it’s strong (tensile strength = 50 MPa or 7250 
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psi [137]) enough to withstand loading. It’s also easy to make a hole as a further 

requirement.   

5.3.1 Introduction to a loading machine  

A loading machine has been implemented which consists of a weight holder and a steel rod 

with a ball bearing and a PLA based circular plate (Figure 5.5 (a)). The circular plate and 

PLA based holder have the same dimension. The circular plate attached to the ball bearing 

via a threaded nut provides a uniform load on the PLA based holder. In Figures 5.5 (b) and 

(c), the weight of the empty holder with the steel rod is around 0.5 kg. In Figure 5.5 (d), an 

additional slotted mass (100 g) is placed inside the weight holder to increase the load.  

Figure 5.5: (a) Schematic diagram of loading machine (b) Dimension of empty weight 

holder with steel rod (c) Top view of empty weight holder (d) Top view of weight holder 

with 100 g slotted mass (e) Dimension of PLA based circular plate 

In Figure 5.5 (e), the diameter of the ball bearing (P1), the outer diameter of the threaded 

nut (P2), and the diameter of the circular plate (P3) are 5.4, 10, and 43 mm, respectively. 

The thickness of the circular plate (T1) is 2.5 mm. There is a rectangular hole (length, L1 = 

8 mm and width, W1 = 15.5 mm) to pass all pins of the commercial CO2 sensor to perform 

the skin loading experiment. Different weights are added to the weight holder and the 

emission of CO2 can be measured. 
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5.3.2 Experimental set-up for monitoring CO2 emitted from human 

skin during loading using an OFCS and a commercial CO2 sensor 

In Figure 5.6, the same experimental set-up is used with the same equipment, as detailed 

in Section 3.3.1. A biocompatible PLA based holder containing the commercial CO2 sensor 

and an OFCS tip was placed on a volunteer’s forearm. The OFCS tip was connected to the 

holder through the channel. The OFCS was not directly in contact with the skin. The holder 

contained the PTFE film layer to prevent humidity from reaching the OFCS tip. The PTFE 

film acted as a membrane barrier. 

 

 

 

 

 

 

Figure 5.6: Experimental set-up for monitoring CO2 emitted from wrapped human skin 

during loading using OFCS and commercial CO2 sensor 

Figure 5.7 shows the dimension of the holder. The external diameter (D1) is 43 mm, and 

this external space was used for placing the commercial CO2 sensor. The internal diameter 

(D2) is 18 mm, and this internal space was used to collect gas from the skin. A plastic tube 

was appropriately fixed through the holder and used as the channel. The presence of the 

PTFE film beneath the holder shielded the OFCS tip from the skin. 

Figure 5.8 illustrates the dimension of a hot & cold therapy disc (3D hot & cold therapy 

disc, Neo G, UK) that was used to change skin temperature. The diameter of the whole disc 

is 141 mm. The diameter of the disc’s hole is 24 mm, which was used to place the holder. 

The disc was cleaned by a sanitiser (70 % alcohol) after the experiment was completed. A 

foil blanket (QZ9200, JaxFirstAid, UK) was used to cover the hot & cold therapy disc on 

the human forearm and keep the skin warm during the skin loading experiment. The 
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temperature effects on the skin and PCO2 measurement from human skin using the tC 

Sensor 92 probe at 37 °C or 42 °C, as discussed in Sections 1.5.2.2 and 5.2, respectively. 

So, the obtained results from the experimental set-up (Figure 5.6) can be compared to the 

achieved results from the experimental set-up (Figure 5.1). 

  

 

 

 

 

 

Figure 5.7: Different views of holder for simultaneous CO2 measurement using OFCS 

and commercial CO2 sensor 

 

 

 

 

 

 

Figure 5.8: Hot & cold therapy disc and Foil blanket 

The procedure for measuring CO2 by varying skin temperature is described below: 

Before the experiment, the participants were asked to clean their forearms using alcohol 

gel (70 % alcohol) provided by the experimenter and allow their skin to adjust to the 

environment. At the beginning, all participants were required to sit quietly for 5 minutes 

before the experiment commences. The participants wore 2 surgical masks during the 
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experiment because the commercial CO2 sensor was highly sensitive and could detect 

exhaled breath CO2 quickly. 

A maximum pressure of 16 kPa (120 mmHg) was applied to the holder, and the loading 

effects on the skin tissues were observed. This has been shown to be a safe level in other 

studies previously conducted by our collaborators at the University of Southampton [8]. 

The contact area between the skin and holder is 1286 mm2. 16 kPa is equivalent to a 2.1 

kg load which was provided by the loading machine. If the participant feels any pain or 

discomfort during the experiment, the participant should indicate this, and the experiment 

will be stopped immediately.   

The hot & cold therapy disc was heated by hot water. The process is described below:  

i) Water was boiled in a kettle; ii) Hot water was poured into a heat resistant container, and 

a thermocouple probe was inserted into the hot water to measure the temperature; iii) The 

disc was dropped into the hot water for a few minutes; iv) The disc was then removed from 

hot water using tongs; v) Paper tissue was used to soak the excess water from the disc; vi) 

The thermocouple probe was placed on the disc to monitor the temperature; vii) The disc 

with a thermocouple probe was placed on the skin when the disc’s temperature was 

approximately 42 °C; viii) The disc was cleaned with the sanitiser (70 % alcohol) after the 

experiment is completed.  

The human volunteer experiment is then conducted as follows: 

a) Volunteers were asked to place the heated disc with the thermocouple probe on the skin. 

The foil blanket was wrapped over the disc, avoiding the hole in the middle of the disc. A 

compression bandage was also wrapped around the outer parts of the foil blanket to hold it 

in place.  

b) The holder was placed through the disc’s hole with the PTFE film face down on the 

volunteer’s skin (Figure 5.8 (b)) for correct sensor placement.  

c) The experiments were run between 32 °C and 43.4 °C, depending on the heat retention 

provided by the foil blanket and disc.  
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d) The holder with the OFCS tip and commercial CO2 sensor was placed on the forearm 

with a minimum load (0.5 kg) for 5 mins to provide a baseline measurement. The 0.5 kg 

load ensured the sensors remain in place and there was a gas seal between the skin and 

sensors.  

e) A 2.1 kg load was applied for the next 10 mins.  

f) Load was reduced to 0.5 kg for the next 5 mins.  

g) The holder was removed from the forearm.  

The reflection spectrum of the OFCS was recorded with an integration time of 1 second 

using SpectraSuite Software. The CO2 concentrations (from the commercial CO2 sensor) 

were recorded every 20 seconds using Gaslab Software. This experiment took 

approximately 20 minutes to complete steps b)-g) for each participant. Each participant 

was tested 3 times per day and the measurements were conducted with at least 30 minutes 

of break between each test to relax and rest the forearm.  

The ethical approval and risk assessment were provided by the Faculty of Engineering 

Ethics Committee and Health and Safety Advisor of the University of Nottingham (UoN), 

respectively [Appendix D]. 

5.3.3 Calibration of OFCSs (used for skin CO2 measurement) 

The calibration process of the 10 OFCSs (OFCS 1-10) used for the skin CO2 measurement 

is mentioned in Section 3.7. The OFCS 1-6 were used for the skin CO2 measurement on 

Volunteer 1-6, respectively. First, the OFCS 1-6 were calibrated the day after fabrication. 

Next, the OFCS 1-6 were placed on the volunteers’ (Volunteer 1-6) forearms respectively, 

the day after calibration. 

The system stopped performing well after preparing 6 successful OFCSs. Reasons for this 

are that the film of the OFCS might have started cracking, or the base catalyst, TMAH 

(volatile compound), might have evaporated from the film (which is coated with silica 

matrix). Different strategies were tried to solve this problem, such as new OFCSs being 

fabricated, as mentioned in Section 3.5.2 (OFCS preparation scheme using Solution 2), and 

new PLA based holders were prepared using the 3D printing machine. The new and old 
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OFCSs were tried on different volunteers using the new and old holders. Unfortunately, 

this problem couldn’t be resolved due to the time limitation.  

The calibration and skin CO2 measurement protocols are similar for the OFCS 1-6 and 

OFCS 7-10. But the sequence of performing the calibration and skin CO2 measurement for 

the OFCS 7-10 is the reverse sequence of performing the calibration and skin CO2 

measurement for the OFCS 1-6.   

OFCS 7-10 were used for the skin CO2 measurement on Volunteer 7-10, respectively and 

were placed on the volunteers’ (Volunteer 7-10) forearms the day after fabrication. OFCS 

7-10 were calibrated after completing the skin CO2 measurement on the volunteers’ 

(Volunteer 7-10) forearms on the same day. 

5.3.4 Results from monitoring CO2 emitted from human skin 

during loading using an OFCS and a commercial CO2 sensor 

This reference signal from Figure 3.39 was used to calculate the absorbance using Eq. 

(3.10) during the skin CO2 measurement. 

Figures 5.9 (a)-(f) show the reflection and absorption spectra of OFCS 1 for Trials 1-3 of 

Volunteer 1, respectively. The response of OFCS 1 is achieved using the same method, as 

detailed in Section 5.3.2. The reflection spectra of OFCS 1 contains a trough at a 

wavelength of 600 nm, and the trough becomes flat in Trials 2 and 3. During Trials 1-3 of 

OFCS 1, the start reflection intensity (10534-11467 counts) increases and the absorbance 

(0.698-0.662) decreases. The reflection spectra increase, and absorption spectra decrease 

when the OFCS 1 is moved from air to skin. The new baseline is created for OFCS 1 on 

the skin during loading. The reflection spectra rise, and absorption spectra fall due to 

loading (0.5 kg and 2.1 kg) on the skin. The reflection spectra decrease, and absorption 

spectra increase when OFCS 1 is moved from skin to air for Trials 1-3. Results for 3 trials 

for Volunteer 1 are shown in this section. To avoid repetition of similar results from other 

volunteers, the trends of results for all other volunteers are summarised in a Table following 

each set of Volunteer 1 results. The full sets of results for all other volunteers are provided 

in Appendix C.  
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The purpose of the 3 trials is to observe the variation in response of OFCSs (OFCS 1-10) 

and commercial CO2 sensor between each trial. The percentage error helps to show the 

variability of the response of different OFCSs (OFCS 1-10) and commercial CO2 sensor. 
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Figure 5.9: (a) (c) (e) Reflection spectra and (b) (d) (f) Absorption spectra of OFCS 1. 

Each row represents a different Trial 1-3 for Volunteer 1 

The nature of the reflection and absorption spectra of the 10 OFCSs (OFCS 1-10) is 

mentioned in Table 5.4 according to similar or different trends of other OFCSs. The first 
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column refers to an OFCS (corresponding to a different Volunteer), the number of the Trial 

(1 of 3), and where the relevant experimental results can be found in the Appendix C. The 

second column confirms where a Volunteer 1 result that has the same trend can be found 

in the thesis. As noted in Section 5.3.3, OFCS 1-6 demonstrated consistent trends, but 

OFCS 7-10 were inconsistent. 

Table 5.4: Nature of reflection and absorption spectra of OFCSs (OFCS 1-10) 

Reflection and absorption 

spectra of OFCS number {Trial 

(T) number, Figure (F) number} 

Following the similar trend of reflection and absorption spectra of 

OFCS number {Trial (T) number, Figure (F) number}  

or different trend 

OFCS 2, T 1-3, F C.1 (a)-(f) OFCS 1, T 1-3, F 5.9 (a)-(f) 

OFCS 3, T 1-3, F C.2 (a)-(f) OFCS 1, T 1-3, F 5.9 (a)-(f) 

OFCS 4, T 1-3, F C.3 (a)-(f) OFCS 1, T 1-3, F 5.9 (a)-(f) 

OFCS 5, T 1-3, F C.4 (a)-(f) OFCS 1, T 1-3, F 5.9 (a)-(f) 

OFCS 6, T 1-3, F C.5 (a)-(f) OFCS 1, T 1-3, F 5.9 (a)-(f) 

OFCS 7, T 1-3, F C.6 (a)-(f) Different trend: The reflection spectra increase, and absorption spectra 

decrease at a wavelength window (500-700 nm). On the other hand, 

the reflection spectra decrease, and absorption spectra increase at a 

wavelength window (700-900 nm). This trend continues during the 

entire experiments for Trials 1-3. 

OFCS 8, T 1, F C.7 (a) (b)  

 

 

 

OFCS 8, T 2&3, F C.7 (c)-(f) 

OFCS 1, T 1-3, F 5.9 (a)-(f) 

Different trend: The overall reflection spectra decrease, and absorption 

spectra increase when OFCS 8 is moved from air to skin. The new 

baseline is created for OFCS 8 on the skin during loading. The 

reflection spectra climb, and absorption spectra drop due to loading 

(2.1 kg and 0.5 kg) on the skin. The reflection spectra decrease, and 

absorption spectra increase when OFCS 8 is shifted from skin to air 

for Trials 2 and 3. 

OFCS 9, T 1&2, F C.8 (a)-(d)  

OFCS 9, T 3, F C.8 (e) (f) 

OFCS 7, T 1-3, F C.6 (a)-(f) 

OFCS 1, T 1-3, F 5.9 (a)-(f) 

OFCS 10, T 1&2, F C.9 (a)-(d)   

 

 

OFCS 10, T 3, F C.9 (e) (f) 

Different trend: The overall reflection spectra drop, and absorption 

spectra rise drastically during the entire experiments for Trials 1 and 

2. 

OFCS 7, T 1-3, F C.6 (a)-(f) 
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Figure 5.10: (a) (c) (e) Response (Reflection Intensity) of OFCS 1 at wavelength 600 nm 

and commercial CO2 sensor on Volunteer 1’s forearm (b) (d) (f) Volunteer 1’s skin 

temperature while heated disc is on forearm for Trials 1-3, respectively 
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Figure 5.11: (a)-(c) Response (Absorbance) of OFCS 1 at wavelength 600 nm and 

commercial CO2 sensor on Volunteer 1’s forearm for Trials 1-3, respectively 
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Figures 5.10 (a), (c), and (e) show the changes in reflection intensity at a wavelength of 

600 nm and the CO2 concentration (from the commercial CO2 sensor) during loading on 

Volunteer 1’s forearm for Trials 1-3. Figures 5.11 (a)-(c) illustrate the variation in 

absorbance at a wavelength of 600 nm during the loading on Volunteer 1’s forearm for 

Trials 1-3. The reflection intensity, absorbance, and CO2 concentration are relatively stable 

for the first 12 minutes when OFCS 1 is in the air. The reflection intensity and CO2 

concentration increase, whilst the absorbance decreases when OFCS 1 and the hot & cold 

therapy disc are placed on the forearm with the load (0.5 kg) for 5 minutes. Again, the 

reflection intensity and CO2 concentration increase, and absorbance decreases when the 

load (2.1 kg and 0.5 kg) is applied for the next 10 and 5 minutes, respectively. Finally, the 

reflection intensity and CO2 concentration decrease, and absorbance increases when OFCS 

1 is shifted from the skin to the air for 18 minutes. 

The nature of the reflection intensity and absorbance of the 10 OFCSs (OFCS 1-10) during 

the skin CO2 measurement is mentioned in Table 5.5 according to similar or different trends 

of other OFCSs. Similar to Table 5.4, the first column states where the relevant data for 

different Volunteers can be found in the thesis (OFCS 2-10). The second column states 

whether the trend is similar to the same experiment for Volunteer 1 and cross-references 

the data. As noted previously, results for OFCS 1-6 are consistent, but OFCS 7-10 are not.  

Table 5.5: Nature of reflection intensity and absorbance of OFCSs (OFCS 1-10) 

Reflection intensity and absorbance of OFCS 

number {Trial (T) number, Figure (F) number} 

Following the similar trend of reflection intensity and 

absorbance of OFCS number {Trial (T) number, 

Figure (F) number} or different trend 

OFCS 2, T 1-3, F C.10 (a) (c) (e) & C.11 (a)-(c) OFCS 1, T 1-3, F 5.10 (a) (c) (e) & 5.11 (a)-(c) 

OFCS 3, T 1-3, F C.13 (a) (c) (e) & C.14 (a)-(c) OFCS 1, T 1-3, F 5.10 (a) (c) (e) & 5.11 (a)-(c) 

OFCS 4, T 1-3, F C.16 (a) (c) (e) & C.17 (a)-(c) OFCS 1, T 1-3, F 5.10 (a) (c) (e) & 5.11 (a)-(c) 

OFCS 5, T 1-3, F C.19 (a) (c) (e) & C.20 (a)-(c) OFCS 1, T 1-3, F 5.10 (a) (c) (e) & 5.11 (a)-(c) 

OFCS 6, T 1-3, F C.22 (a) (c) (e) & C.23 (a)-(c) OFCS 1, T 1-3, F 5.10 (a) (c) (e) & 5.11 (a)-(c) 

OFCS 7, T 1-3, F C.25 (a) (c) (e) & C.26 (a)-(c) Different trend: The reflection intensity at 600 nm 

increases, and absorbance at 600 nm decreases during 

the entire experiments for Trials 1-3. 

OFCS 8, T 1, F C.28 (a) & C.29 (a) OFCS 1, T 1-3, F 5.10 (a) (c) (e) & 5.11 (a)-(c) 
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Reflection intensity and absorbance of OFCS 

number {Trial (T) number, Figure (F) number} 

Following the similar trend of reflection intensity and 

absorbance of OFCS number {Trial (T) number, 

Figure (F) number} or different trend 

 

 

 

 

OFCS 8, T 2&3, F C.28 (c) (e) & C.29 (b) (c) 

Different trend: The reflection intensity at 600 nm 

decreases, and absorbance at 600 nm increases when 

OFCS 8 is in the air. The new baseline is created for 

OFCS 8 on the skin during loading (0.5 kg). The 

reflection intensity climbs, and absorption drops due 

to loading (2.1 kg and 0.5 kg) on the skin. The 

reflection intensity decreases, and absorption 

increases when OFCS 8 is shifted from skin to air for 

Trials 2 and 3. 

OFCS 9, T 1, F C.31 (a) & C.32 (a) 

 

 

 

OFCS 9, T 2, F C.31 (c) & C.32 (b) 

 

 

 

 

 

 

OFCS 9, T 3, F C.31 (e) & C.32 (c) 

OFCS 7, T 1-3, F C.25 (a) (c) (e) & C.26 (a)-(c) 

Different trend: The reflection intensity at 600 nm 

increases, and absorbance at 600 nm decreases when 

OFCS 9 is in the air. The new baseline is created for 

OFCS 9 on the skin during loading (0.5 kg). The 

reflection intensity drops, and absorption climbs due 

to loading (2.1 kg and 0.5 kg) on the skin. The 

reflection intensity increases, and absorption 

decreases when OFCS 9 is shifted from skin to air for 

Trial 2. 

OFCS 1, T 1-3, F 5.10 (a) (c) (e) & 5.11 (a)-(c) except 

the reflection intensity at 600 nm increases, and 

absorbance at 600 nm decreases for the first 10 

minutes when OFCS 9 is in the air for Trial 3. 

OFCS 10, T 1&2, F C.34 (a) (c) & C.35 (a) (b)   

 

 

 

OFCS 10, T 3, F C.34 (e) & C.35 (c) 

Different trend: The reflection intensity drops, and 

absorbance rises drastically during the entire 

experiments for Trials 1 and 2. 

OFCS 7, F C.25 (a) (c) (e) & C.26 (a)-(c) except the 

reflection intensity and absorbance at 600 nm are 

relatively stable for the first 10 minutes when the 

OFCS 10 is in the air. 

Volunteer 1’s skin temperature is illustrated in Figures 5.10 (b), (d), and (f) for Trials 1-3, 

respectively. The temperature decreases gradually for Trials 1-3. Figures {C.10, C.13, 

C.16, C.19, C.22, C.25, C.28, C.31, and C.34} (b) (d) (f) [Appendix C] represent the skin 
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temperature of Volunteer 2-10 for Trials 1-3, respectively. These graphs follow the same 

trend as Figure 5.10 (b) (d) (f).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12: (a)-(c) Response (Raw Reflection Intensity) of OFCS 1 at wavelength 600 

nm in the air for Trials 1-3, respectively 
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5.3.4.1 Signal to Noise Ratio 

The OFCSs’ (OFCS 1-10) responses (reflection intensities and absorbances) are presented 

in this section by applying a moving average filter with a width of 60, which provides a 

smooth response. The reflection intensity of OFCS 1 in Figure 5.10 (a) has 3 parts: The 1st 

(0-12 mins), 2nd (12-32 mins), and 3rd (32-50 mins) part of the response (reflection 

intensity) which were taken in the air, on volunteer 1’s forearm, and then in the air again.  

Figures 5.12 (a)-(c) demonstrate the 1st {(0-12 mins for Trials 1 and 2) and (0-10 mins for 

Trial 3)} part of the response (raw signal or reflection intensity) when the OFCS 1 was in 

the air. The mean and standard deviation is calculated from the 1st part of the OFCS 1.  

The noise level can be calculated from the signal’s variation (standard deviation). The 

standard deviation of the 1st part of the OFCS 1’s response (reflection intensity) is 

considered to provide an estimated of the fluctuation of the measurement due to noise 

because the OFCS 1 was in the air, and the reflection intensity was varied only according 

to the room CO2 concentrations. On the other hand, the 2nd part of the reflection intensity 

was varied by the skin CO2 concentrations and temperature, and the 3rd part of the 

reflection intensity was changed by the skin CO2 concentrations (which escaped from the 

GCC) and the room CO2 concentrations. 

 

 

 

 

 

 

 

Figure 5.13: Response (Raw and Smooth Reflection Intensity) of OFCS 1 at wavelength 

600 nm in the air for Trial 1 
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The raw signal or reflection intensity and the smooth signal are shown in Figure 5.13 for 

OFCS 1 in the air for Trial 1.   

The signal-to-noise ratio (SNR) is a useful parameter for characterising skin CO2 

measurements and is calculated using the following formula: 

An example of calculating the noise as a standard variation of the 1st part of the response 

(Volunteer 1 Trial 1 OFCS 1) when OFCS 1 is in the air from Figure 5.13:  

Noise = 43 counts  

An example of calculating the SNR using Eq. (5.4) (Volunteer 1 Trial 1 OFCS 1) as 

follows: 

Intensity changes in Volunteer 1’s forearm = 576 counts 

SNR = 576 counts / 43 counts = 13.4 

Figures {C.12, C.15, C.18, C.21, C.24, C.27, C.30, C.33, and C.36} (a)-(c) [Appendix C] 

represent the raw signal or reflection intensity of the OFCS 2-10 for Trials 1-3, 

respectively. 

5.3.4.2 Percentage error 

The percentage error between the OFCSs (OFCS 1-10) and commercial CO2 sensor can be 

calculated from the conversion of intensity (counts) and absorbance (a.u.) to CO2 (ppm) 

for the OFCSs (OFCS 1-10) and CO2 (ppm) obtained from the volunteers’ (Volunteer 1-

10) skin. 

An example of calculating the theoretical CO2 from Figure 3.41 using the linear 

relationship equations of intensity vs CO2 and absorbance vs CO2 (Volunteer 1 Trial 1 

OFCS 1) as follows: 

Formula for intensity vs CO2:  y = 1.0239x + 15.349, where x is change in CO2 

concentration (ppm), and y is change in intensity (counts).  

In Figure 5.10 (a), Intensity changes in Volunteer 1’s forearm = 576 counts 

𝑆𝑁𝑅 = 
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑐ℎ𝑎𝑛𝑔𝑒𝑠 𝑖𝑛 𝑣𝑜𝑙𝑢𝑛𝑡𝑒𝑒𝑟′𝑠 𝑓𝑜𝑟𝑒𝑎𝑟𝑚

𝑁𝑜𝑖𝑠𝑒 (𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑂𝐹𝐶𝑆 𝑖𝑛 𝑡ℎ𝑒 𝑎𝑖𝑟)
          (5.4) 
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Change in CO2 concentration, CI = (Intensity – 15.349) / 1.0239 = (576 – 15.349) / 1.0239 

= 547.6 ppm 

Formula for absorbance vs CO2:  y = 0.00004x + 0.0008, where x is change in CO2 

concentration (ppm), and y is change in absorbance (a.u.).  

In Figure 5.11 (a), Absorbance changes in Volunteer 1’s forearm = 0.023 a.u. 

Change in CO2 concentration, CA = (Absorbance – 0.0008) / 0.00004 = (0.023 – 0.0008) 

/ 0.00004 = 555 ppm  

In Figures 5.10 (a) and 5.11 (a), change in CO2 concentration from Volunteer 1’s forearm 

measured by the commercial CO2 sensor, CS = 429 ppm 

% Error w.r.t. intensity, EI = (|CS – CI| / CI) x 100 = (|429 – 547.6| / 547.6) x 100 = 21.7 

% Error w.r.t. absorbance, EA = (|CS – CA| / CA) x 100 = (|429 – 555| / 555) x 100 = 22.7 

Table 5.6 summarises the achieved results (error and SNR) of Volunteer 1-10 and the 

commercial CO2 sensor for Trials 1-3. The first column refers to the number of volunteers 

and OFCS. The second column refers to the Trial number (1 of 3). The third column shows 

the change in CO2 (ppm) obtained from the commercial CO2 sensor. The fourth column 

presents the conversion of change in intensity (counts) and change in absorbance (a.u.) to 

change in CO2 (ppm) for the OFCSs (OFCS 1-10) using the linear relationship in Figure 

3.41 and even numbers of Figures A.2-A.18 [Appendix A], respectively. The fifth column 

shows the percentage error based on the comparison between the data obtained from the 

third and fourth columns. The sixth column represents the SNR value for the OFCSs 

(OFCS 1-10). 
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Table 5.6: Error and SNR calculation of 10 volunteers’ for 3 trials 

Volunteer 

(V) number, 

OFCS 

number  

Trial 

(T) 

number 

CO2 (ppm) 

from 

Commercial 

sensor, CS 

CO2 (ppm) from OFCS’s 

response 

% Error 

w.r.t.  

SNR 

Intensity, 

CI  

Absorbance, 

CA  

Intensity, 

EI  

Absorbance, 

EA  

 

V 1, OFCS 1 

 

T 1 429 547.6 555 21.7 22.7 13.4 

T 2 276 205.7 180 34.2 53.3 6.8 

T 3 266 259.5 230 2.5 15.7 8.3 

 

V 2, OFCS 2 

T 1 271 213.4 338.6 27.0 20.0 7.7 

T 2 165 166.6 252.9 1.0 34.8 7.0 

T 3 197 148.6 210 32.6 6.2 5.9 

 

V 3, OFCS 3 

T 1 261 268.3 583.3 2.7 55.3 8.2 

T 2 266 261.8 516.7 1.6 48.5 11.8 

T 3 279 240.8 483.3 15.9 42.3 10.7 

 

V 4, OFCS 4 

T 1 149 167.7 276 11.2 46.0 5.7 

T 2 193 191 276 1.0 30.1 9.2 

T 3 180 179.3 256 0.4 29.7 8.5 

 

V 5, OFCS 5 

T 1 215 183.2 164.3 17.4 30.9 7.7 

T 2 267 198.8 164.3 34.3 62.5 11.3 

T 3 253 182.1 135.7 38.9 86.4 11.3 

 

V 6, OFCS 6 

T 1 199 181.2 325 9.8 38.8 6.7 

T 2 236 240 425 1.7 44.5 7.7 

T 3 197 168.4 325 17.0 39.4 6.5 

 

V 7, OFCS 7 

T 1 184 698 1200 73.6 84.7 3.3 

T 2 278 316.8 450 12.2 38.2 3.7 

T 3 196 251.2 200 22.0 2.0 2.6 

 

V 8, OFCS 8 

T 1 251 224.7 400 11.7 37.3 1.6 

T 2 240 222 300 8.1 20.0 2.5 

T 3 230 208.6 400 10.3 42.5 0.5 

 

V 9, OFCS 9 

T 1 380 386.4 1800 1.7 78.9 9.4 

T 2 388 52.9 94.6 86.4 75.6 3.3 

T 3 401 395.9 1000 1.3 59.9 2.6 

 

V 10, OFCS 

10 

T 1 287 283.8 216.7 1.1 32.4 1.7 

T 2 330 324.5 283.3 1.7 16.5 4.4 

T 3 300 253.8 283.3 18.2 5.9 5.4 
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The SNR range is 0.5-13.4. The poor SNR (0.5) is achieved due to obtaining the highest 

standard deviation (217 counts) for Volunteer 8, OFCS 8, Trial 3 because OFCS 8 wasn’t 

stable when it was in the air. The error range is 0.4-86.4 % for intensity and 2-86.4 % for 

absorbance. The error values obtained from intensity conversion differ from those obtained 

from absorbance conversion because the absorbance changes in small fractions (which 

makes a big difference during conversion and provides higher error values than intensity 

conversion).  

5.3.5 Discussion of obtained results from volunteer’s skin CO2 

measurement 

To the author’s knowledge, these are the first results with the gas CO2 measurement on 

human skin during loading using either an OFCS or a commercial CO2 sensor. Both sensors 

(the OFCS 1-6 and commercial CO2 sensor) can measure the CO2 changes on the 

volunteers’ (Volunteer 1-6) skin and in the air. Both sensors have a similar trend, such as 

the response of both sensors going up when the sensors are put on the volunteers’ 

(Volunteer 1-6) skin and going down when the sensors are placed in the air. Still, the 

commercial CO2 sensor can measure the CO2 changes on the volunteers’ (Volunteer 7-10) 

skin and in the air. Unfortunately, the OFCS 7-10 doesn’t follow the same trend as the 

commercial CO2 sensor on the volunteers’ (Volunteer 7-10) skin and in the air. The 

different OFCSs weren’t tried on the same volunteers’ skin.  

The results vary from trial to trial, depending on the physiological properties of volunteers 

(each volunteer is different and there is a gap between individual experiments on the same 

volunteer) and the OFCS losing its dye properties. The OFCS 1-10 lose their dye properties 

in 3 different ways during the skin CO2 measurement. Firstly, the overall reflection spectra 

of the OFCSs drop continuously. Secondly, the trough at a wavelength of 600 nm becomes 

flat. Finally, the reflection intensity of OFCSs increases at a wavelength window (500-700 

nm) and decreases at a wavelength window (700-900 nm). The response of the OFCS has 

variability due to light exposure to the sensor (photobleaching) which changes the dye 

properties over time. The initial intensities of the OFCS 1-10 are not the same due to the 

photobleaching during Trials 1-3 hence the response is not always the same as the 

calibration results.  
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The start CO2 concentrations are different because the room CO2 varies during Trials 1-3. 

When the loading amount is 0.5 kg for the last 5 minutes on the skin, the CO2 

concentrations (from the commercial CO2 sensor) don’t decrease because the stored gas 

can’t escape from the PLA based holder as it is a closed gas chamber. The CO2 variation 

is different because of changes in physiological properties, and skin temperatures are not 

the same and stable during Trials 1-3. The CO2 concentrations (from the commercial CO2 

sensor) do not always return to the baseline because CO2 dissipates slowly through the 

PTFE film on the PLA based holder.  

Bending losses are another source of error in which there is an unwanted change in 

intensity. Figure 5.14 (a) shows the PLA based holder which contains the OFCS tip and 

commercial CO2 sensor. Figures 5.14 (b) and (c) demonstrate the OFCS placement in the 

air without and with bending, respectively. It is not easy to put the fibre in its original 

position and location at the end of the experiment. 

 

 

 

 

 

 

Figure 5.14: (a) PLA based holder containing OFCS tip and commercial CO2 sensor (b) 

OFCS is placed in air without bending (c) OFCS is placed in air with bending 

In Table 5.7, the observation, and possible reasons for achieved results of 10 OFCSs (OFCS 

1-10) on volunteers’ (Volunteer 1-10) forearms during Trials 1-3 are described. 
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Table 5.7: Observation and possible reasons for variation in obtained results during skin 

CO2 measurement 

Volunteer (V) number, OFCS 

number, Trial (T) number 

Figure number Observation and possible reasons 

V 1, OFCS 1, T 1 

V 2, OFCS 2, T 1-3 

V 3, OFCS 3, T 1-3 

V 4, OFCS 4, T 1 

V 5, OFCS 5, T 1-3 

V 6, OFCS 6, T 1 

5.10 (a) 

C.10 (a) (c) (e) 

C.13 (a) (c) (e) 

C.16 (a) 

C.19 (a) (c) (e) 

C.22 (a)  

The reflection intensity of OFCS 1-6 at 600 nm doesn’t 

return to the baseline after placing it in the air for the last 

10-15 minutes. It may happen due to photobleaching 

when the OFCS 1-6 is placed in the air again according 

to the fibre position, which is shown in Figure 5.14 (b). 

V 8, OFCS 8, T 3 C.28 (e) The reflection intensity of OFCS 8 at 600 nm is decreased 

because the reflection spectra of OFCS 8 drops 

continuously when it is in the air for the first 14 minutes. 

The OFCS 8 loses its dye properties. It may happen due 

to photobleaching when OFCS is placed in the air again 

according to the fibre position, which is shown in Figure 

5.14 (b). 

V 9, OFCS 9, T 3 C.31 (e) The reflection intensity of OFCS 9 at 600 nm is increased 

because the reflection spectra of OFCS 9 rises rapidly 

when it is in the air for the first 10 minutes. The reflection 

intensity of OFCS 9 at 600 nm doesn’t return to the 

baseline after placing it in the air for the last 10 minutes. 

It may happen due to photobleaching when the OFCS 9 

is placed in the air again according to the fibre position, 

which is shown in Figure 5.14 (b). 

V 1, OFCS 1, T 2&3 

V 4, OFCS 4, T 2&3 

V 8, OFCS 8, T 1 

5.10 (c) (e) 

C.16 (c) (e) 

C.28 (a) 

The reflection intensity of OFCS 1, 4, and 8 at 600 nm 

returns to the baseline after placing it in the air for the last 

10-15 minutes. 
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Volunteer (V) number, OFCS 

number, Trial (T) number 

Figure number Observation and possible reasons 

 

V 6, OFCS 6, T 2&3 

 

C.22 (c) (e) 

The reflection intensity of OFCS 6 at 600 nm goes 

beyond the baseline after placing it in the air for the last 

10-15 minutes.  

It may happen due to the fibre bending when the OFCS 

1, 4, 6, and 8 is placed in the air again according to the 

fibre position, which is shown in Figure 5.14 (c). 

V 7, OFCS 7, T 1-3 

V 9, OFCS 9, T 1&2 

V 10, OFCS 10, T 3 

C.25 (a) (c) (e) 

C.31 (a) (c) 

C.34 (e) 

The reflection intensity of OFCS 7, 9, and 10 at 600 nm 

doesn’t return to the baseline after placing it in the air for 

the last 10-15 minutes. The OFCS 7, 9, and 10 loses its 

dye properties because of reflection intensity’s increment 

at a wavelength window (500-700 nm) and reflection 

intensity’s decrement at a wavelength window (700-900 

nm).  

V 8, OFCS 8, T 2 C.28 (c) The reflection intensity of OFCS 8 at 600 nm drops due 

to the fibre bending when the OFSC 8 is placed on the 

skin from the air. The intensity at 600 nm doesn’t return 

to the baseline after putting it in the air for the last 10-15 

minutes because the OFSC 8 isn’t placed in its initial 

position when the experiment starts. 

V 10, OFCS 10, T 1&2 C.34 (a) (c)  The reflection intensity of OFCS 10 at 600 nm is 

decreased because the reflection spectra of OFCS 10 

drops drastically. The reflection intensity of OFCS 10 at 

600 nm doesn’t return to the baseline after placing it in 

the air for the last 10-15 minutes because the OFCS 10 

loses its dye properties. 

 

5.4 Summary 

The skin CO2 measurement from the human forearm using the tC Sensor 92 probe, 

commercial CO2 sensor and OFCS has been demonstrated. To the author’s knowledge this 

is the first time either a commercial CO2 sensor or an OFCS has been used to investigate 

CO2 emitted from the skin during loading. Both could be viable alternatives to measuring 
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TCPCO2. The PCO2 values from the tC Sensor 92 probe inside the gas chamber were 

compared to the theoretical calculation of PCO2 values. The theoretical PCO2 values were 

compared to the experimental PCO2 values from the tC sensor 92 probe’s calibration inside 

the gas chamber with the help of percentage error for 10000 ppm (1% CO2) to 50000 ppm 

(5% CO2) range. 

The PCO2 values were monitored from 10 volunteers’ (Volunteer 1-10) forearms using the 

tC Sensor 92 probe at 37 °C and 42 °C for Trials 1-5. The maximum obtained average PCO2 

value is 55 mmHg and 48 mmHg at 37 °C and 42 °C, respectively, over 5 trials. The 

minimum obtained average PCO2 value is 41 mmHg and 32 mmHg at 37 °C and 42 °C, 

respectively, over 5 trials. Due to applying the Severinghaus temperature correction factor, 

the obtained PCO2 value at 42 °C is always lower than the achieved PCO2 value at 37 °C. 

The loading machine was built to provide a load on the volunteer’s forearm. The reflection 

intensity of the OFCS and the CO2 concentrations (from the commercial CO2 sensor) were 

monitored from 10 volunteers’ (Volunteer 1-10) forearms during loading using the 10 

OFCSs (OFCS 1-10) and commercial CO2 sensor at a range of 32 °C and 43.4 °C at the 

surface of the skin (3 experiments/volunteer).  

The 10 calibrated OFCSs (OFCS 1-10) were used for the skin CO2 measurement on 10 

volunteers’ (Volunteer 1-10) forearms during loading for Trials 1-3 in Section 5.3.2. The 

maximum obtained skin CO2 concentration is 429 ppm, and the minimum achieved skin 

CO2 concentration is 149 ppm. The SNR of OFCSs (OFCS 1-10) varied from 0.5 to 13.4. 

The error range w.r.t. intensity was 0.4 % to 86.4 %, and the error range w.r.t. absorbance 

was 2 % to 86.4 % for the OFCSs (OFCS 1-10) and commercial CO2 sensor. In Section 

5.3.4, the obtained results vary from one OFCS to another, one trial to another and one 

volunteer to another. Although the OFCS suffered from photobleaching and bending, the 

OFCS and commercial CO2 sensor perform relatively well in measuring the CO2 from the 

skin during loading.  

In Figure 5.10 (c), the best result was achieved from Volunteer 1’s forearm using the OFCS 

1 and commercial CO2 sensor for Trial 2 because the start and end values of both intensities 

and CO2 concentrations were almost the same for Trial 2. The observation and possible 
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reasons were discussed for variation in obtained results during the skin CO2 measurement. 

The response of the OFCS and commercial CO2 sensor were not always close to each other 

because the OFCS lost its dye properties over time. Also, the physiological properties and 

skin temperature were not the same for each of the trials. The possible steps for minimising 

the photobleaching and bending effects of the OFCS will be discussed in future directions, 

Chapter 6.  
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6. Chapter 6 

Summary, Conclusions & Future Work 

6.1 Introduction 

This chapter provides the conclusions from this research and a discussion about future 

work. Section 6.2 summarises the achieved results and concludes those results. Section 6.3 

proposes the fabrication process for a batch of optical fibre CO2 sensors at a same time, the 

storage process of an OFCS, steps to refine an FPI model, experimental protocol, and 

design of a prototype and portable clinical unit for the skin CO2 measurement using an 

OFCS. This chapter also reflects on the accomplishment of the goals set out at the 

beginning of this PhD (Section 1.2). 

6.2  Summary and Conclusions 

The application of fibre optic technology in healthcare was explored by developing an OFS 

to monitor the skin CO2. To the author’s knowledge, this is the first application of either 

an OFCS or a commercial CO2 sensor to measure the skin CO2 during loading, which has 

applications in the early detection of PUs.  

The fabrication of an OFCS was described in Section 3.2.5. The optical fibre tip was coated 

with a sol-gel film which included a pH indicator dye, thymol blue. The OFCS has cross-

sensitivity with temperature and humidity, as mentioned in Section 3.4. However, a 

negligible temperature effect on the OFCS at a fixed temperature was found in the previous 

literature review [108]. The PTFE film was used to prevent the humidity effects on the 

OFCS. The PTFE film was placed beneath the sensors’ (the OFCS and commercial CO2 

sensor) holder to prevent humidity from reaching the OFCS tip, as mentioned in Section 

3.4.3. 

In Section 3.2.4.3, the transmission and absorption spectra of TB were observed for 

different pH values. The highest absorption peak was found at a wavelength of 549, 452, 

and 606 nm for TB (red), TB (yellow), and TB (blue), respectively. In Section 3.6, the 

SEM images were used to calculate the TB concentration using the film thickness from the 

dried film on the OFCS tip. The preparation scheme (Solution 2, Section 3.5.2 ) was 
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optimised by adding Triton X-100 to improve the quality of the sol-gel film by removing 

cracking from the optical fibre tip, referred to in Section 3.5.3. Improved performance and 

an extended lifetime were achieved using this modified preparation scheme.  

In Section 3.7, the 10 OFCSs (OFCS 1-10) were calibrated inside a gas chamber alongside 

the commercial CO2 sensor for lower CO2 concentrations (276-1383 ppm). The fibre-to-

fibre variability was found from the sensitivity of the 10 calibrated OFCSs (OFCS 1-10). 

The sensitivity range w.r.t. intensity was 0.3742-2.7503 counts/ppm. The sensitivity range 

w.r.t. absorbance was 0.000008-0.00007 a.u./ppm. The changes in film properties after 

drying caused this variation in OFCSs’ (OFCS 1-10) sensitivity. 

The highest absorption peak was achieved at a wavelength of approximately 600 nm. The 

response time of the commercial CO2 datalogger is around 20 seconds [48]. The response 

time of the OFCS is 60 seconds, whereas the response time of the tC Sensor 92 probe is 

almost 78 seconds [4]. Although these slow response times would mean the sensors are not 

appropriate for some applications, such as breath to breath, skin damage is comparatively 

slow, and it is likely that these times will be acceptable to clinicians and require no further 

improvement. 

The calibration of an OFCS inside a gas chamber alongside a commercial CO2 datalogger 

(K33 ICB 10% CO2 Sensor, CO2Meter.com, USA) and a tC Sensor 92 probe (Radiometer, 

UK) for 0 ppm (0% CO2) to 50000 ppm (5% CO2) range was illustrated in Section 3.3.1. 

The error range between the theoretical and experimental PCO2 values was calculated in 

Section 5.2.2. The error was from 0.44 % to 12.01 % for 30000 ppm (3% CO2) to 50000 

ppm (5% CO2) range, respectively. The error was around 24 % for 20000 ppm (2% CO2), 

but the error was almost 50 % for below 20000 ppm (2% CO2).  The larger error value was 

achieved for the below 20000 ppm (2% CO2) due to the limitation of the tC Sensor 92 

probe. The measuring range for the tC Sensor 92 probe is 5-200 mmHg [52]. In Table 5.1, 

the maximum error (51.57 % and 47. 05 %) was achieved with the experimental PCO2 

values 4 mmHg (below the limit of detection) and 7 mmHg (close to the minimum limit of 

detection) for the 1% CO2 and 1.7% CO2, respectively. So, the probe does not respond well 

in the low CO2 concentration range. The typical PCO2 range is 36-44 mmHg, as mentioned 

in Section 2.3.1, and this range was covered from 40000 ppm (4% CO2) to 50000 ppm (5% 
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CO2) range with the error range of 0.44-8.21 %, respectively. Therefore, the tC Sensor 92 

probe is useful for measuring PCO2 from the skin due to its lower error between the 

theoretical and experimental PCO2 values.  

The model based on Fabry-Perot interferometry on the OFCS tip was developed to observe 

and understand the effects of various parameters on the sensor performance. In order to 

populate the model, it was necessary to obtain the dye absorption properties and film 

thickness at the fibre tip. Skewness and kurtosis helped to describe the different shapes of 

the spectrum of TB according to CO2 flow and pH variation. More robust in presence of 

baseline drifting compared to absorption measurement TB (blue) transformed to TB 

(yellow) after mixing CO2, and the spectrum’s shape was also changed.  

In Section 4.3.2, relevant equations were used to express the fundamental principle of an 

FPI. In Section 4.4, the reflection and absorption spectrum of the FPI was simulated with 

varying film thickness. The lower fringe visibility was found within the absorption band 

(wavelength window 585-615 nm) due to the rise of film thickness. The optimum film 

thickness was achieved as 7.234 µm by reviewing the correlation between the fringe 

visibility and film thickness.  

Qualitatively, the reflection and absorption spectra of the OFCS had similar features 

between simulations and experiments. The clearly visible fringes with a fringe visibility of 

0.21 were achieved in the simulated reflection spectrum, and the highest absorption peak 

was found at around 600 nm. However, the reflection, absorption spectra, and fringe 

visibility of the OFCS were quantitively not the same between simulations and experiments 

because the FPI simulation didn’t take the experimental film roughness and thickness into 

account. Experimentally, the film thickness of the FPI depended on the withdrawal speed, 

as mentioned in Section 3.2.6.  

In Section 5.2.1, the experimental set-up was designed to measure the PCO2 values on 10 

volunteers’ (Volunteer 1-10) forearms using the tC Sensor 92 probe at 37 °C and 42 °C for 

30 minutes. In Section 5.2.3, the maximum obtained average PCO2 value was 55 mmHg 

and 48 mmHg at 37 °C and 42 °C, respectively, over 5 trials. The minimum obtained 

average PCO2 value was 41 mmHg and 32 mmHg at 37 °C and 42 °C, respectively, over 
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5 trials. The obtained PCO2 value at 42 °C is always lower than the achieved PCO2 value 

at 37 °C due to applying the Severinghaus temperature correction factor. 

In Section 5.3.2, the experimental set-up was designed to measure the skin CO2 during 

loading on 10 volunteers’ (Volunteer 1-10) forearms using a commercial CO2 sensor 

(CozIR-A 10,000 ppm CO2 Sensor, CO2Meter.com, USA) and 10 OFCSs (OFCS 1-10) at 

a range of 32 °C and 43.4 °C for 20 minutes. The response time of the commercial CO2 

sensor is 30 seconds. In Section 5.3.4, the maximum and minimum obtained skin CO2 

concentration was 429 ppm and 149 ppm, respectively, over 3 trials. The SNR of OFCSs 

(OFCS 1-10) range was 0.5-13.4. The error range w.r.t. intensity was 0.4-86.4 %, and the 

error range w.r.t. absorbance was 2-86.4 % for the OFCSs (OFCS 1-10) and commercial 

CO2 sensor. This error range varied due to the sensitivity obtained from the OFCSs (OFCS 

1-10) in Section 3.7. 

The OFCS 1-6 and commercial CO2 sensor measured the CO2 changes on the volunteers’ 

(Volunteer 1-6) skin and in the air. The response of both sensors climbed when both sensors 

were put on the volunteers’ (Volunteer 1-6) skin. Similarly, the response of both sensors 

declined when both sensors were placed in the air. The commercial CO2 sensor also 

measured the CO2 changes on the volunteers’ (Volunteer 7-10) skin and in the air. 

Unfortunately, the OFCS 7-10 couldn’t measure the CO2 changes on the volunteers’ 

(Volunteer 7-10) skin and in the air. The variation in response between the OFCS and 

commercial CO2 sensor was found because the OFCS lost its dye properties over time. 

Also, the physiological properties and skin temperature varied for each trial. The 

performance of the OFCS suffered photobleaching and bending during the skin CO2 

measurement.  

In Section 5.3.5, the bending is a problem, which can be reduced using the experimental 

set-up, as mentioned in Figures 6.5 (a) and 6.7 (a), by placing the optical fibre as straight 

as possible inside a PLA based GCC on the fixation ring.  

In conclusion, the potential of the OFCS for healthcare applications has been initially 

demonstrated, but there is still future work to be carried out to obtain a better performance 

of the OFCS as described in the next section. 
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6.3 Future work 

The OFCS showed promising results for the skin CO2 measurement for healthcare 

applications. For example, the best result was shown in Figure 5.10 (c), where the OFCS 1 

and commercial CO2 sensor followed the same trend to measure the CO2 changes on the 

Volunteer 1’s skin and in the air successfully. On the other hand, the OFCS 7 was not 

working properly according to Figure C.25 (a) [Appendix C]; the OFCS 7 and commercial 

CO2 sensor didn’t follow the same trend to measure the CO2 changes on the Volunteer 7’s 

skin and in the air. Overall, the first 6 OFCSs (OFCS 1-6) measured the CO2 changes on 

the volunteers’ (Volunteer 1-6) skin and in the air successfully, as shown in Figures 5.10 

(a) (c) (e) and {C.10, C.13, C.16, C.19, and C.22} (a) (c) (e) [Appendix C]. Unfortunately, 

the other 4 OFCSs (OFCS 7-10) couldn’t measure the CO2 changes on the volunteers’ 

(Volunteer 7-10) skin and in the air, as shown in Figures {C.25, C.28, C.31, and C.34} (a) 

(c) (e) [Appendix C]. The success rate could be increased by performing the suggested 

future work.  

Future work is suggested around: 

i) Guidelines to fabricate, store, and perform the experiment with an OFCS have 

been provided below.  

ii) A few steps to refine the model of an FPI are proposed to make it more accurate. 

iii) In addition, the design of a prototype and portable clinical unit for the skin CO2 

measurement using an OFCS is proposed. 

These are discussed below. 

6.3.1 Guidelines to fabricate, store, and perform experiment with 

OFCSs 

The fabrication process of a batch of OFCSs to be manufactured all at the same time is 

mentioned below. It is hypothesised that this would provide more reproducible response 

across a single batch of OFCSs. The suggested procedure is as follows: 

A PLA based fibre holder and microcentrifuge tube (MT) holder are proposed to fabricate 

a batch of OFCSs (typically 10 OFCSs) simultaneously following the film preparation 
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method, as mentioned in Section 3.2.5. The number of slots of the fibre holder and MT 

holder can be modified according to the user’s requirements. In Figure 6.1 (a), the optical 

fibres and MTs are placed in the fibre holders’ slots and MT holders’ slots, respectively. 

The sol-gel solutions are kept inside the MTs, and the optical fibre tips are dipped inside 

the solution.  

The cap of the MTs needs to be closed properly during the drying interval of the OFCSs 

between each coating layer (such as 2 minutes) in the air, as shown in Figure 6.1 (b). 

Otherwise, the sol-gel will evaporate quickly and become gel because ethanol is contained 

inside this solution. 

Figure 6.1: Experimental set-up for a simultaneous coating process onto multiple optical 

fibre tips during (a) coating (b) drying intervals using commercial dip coating unit 

An immersed length plays a vital role in fabricating the OFCS. The immersed length of the 

optical fibre needs to be minimised to avoid cracking the film. The drying process and 

cracking formation are mentioned in Sections 3.3.2 and 3.5.1, respectively. In Figure 6.2 

(a), it’s better to choose the immersed length, L as around or less than 3 mm; this value is 

observed during the coating process. The small drop of solvent is applied to the optical 

fibre tip, reducing the chances of cracking formation after drying due to choosing a 

minimum immersed length. 
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Figure 6.2: Coating of optical fibre tip for (a) lower (b) higher immersed length 

Figure 6.2 (b) shows the drying steps for choosing a higher immersed length. The liquid 

drips from a starting point (marked as sp) to the fibre tip, and the liquid adheres and creates 

a large drop of solvent at the fibre tip. Finally, it starts cracking due to the evaporation of 

the solvent and higher capillary force. 

The guidelines about storing and performing the experiment with the OFCS are provided 

below: 

The OFCS needs to be fabricated using the preparation scheme, Solution 2, as mentioned 

in Section 3.5.2. The extended lifetime was achieved using Triton X-100 in the preparation 

scheme, according to Section 3.5.3. The OFCS must be stored inside a vacuum sealer bag 

after finishing the experiment. The air toxicity affects the performance of the OFCS 

because of putting the OFCS in the air for a long time. All the vacuum sealer bags having 

the OFCS can be placed in a dark container to avoid photobleaching of the dye (TB).  

The OFCS suffers from photobleaching, affecting the lifetime and performance of the 

OFCS. So, the calibration of the OFCS needs to be performed at a reduced light intensity 

not to exceed a threshold of photobleaching of the dye (TB). Also, for the proof-of-concept 

experiments, the skin CO2 needs to be measured for a short period. The response of the 

OFCS on the skin can be correlated to the calibration results of the OFCS. A light source 

with a shutter is preferable to calibrate the OFCS and skin CO2 measurement using the 

OFCS for an extended period. 
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Photobleaching is a potential barrier to widespread use and needs to be better characterised 

in future work. Photobleaching can be observed and characterised using Ultraviolet-Visible 

(UV-Vis) or absorption spectroscopy. UV-Vis spectroscopy is an analytical technique that 

measures how much a chemical substance absorbs light. The absorbance w.r.t. time can be 

observed for different intensity levels, indicating photobleaching (such as how much the 

absorbance changes according to intensity levels). 

6.3.2 Steps to refine an FPI model  

Generally, a simulation is helpful because it allows the investigation of different parameters 

such as mean, variance, skewness, kurtosis, and SNR more easily and rapidly than 

performing this experimentally. The opportunities to improve the FPI model are given 

below:  

I) To date, only discrete wavelengths have been investigated using the FPI model; however, 

the shape of the entire spectrum can be measured. Mainly, the absorption spectrum of the 

FPI model changes due to the baseline and room light variation, making measurements of 

absolute intensity challenging. A better and more reliable sensor performance can be 

achieved by investigating the shape of the entire spectrum (such as getting the stable 

baseline at a single wavelength). The measurement of the moments (such as mean, 

variance, skewness, and kurtosis) of the FPI model is more reliable because this relies on 

the shape of the spectral distribution rather than the absolute intensity. The spectral shape 

of the FPI model can be refined by detecting the moments of the FPI model. For example, 

the skew and kurtosis values can be simulated, and it is possible to observe whether these 

are more robust than absorbance values in obtaining the CO2 concentrations.  

II) Practically, the spikes (a form of noise) are found due to the room light effect on the 

absorption spectrum of the FPI model. The noise effects on the FPI model can be observed 

via the FPI simulation (such as calculating a theoretical SNR). A noise generator can be 

added to introduce white noise or systematic noise (such as baseline drifts) to investigate 

the noise effects on the FPI model. The SNR can be investigated by simulating the noise 

using the FPI model.  

Finally, the simulated results should be compared further to the experimental results.  
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6.3.3 Design of a GCC on a fixation ring  

Figures 6.3 (a) and (b) demonstrate the front and back sides of a commercial fixation ring 

(Radiometer, UK), respectively. The fixation ring’s external diameter (D1) is 32 mm, and 

the internal diameter (D2) is 16 mm. Another space with a diameter (D3) is 10 mm, which 

is used for TCPCO2 measurement from the skin. This fixation ring can be adapted for the 

OFCS applications. 

 

 

 

 

Figure 6.3: (a) Front (b) Back view of fixation ring 

The fixation ring will be capped with a PLA based circular GCC. The PLA based GCC 

will prevent leaking the skin CO2 during this experiment. The fixation ring with the PTFE 

film will nullify the humidity effect of the OFCS. The approximate dimension of the PLA 

based GCC is mentioned in Figure 6.4 based on the fixation ring’s size, and this dimension 

is chosen by considering the size of the tC Sensor 92 probe demonstrated in Figure 2.13 (a). 

The diameter (D4), height (H1), and thickness (T1) of the PLA based GCC will be around 

16, 10, and 1 mm, respectively. The adhesive fixation ring is attached to the skin very 

easily. 

 

  

 

 

  

Figure 6.4: Dimension of PLA based GCC on fixation ring 
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6.3.4 Design of a prototype for skin CO2 measurement 

The motivation for designing a prototype for measuring the skin CO2 comes from the 

previously carried out research by our collaborators at the University of Southampton. The 

OFCS will be integrated and used in a similar test our collaborators performed at the 

University of Southampton. The experiment protocol is mentioned in Section 2.3.1. 

TCPCO2 was measured from 14 healthy participants’ skins from the back side of a human 

body (such as the sacrum, according to Figure 2.5) when the participants laid on the 

hospital bed in a prone position for 20 minutes and different ranges of pressure were 

applied on the sacrum during this test [8]. 

Figure 6.5: (a) Internal structure (b) Block diagram of prototype for skin CO2 

measurement using OFCS 
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Figure 6.5 (a) shows the internal structure of the prototype for measuring the skin CO2 

using an OFCS. In Figure 6.5 (a), the same experimental set-up will be used (from Figure 

4.6) with the same equipment, as detailed in Section 3.3.1. A tablet computer is inserted at 

the front side of a plastic enclosure (around 160 mm (L) x 220 mm (W) x 60 mm (H)). The 

tablet computer functions as a screen. A light source, a patch cable, an attenuator, a coupler, 

and a spectrometer are placed inside the plastic enclosure. The coupler’s connecting port 

is placed outside the plastic enclosure to connect to the OFCS. The OFCS tip is connected 

to the PLA based GCC through the channel for designing the prototype and a portable 

clinical unit for measuring the skin CO2. The OFCS is not directly in contact with the skin. 

The commercial CO2 sensor is not included in this proposed experimental protocol for 

designing the prototype and portable clinical unit for measuring the skin CO2. 

Figure 6.5 (b) shows the block diagram of the prototype for measuring the skin CO2 using 

the OFCS. The different colours of arrows are used as a representation of different 

connections. Such as red, blue, green, and yellow arrows represent an electrical connection, 

an optical signal, a reflected optical signal, and a USB data connection, respectively. The 

light source is connected to the fibre optic attenuator via the SMA fibre optic patch cable. 

The light travels to the OFCS tip through the coupler, and the reflected light is captured 

using the spectrometer (through the coupler again), which is connected to the tablet 

computer to record the OFCS’s response.  

In Figures 6.5 (a) and (b), Adaptors 1 and 2 are needed to turn on the light source and tablet 

computer, respectively. Adaptors 1 and 2 are connected to an AC main supply via a multi 

plug adaptor and an AC power socket. 
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Figure 6.6: Experimental set-up for monitoring CO2 emitted from human skin during 

loading using OFCS and prototype  

In Figure 6.6, a volunteer lay on the bed in a prone position. The fixation ring with the PLA 

based GCC is placed on the back of the volunteer (such as the sacrum) and is pressed by 

the loading machine (from Figure 5.5 (a), Section 5.3.1); it will provide loading to the skin 

through the fixation ring. The additional slotted mass is placed inside the weight holder to 

increase the load. This prototype is straightforward to carry out for an experimenter. The 

OFCS placement inside the PLA based GCC on the fixation ring will reduce the bending 

problem observed during the skin CO2 measurement, and how the bending occurred is 

described in Section 5.3.5. 

6.3.5 Design of a portable clinical unit for skin CO2 measurement 

The motivation for designing the portable clinical unit for measuring the skin CO2 comes 

from the previously done research by our collaborators at the University of Southampton. 

The OFCS will be integrated and used in a similar test that our collaborators performed at 

the University of Southampton. The experiment protocol is mentioned in Section 2.3.1. 

TCPCO2 was measured from 12 healthy participants’ skins when the participants laid on 

the APAM in a supine position for 40 minutes [2]. 
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Figure 6.7: (a) Internal structure (b) Block diagram of portable clinical unit for skin CO2 

measurement using 4 OFCSs 

Figure 6.7 (a) shows the internal structure of the portable clinical unit for measuring the 

skin CO2 using 4 OFCSs (OFCS 1-4). In Figure 6.7 (a), the same experimental set-up will 

be used (from Figure 4.6) with the same equipment, as detailed in Section 3.3.1, except for 

2 fibre optical switches and a microcontroller. A tablet computer is inserted at the front 

side of a plastic enclosure (around 180 mm (L) x 240 mm (W) x 60 mm (H)). The tablet 

computer functions as a screen. A light source, a patch cable, an attenuator, 2 fibre optical 

switches, a microcontroller, 4 couplers, and a spectrometer are placed inside the plastic 

enclosure. The 1x4 fibre optical switch is used to connect the 4 OFCSs (OFCS 1-4) to the 
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4 couplers (Coupler 1-4), and the reflected light is captured by the spectrometer via another 

1x4 fibre optical switch. The 1x4 fibre optical switches will select each channel at a specific 

interval (such as every 20 seconds) to collect the reflected light from each OFCS one at a 

time. The microcontroller will control the sampling frequency of the 1x4 fibre optical 

switch. This way, all 4 OFCSs (OFCS 1-4) are placed on the 4 different places on the 

patient’s skin and the response of the 4 OFCSs (OFCS 1-4) can be monitored sequentially. 

The 4 couplers’ (Coupler 1-4) connecting ports are placed outside the plastic enclosure to 

connect the 4 OFCSs (OFCS 1-4). 

Figure 6.7 (b) shows the block diagram of a portable clinical unit for measuring the skin 

CO2 using the 4 OFCSs (OFCS 1-4). The different colours of arrows are used as a 

representation of different connections. Such as red, blue, green, and yellow arrows 

represent an electrical connection, an optical signal, a reflected optical signal, and a USB 

data connection, respectively. The light source is connected to the fibre optic attenuator via 

the SMA fibre optic patch cable. The light travels to the 4 OFCSs’ (OFCS 1-4) tips through 

the 1x4 fibre optical switch and couplers (Coupler 1-4), and the reflected light is captured 

using the spectrometer (through the 1x4 fibre optical switch and couplers (Coupler 1-4) 

again). The microcontroller is connected to both 1x4 fibre optical switches to maintain the 

specific interval for switching from one channel to another. The spectrometer is connected 

to the tablet computer to record the 4 OFCSs’ (OFCS 1-4) responses with the help of the 

microcontroller.  

In Figures 6.7 (a) and (b), Adaptors 1 and 2 are needed to turn on the light source and tablet 

computer, respectively. Adaptors 1 and 2 are connected to the AC main supply via the 

multi plug adaptor and AC power socket. The microcontroller is also turned on the USB 

data connection of the tablet computer. 
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Figure 6.8: Experimental set-up for monitoring CO2 emitted from human skin during 

loading using 4 OFCSs and portable clinical unit 

This experiment will be performed on the patients susceptible to PUs who will lie in bed 

for a long period. The affected area is shown in Figure 6.8; it’s located in different areas 

such as the back of the head, shoulder blade, heel, and lower back [32]. A patient lies on a 

smart mattress (such as a mattress, Tactile Pressure Experts, Sensors Products Inc., USA). 

This mattress has built-in pressure and temperature sensors which can sense the pressure 

and temperature distribution between the patient’s body and mattress surface. The pressure 

sensor is a matrix-based surface sensor that operates by the principles of piezo-resistance, 

and the thermistors sense temperature. The detectable pressure and temperature range is 0-

103.4 mmHg and 20-70 °C, respectively [138-140].  

In Figure 6.8, the adhesive polyurethane foam dressing (Biatain, Coloplast GmbH, 

Germany [141]) is placed on different body parts of the patient. The fixation ring with PLA 

based GCC is placed on the polyurethane foam dressing. The PLA based GCC will be 

covered by adhesive flexible fabric to avoid the rough surfaces of this GCC which may 

hurt the patients. The adhesive polyurethane dressing and flexible fabric make the PLA 

based GCC comfortable for the patients. The PLA based GCC with OFCS is pressed by 

the mattress; it will provide loading to the skin through the fixation ring.  

By addressing the above future work, it is hoped that the new OFCSs will have a much 

higher success rate moving this research device closer to the clinic. 
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A. Appendix A 

Results from calibration of OFCSs (used for skin CO2 

measurement) 
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Figure A.1: Response (a) Reflection Intensity (b) Absorbance of OFCS 2 for different 

CO2 concentrations at wavelength 600 nm 
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Table A.1: Variation of CO2 concentration and response (reflection intensity and 

absorbance) of OFCS 2 at wavelength 600 nm for different time periods 

Time 

(mins) 

CO2 

(ppm) 

Intensity 

(counts) 

Absorbance 

(a.u.) 

Time duration 

(mins) for 

measuring the 

change in 

CO2, 

Intensity, and 

Absorbance 

Change in 

CO2 

(ppm) 

Change in 

Intensity 

(counts) 

Change in 

Absorbance 

(a.u.) 

4 276 7533 0.844     

16 371 7611 0.839 4-16 95 78 0.005 

29 614 7828 0.827 16-29 243 217 0.012 

45 835 8127 0.811 29-45 221 299 0.016 

 

Figure A.2: Linear fitting of variation in response (reflection intensity and absorbance) 

of OFCS 2 to different CO2 concentrations at wavelength 600 nm 
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Figure A.3: Response (a) Reflection Intensity (b) Absorbance of OFCS 3 for different 

CO2 concentrations at wavelength 600 nm 
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Table A.2: Variation of CO2 concentration and response (reflection intensity and 

absorbance) of OFCS 3 at wavelength 600 nm for different time periods 

Time 

(mins) 

CO2 

(ppm) 

Intensity 

(counts) 

Absorbance 

(a.u.) 

Time duration 

(mins) for 

measuring the 

change in 

CO2, 

Intensity, and 

Absorbance 

Change in 

CO2 

(ppm) 

Change in 

Intensity 

(counts) 

Change in 

Absorbance 

(a.u.) 

5 468 13719 0.584     

16 637 13977 0.576 5-16 169 258 0.008 

27 873 14335 0.565 16-27 236 358 0.011 

39 1162 14740 0.553 27-39 289 405 0.012 

 

Figure A.4: Linear fitting of variation in response (reflection intensity and absorbance) 

of OFCS 3 to different CO2 concentrations at wavelength 600 nm 
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Figure A.5: Response (a) Reflection Intensity (b) Absorbance of OFCS 4 for different 

CO2 concentrations at wavelength 600 nm 
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Table A.3: Variation of CO2 concentration and response (reflection intensity and 

absorbance) of OFCS 4 at wavelength 600 nm for different time periods 

Time 

(mins) 

CO2 

(ppm) 

Intensity 

(counts) 

Absorbance 

(a.u.) 

Time duration 

(mins) for 

measuring the 

change in 

CO2, 

Intensity, and 

Absorbance 

Change in 

CO2 

(ppm) 

Change in 

Intensity 

(counts) 

Change in 

Absorbance 

(a.u.) 

5 351 12463 0.625     

15 523 12692 0.617 5-15 172 229 0.008 

27 799 13113 0.603 15-27 276 421 0.014 

39 1043 13491 0.590 27-39 244 378 0.013 

 

Figure A.6: Linear fitting of variation in response (reflection intensity and absorbance) 

of OFCS 4 to different CO2 concentrations at wavelength 600 nm 
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Figure A.7: Response (a) Reflection Intensity (b) Absorbance of OFCS 5 for different 

CO2 concentrations at wavelength 600 nm 
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Table A.4: Variation of CO2 concentration and response (reflection intensity and 

absorbance) of OFCS 5 at wavelength 600 nm for different time periods 

Time 

(mins) 

CO2 

(ppm) 

Intensity 

(counts) 

Absorbance 

(a.u.) 

Time duration 

(mins) for 

measuring the 

change in 

CO2, 

Intensity, and 

Absorbance 

Change in 

CO2 

(ppm) 

Change in 

Intensity 

(counts) 

Change in 

Absorbance 

(a.u.) 

5 279 15627 0.527     

15 376 15854 0.520 5-15 97 227 0.007 

28 614 16427 0.505 15-28 238 573 0.015 

39 843 17068 0.488 28-39 229 641 0.017 

 

Figure A.8: Linear fitting of variation in response (reflection intensity and absorbance) 

of OFCS 5 to different CO2 concentrations at wavelength 600 nm 
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Figure A.9: Response (a) Reflection Intensity (b) Absorbance of OFCS 6 for different 

CO2 concentrations at wavelength 600 nm 
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Table A.5: Variation of CO2 concentration and response (reflection intensity and 

absorbance) of OFCS 6 at wavelength 600 nm for different time periods 

Time 

(mins) 

CO2 

(ppm) 

Intensity 

(counts) 

Absorbance 

(a.u.) 

Time duration 

(mins) for 

measuring the 

change in 

CO2, 

Intensity, and 

Absorbance 

Change in 

CO2 

(ppm) 

Change in 

Intensity 

(counts) 

Change in 

Absorbance 

(a.u.) 

5 323 11989 0.642     

17 418 12150 0.636 5-17 95 161 0.006 

28 703 12413 0.627 17-28 285 263 0.009 

39 986 12678 0.618 28-39 283 265 0.009 

Figure A.10: Linear fitting of variation in response (reflection intensity and absorbance) 

of OFCS 6 to different CO2 concentrations at wavelength 600 nm 
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Figure A.11: Response (a) Reflection Intensity (b) Absorbance of OFCS 7 for different 

CO2 concentrations at wavelength 600 nm 
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Table A.6: Variation of CO2 concentration and response (reflection intensity and 

absorbance) of OFCS 7 at wavelength 600 nm for different time periods 

Time 

(mins) 

CO2 

(ppm) 

Intensity 

(counts) 

Absorbance 

(a.u.) 

Time duration 

(mins) for 

measuring the 

change in 

CO2, 

Intensity, and 

Absorbance 

Change in 

CO2 

(ppm) 

Change in 

Intensity 

(counts) 

Change in 

Absorbance 

(a.u.) 

5 392 18454 0.455     

15 520 18618 0.451 5-15 128 164 0.004 

28 1038 18939 0.444 15-28 518 321 0.007 

40 1383 19207 0.437 28-40 345 218 0.007 

 

Figure A.12: Linear fitting of variation in response (reflection intensity and absorbance) 

of OFCS 7 to different CO2 concentrations at wavelength 600 nm 
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Figure A.13: Response (a) Reflection Intensity (b) Absorbance of OFCS 8 for different 

CO2 concentrations at wavelength 600 nm 
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Table A.7: Variation of CO2 concentration and response (reflection intensity and 

absorbance) of OFCS 8 at wavelength 600 nm for different time periods 

Time 

(mins) 

CO2 

(ppm) 

Intensity 

(counts) 

Absorbance 

(a.u.) 

Time duration 

(mins) for 

measuring the 

change in 

CO2, 

Intensity, and 

Absorbance 

Change in 

CO2 

(ppm) 

Change in 

Intensity 

(counts) 

Change in 

Absorbance 

(a.u.) 

5 378 15111 0.542     

15 457 15204 0.539 5-15 79 93 0.003 

28 715 15354 0.535 15-28 258 150 0.004 

40 1012 15534 0.529 28-40 297 180 0.006 

 

Figure A.14: Linear fitting of variation in response (reflection intensity and absorbance) 

of OFCS 8 to different CO2 concentrations at wavelength 600 nm 
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Figure A.15: Response (a) Reflection Intensity (b) Absorbance of OFCS 9 for different 

CO2 concentrations at wavelength 600 nm 
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Table A.8: Variation of CO2 concentration and response (reflection intensity and 

absorbance) of OFCS 9 at wavelength 600 nm for different time periods 

Time 

(mins) 

CO2 

(ppm) 

Intensity 

(counts) 

Absorbance 

(a.u.) 

Time duration 

(mins) for 

measuring the 

change in 

CO2, 

Intensity, and 

Absorbance 

Change in 

CO2 

(ppm) 

Change in 

Intensity 

(counts) 

Change in 

Absorbance 

(a.u.) 

5 386 10761 0.689     

15 516 11041 0.678 5-15 130 280 0.011 

26 789 11363 0.666 15-26 273 322 0.012 

40 1106 11729 0.652 26-40 317 366 0.014 

 

Figure A.16: Linear fitting of variation in response (reflection intensity and absorbance) 

of OFCS 9 to different CO2 concentrations at wavelength 600 nm 
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Figure A.17: Response (a) Reflection Intensity (b) Absorbance of OFCS 10 for different 

CO2 concentrations at wavelength 600 nm 
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Table A.9: Variation of CO2 concentration and response (reflection intensity and 

absorbance) of OFCS 10 at wavelength 600 nm for different time periods 

Time 

(mins) 

CO2 

(ppm) 

Intensity 

(counts) 

Absorbance 

(a.u.) 

Time duration 

(mins) for 

measuring the 

change in 

CO2, 

Intensity, and 

Absorbance 

Change in 

CO2 

(ppm) 

Change in 

Intensity 

(counts) 

Change in 

Absorbance 

(a.u.) 

5 376 9222 0.756     

16 439 9296 0.753 5-16 63 74 0.003 

28 605 9414 0.747 16-28 166 118 0.006 

40 829 9564 0.740 28-40 224 150 0.007 

 

Figure A.18: Linear fitting of variation in response (reflection intensity and absorbance) 

of OFCS 10 to different CO2 concentrations at wavelength 600 nm 
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B. Appendix B 
 

Results from monitoring CO2 emitted from human skin 

using a tC Sensor 92 probe 
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Figure B.1: Average PCO2 measurement using tC Sensor 92 probe from Volunteer 2’s 

forearm 

Figure B.2: Average PCO2 measurement using tC Sensor 92 probe from Volunteer 3’s 

forearm                                          
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Figure B.3: Average PCO2 measurement using tC Sensor 92 probe from Volunteer 4’s 

forearm                                          

Figure B.4: Average PCO2 measurement using tC Sensor 92 probe from Volunteer 5’s 

forearm 
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Figure B.5: Average PCO2 measurement using tC Sensor 92 probe from Volunteer 6’s 

forearm      

Figure B.6: Average PCO2 measurement using tC Sensor 92 probe from Volunteer 7’s 

forearm 
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Figure B.7: Average PCO2 measurement using tC Sensor 92 probe from Volunteer 8’s 

forearm 

 Figure B.8: Average PCO2 measurement using tC Sensor 92 probe from Volunteer 9’s 

forearm               
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Figure B.9: Average PCO2 measurement using tC Sensor 92 probe from Volunteer 10’s 

forearm 
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C. Appendix C 

Results from monitoring CO2 emitted from human skin 

during loading using an OFCS and a commercial CO2 

sensor 
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Figure C.1: (a) (c) (e) Reflection spectra and (b) (d) (f) Absorption spectra of OFCS 2. 

Each row represents a different Trial 1-3 for Volunteer 2 
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Figure C.2: (a) (c) (e) Reflection spectra and (b) (d) (f) Absorption spectra of OFCS 3. 

Each row represents a different Trial 1-3 for Volunteer 3 
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Figure C.3: (a) (c) (e) Reflection spectra and (b) (d) (f) Absorption spectra of OFCS 4. 

Each row represents a different Trial 1-3 for Volunteer 4 
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Figure C.4: (a) (c) (e) Reflection spectra and (b) (d) (f) Absorption spectra of OFCS 5. 

Each row represents a different Trial 1-3 for Volunteer 5 
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Figure C.5: (a) (c) (e) Reflection spectra and (b) (d) (f) Absorption spectra of OFCS 6. 

Each row represents a different Trial 1-3 for Volunteer 6 
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Figure C.6: (a) (c) (e) Reflection spectra and (b) (d) (f) Absorption spectra of OFCS 7. 

Each row represents a different Trial 1-3 for Volunteer 7 
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Figure C.7: (a) (c) (e) Reflection spectra and (b) (d) (f) Absorption spectra of OFCS 8. 

Each row represents a different Trial 1-3 for Volunteer 8 
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Figure C.8: (a) (c) (e) Reflection spectra and (b) (d) (f) Absorption spectra of OFCS 9. 

Each row represents a different Trial 1-3 for Volunteer 9 
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Figure C.9: (a) (c) (e) Reflection spectra and (b) (d) (f) Absorption spectra of OFCS 10. 

Each row represents a different Trial 1-3 for Volunteer 10 
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Figure C.10: (a) (c) (e) Response (Reflection Intensity) of OFCS 2 at wavelength 600 nm 

and commercial CO2 sensor on Volunteer 2’s forearm (b) (d) (f) Volunteer 2’s skin 

temperature while heated disc is on forearm for Trials 1-3, respectively 
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Figure C.11: (a)-(c) Response (Absorbance) of OFCS 2 at wavelength 600 nm and 

commercial CO2 sensor on Volunteer 2’s forearm for Trials 1-3, respectively 
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Figure C.12: (a)-(c) Response (Raw Reflection Intensity) of OFCS 2 at wavelength 600 

nm in the air for Trials 1-3, respectively 
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Figure C.13: (a) (c) (e) Response (Reflection Intensity) of OFCS 3 at wavelength 600 nm 

and commercial CO2 sensor on Volunteer 3’s forearm (b) (d) (f) Volunteer 3’s skin 

temperature while heated disc is on forearm for Trials 1-3, respectively 
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Figure C.14: (a)-(c) Response (Absorbance) of OFCS 3 at wavelength 600 nm and 

commercial CO2 sensor on Volunteer 3’s forearm for Trials 1-3, respectively 
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Figure C.15: (a)-(c) Response (Raw Reflection Intensity) of OFCS 3 at wavelength 600 

nm in the air for Trials 1-3, respectively 
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Figure C.16: (a) (c) (e) Response (Reflection Intensity) of OFCS 4 at wavelength 600 nm 

and commercial CO2 sensor on Volunteer 4’s forearm (b) (d) (f) Volunteer 4’s skin 

temperature while heated disc is on forearm for Trials 1-3, respectively 
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Figure C.17: (a)-(c) Response (Absorbance) of OFCS 4 at wavelength 600 nm and 

commercial CO2 sensor on Volunteer 4’s forearm for Trials 1-3, respectively 
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Figure C.18: (a)-(c) Response (Raw Reflection Intensity) of OFCS 4 at wavelength 600 

nm in the air for Trials 1-3, respectively 
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Figure C.19: (a) (c) (e) Response (Reflection Intensity) of OFCS 5 at wavelength 600 nm 

and commercial CO2 sensor on Volunteer 5’s forearm (b) (d) (f) Volunteer 5’s skin 

temperature while heated disc is on forearm for Trials 1-3, respectively 
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Figure C.20: (a)-(c) Response (Absorbance) of OFCS 5 at wavelength 600 nm and 

commercial CO2 sensor on Volunteer 5’s forearm for Trials 1-3, respectively 
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Figure C.21: (a)-(c) Response (Raw Reflection Intensity) of OFCS 5 at wavelength 600 

nm in the air for Trials 1-3, respectively 
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Figure C.22: (a) (c) (e) Response (Reflection Intensity) of OFCS 6 at wavelength 600 nm 

and commercial CO2 sensor on Volunteer 6’s forearm (b) (d) (f) Volunteer 6’s skin 

temperature while heated disc is on forearm for Trials 1-3, respectively 

 



249 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.23: (a)-(c) Response (Absorbance) of OFCS 6 at wavelength 600 nm and 

commercial CO2 sensor on Volunteer 6’s forearm for Trials 1-3, respectively 
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Figure C.24: (a)-(c) Response (Raw Reflection Intensity) of OFCS 6 at wavelength 600 

nm in the air for Trials 1-3, respectively 
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Figure C.25: (a) (c) (e) Response (Reflection Intensity) of OFCS 7 at wavelength 600 nm 

and commercial CO2 sensor on Volunteer 7’s forearm (b) (d) (f) Volunteer 7’s skin 

temperature while heated disc is on forearm for Trials 1-3, respectively 
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Figure C.26: (a)-(c) Response (Absorbance) of OFCS 7 at wavelength 600 nm and 

commercial CO2 sensor on Volunteer 7’s forearm for Trials 1-3, respectively 
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Figure C.27: (a)-(c) Response (Raw Reflection Intensity) of OFCS 7 at wavelength 600 

nm in the air for Trials 1-3, respectively 
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Figure C.28: (a) (c) (e) Response (Reflection Intensity) of OFCS 8 at wavelength 600 nm 

and commercial CO2 sensor on Volunteer 8’s forearm (b) (d) (f) Volunteer 8’s skin 

temperature while heated disc is on forearm for Trials 1-3, respectively 
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Figure C.29: (a)-(c) Response (Absorbance) of OFCS 8 at wavelength 600 nm and 

commercial CO2 sensor on Volunteer 8’s forearm for Trials 1-3, respectively 

 



256 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.30: (a)-(c) Response (Raw Reflection Intensity) of OFCS 8 at wavelength 600 

nm in the air for Trials 1-3, respectively 
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Figure C.31: (a) (c) (e) Response (Reflection Intensity) of OFCS 9 at wavelength 600 nm 

and commercial CO2 sensor on Volunteer 9’s forearm (b) (d) (f) Volunteer 9’s skin 

temperature while heated disc is on forearm for Trials 1-3, respectively 
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Figure C.32: (a)-(c) Response (Absorbance) of OFCS 9 at wavelength 600 nm and 

commercial CO2 sensor on Volunteer 9’s forearm for Trials 1-3, respectively 
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Figure C.33: (a)-(c) Response (Raw Reflection Intensity) of OFCS 9 at wavelength 600 

nm in the air for Trials 1-3, respectively 
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Figure C.34: (a) (c) (e) Response (Reflection Intensity) of OFCS 10 at wavelength 600 

nm and commercial CO2 sensor on Volunteer 10’s forearm (b) (d) (f) Volunteer 10’s skin 

temperature while heated disc is on forearm for Trials 1-3, respectively 
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Figure C.35: (a)-(c) Response (Absorbance) of OFCS 10 at wavelength 600 nm and 

commercial CO2 sensor on Volunteer 10’s forearm for Trials 1-3, respectively 
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Figure C.36: (a)-(c) Response (Raw Reflection Intensity) of OFCS 10 at wavelength 600 

nm in the air for Trials 1-3, respectively 
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D. Appendix D 
 

Experiment Ethics Approval 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



264 

 

 

 

 

Monitoring of CO2 emitted from human skin during loading by using an 

optical fibre sensor, a commercial CO2 sensor and a tC Sensor 92 probe 

Participant Information Sheet 

You are invited to take part in a study which will detect CO2 from human skin by using an 

optical fibre sensor. Before you decide whether to take part it is important for you to 

understand why the research is being done and what it will involve. If you would like more 

information or have any questions, please contact Nadia Afroze 

nadia.afroze@nottingham.ac.uk or Prof Stephen Morgan steve.morgan@nottingham.ac.uk  

Background 

This study focuses on monitoring CO2 from human skin during an experiment. 

Transcutaneous CO2 pressure (TCPCO2) is a measurement of CO2 released from the skin, 

which reveals a good correlation with arterial partial pressure of CO2 (PaCO2) [1]. This 

allows a non-invasive measurement for determining PaCO2 for clinical application, such as 

predicting pressure ulcers (PUs) in ischemic skin tissue. People who experience non-

uniform pressure distribution for an extended length of time may develop PUs. However, 

most PUs starts at the skin’s surface and can progress to deeper tissue layers. Deep tissue 

injury is another classification that develops from deeper muscle layers around bony 

prominences to the skin. Transcutaneous gas monitoring is a method that was initially 

created to monitor the respiratory gases of pre-term newborns. Transcutaneous gas 

monitoring has been modified to measure the CO2 levels in loaded soft tissues in various 

research on healthy participants and those thought to be at high risk of developing PUs [2]. 

CO2 is a reliable marker for the early detection of PUs. The sensor could make an important 

contribution to predicting and preventing PUs. 

 

 

mailto:nadia.afroze@nottingham.ac.uk
mailto:steve.morgan@nottingham.ac.uk
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Who are the participants? 

Up to 20 healthy volunteers will be recruited primarily from the Optics and Photonics 

Research Group including researchers/PhD students. 

Procedure 

There are 2 parts of the experiment: The first part will be done according to set-up as shown 

in Figure D.1, and the second part will be done according to set-up as shown in Figure D.2. 

First procedure: 

Before the experiment, the participants will be asked to clean their forearms using alcohol 

gel (70 % alcohol) provided by the experimenter and allow their skin to adjust to the 

environment. At the beginning, all participants will be required to sit quietly for 5 minutes 

before the experiment commences. The participants must wear 2 surgical masks during the 

experiment because the commercial CO2 sensor is highly sensitive and can detect breathing 

CO2 quickly. 

A maximum pressure of 16 kPa (120 mmHg) will be applied to the holder, and the loading 

effects on the skin tissues will be observed. This has been shown to be a safe level in other 

studies previously conducted by our collaborators at the University of Southampton [3]. 

The contact area between the skin and the holder is 1286 mm2. 16 kPa is equivalent to a 

2.1 kg load which is provided by the loading machine. If the participant feels any pain or 

discomfort during the experiment, the participant should indicate this, and the experiment 

will be stopped immediately.   

a) Volunteers will be asked to place a heated disc with a thermocouple probe on the skin. 

A foil blanket will be wrapped over the disc, avoiding the hole in the middle of the disc. A 

compression bandage will be also wrapped around the outer parts of the foil blanket to hold 

it in place.  

b) The holder will be placed through the disc’s hole with the PTFE film face down on the 

volunteer’s skin (as shown in Figure D.1) for correct sensor placement.  
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c) The experiments will run between 37 °C and 42 °C, depending on the heat retention 

provided by the foil blanket and disc.  

d) The holder with the OFCS tip and commercial CO2 sensor will be placed on the forearm 

with a minimum load (0.5 kg) for 5 mins to provide a baseline measurement. The 0.5 kg 

load ensures the sensors remain in place and there is a gas seal between the skin and 

sensors.  

e) A 2.1 kg load will be applied for the next 10 mins.  

f) Load will be reduced to 0.5 kg for the next 5 mins.  

g) The holder will be removed from the forearm.  

The response of the OFCS and commercial CO2 sensor from a volunteer’s skin will be 

recorded using SpectraSuite Software and GasLab Software, respectively, during the 

experiment. This experiment will take approximately 20 minutes to complete steps b)-g) 

for each participant. Each participant will be tested 3 times per day and the measurements 

will be conducted with at least 30 minutes of break between each test to relax and rest the 

forearm.  

A study has shown that a sensor temperature of 43 °C was well tolerated for 5-8 hours of 

continuous monitoring [4].   

The first experiment will be conducted with the set-up shown in Figure D.1. This is 

conducted by placing a biocompatible holder (Polylactic acid, PLA, MP002267, 

Multicomp Pro, Farnell, UK) containing a commercial CO2 sensor (CM-0120, COZIR-A 

10,000 ppm CO2 Sensor, CO2Meter.com, USA) and an OFCS tip on a volunteer’s forearm. 

The OFCS tip is connected to the PLA based GCC through the channel. The OFCS is not 

directly in contact with the skin. The holder contains a PTFE cast film layer to prevent 

humidity from reaching the OFCS tip. The PTFE film acts as a membrane barrier. 
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Figure D.1: Set-up for monitoring CO2 emitted from wrapped human skin during loading 

using OFCS and commercial CO2 Sensor 

Second procedure: 

Before the experiment, the participants will be asked to clean the skin under test using 

alcohol wipe tissue (70 % alcohol) provided by the experimenter and allow their skin to 

adjust to the environment. At the beginning, all participants will be required to sit quietly 

for 5 minutes before the experiment commences. The surface of the tC Sensor 92 will be 

also cleaned by alcohol wipe tissue (70 % alcohol). The sensor will be calibrated at the 

temperature at which experiments are conducted (37 °C and 42 °C). 

a) Volunteers will be asked to place a fixation ring (as shown in Figure D.2) just on top of 

the skin (forearm).  

b) A small drop of contact gel (as shown in Figure D.2) will be applied to the skin area in 

the centre of the fixation ring and there is a 2-minute delay.  

c) The sensor will be attached to the adhesive layer in the centre of the ring and will be 

pressed gently against the skin to spread the contact gel.  

d) The experiments will run at sensor temperatures of 37 °C or 42 °C, and the duration of 

the experiment will be 30 minutes.  
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e) Each participant will be tested 5 times. The measurements will be conducted with at 

least 2 hours break to avoid prolonged exposure of the skin using the attached probe to the 

skin. 

According to the manufacturer (personal communication), the contact gel (CE marked) has 

been routinely used in cosmetics and healthcare, and there are no reported allergic 

reactions. The amount of sensitising substance present in the gel is very small, it contains 

36.7 % propylene glycol and 0.125 % cis-1-(3-Chloroallyl)-3, 5, 7-triaza-1-

azoniaadamantane chloride (Quaternium-15). Propylene glycol does not contain any 

hazardous substance or mixture and this ingredient’s level of hazard is low. However, there 

is a tiny quantity of Quaternium-15, which may provoke an allergic reaction among 

individuals with sensitive skin [5]. Before the experiment, the volunteer will be asked via 

a questionnaire if they have any allergies that are caused by exposing the skin to certain 

chemicals. If the volunteer has sensitive skin, they are excluded from this experiment. After 

2 minutes of observation, it will be easier to detect if a participant with an unknown 

sensitivity does react to the chemicals used. If any rash arises after 2 minutes of 

observation, the volunteer will be excluded from this experiment. It has been noted by the 

manufacturer (personal communication) that in more than 20 years of routine usage of the 

TCM probes in clinical practice, no allergic reaction was observed. If the participant feels 

any pain or discomfort during the experiment, this should be highlighted, and the 

experiment will be stopped immediately.  

The PCO2 values from a volunteer’s skin will be recorded by using the TCM TOSCA 

monitor. This experiment will take around 30 minutes to complete steps a)-e) for each 

participant.  

The second experiment will be conducted with the set-up shown in Figure D.2. A fixation 

ring is attached to the volunteer’s hand alongside a tC Sensor 92 probe. The tC Sensor 92 

probe is connected to the monitoring unit (TCM TOSCA monitor, Radiometer, UK) which 

is used to observe the data and record the results.  
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Figure D.2: Set-up for monitoring PCO2 from human skin using tC Sensor 92 probe 

After the experiment, the data from the OFCS, commercial CO2 sensor, and tC Sensor 92 

probe will be analysed by Microsoft Excel and MATLAB to acquire the value of CO2 

during the experiment.  

Part 2: Further Information 

Do I have to take part? 

No. Participation in the study is entirely voluntary; it is up to you to decide whether or not 

to take part. If you do decide to take part, you will be given this Participation Information 

Sheet to keep and be asked to complete a consent form. However, even if you complete the 

consent form you are still free to withdraw at any time and without giving a reason. 

What will happen to me if I take part? 

You will be asked to read through the Participant Information Sheet and then asked to 

complete the Participant Consent Form. 

What will happen if I do not want to carry on with the study? 

You can withdraw from the study at any time without having to provide a reason. If you 

do withdraw information that can be attributed to you will not be used in our analysis. 

Will I be paid? 

No. There is no reward for this research. 
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Will my taking part in this study be kept confidential?   

Yes. All information which is collected about you during the research will be kept strictly 

confidential and our procedures for handling, processing, storage, and destruction of your 

data are compliant with the Data Protection Act 1998. The data, including CO2 signals and 

PCO2, will be retained for 7 years following any publication, after this time it will be 

destroyed. All the data will be stored on password protected computers in the research 

laboratory of the Optics and Photonics Research Group. Only members of the research 

group will have access to the data. It is not possible to identify any individuals because any 

data will be published anonymously. 

What will happen to the results of the of the research study? 

This result will be used in project reports and in journal publications. The data will be 

anonymous. 

Who has reviewed the study? 

The study has been approved by the Faculty of Engineering Ethics Committee and Health 

and Safety Advisor of the University of Nottingham (UoN), respectively. 

 

 

 

 

 

 

 

 


