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ABSTRACT 

 

 

 

 

This thesis describes an optical gas sensing system suitable for monitoring the 

presence of carbon dioxide (CO2).  An optical gas sensor using low cost and compact 

mid-infrared components has been developed and tested.  The emitter and detector 

are compact, inexpensive and have low power consumption when compared with 

devices typically used in gas spectroscopy.  Simulators such as ZEMAX®12 and 

SpectralCalc.com are primarily used in this work.  Firstly, the research focuses on 

the simulation of the optimized and low cost gas cell for improvement using 

ZEMAX®12.  Few gas cell structures have been designed and analyzed, which 

include Single-Input-Single-Output (SISO), 2-Multi-Input-Single-Output, 4-Multi-

Input-Single-Output (4-MISO) and 8-Multi-Input-Single-Output.  Of all these 

structures, SISO achieves the highest power efficiency of 28.028%.  However, 

sensitivity analysis has shown that 4-MISO yields the highest sensitivity of -

0.2879%-1 and -0.2895%-1 for concentration range from 1.5% to 1.8% and from 1.1% 

to 2.0% respectively.  Secondly, the optomechanical design of optimized 4-MISO 

was analyzed and fabricated using low cost and robust material.  Experimental works 

were then carried out and the sensor’s output was acquired and recorded using Data 

Acquisition card and LabVIEW programme.  Experimental results show that the new 

developed 4-MISO sensor has similar sensitivity to simulated gas sensor for 

detecting carbon dioxide gas concentration range from 1.5% to 1.8% with overall 

sensitivity of -0.2916%-1.  However, the deviation of sensitivity between the 

measured and simulated range of concentration was calculated at 0.0037%-1.  Finally, 

the developed low cost sensor has shown the capability of detecting CO2 gas 

concentration with high accuracy of 0.6357% and response time of less than 1 

second.  The optimized gas sensor can be applied in various potential applications 

such as in monitoring indoor air quality, automotive, horticulture and heating, 

ventilating and air conditioning systems. 
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ABSTRAK 

 

 

 

 

Tesis ini menerangkan sistem penderia gas optik yang sesuai untuk 

memantau kehadiran karbon dioksida (CO2).  Penderia gas optik yang terdiri 

daripada komponen kos rendah dan inframerah pertengahan  yang padat telah 

dibangunkan dan diuji.  Pemancar dan pengesan adalah padat, murah dan 

mempunyai penggunaan kuasa yang rendah jika dibandingkan dengan peranti yang 

biasanya digunakan dalam spektroskopi gas.  Simulator seperti ZEMAX®12 dan 

laman SpectralCalc.com digunakan terutamanya dalam kerja ini.  Pertama, kajian ini 

memberi tumpuan kepada simulasi pada struktur sel gas yang optimum dan berkos 

rendah untuk penambahbaikan menggunakan ZEMAX®12.  Beberapa struktur sel 

gas telah direka bentuk dan dianalisis yang terdiri daripada Satu-Input-Satu-Output 

(SISO), 2-Multi-Input-Satu-Output, 4-Multi-Input-Satu-Output (4-MISO) dan 8-

Multi-Input-Satu-Output.  Daripada ini, SISO mencapai kecekapan kuasa tertinggi 

sebanyak 28.028%.  Walau bagaimanapun, analisis kepekaan telah menunjukkan 

bahawa 4-MISO menghasilkan kepekaan tertinggi iaitu -0.2879%-1 dan -0.2895%-1 

masing-masing, untuk julat kepekatan gas dari 1.5% sehingga 1.8% dan daripada 

1.1% sehingga 2.0%.  Keduanya, reka bentuk optomekanikal 4-MISO yang optimum 

dianalisis dan dibikin menggunakan bahan yang murah dan teguh.  Kerja-kerja 

eksperimen kemudiannya dijalankan dan keluaran penderia diperolehi dan direkod 

menggunakan Kad Perolehan Data dan program LabVIEW.  Keputusan eksperimen 

menunjukkan bahawa penderia baru 4-MISO mempunyai kepekaan yang serupa 

dengan penderia gas simulasi yang dapat mengesan julat kepekatan gas karbon 

dioksida dari 1.5% sehingga 1.8% dengan kepekaan keseluruhan sebanyak -

0.2916%-1.  Walau bagaimanapun, sisihan kepekaan antara julat kepekatan yang 

diukur dengan yang disimulasi dikira sebanyak 0.0037%-1.  Akhir sekali, penderia 

kos rendah yang dibangunkan telah menunjukkan kebolehan mengesan kepekatan 

gas CO2 dengan ketepatan sebanyak 0.6357% dan masa tindak balas kurang dari 1 

saat.  Penderia yang telah dioptimumkan boleh diguna dalam pelbagai aplikasi yang 

berpotensi seperti memantau kualiti udara dalaman, automotif, hortikultur serta 

sistem pemanasan, pengalihudaraan dan penyaman udara. 
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CHAPTER 1 

 

 

 

 

INTRODUCTION 

 

 

 

 

1.1 Introduction to Carbon Dioxide 

 

 

 Since the early 1800’s, various gases in atmosphere acting as glass in a 

greenhouse whereby they transmit incoming sunlight and absorb outgoing infrared 

radiation.  This process can ultimately raise the average historical air temperature on 

the Earth’s surface.  Carbon dioxide (CO2) has been the predominant source of 

pollutant gases incurred by the combustion process of fossil fuel and recognized as 

being one of the most influential greenhouse gases.  Over the 420,000 years ago, the 

Earth’s atmosphere which comprised of CO2 that has periodically changed in the 

time frame of about 100,000 years (in conjunction with the movement of Earth’s 

axis) from 180 to 290 parts-per-million (ppm) by volume (Kutscher, 2006).  

However, the CO2 concentration level has begun to reach the maximum value of 

about 280 ppm in 1850 (Hansen et al., 1981).  Surprisingly, the overall level of CO2 

concentration in the Earth’s atmosphere has significantly increased and reached the 

unprecedented level.  The average annual concentrations of CO2 in the atmosphere in 

2013 and 2014 are 396.48 ppm and 398.55 ppm respectively.  For the past decade 

between 2005 and 2014, the average annual increase is 2.1 ppm per year meanwhile 

the average for the prior decade between 1995 and 2004 is 1.9 ppm per year (NOAA-

ESRL, 2015). 
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These increases in atmospheric CO2 levels can give rise to a process known 

as ‘global warming’ and can have detrimental effects on both human and animal life 

here on the Earth.  The excessive of CO2 gas emission may create a host of potential 

economic and environmental threats, including increased property damage from 

storms, human health risks, reduced agricultural productivity, and ecosystem 

deterioration (Marron et al., 2015).  One of the primary sources of CO2 emission 

comes from the internal combustion engines and can lead to large scale releases of 

CO2 into the Earth’s atmosphere on a daily basis (Peirce et al., 1998).  In particular, 

the CO2 emission amount from the transport sector (including cars) takes up 20% of 

total CO2 emissions.  Being a part of energy sector, car manufacturers are facing 

significant challenges in developing technologies for reducing this portion of total 

CO2 emissions (Ishii et al., 2015). 

 

 

 

Figure 1.1 Energy-related CO2 emissions by selected region (OECD/IEA, 2015) 

 

 

As illustrated in Figure 1.1, a large share of energy-related CO2 emissions 

comes from a small number of countries.  In 2012, three countries (China, United 

States and India) gave rise to almost half of global CO2 emissions from fossil-fuel 

combustion, while ten countries (China, United States, India, Russia, Japan, 

Germany, Korea, Canada, Iran and Saudi Arabia) accounted for around two-thirds 

(IEA, 2014a).  Since 1990, total emissions in the United States and Japan have 

increased slightly, while they declined by about a fifth in the European Union.  After 
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a fall of almost 30% in emissions from Russia in the early 1990s, the emissions 

increase thereafter has remained limited.  In 2006, China overtook the United States 

as the biggest CO2 emitter, while India overtook Russia as the fourth-largest emitter 

in 2009 (OECD/IEA, 2015). 

 

 

With thoughtful consideration to global warming issue, particularly from the 

standpoint of reducing CO2 emissions, the 21st Conference of the Parties of the 

United Nations Framework Convention on Climate Change (UNFCCC) was held in 

Paris in December 2015 with the aim of adopting a new global agreement to limit 

greenhouse gas emissions.  The ultimate objective already adopted by governments 

is to limit global warming to an average of no more than 2 °C, relative to pre-

industrial levels.  This must involve the transformation of the energy sector (eg. 

buildings, transport, industry, power generation and others), as it accounts for 

roughly two-thirds of all anthropogenic greenhouse gas emissions today 

(OECD/IEA, 2015). 

 

 

 

 

1.1.1 Why Carbon Dioxide? 

 

 

CO2 gas comprised of two elements which are carbon and oxygen.  It is 

slightly irritating odourless and colourless gas which composed of carbon atom 

covalently double bonded to two oxygen atoms.  Sharp and acidic odour of the CO2 

gas will be significantly felt at higher concentration.  The density of the CO2 gas is 

higher than air.  The standard density value of CO2 is 1.98 kg/m3 at standard 

temperature and pressure (STP), indicating that the CO2 is 1.67 times denser than 

normal air in the Earth’s atmosphere.  CO2 presents in the atmosphere as a trace gas 

in a small quantities which is at a concentration of about 370 ppm by volume.  Being 

a part of the Earth’s environment, CO2 has absolutely played an essential role to 

preserve and retain the ecosystem of the life cycle between plants and animals 

(Freund et al., 2013). 
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CO2 is freed from various sources such as volcanoes, hot springs and geysers 

(Burton et al., 2013; Reigstad et al., 2010; Han et al., 2013) and also widely emitted 

from the chemical reaction of carbonate rocks through the process of dissolution in 

water or acidic solution (Shao et al., 2010).  The presence of CO2 is often found in 

water in which surrounded by land.  The existence of commingled CO2 with the oils 

and gases is significantly at depth under the ocean.  Due to the unique characteristic 

of CO2 which has high solubility in water, CO2 naturally exists in seas, rivers and 

lakes.  There are anthropogenic activities which will lead to the raise of CO2 

emission.  It includes the burning process of fossil fuels and other carbon based 

materials (Bates et al., 2012), organic compound which prepared using fermentation 

process and also through the process of human breathing (Smallegange et al., 2010 

and Blain et al., 2010). 

 

 

 

 

1.1.2 Carbon Dioxide Properties 

 

 

 CO2 naturally exists in gas state at normal temperature and pressure (STP).  

Figure 1.2 illustrates the variation of CO2 phases which depending on changes of the 

temperature and pressure.  By default, CO2 exists in solid state at the extremely low 

temperature level.  However, the solid state of CO2 will gradually turn to the water 

vapour state as the pressure decreases down to 5.1 bar.  As can be seen from the 

Figure 1.1, within the intermediate temperature extended from the triple point and 

critical point at -56.5 oC and 31.1 oC respectively, the original vapour state of CO2 

will directly turn to liquid state provided it is compressed at liquefaction pressure 

level and the removal process of heat generated (Freund et al., 2013). 

 

 

Critical point of CO2 as shown in Figure 1.2 which is at temperature of 31.1 

oC and pressure of 73.9 bar, CO2 exhibits its supercritical phase whereby it exists in 

the gas state.  At extremely high pressure level, there is point of gas density which 

could be enormous that may have approached or even exceeded the density of liquid 
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phase (Freund et al., 2013).  This has been one of the vital aspects of CO2’s attributes 

especially related to its storage matters. 

 

 

 

Figure 1.2 Phase diagram of carbon dioxide (reproduced from ChemicaLogic 

Corporation, Copyright © 1999) 

 

 

From Figure 1.2, it clearly shows that the transmittance and absorption of 

heat occurred within the three phase boundaries; between solid and gas phases, 

between solid and liquid phase and between liquid and gas phases.  For the CO2 

phase changes from supercritical point to liquid phase or gas phase, there is no 

absorbed or even emitted heat will take place (Freund et al., 2013).  This property is 

useful for the design of CO2 compression facilities since, if this can be exploited, it 

avoids the need to handle the heat associated with the liquid-gas phase change.  

Table 1.1 shows the basic physical properties of CO2 (Kirk-Othmer, 1985 and NIST, 

2003). 
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Table 1.1: Properties of CO2 

Property Value 

Molecular weight 44.01 g·mol−1 

Critical temperature 31.1 °C 

Critical pressure 73.9 bar 

Critical density 467 kg m-3 

Triple point temperature -56.5 °C 

Triple point pressure 5.18 bar 

Gas density at STP 1.976 kg m-3 

Specific heat capacity at 

constant pressure , Cp at STP 

0.0364 kJ (mol-1 K-1) 

Specific heat capacity at 

constant volume , Cv at STP 

0.0278 kJ (mol-1 K-1) 

Specific volume at STP 0.506 m3 kg-1 

Viscosity at STP 13.72 μN.s m-2 (or μPa.s) 

Thermal conductivity at STP 14.65 mW (m K-1) 

Solubility in water at STP 1.716 vol vol-1 

 

 

 

 

1.2 Exposure to Carbon Dioxide 

 

 

The concentration of CO2 at atmospheric normal condition is about 0.037%.  

This amount is generally considered as a non-toxic amount and harmless.  CO2 is a 

non-flammable gas which is 1.67 times denser than air at STP.  Hence, there will be 

a tendency for any CO2 leaking from pipe work or storage to collect in hollows and 

other low-lying confined spaces which could create hazardous situations.  The 

hazardous nature of the release of CO2 is enhanced because the gas is colourless, 

tasteless and is generally considered odourless.  Provided it is kept and remained at 

high pressure, the released CO2 could indirectly create serious health conditions to 

people such as suffocation and frostbite (Jarrell et al., 2002).  Hence, it is absolutely 
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necessary to carefully handle and process the CO2 gas at particular application which 

includes the use of CO2 facilities or equipments. 

 

 

It is reported that people with normal function of neurological, 

cardiovascular, pulmonary-respiratory may not experience serious health problem 

under exposure of CO2 gas concentration from 0.5% to 1.5% within duration of up to 

7 hours continuously (Freund et al., 2013).  However, longer exposure or higher 

concentration of CO2 than that has significant effect to human health.  It may occur if 

the minimum level of oxygen in bloodstream or atmospheric air that needed to 

maintain people life is decreased.  Besides that, people may also experience 

hazardous health condition if the amount of air taken during breathing is altered.  For 

instance, human breathing rate due to physiological effects will become quicker than 

the effect caused by the displacement of oxygen, relying on the level of CO2 gas 

concentration (Freund et al., 2013). 

 

 

 

Figure 1.3 Impact of elevated CO2 concentrations on healthy adults (Fleming et al., 

1992) 
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Figure 1.3 shows the impact of elevated CO2 concentrations on healthy adults 

in which depending on the level of concentration and duration of exposure.  The 

exposure of CO2 concentrations up to 1.5% for one hour or more, there will be no 

noticeable health changes for normal healthy adults.  However, young people who 

continuously exposed under CO2 concentration between 1.5% and 2.5% for more 

than one hour may result in small hearing loss and doubling in depth of respiration.  

For longer exposure of CO2 even at less than 1% gas concentration, it may 

remarkably affect the health.  The effect will become apparent above this level 

especially variation in respiration and blood pH level which could increase the heart 

beat rate.  Not only that, the exposure of CO2 at above this limit will result in 

discomfort feeling and nausea or even may lead to the unconsciousness condition 

(Fleming et al., 1992). 

 

 

 Figure 1.3 also illustrates the effect of CO2 exposure to human health at 

concentration of above 3%.  Without a doubt, acute exposure of 3% concentration 

and above may have a severe impact to human health such as damaged hearing and 

visual disturbances.  Not only that, young people who are doing physical training 

under the non-stop CO2 exposure of at 3% and above might be experiencing other 

bad symptoms which include migraine, impaired vision and mental perplexity.  For 

CO2 gas concentration between 7% and 10%, CO2 can act as an asphyxiant and can 

be fatal at higher concentration.  For example, death may occur for the exposure of 

20% CO2 concentration continuously in duration of 30 minutes (Fleming et al., 

1992).  Table 1.2 shows the response of gas exposure to the elevated CO2 

concentrations. 

 

 

Table 1.2: Reactions to Exposure to Elevated CO2 (Freund et al., 2013) 

CO2 (%) 
Exposure Reaction 

Air Product (2004) Rice (2004) 

1 
Breathing rate will slightly 

increase. 

Increment of respiratory rate by 

37%. 

2 

Breathing rate increases above 

normal rate (up to 50%). 

 

Respiratory and ventilation rates 

increased by 50% and 100% 

respectively.   
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Symptoms of headache and 

tiredness can be felt during 

continuous exposure at this rate. 

Thus increase the flow of brain 

blood. 

3 

Twice of normal breathing rate.  

Symptoms such as headache, 

impaired hearing could be felt. 

Increment of blood pressure and 

pulse rate and small narcotic 

effect. 

At this rate, people who breathe 

against aspiratory and expiratory 

resistance will result in the 

decrement of exercise tolerance. 

4-5 

Breathing rate will increase up to 

four times higher than normal 

rate. Intoxication will become 

obvious and small chocking 

could be felt. 

Ventilation rate will increase up to 

200%, symptoms such as 

dizziness, confusion, dyspnoea 

will become evident besides twice 

of respiratory rate. 

5-10 

Sharp odour is noticeable. 

Symptoms such as difficult to 

breathe, impaired visual, 

headache, ringing ears may be 

felt. Exposure of within minutes 

will cause loss of consciousness. 

Between 8% and 10%, symptoms 

which include very bad headache, 

confusion, dyspnoea, sweating, 

feeble vision are noticeable. 

Severe dyspnoea, vomiting, 

hypertension, disorientation and 

loss of consciousness for the 

exposure of at least 10%. 

50-100 

State of being unconscious at 

more than 10% exposure.  

Continuously exposure of high 

CO2 concentration will probably 

cause death due to asphyxiation.  

Not mentioned. 

 

 

 

 

1.3 Uses of Carbon Dioxide 

 

 

Recently, there are a number of industrial processes which involved with the 

manufacture of CO2 on site as the intermediate substance in producing the chemical 

compound.  For example, huge amount of CO2 are utilized to improve oil 

recuperation (Blunt et al., 1993).  The use of CO2 have been extended to various 

types of applications by manufactures nowadays such as in chemicals, 

pharmaceuticals, food and beverage, health care, metals industry, electronics, pulp 
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and paper and waste treatment.  A lot of CO2 are utilized as a part of the assembling 

of inorganic carbonates and a lesser sum is utilized as a part of the generation of 

natural monomers and polycarbonates (Omae, 2012).  CO2 are also used in the 

manufacture of methanol and polyurethanes using chemical process (Obert and 

Dave, 1999; Doyle and Carson, 1992).  In pharmaceutical process, CO2 is 

extensively utilized to give a dormant environment for chemical synthesis’s process 

and supercritical liquid extraction.  Besides that, it is also widely used in 

fermentation of waste water and item transportation at temperature of -78 oC 

(Subramaniam et al., 1997; Reverchon, 1997; Rao et al., 2007).  In food business 

however, CO2 is used in areas such as in bundling of foodstuffs and as cryogenic 

liquid in chilling process.  The use of CO2 is not limited to food packaging only, but 

also in the operation of preparing the frozen food. CO2 as dry ice in solid phase is 

used as temperature’s controller during the dissemination of foodstuffs (Edward and 

Vicik, 2001).  Being part of medical procedure, particularly in the intra-abdominal 

insufflations, visualization is improved by the use of CO2 by expanding the tissue or 

organ’s space (Ivankovich et al., 1975). 

 

 

 

 

1.4 Problem Formulation 

 

 

It is vital to have such adequate CO2 gas sensor to monitor or control the level 

of CO2 in the environment.  Uncontrollable exposure of CO2 to human will definitely 

lead to harm and could be hazardous indeed.  Analyzing and designing the highly 

sensitive and efficient CO2 gas sensors have become subject of interest from various 

research institutions since many years ago in order to fulfil human needs.  The 

existing CO2 sensors with high level of accuracy and/or sensitivity nowadays are 

commonly designed and applied to wide range of applications such as monitoring 

indoor air quality (Ferng and Lee, 2002; Daisey et al., 2003; Kwon et al., 2009; 

Wang et al., 2012), reducing energy usage in heating, ventilating and air 

conditioning (HVAC) systems (Koni et al., 2009; Kolarik, 2014; Lin and Lau, 2014), 

automotive for anti-drowziness monitoring and air-management systems (Arndt and 
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Sauer, 2005; Frodl and Tille, 2007), intensive spatial field monitoring of CO2 

concentrations in a naturally ventilated dairy cow house (Mendes et al., 2015), prime 

indicator of food spoilage in packed foods (Puligundla et al., 2015), monitoring CO2 

using mobile sensor system in permafrost areas (Eberhardt et al., 2014) and 

horticulture to accelerate plant growth and eliminate pests such as whiteflies and 

spider mites (Poorter, 1993 and Stafford, 2007).  They are typically designed to be an 

optimized and compact structure, hence allowing them to be applied accurately at 

anywhere and anytime depending on their applications.  However, those CO2 sensors 

with such capabilities and characteristics normally require high level of cost 

fabrication due to the uses of expensive material or components and also due to the 

sophisticated structure design.  Hence, it is absolutely necessary to design an 

economical design structure of CO2 gas sensor in which having same or even better 

performances as compared to previously reported CO2 gas sensors and commercial 

gas sensors in market nowadays.  As discussed previously in Section 1.2, prolonged 

exposure between 1.5% and 2.5% CO2 concentration for more than one hour will 

result in small hearing loss, headache, tiredness and doubling in depth of respiration.  

It is good to be capable of detecting CO2 concentration even there is small noticeable 

physical effects, hence the developed new prototype sensor is specifically designed 

for measuring CO2 concentration at below 2%. 

 

 

 

 

1.5 Motivation of Research 

 

 

This research is primarily conducted to improve the previous existing CO2 

gas sensor and to prove that the optimized gas sensor has capability of measuring 

CO2 concentration at below 2% with high accuracy and sensitivity.  A developed 

prototype of CO2 gas sensor is using low cost components and particularly designed 

to be an optimized CO2 gas sensor.  The development of an optimized CO2 gas 

sensor is intended to fulfil the requirement of current CO2 gas sensing system such as 

high level of accuracy and sensitivity.  Low cost gas sensor is an economical gas 

sensor with sufficient concentration measuring capability and constructed by 
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relatively cheap components or element.  Low cost components which include 

optical source, optical detector and collimating elements have been applied to 

develop the prototype of CO2 sensor.  Besides that, cost effectiveness of this work is 

improved by the elimination of the optical fibre.  An optimum structure of CO2 gas 

sensor has been simulated using the most capable optical and illumination design 

software, ZEMAX®12.  It is believed that the developed CO2 gas sensor can operate 

effectively due to its superior advantages such as compact, robust and economical. 

 

 

 

 

1.6 Objective of Research 

 

 

This research can be classified into three main objectives as follow: 

 

 

1. To design an optimized structure of CO2 sensor for measuring CO2 

concentration at below 2% using ZEMAX®12. 

 

 

2. To fabricate the optomechanical design of an optimized CO2 reflective gas 

sensor. 

 

 

3. To analysis and verify the performance of CO2 sensor in terms of sensitivity 

and accuracy with the previous work and commercial gas sensor. 
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1.7 Scope of Research 

 

 

 The research will be focused on designing the working prototype of reflective 

CO2 gas sensor which consists of low cost optical elements or components such as 

CaF2 window, curved mirror and cylinder tube.  This spectroscopic based CO2 sensor 

is specifically designed to improve previous reflective CO2 gas sensor and this sensor 

is meant for detecting CO2 gas concentration at below 2% with high accuracy.  The 

compact structure is simulated using ZEMAX®12 to determine the best dimension of 

optical design and optimization process using Damped Least Squares (DLS) 

algorithm to determine the optimum radius of mirror.  There are few configurations 

of considered optical design for this project using different number of light sources.  

The comparison between different configurations is made based on their merit 

function and level of power detection.  Sensitivity analysis is performed for each and 

every configuration based on its detected power to evaluate and compare the level of 

sensitivity among all simulated configurations.  Next, the optomechanical design is 

studied, analyzed and presented for fabrication purpose.  The design is mainly 

focused on determining the suitable material and mounting technique for the optical 

elements and other mechanical components applied.  In order to ensure the flow gas 

is at optimum level, the improvement is made to the housing of the gas sensor at 

which it is securely placed.  Finally, the research is continued with the experimental 

works to observe the performances and capability of the improved and optimized 

CO2 gas sensor. 

 

 

 

 

1.8 Overview of Thesis 

 

 

This thesis describes the development of an optical gas sensor to detect CO2 

gas.  The sensor is based on absorption spectroscopy technique which operates in 

mid-infrared region.  In this chapter, topics related to CO2 were discussed together 

with the background of the research.  Concrete justification of developing prototype 
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of CO2 gas sensor is also presented.  Chapter 2 introduces the comprehensive 

literature review on optical gas sensing and technologies apply.  This chapter is 

particularly prepared to give an overall picture of current technologies of optical 

sensors and their applications.  A review of various sensor configurations is 

presented and the technologies employed are examined and discussed.  Comparison 

between types of sensors, technologies applied and performance of reported gas 

sensors are carried out and tabulated.  In this chapter, theoretical background such as 

fundamental of absorption spectroscopy and Beer-Lambert Law are also explained. 

 

 

 Chapter 3 discusses instrumentation for CO2 sensor system.  The selection of 

infrared source, infrared detector, infrared window and structure of proposed gas 

sensor are presented and justified.  The choices of suitable optical components and 

instruments used in this design are absolutely important to ensure that the developed 

prototype of CO2 gas sensor is capable of measuring CO2 concentration at below 2% 

with high accuracy and sensitivity.  Chapter 4 reports simulation and optimization 

process using optical and illumination software, ZEMAX®12 and the analysis of 

optomechancial design for the optimized and improved low cost CO2 gas sensor.  

The optimization was focused on determining the optimum radius of curved mirror 

based on its merit function.  Few configurations of sensor designs are presented for 

comparison.  Development process of gas sensor, selection of material, determination 

of physical dimension and mounting techniques for optical-mount interface are 

explained here. 

 

 

 Experimental tests which were carried out using the developed optical sensor 

are summarized in Chapter 5.  Initial test identify some drawback to the sensing 

system and some solutions to these are put in place.  The system is optimized for 

detection within the mid-infrared region and subsequent test are carried out to access 

the effectiveness of the system itself.  These experimental tests quantify important 

attributes of the sensing system such as sensitivity, accuracy, and economy.  The 

achievement and conclusions of this investigation are summarised in Chapter 6.  In 

addition some improvements that need to be carried out in future work are included. 

 



 

REFERENCES 

 

 

Akiyama, M., Tamaki, J., Miura, N., and Yamazoe, N. (1991). Tungsten Oxide

 Based Semiconductor Sensor Highly Sensitive to NO and NO2. Chemistry

 Letters. 20(9), 1611-1614. 

Apte, M. G.  (2006). A Review of Demand Controlled Ventilation.  Proceeding of 

 the Healthy Building 2006.  4-8 June.  Lisbon, Portugal, 371-376. 

Arndt, M. and Sauer, M.  (2004). Infrared Carbon Dioxide Sensor and Its

 Applications In Automotive Air-Conditioning Systems.  Proceeding of the

 IEEE, Sensor 2004.  24-27 October.  1, 252-255. 

Azad, A. M., Akbar, S. A., Mhaisalkar, S. G., Birkefeld, L. D., and Goto. K. S.

 (1992). Solid State Gas Sensors: A Review. Journal of the Electrochemical

 Society. 139(12), 3690-3704. 

Bakker, E and Telting-Diaz, M. (2002). Electrochemical Sensors. Analytical

 Chemistry. 74(12), 2781-2800. 

Barker, P. S., Petty, M. C., Monkman, A. P., McMurdo, J., Cook, M. J., and Pride, J.

 (1996). A Hybrid Phthalocyanine/Silicon Field-Effect Transistor Sensor for

 NO2. Thin Solid Films. 284-285, 94-97. 

Barrettino, D., Badaracco, G., Sala, M., Piffaretti, F., and Sammartini, M. (2013). In

 Line Capacitive Moisture Sensor for Polymer Industries. Proceedings of the

 Instrumentation and Measurement Technology Conference (I2MTC). 6-9

 May. Minneapolis, MN, 581-586. 

Bartlett, P. N., and Guerin, S. (2003). A Micromachined Calorimetric Gas Sensor: An

 Application of Electrodeposited Nanostructured Palladium for the Detection

 of Combustible Gases. Analytical Chemistry. 75(1), 126-132. 

Bates, N. R., Best, M. H. P., Neely, K., Garley, R., Dickson, A. G., and Johnson, R.

 J. (2012). Detecting Anthropogenic Carbon Dioxide Uptake and Ocean

 Acidification in the North Atlantic Ocean. Biogeosciences. 9(7), 2509-2522.



146 
 

Bavoux, B., Pauly, M., Danel, J. S., and Robert, P. (2012). U.S. Patent No. US

 8230727 B2. Retrieved on April 14, 2014, from www.google.com/patents 

Bayar, M. (1981). Lens Barrel Optomechanical Design Principles. Optical

 Engineering. 20(2), 181. 

Blain, G. M., Smith, C. A., Henderson, K. S., and Dempsey, J. A. (2010). Peripheral

 Chemoreceptors Determine The Respiratory Sensitivity of Central

 Chemoreceptors to CO2. The Journal of physiology. 588(13), 2455-2471. 

Blunt, M., Fayers, F. J., and Orr, F. M. (1993). Carbon Dioxide in Enhanced Oil

 Recovery. Energy Conversion and Management. 34(9), 1197-1204. 

Bogue, R. W. (2006). Technology Roadmap: Optoelectronic Gas Sensors In the

 Petrochemicals, Gas and Water Industries. OptoCem.Net. 

Burton, M. R., Sawyer, G. M., and Granieri, D. (2013). Deep Carbon Emissions from

 Volcanoes. Reviews in Mineralogy and Geochemistry. 75(1), 323-354. 

Cai, T., and Gao, G. (2011). Detection of CO2 using Diode-Laser Absorption Near

 1.573µm in Combustion Gases. Proceedings of Bioinformatics and

 Biomedical Engineering, (IiCBBE) 2011 5th International Conference. 10-12

 May. Wuhan, 1-3. 

Chamber, P. (2005). A Study of a Correlation Spectroscopy Gad Detection Method.

 Doctor Philosophy, University of Southampton, U.K. 

Chen, H., Karion, A., Rella, C. W., Winderlich, J., Gerbig, C., Filges, A., Newberger,

 T., Sweeney, C., and Tans, P. P. (2013). Accurate Measurements of Carbon

 Monoxide In Humid Air Using the Cavity Ring-Down Spectroscopy (CRDS).

 Technique. Atmospheric Measurement Techniques. 6(6), 1031-1040. 

Ciddor, P. E. (2002). Refractive Index of Air: 3. The Roles of CO2, H2O and

 Refractivity Virials. Applied Optics. 41(12), 2292-2298. 

Conde, O. C., Garcia, S., Mirapeix, J. M., Echevarria, J., Saavedra, F. J. M., and

 Lopez Higuera, J. M. (2002). New Optical Cell Design for Pollutant

 Detection. Proceedings of SPIE 4578, Fiber Optic Sensor Technology and

 Application 2001. 28 Oct, 2001. Boston, 283. 

Daisey, J. M., Angell, W. J., and Apte, M. G.  (2003). Indoor Air Quality,

 Ventilation and Health Symptoms in Schools: An Analysis of Existing

 Information.  Indoor Air. 13(1), 53-64. 

Davis, S. R., Chadwick, A, V., and Wright, J. D. (1998). The Effects of Crystallite

 Growth and Dopant Migration on the Carbon Monoxide Sensing

http://www.google.com/patents
http://www.ncbi.nlm.nih.gov/pubmed/?term=Blain%20GM%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Smith%20CA%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Henderson%20KS%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Dempsey%20JA%5Bauth%5D


147 
 

 Characteritics of Nanocrystalline Tin Oxide based Sensor Materials. Journal

 of Materals Chemistry. 8(9), 2065-2071. 

Davy’s Safety Lamps. (1836). Progress of Practical and Theoretical Mechanics.

 Journal of the Franklin Institute. 22(1), 48-51. 

De Maria, G., Natale, C., and S. Pirozzi. (2012). Force/Tactile Sensor for Robotic

 Applications. Sensors and Actuators A: Physical. 175, 60-72. 

Debeda, H., Rebiere, D., Pistre, J., and Menill, F. (1995). Thick film Pellistor Array

 with a Neural Network Post-Treatment. Sensors and Actuators B: Chemical.

 27(1-3), 297-300. 

Di Pietrantonio, F., Benetti, M., Cannata, D., Verona, E., Palla-Papavlu, A., Dinca,

 D., Dinescu, M., Mattle, T., and Lippert, T. (2012). Volatile Toxic

 Compound Detection by Surface Acoustic Wave Sensor Array Coated with

 Chemoselective Polymers Deposited by Laser Induced Forward Transfer:

 Application to Sarin. Sensors and Actuators B: Chemical. 174, 158-167. 

Dinh, L. T., Pasman, H., Gao, X., Sam Mannan, M. (2012). Resilience Engineering

 of Industrial Processes: Principles and Contributing Factors. Journal of Loss

 Prevention in the Process Industries. 25(2), 233-241. 

Dong, D., Zhao, C., Zheng, W., Wang, W., Zhao, X., and Jiao, L. (2013). Analyzing

 Strawberry Spoilage Via its Volatile Compounds Using Long Path Fourier

 Transform Infrared Spectroscopy. Scientific Reports. 

Dooly, G. (2008). On-Board Monitoring of Vehicle Exhaust Emissions Using an

 Ultraviolet Optical Fibre Based Sensor. Doctor Philosophy. University of

 Limerick. 

Dooly, G., Mulrooney, J., Merlone-Borla, E., Flavia, G., Clifford, J., Fitzpatrick, C.,

 and Lewis, E. (2008). In-situ monitoring of Carbon Dioxide Emissions from a

 Diesel Automobile using a Mid-Infrared Optical Fibre Based Point Sensor.

 Proceedings of Instrumentation and Measurement Technology Conference,

 2008. IMTC 2008. Victoria, BC: IEEE. 

Doyle, E. N., and Carson S. (1992). U.S. Patent No. US 5,120,770 A. Retrieved on

 March 7, 2014, from www.google.com/patents 

Eberhardt, A., Scholz, L., Westermann, S., Sachs, T., Langer, M., Wöllenstein, J.,

 and Palzer, S. (2014). Low Cost, Mobile Sensor System for Measurement of

 Carbon Dioxide in Permafrost Areas. Procedia Engineering. 87, 1318-1321. 

Edlen, B. (1966). The Refractive Index of Air. Metrologia2, 71–80. 

http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Dooly,%20G..QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Mulrooney,%20J..QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Merlone-Borla,%20E..QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Flavia,%20G..QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Clifford,%20J..QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Fitzpatrick,%20C..QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Lewis,%20E..QT.&newsearch=true
http://www.google.com/patents


148 
 

Edwards, D. N., and Vicik S. J. (2013). U.S. Patent No. US 6,511,688 B2. Retrieved

 on March 10, 2014, from www.google.com/patents 

Eric, E. P., and Robert H. B. (2011). Production and Detection of Carbon Dioxide on

 Iapetus. Icarus. 212(2), 807-818. 

Fan, R., and Pearton, S. J.  (2011). Semiconductor Device-Based Sensors for Gas,

 Chemical, and Biomedical Applications.  Northwest, Washington, D.C. :

 Taylor and Francis Group. 

Ferng, S. F., and Lee, L. W. (2002).  Indoor Air Quality Assessment of Daycare

 Facilities with Carbon Dioxide, Temperature, and Humidity as Indicators.

 Journal of Environment Health.  65(4), 14. 

Fleming, E. A., Brown, L. M., and Cook, R. I. (1992). Overview of Production

 Engineering Aspects of Operating the Denver Unit CO2 Flood. Proceedings

 of the SPE/ DOE Enhanced Oil Recovery Symposium. 22−24 April. Tulsa,

 Oklahoma. 

Fomin, A., Zavlev, T., Rahinov, I., and Cheskis, S. (2015). A Fiber Laser Intracavity

 Absorption Spectroscopy (FLICAS) Sensor for Simultaneous Measurement

 of CO and CO2 Concentrations and Temperature. Sensors and Actuators B:

 Chemical. 210, 431-438. 

Fordl, R.  (2007). An Automotive Bi-Source Spectroscopic Carbon Dioxide Sensor

 with Pressure Compensation.  Sensors and Actuators B: Chemical.  127(1),

 82-88. 

Freund, P., Bachu, S., Simbeck, D., Kelly, Thambimuthu, and Gupta, M. (2013).

 Properties of CO2 and Carbon-Based Fuels. IPCC Special Report on Carbon

 dioxide Capture and Storage. 

Gall, M. (1993). The Si-Planar-Pellistor Array, A Detection Unit for Combustible

 Gases. Sensors and Actuators B: Chemical. 16(1-3), 260-264. 

Ganesh, I. (2013). Conversion of Carbon Dioxide into Several Potential Chemical

 Commodities Following Different Pathways-A Review. Materials Science

 Forum. 764, 1-82. Trans Tech Publications. 

Gao, Q., Zhang, Y., Yu, J., Wu, S., Zhang, Z., Zheng, F., Lou, X., and Guo, W.

 (2013). Tunable Multi-Mode Diode Laser Absorption Spectroscopy for

 Methane Detection. Sensors and Actuators A: Physical. 199, 106-110. 

Ghoshal, A., Ayers, J. T., Haile, M., Shiao, M., Le, D. D. (2012). Sensor

 Applications for Structural Diagnostics and Prognostics in Aerospace

http://www.google.com/patents


149 
 

 Systems. Proceeding of the SPIE 8345, Sensors and Smart Structure

 Technologies for Civil, Mechanical, and Aerospace Systems. 11 March. San

 Diego, California. 

Gopel W., Hesse J., and Zemel J. N., (1992). Optical Sensors. Sensors, A

 Comprehensive Survey, Series. (6), 118. 

Gu, C., Sun, L., Zhang, T., Li, T. and Zhang, X. (1998). High-Sensitivity

 Phthalocyanine LB Film Gas Sensor Based on Field Effect Transistors. Thin

 Solid Films, 327-329(1), 383-386. 

Gutmacher, D., Hoefer, U., and Wöllenstein, J. (2012). Gas Sensor Technologies for

 Fire Detection. Sensors and Actuators B: Chemical. 175, 40-45. 

Hadid, B., Ouvrard, R., Le Brusquet, L., Poinot, T., Etien, E., Sicard, F., and Grau,

 A. (2015). Design of Low-Cost Sensors for Industrial Processes Energy

 Consumption Measurement: Application to the Gas Flow Consumed by a

 Boiler: Sensing Technology: Current Status and Future Trends IV. (12th ed.).

 Switzerland: Springer International. 

Han, W. S., Lu, M., McPherson, B. J., Keating, E. H., Moore, J., Park, E., Watson, Z.

 T., and Jung, N. H. (2013). Characteristics of CO2‐Driven Cold‐Water

 Geyser, Crystal Geyser in Utah: Experimental Observation and Mechanism

 Analyses. Geofluids. 13(3), 283-297. 

Han, Y., Liang, T., Yang, X-J., Ren, X-L., and Yin, Y-F. (2010). Research on

 Optical Air Chamber of Infrared Gas Sensor. Proceedings of First

 International Conference on Pervasive Computing, Signal Processing and

 Applications. 17 19 Sept. Harbin, China, 33-36. 

Hansen, J., Johnson. D., Lacis, A., Lebedeff, S., Lee, P., Rind, D., and Russell, G.

 (1981). Climate Impact of Increasing Atmospheric Carbon Dioxide. Science.

 213 (4511), 957-966. 

Harada, T., Sakurai, M., Honda, S., Yasui, M., and Owaki, T. (2014). Application of

 Taste Sensor to Medicines in Research, Development and Market.

 Yakugakuzasshi. 134(3), 325-331. 

Harris, D. C. (1999). Materials for Infrared Windows and Domes, Properties and

 Performance. Bellingham, WA: SPIE Press. 

Hawe, E., Chambers, P., Fitzpatrick, C., and Lewis, E. (2007). CO2 Monitoring and

 Detection using an Integrating Sphere as a Multipass Absorption Cell.

 Measurement Science and Technology. 18, 3187-3194. 

http://www.sciencemag.org/search?author1=J.+Hansen&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=D.+Johnson&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=A.+Lacis&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=S.+Lebedeff&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=P.+Lee&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=D.+Rind&sortspec=date&submit=Submit
http://www.sciencemag.org/search?author1=G.+Russell&sortspec=date&submit=Submit


150 
 

He, Z.-g., Shen, R.-w., and Han J.-g. (2014). Application Status and Development

 Trends of ZrO_2 Oxygen Sensors in Automobiles. Sensor World. 3, 01. 

Hidalgo Falla, M. P., Peres, H. E. M., and Ramirez-Fernandez, F. J. (2004). Tin

 Oxide Nanometric Films Doped with Nickel for Sulphur Dioxide Enviroment

 Monitoring. Physica Status Solidi (C). 1(1), 112-115. 

Hill. R. J. (1995). Refractive Index of Atmospheric Gases. The Upper Atmosphere.

 W. Diemenger, G. Hartmann, and R. Leitinger, (Eds.). Springer, Berlin, 261

 270. Hodgkinson, J., and Tatam, R. P. (2013). Optical Gas Sensing: A

 Review. Measurement Science and Technology. 24, 59. 

Hodgkinson, J., Smith, R., Ho, W. O., Saffell, J. R., and Tatam, R. P. (2013). Non

 Dispersive Infra-Red (NDIR) Measurement of Carbon Dioxide at 4.2 μm in a

 Compact and Optically Efficient Sensor. Sensors and Actuators B: Chemical.

 186, 580-588. 

Hök, B., Ljungblad, J., Andersson, A. K., Ekstrom, M., and Enlund, M. (2014).

 Unobtrusive and Highly Accurate Breath Alcohol Analysis Enabled by

 Improved Methodology and Technology. Journal of Forensic Investigation.

 2(4), 8. 

Holmen, J. P. (2012). Experimental Methods for Engineers. (8th ed.). McGraw-Hill,

 Manhattan, 5. 

Huang, C.-F., and Liu, C.-F. (2013). New Ultrasonic Parking Sensor System in

 Automobiles, in Intelligent Technologies and Engineering Systems. Springer

 New York. 

Hunter, G. W., Xu, J. C., Evans, L. J., Fonseca, L. F., Katiyar, R., Martinez-Inesta,

 M. M., and Otana, W (2004). Advanced Sensor Nanomaterials for Aerospace

 Applications). Cabrera, C. R., Miranda, F. A. (Ed.). Advanced Nanomaterials

 for Aerospace Applications (5-25). Italy, CRC Press Book. 

Ida, N. (2014). Sensor, Actuators and their Interfaces: A Multidisciplinary

 Introductions. (1st eds). SciTech, Edison, NJ. 

Imanaka, N., Kawasato, T., and Adachi, G. Y. (1991). Selective CO2 Detection with

 a Lithium Conductor Based Sensor. Chemistry Letters. 20(1), 13-16. 

InfraTec (2015). Model LIM-262-DH Pyroelectric Multispectral detector. German:

 InfraTec. 

Ion Optics (2013). MW IR Sources with Parabolic Reflector CaF2 Window. MA,

 USA: Ion Optics. 



151 
 

Irvin, F., Hawkins, Jr., James, G., Caridi., Robert, F., LeVeen., Scott, D., Khoze.,

 Christopher, R. J., and Mladinich. (2000). Use of Carbon Dioxide for the

 Detection. Techniquesin Vascular and International Radiology. 3(3), 130

 138. 

Ishihara, T., Higuchi, M., Takagi, T., Ito, M., Nishiguchia, H., and Takita, Y. (1998).

 Preparation of CuO Thin Films on Porous BaTiO3 by Self-Assembled

 Multilayer Film Formation and Application as a CO2 Sensor. Journal of

 Material Chemistry. 8(9), 2037-2042. 

Ishihara, T., Kometani, K., Mizuhara, Y., and Takita, Y. (1991). Mixed Oxide

 Capacitor of CuO–BaSnO3 as a Sensor for CO2 Detection over a Wide Range

 of Concentration. Chemistry Letters. 20(10), 1711-1714. 

Ishihara, T., Kometani, K., Mizuhara, Y., and Takita, Y. (1992). Application of a

 Mixed Oxide Capacitor to the Selective Carbon Dioxide Sensor. Journal of

 the Electrochemical Society. 139(10), 2881-2885. 

Ivankovich, A. D., Miletich, D. J., Albrecht, R. F., Heyman, H. J., and Bonnet, R. F.

 (1975). Cardiovascular Effects of Intraperitoneal Insufflation with Carbon

 Dioxide and Nitrous Oxide in the Dog. Anesthesiology. 42(3), 281-287. 

Jain, P., and Kushwaha. R. (2012). Wireless Gas Sensor Network for Detection and

 Monitoring of Harmful Gases in Utility Areas and Industries. Proceedings of

 the Sensing Technology (ICST), 2012 Sixth International Conference on. 18-

 21 Dec. Kolkata, West Bangal, India, 642-646. 

Jarrell, P. M., Fox, C. E., Stein, M. H., and Webb, S. L. (2002). CO2 Flood

 Environmental, Health and Safety Planning. Chapter 9 of Practical Aspects

 of CO2 Flooding. Monograph 22. Society of Petroleum Engineers,

 Richardson, TX, USA. 

Jones, E. (1987). The Pellistor Catalytic Gas Detector. In Mosley PT, Tofield BC

 (Ed.) Solid State Gas Sensors. Adam Hilger, Bristol: IOP publishing Ltd. 

Kane, M. J., Wheaton, D. L., and Tierney, S. P. (2013). U.S. Patent No.

 US20130245965 A1. Retrieved on April 22, 2014, from

 www.google.com/patent 

Katou, H., Sakai, K., Kambe, T., and Oi, K. (2000). U.S. Patent No. US 6158721 A.

 Retrieved on March 10, 2014, from www.google.com/patents 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Ivankovich%20AD%5BAuthor%5D&cauthor=true&cauthor_uid=123134
http://www.ncbi.nlm.nih.gov/pubmed/?term=Miletich%20DJ%5BAuthor%5D&cauthor=true&cauthor_uid=123134
http://www.ncbi.nlm.nih.gov/pubmed/?term=Albrecht%20RF%5BAuthor%5D&cauthor=true&cauthor_uid=123134
http://www.ncbi.nlm.nih.gov/pubmed/?term=Heyman%20HJ%5BAuthor%5D&cauthor=true&cauthor_uid=123134
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bonnet%20RF%5BAuthor%5D&cauthor=true&cauthor_uid=123134
http://www.google.com/patent
http://www.google.com/patents


152 
 

Kihm, H. Yang, H, S., Moon, L. K., Yeon, J. H., Lee, S. H., and Lee, Y. W. (2012).

 Adjustable Bipod Flexures for Mounting Mirrors in a Space Telescope.

 Applied Optics. 51(32), 7776-7783. 

Kirk-Othmer. (1985). Concise Encyclopaedia of Chemical Technology. (3rd ed). New

 York, USA: Wiley. 

Kitazono, Y., Matsumoto, T., Nakashima, S., Yang, S. Y., and Seiichi, S. (2012). A

 Monitoring System to Prevent Forgetting to Take Medicines on Time Using

 Funnel-Shaped Sensors. Applied Mechanics and Materials. 103, 606-610. 

Knöll, R. I., Hoshijima, M., Hoffman, H. M., Person, V., Lorenzen-Schmidt, I., Bang

 M. L., Hayashi, T., Shiga, N., Yasukawa, H., Schaper, W., McKenna, W.,

 Yokoyama, M., Schork, N. J., Omens, J. H., McCulloch, A. D., Kimura, A.,

 Gregorio, C. C., Poller, W., Schaper, J., Schultheiss, H. P., and Chien, K. R.

 (2002). The Cardiac Mechanical Stretch Sensor Machinery Involves a Z Disc

 Complex that Is Defective in a Subset of Human Dilated Cardiomopthy. Cell.

 111(7), 943-955. 

Kolarik, Jakub.  (2014). CO2 Sensor Versus Volatile Organic Compounds (VOC)

 Sensor - Analysis of Field Measurement Data and Implications for Demand

 Controlled Ventilation.  Proceeding of the 13th International Conference on

 Indoor Air Quality and Climate 2014.  7-12 July.  Hong Kong. 283-290. 

Koni, M., Isik, C., Khalifa, H. E., Palanthandalam-Madapusi, H. J.  (2009). Utility of

 CO2 Sensors for Distributed Demand Control Ventilation.  Proceeding of the

 9th International Conference and Exhibition - Healthy Buildings 2009.  13-17

 September. Syracuse, New York. 108. 

Kutscher, C. (2006). Automotive Emissions and the Greenhouse Effect. July/August

 2006 issue. SOLAR Today magazine. 

Kwon, J., Ahn, G., Kim, G., Kim, J. C., and Kim, H.  (2009). A Study on 

NDIR Based CO2 Sensor to Apply Remote Air Quality Monitoring System. 

Proceeding of the ICCAS-SICE 2009 - ICROS-SICE International Joint 

Conference 2009. 18-21 August.  Fukuoka, Jepun, 1683-1687. 

Lang, L. (1974). Absorption Spectra in the Infrared Region. (1st ed.). London:

 Butterworths, LexisNexis. 

Lee, D. D., and Lee, D. S. (2001). Environmental Gas Sensors. IEEE Sensors

 Journal. 1(3), 214-224. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Kn%C3%B6ll%20R%5BAuthor%5D&cauthor=true&cauthor_uid=12507422
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hoshijima%20M%5BAuthor%5D&cauthor=true&cauthor_uid=12507422
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hoffman%20HM%5BAuthor%5D&cauthor=true&cauthor_uid=12507422
http://www.ncbi.nlm.nih.gov/pubmed/?term=Person%20V%5BAuthor%5D&cauthor=true&cauthor_uid=12507422
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lorenzen-Schmidt%20I%5BAuthor%5D&cauthor=true&cauthor_uid=12507422
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bang%20ML%5BAuthor%5D&cauthor=true&cauthor_uid=12507422
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bang%20ML%5BAuthor%5D&cauthor=true&cauthor_uid=12507422
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hayashi%20T%5BAuthor%5D&cauthor=true&cauthor_uid=12507422
http://www.ncbi.nlm.nih.gov/pubmed/?term=Shiga%20N%5BAuthor%5D&cauthor=true&cauthor_uid=12507422
http://www.ncbi.nlm.nih.gov/pubmed/?term=Yasukawa%20H%5BAuthor%5D&cauthor=true&cauthor_uid=12507422
http://www.ncbi.nlm.nih.gov/pubmed/?term=Schaper%20W%5BAuthor%5D&cauthor=true&cauthor_uid=12507422
http://www.ncbi.nlm.nih.gov/pubmed/?term=McKenna%20W%5BAuthor%5D&cauthor=true&cauthor_uid=12507422
http://www.ncbi.nlm.nih.gov/pubmed/?term=Yokoyama%20M%5BAuthor%5D&cauthor=true&cauthor_uid=12507422
http://www.ncbi.nlm.nih.gov/pubmed/?term=Schork%20NJ%5BAuthor%5D&cauthor=true&cauthor_uid=12507422
http://www.ncbi.nlm.nih.gov/pubmed/?term=Omens%20JH%5BAuthor%5D&cauthor=true&cauthor_uid=12507422
http://www.ncbi.nlm.nih.gov/pubmed/?term=McCulloch%20AD%5BAuthor%5D&cauthor=true&cauthor_uid=12507422
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kimura%20A%5BAuthor%5D&cauthor=true&cauthor_uid=12507422
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gregorio%20CC%5BAuthor%5D&cauthor=true&cauthor_uid=12507422
http://www.ncbi.nlm.nih.gov/pubmed/?term=Poller%20W%5BAuthor%5D&cauthor=true&cauthor_uid=12507422
http://www.ncbi.nlm.nih.gov/pubmed/?term=Schaper%20J%5BAuthor%5D&cauthor=true&cauthor_uid=12507422
http://www.ncbi.nlm.nih.gov/pubmed/?term=Schultheiss%20HP%5BAuthor%5D&cauthor=true&cauthor_uid=12507422
http://www.ncbi.nlm.nih.gov/pubmed/?term=Chien%20KR%5BAuthor%5D&cauthor=true&cauthor_uid=12507422


153 
 

Lee, Y. J., Kim, H. B., Roh, Y. R., Cho, H. M., and Baik, S. (1998). Development of

 a Saw Gas Sensor for Monitoring SO2 Gas. Sensors and Actuators A:

 Physical. 64(2), 173-178. 

Lendl, B., Ritter, W., Harasek, M., Niessner, R., and Haisch, C. (2006).

 Photoacoustic Monitoring of CO2 in Biogas Matrix using a Quantum Cascade

 Laser. Proceedings of IEEE Sensor. 22-25 May. Daegu, Korea, 338-341. 

Li, M., Dai, J.-M., and Peng, G.-D. (2009). Thin Gas Cell with GRIN Fiber Lens for

 Intra-Cavity Fiber Laser Gas Sensors. Proceedings of International

 Symposium on Photoelectronic Detection and Imaging 2009: Laser Sensing

 and Imaging. 17-19 Jun. Beijing, China. 

Lin, X. and Lau, J.  (2014). Demand Controlled Ventilation for Multiple Zone

 HVAC Systems: CO2-Based Dynamic Reset (RP 1547).  HVAC and R

 Research. 20(8), 875-888. 

Lo, Y. L., and Chu, C. S.  (2009).  Highly Sensitive and Linear Optical Fiber Carbon

 Dioxide Sensor Based on Sol-Gel Matrix Doped with Silica Particles and

 HPTS.  Sensors and Actuators B: Chemical.  143(1), 205-210. 

Long, D. A., Gameson, L., Truong, G.-W., Bielska, K., Cygan, A., and Hodges, J. T.

 (2013). The Effects of Variations in Buffer Gas Mixing Ratios on

 Commercial Carbon Dioxide Cavity Ring-Down Spectroscopy Sensors.

 Journal of Atmopheic and Oceanic Technology. 30(11), 2604-2609. 

Marcus, T. C. E., Ibrahim, M. H., Ngajikin, N. H., and Azmi, A. I. (2015). Optical

 Path Length and Absorption Cross Section Optimization for High Sensitivity

 Ozone Concentration Measurement. Sensor and Actuators B: Chemical. 221,

 570-575. 

Matsubara, S., Kaneko, S., Morimoto, S., Shimizu, S., Ishihara, T., and Takita, Y.

 (2000). A Practical Capacitive Type CO2 Sensor Using CeO2/BaCO3/CuO

 Ceramics. Sensors and Actuators B: Chemical. 65(1-3), 128-132. 

Mendes, L. B., Ogink, N. W. M., Edouard, N., Dooren, H. J. C. V., Tinôco, I. D. F.

 F., and Mosquera, J. (2015). NDIR Gas Sensor for Spatial Monitoring of

 Carbon Dioxide Concentrations in Naturally Ventilated Livestock Buildings.

 Sensors. 15, 11239-11257. 

Miller, L. J.  (1994). Principles of Infrared Technology: A Practical Guide to the

 State of the Art.  (1st ed).  New York, USA.  Springer. 



154 
 

Mirabella, F. M.  (1993). Internal Reflection Spectroscopy: Theory and Applications.

 New York: Marcel Dekker. 

Mondal, B., Meetei, M. S., Das, J., Roy Chaudhuri, C., and Saha, H. (2015).

 Quantitative Recognition of Flammable and Toxic Gases with Artificial

 Neural Network using Metal Oxide Gas Sensors in Embedded Platform.

 Engineering Science and Technology, an International Journal. 18(2), 229-

 234. 

Moseley, P. T. (1997). Solid State Gas Sensors. Measurement Science and Tecnolgy.

 8(3), 223-237. 

Muda, R., Dooly, G., Clifford, J, Mulrooney, J., Flavia, G., Merlone-Borla, E.,

 Chambers, P., Fitzpatrick, C., and Lewis, E. (2009a) Simulation and

 Measurement of Carbon Dioxide Exhaust Emissions Using an Optical-Fibre

 Based Mid-Infrared Point Sensor. Journal of Optics A: Pure and Applied

 Optics. 11(5), 054013. 

Muda, R., Lewis, E., O’Keeffe, S., Dooly, G., and Clifford, J. (2009b). A Compact

 Optical Fibre Based Mid-Infrared Sensor System for Detection of High Level

 Carbon Dioxide Emissions in Exhaust Automative Applications. Procedia

 Chemistry. 1, 593, 506. 

Mukhopadhyay, S. C.  (2013). Intelligent Sensing, Instrumentation and

 Measurements. New York, USA: Springer. 

Mullee, W. H., Leeuwe, M. D., and Roberson Jr, G. A. (2001). U.S. Patent No. US

 6277753 B1. Retrieved on March 10, 2014, from www.google.com/patents 

Mulrooney J., Clifford, J., Fitzpatrick, C., and Lewis, E. (2007b). Detection of

 Carbon Dioxide Emission From a Diesel Engine Using a Mid-Infrared Optical

 Fibre Based Sensor. Sensor and Actuators A: Physical. 136(1), 104-110. 

Mulrooney, J. (2008). An Optical Fibre Sensor for the Measurement of Carbon

 Dioxide Exhaust Emissions from Land Transport Vehicles. Doctor

 Philosophy. University of Limerick. 

Mulrooney, J., Clifford, J., Fitzpatrick, C., and Lewis, E. (2006b). Monitoring of

 Harmful Gaseous Emissions from Land Transport Vehicles using a Mid

 Infrared Optical Fibre Sensor. Proceeding of SPIE 6198, Photonics in the

 Automobile II. 3 April. Strasbourg, France. 

http://www.google.com/patents


155 
 

Mulrooney, J., Clifford, J., Fitzpatrick, C., Chamber, P., and Lewis, E. (2008). A Mid

 Infrared Optical Fibre Sensor for the Detection of Carbon Monoxide Exhaust

 Emissions. Sensors and Actuators A: Physical. 144(1), 13–17. 

Mulrooney, J., Clifford, J., Fitzpatrick, C., Chamber, P., and Lewis, E. (2007a).

 Monitoring of Carbon Dioxide Exhaust Emissions Using Mid Infrared

 Spectroscopy. Journal of Optics A: Pure and Applied Optics. 9(6), 87-91. 

Mulrooney, J., Clifford, J., Fitzpatrick, C., Chamber, P., and Lewis, E. (2006a).

 Detection of Carbon Dioxide Emissions from a Land Transport Vehicle

 Using a Mid-Infrared Optical Fibre Based Sensor. Proceedings of SPIE 6379,

 Photonic Applications for Aerospace, Transportation, and Harsh

 Environments. 10 Oct. Boston, MA. 

Mulrooney, J., Clifford, J., Fitzpatrick, C., Lewis, E., Zhao, W. Z., Sun, T., Grattan,

 K. T. V., Degner, M., Ewald, H., Lochman, S., Al-Shamma’a A., Lucas, J.,

 Merlone Borla, E., Faraldi, P., and Pidria, M. (2005). Optical Fibre Sensor for

 the Monitoring of Harmful Emissions from Land Transport Vehicles.

 Proceeding of SPIE 5826, Opto-Ireland 2005: Optical Sensing and

 Spectroscopy. 14 July. Dublin, Ireland. 

Murphy, K. A., Gunther, M. F., May, R. G., Claus, R. O., Tran, T. A., Greene, J. A.,

 and Duncan, P. G. (1996). EFPI sensor manufacturing and applications.

 Proceedings of the SPIE2721, Smart Structure and Materials 1996: Industrial

 and Commercial. 1 May. San Diego, CA. 

Neri, G., Lacquaniti, A., Rizzo, G., Donato, N., Latino, M., and Beumi, M. (2012).

 Real-Time Monitoring of Breath Ammonia during Haemodialysis: Use of Ion

 Mobility Spectrometry (IMS) and Cavity Ring-Down Spectroscopy (CRDS)

 Techniques. Nephrology Dialysis Transplantation. 27(7), 2945-2952. 

NIST. (2003). National Institute of Standards and Technology Standard Reference

 Database Number 69. Linstrom, P. J., and Mallard W. G. (Eds.). 

Obert, R., and Dave B. C. (1999). Enzymatic Conversion of Carbon Dioxide to

 Methanol: Enhanced Methanol Production in Silica Sol-Gel Matrices.

 Journal of the American Chemical Society. 121(51), 12192-12193. 

Old, J. G., Gentili, K. L., and Peck, E. R. (1971). Dispersion of Carbon Dioxide.

 Journal Optical Society. 61, 89-90. 



156 
 

Omae, I. (2012). Recent Developments in Carbon Dioxide Utilization for the

 Production of Organic Chemicals. Coordination Chemistry Reviews. 256(13

 14), 1384-1405. 

Patimisco, P., Borri, S., Sampaolo, A., Beere, H. E., Ritchie, D. A., Vitiello, M. A.,

 Scamarcio, G., and Spagnolo, V. (2014). A Quartz Enhanced Photo-Acoustic

 Gas Sensor Based on a Custom Tuning Fork and a Terahertz Quantum

 Cascade Laser. Analyst. 139(9), 2079-2087. 

Patterson, B. M., Furness, A. J., and Bastow, T. P. (2013). Soil Gas Carbon Dioxide

 Probe: Laboratory Testing and Field Evaluation. Environment Science:

 Processes & Impacts. 15(5), 1062-1069. 

Pedone, M., Aiuppa, A., Giudice, G., Grassa, F., Cardellini, C., Chiodini, G., and

 Valenza, M. (2014). Volcanic CO2 Flux Measurement at Campi Flegrei by

 Tunable Diode Laser Absorption Spectroscopy. Bulletin of Volcanology.

 76(4), 1-13. 

Peirce, J. J., Weiner, R. F., and Vesilind, P. A. (1998). Environmental Pollution and

 Control. (4th ed.). Butterworth-Heinemann: Elsevier Inc. 

Pinson L. J. (1985). Electro-Optics. Australia: John Wiley & Sons. 

Poorter, H.  (1993). Interspecific Variation in the Growth Response to an Elevated

 and Ambient CO2 Concentration.  Journal of Vegetation.  104, 77-97. 

Pradeep, V., Konolige, K., and Berger, E. (2014). Calibrating a Multi-Arm Multi

 Sensor Robot: A Bundle Adjustment Approach. Experimental Robotics. 79,

 211-225. 

Puligundla, P., Jung, J., and Ko, S. (2015). Carbon Dioxide Sensors for Intelligent

 Food Packaging Applications. Food Control. 25, 328-333. 

Radhakrishnan, J. K., Kamble, S. S., Krishnapur, P. P., Padaki, V., Gnanasekaran, T.

 (2012). Zirconia Oxygen Sensor for Aerospace Applications. Proceedings in

 the Sensing Technology (ICST), 2012 Sixth International Conference. 18-21

 Dec. Kolkata, 714-717. 

Radwan, L.  (1967). Infrared CO2 Analysis in Expired Air as a Test of the Pulmonary

 Function. I. Evaluation of the Capnographic Curve.  Polish Medical Journal.

 6(2), 403-411. 

Raman, C. U.  (1927). Huygens' Principle and The Phenomena of Total Reflexion.

 Trans. Opt. Soc.  149-160. 



157 
 

Rao, A. G., Reddy, T. S., Prakash, S. S., Vanajakshi, J., Joseph, J., and Sarma, P. N.

 (2007). pH Regulation of Alkaline Wastewater with Carbon Dioxide: A Case

 Study of Treatment of Brewery Wastewater in UASB Reactor Coupled with

 Absorber. Bioresource Technology. 98(11), 2131-2136. 

Rassaei, L., Marken, F., Sillanpaa, M., Amiri, M., Cirtiu, C. M. and Sillanpaa, M.

 (2011). Nanoparticles in Electrochemical Sensors for Environmental

 Monitoring. Trends in Analytical Chemistry. 30(11), 1704-1715. 

Reigstad, L. J., Jorgensen, S. L., and Schleper, C. (2010). Diversity and Abundance

 of Korarchaeota in Terrestrial Hot Springs of Iceland and Kamchatka. The

 ISME Journal. 4(3), 346-356. 

Reimann, P., and Schütze, A. (2012). Fire Detection in Coal Mines Based on

 Semiconductor Gas Sensors. Sensor Review. 32(1), 47-58. 

Reverchon, E. (1997). Supercritical Fluid Extraction and Fractionation of Essential

 Oils and Related Products. Journal of Supercritical Fluids. 10(1), 1-37. 

Roark, R. J. (1954). Formulas for Stress and Strain. (3rd ed.). McGraw-Hill, New

 York. 

Ropp, R. C. (2012). Encyclopedia of the Alkaline Earth Compounds. (1st ed.)

 Amsterdam, The Netherlands: Elsevier. 

Rothman, L. S., Jacquemart, D. ,Barbe, A., Chris Benner, D., Birk, M., Brown, L. R.,

 Carleer, M. R., ,Chackerian Jr. C., Chance, K., , Coudert, L. H., Dana, V.,

 Devi, V. M., Flaud, J. M., Gamache, R. R., Goldman, A., Hartmann, J. M.,

 Jucks, K. W., Maki, A. G., Mandin, J. Y., Massie, S.T., Orphal, J., Perrin, A.,

 Rinsland, C. P., Smith, M. A. H., Tennyson, J., Tolchenov, R. N., Toth, R.A.,

 Vander Auwera, J., Varanasi, P., Wagner, G. (2005). The Hitran Molecular

 Spectroscopic Database and HAWKS (HITRAN Atmospheric Workstation).

 Journal of Quantitative Spectroscopy & Radiative Transfer. 96(2), 139-204. 

Sadek, A. Z., Wlodarski, W., Shin, K., Kaner, R. B., and Kalantar-zadeh, K. (2006).

 A Layered Surface Acoustic Wave Gas Sensor Based on a Polyaniline/In2O3

 Nanofibre Composite. Nanotechnology. 17(17), 4488-4492. 

Salim, M. R., Yaacob, M., Ibrahim, M. H., Azmi, A. I., Ngajikin, N. H., Dooly, G.,

 and Lewis, E. (2015). An Optical Spectroscopic Based Reflective Sensor for

 CO2 Measurement with Signal to Noise Ratio Improvement. Journal of

 Optoelectronics and Advanced Materials. 17(5-6), 519-525. 

http://opus.bath.ac.uk/view/person_id/1516.html


158 
 

Sand, J. R.  (2004). Demand-Controlled Ventilation Using CO2 Sensors.  Federal

 Technology Alert, DOE/EE-0293.  Retrieved on May 27, 2013, from

 http://infohouse.p2ric.org/ref/43/42844.pdf 

Seiyama, T., Kato, A., Fujiishi, K., and Nagatani, M. (1962). A New Detector for

 Gaseous Components Using Semiconductive Thin Films. Analytical

 Chemistry, 34(11), 1502-1503. 

Sekhar, P. K., Brosha, E. L., Mukundan, R., Mark, W. L., Nelson, A., Palanisamy,

 P., and Garzon, F. H. (2010). Application of Commercial Automotive Sensor

 Manufacturing Methods for NOx/NH3 Mixed Potential Sensors for On-Board

 Emissions Control. Sensors and Actuators B: Chemical. 144(1), 112-119. 

Shao, H., Ray, J. R., and Jun, Y. S. (2010). Dissolution and Precipitation of Clay

 Minerals Under Geologic CO2 Sequestration Conditions: CO2-Brine

 Phlogopite Interactions. Environmental Science & Technology. 44(15), 5999-

 6005. 

Shibahara, K., Yamagata, Y., Popovic, R., and Racz, R. (2005). Europe Patent No.

 EP 1443332 A4. Retrieved on Jun 7, 2014, from www.google.com/patent 

Smallegange, R. C., Schmied, W. H., Van Roey, K. J., Verhulst, N. O., Spitzen, J.,

 Mukabana, W. R., and Takken, W. (2010). Sugar-Fermenting Yeast as an

 Organic Source of Carbon Dioxide to Attract the Malaria Mosquito

 Anopheles Gambiae. Malaria Journal. 9(292). 

Sommer, V., Tobias, P., and Kohl, D. (1993). Methane and Butane Concentration in

 a Mixture with Air Determined by Microcalorimetric Sensors and Neural

 Networks. Sensors and Actuators B: Chemical. 12 (2), 147-152. 

Sparks, M., and Cottis, M. (1973). Pressure-Induced Optical Distortion in Laser

 Windows. Applied Physic. 44, 787. 

Stafford, N. (2007).  Future Crops: The Other Greenhouse Effect.  Natural.  448,

 526-528. 

Sterling, JR. D. J. (2013). Technicians Guide to Fiber Optics.  (4th ed.).  USA:

 Cengage Learning. 

Stewart, G., Jin, W., and Culshaw, B. (1997). Prospects for Fibre Optica Evanescent

 Field Gas Sensor Using Absorption in the Near-Infrared, Sensor and

 Actuators B: Chemical. 38(1-3), 42-47. 

Stolberg-Rohr, T., Bunchner, R., Clausen, S., Jensen, J. M., Skouboe, A., Hawkins,

 G. J., and Hansen, R. S. (2014). In Optics Humidity Compensation in NDIR

http://www.google.com/patent


159 
 

 Exhaust Gas Measurements of NO2. Proceedings of the Symposium on

 Surface Functionalization of Optical Fiber and Waveguide Based Bio- and

 Chemical Sensors, The Optical Society. 27-31 July, Barcelona, Spain. 

Stoyanov, T., Mojtahadzadeh, R., Andreasson, H., and Lilienthal, A. J. (2013).

 Comparative Evaluation of Range Sensor Accuracy for Indoor Mobile

 Robotics and Automated Logistics Applications. Robotics and Automous

 Systems. 61(10), 1094-1105. 

Stuart, B. H.  (2004). Infrared Spectroscopy: Fundamentals and Applications

 (Analytical Techniques in the Sciences).  New Jersey, USA: John Wiley and

 Sons. 

Su, S., Wu, W., Gao, J., Lu, J., and Fan, C. (2012). Nanomaterials-Based Sensors for

 Applications in Environmental Monitoring. Journal of Materials Chemistry.

 22(35), 18101-18110. 

Subramaniam, B., Rajewski, R. A., and Snavely, K. (1997). Pharmaceutical

 Processing with Supercritical Carbon Dioxide. Journal of Pharmaceutical

 Sciences. 86(8), 885-890. 

Szabó, A., Mohacsi, A., Gulyas, G., Bozoki, Z., and Szabo, G. (2013). In Situ and

 Wide Range Quantification of Hydrogen Sulfide in Industrial Gases by

 Means of Photoacoustic Spectroscopy. Measurement Science and

 Technology. 24(6), 65501. 

Tamaki, J., Akiyama, M., Xu, C., Miura, N., and Yamazoe, N. (1990). Conductivity

 Change of SnO2 with CO2 Adsorption. Chemistry Letters. 19(7), 1243 1246. 

Tan, Q., Tang, L., Yang, M., Xue, C., Zhang, W., Liu, J., and Xiong, J. (2015). Three

 Gas Detection System with IR Optical Sensor Based on NDIR Technology.

 Optics and Lasers in Engineering. 74, 103-108. 

Toan, N. N., Giang, H. T., Hieu, N. S., and Thu, D. T. A. (2005). Fabrication of

 Ethanol Detector on Basic of Nanosize Perovskite Oxides. Proceedings of the

 Eight German Vietnamese Seminar on Physics and Engineering. 3-8 April.

 Erlanger. Phuc, N. X. 

Vaishanv, V. S., Patel, P. D., and Patel, N. G. (2006). Indium Tin Oxide Thin-Film

 Sensor for Detection of Volatile Organic Compounds (VOCs). Materials and

 Manufacturing Processes. 21(3), 257-261. 

Villa, R., Forne, I., Muller, M., Imhof, A., Straub, T., and Becker, P. B. (2012).

 MSL2 Combines Sensor and Effector Functions in Homeostatic Control of 



160 
 

 the Drosophila Dosage Compensation Machinery. Molecular Cell. 48(4),

 647-654. 

Vukobratovich, D. (1992). Principles of Optomechanical Design. Chapter 5 in

 Applied Optics and Optical Engineering, XI, R. R. Shannon and J. C. Wyant,

 (Eds.) Academic Press, New York. 

Wang, Y., Shao, Y., and Christian, K.  (2012). Demand Controlled Ventilation

 Strategies for High Indoor Air Quality and Low Heating Energy Demand.

 Proceeding of the Instrumentation and Measurement Technology Conference

 (12MTC), 2012 IEEE International. 13-16 May.  Graz, Styria. 870-875. 

Williams, D. E. (1987). Conduction and Gas Response of Semiconductor Gas

 Sensor. Solid State Gas Sensors. (Ed.) Moseley, P. T., and Tofield, B. C. (PP.

 71-123). Adam Hilger, Bristol. 

Wilson, J., and Hawkes J. F. B. (1989). Optoelectronics-An Introduction. (3rd ed.)

 England: Prentice Hall. 

Witzel, O., Klein, A., Wagner, S., Meffert, C., Schulz, C., and Ebert, V. (2012). High

 Speed Tunable Diode Laser Absorption Spectroscopy for Sampling-Free In

 Cylinder Water Vapor Concentration Measurements In an Optical IC Engine.

 Applied Physics B. 109(3): 521-532. 

Xiangyang, Q. (2012). Matrix Solid-phase Dispersion and Gas Chromatographic

 Analysis and Matrix Effect in Determination of 6 Fungicides Residues in

 Fruits and Vegetables. Journal of Chinese Institute of Food Science and

 Technology. 7, 043. 

Xiao, G., Dong, D., Liao, T., and Zheng, L. (2015). A Novel Measurement Method

 of the Emission Rules of Greenhouse Gases from Fertilized Soil Based on

 Fourier Transform Infrared Spectrometry with Long Optical Path.

 Spectroscopy Letters. 48(8): 572-577. 

Yoder, P. R. Jr. (2008). Mounting Optics in Optical Instruments. (2nd ed.)

 Bellingham, Washington: SPIE. 

Zhan, Z., Jiang, D., and Xu, J. (2005). Investigation of a New In2O3 based Selective

 H2 Gas Sensor with Low Power Consumption. Materials Chemistry and

 Physics. 90(23), 250-254. 

Zhang, G., Li, Y., and Li, Q. (2010). A Miniaturized Carbon Dioxide Gas Sensor

 Based on Infrared Absorption. Optics and Lasers in Engineering. 48, 1206-

 1212. 



161 
 

Zhu, Y. L., and Xie, L. Q. (2014). Application of Wireless Sensor Network in the

 Monitoring system for Valuable Chinese Herbal Medicine Growth. Applied

 Mechanics and Materials. 475: 442-445. 

Zou, X., and Zhao, J. (2015). Nondestructive Measurement in Food and Agro

 products. (1st ed.) Science Press, Beijing and Springer Science+Business

 Media Dordrecht. 

 




