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Abstract 

This research focuses on the analysis of the human upper airway humidification 

looking on one hand at the natural humidification or air conditioning process and on 

the other hand at the external humidification. Lung supportive devices are widely 

used to restore the breathing cycle and provide proper ventilation to patients. These 

devices introduce compressed room air into the respiratory system and generate a 

positive pressure inside the respiratory system and a turbulent effect to keep the 

airways open which distorts the natural lubrication and humidification. Hence, lung 

supportive devices incorporate a convective heated humidifier which provides 

external humidification to the patients to alleviate the upper airway dryness 

produced by the compressed airflow. However, the humidifier makes the devices 

bulky and patients are still reporting side effects after the therapy. Therefore, the 

purpose of this research is to investigate the effect of the positive airway pressure 

on the human upper airway epithelium, extrapolate the results to the entire human 

upper airways and develop a miniaturized, eco-friendly and affordable self-

humidifying device able to overcome the dryness side effect and replace the actual 

convective heated humidifier.  
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Chapter 1                               

Background 

1.1 Introduction 

This chapter provides the information needed to contextualize this research and 

understand what is involved in the human upper airways humidification. The 

physiology of the respiratory system is explained in section 1.2. The mucus 

properties and ciliary activity is explained in section 1.3. A description of the 

respiratory diseases affecting New Zealand including sleep apnoea syndrome is 

provided in section 1.4. The therapies used to treat these diseases such as lung 

supportive devices including continuous positive airway pressure (CPAP) therapy 

followed by a closure of the chapter are explained in section 1.5 and 1.6 

respectively. 

 

1.2 Physiology of the respiratory system 

Respiration is an automatic and semi-involuntary vital process driven by the demand 

of energy from cells. This energy is given in the form of ATP (Adenosine 

Triphosphate), which requires oxygen and produces carbon dioxide to form it. The 

respiration process consists of two steps. The first step is the inspiration, where the 

diaphragm and the rib muscles are contracted producing a large and flat thorax 

cavity, which enables the introduction of air flow into the lungs allowing the oxygen 

absorption to the blood flow. The second one is the expiration, where the diaphragm 

and the rib muscles press the lungs expelling the air, which contains carbon dioxide 

taken from blood, out of the body. 

The respiratory system is responsible for a broad range of functions, as it is already 

explained, allows the oxygen and carbon dioxide exchange between the blood and 

air, but also helps to regulate blood pressure and control the pH of the body fluids. 

The last one is possible by removing the carbon dioxide, because an excess reacts 

with water producing hydrogen ions which decrease pH in body fluids. In addition, 
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respiration makes possible the speech and other vocalizations such as laughing or 

crying, and provides the sense of smell [1]. 

The principal organs of the respiratory system can be divided in two parts. Nose, 

pharynx, and larynx, which are located at head and neck, are called the upper 

respiratory tract. And the lower respiratory tract is composed by trachea, bronchi, 

and lungs, which are located in the thorax [1]. A schematic representation of the 

respiratory system is outlined in Figure 1.1. 

Figure 1.1. Schematic representation of the principal organs of the upper and lower human respiratory 
system [1]. 

Focussing on the upper respiratory tract, the hard palate divides the nasal cavity 

and the oral cavity allowing breathing while chewing food. Nasal cavity starts with a 

small chamber called the nasal vestibule. This space is lined with stratified 

squamous epithelium which has stiff guard hairs used to block insects and large 

particles from the airflow. Then the narrowness of the following passage and the 

turbulence caused by the conchae allow that most air contacts the mucous 

membrane, where most dust in the air sticks to the mucus, and the air picks up 

moisture and heat from the mucosa. The rest of the nasal cavity is lined with 

respiratory epithelium which is mobile ciliated pseudostratified columnar epithelia. 

The goblet cells secrete mucus moved by ciliated cells toward the pharynx. The 

nasal mucosa also contains mucous glands in the lamina propria, which is the 

connective tissue layer next to the epithelium. They deliver the mucus generated in 

Upper Tract
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Nasal Cavity
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the goblet cells allowing the stick of foreign matter which will be passed through the 

digestive tract instead of contaminating the lungs. The lamina propria also contains 

lymphocytes used against inhaled pathogens, plasma cells that secrete antibodies, 

and large blood vessels to warm the air. The pharynx is a muscular funnel of 13 cm 

long from the conchae to the larynx, which is divided by three regions: the 

nasopharynx, oropharynx, and laryngopharynx. Finally, the larynx is a 4 cm 

cartilaginous chamber whose primary function is to produce sounds and keep food 

and drink out of the airway. The superior opening of the larynx is protected by the 

epiglottis which closes the airway and directs food and drink into the oesophagus 

during swallowing [1]. 

Regarding lower respiratory tract, the trachea is a tube of 12 cm long and 2.5 cm in 

diameter supported by 16 to 20 C-shaped hyaline cartilage rings. The open part of 

the C faces allows oesophagus to expand as food passes by. The trachea 

epithelium is composed of ciliated cells, mucus-secreting goblet cells, and short 

basal stem cells, which makes possible the mucociliary escalator, where the debris-

laden mucus is moved toward the pharynx to be swallowed. At the level of the 

sternum the trachea forks into right and left bronchi. The lungs, which are not 

symmetric, are conical organs with a concave base resting on the diaphragm, the 

top part is projected above the clavicle, and the costal surface is pressed against the 

rib cage. This surface exhibits a slit through which the lung receives the bronchi, 

blood vessels, lymphatic vessels, and nerves. Each lung contains a bronchial tree 

from the main bronchus to the terminal bronchioles. Each respiratory bronchiole 

divides into alveolar ducts, which have alveoli along their walls. The ducts end in 

alveolar sacs, which are grape like clusters of alveoli located around a central 

space. Branches of the bronchial arteries supply the blood to the bronchi, 

bronchioles, and pulmonary tissues, and follow the bronchial tree to capillaries 

surrounding the alveoli where gas exchange occurs [1]. A schematic representation 

of the human respiratory epithelium is outlined in Figure 1.2. 
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Figure 1.2. Schematic representation of the human respiratory epithelium including epithelial cells and 

mucus layer. 

 

1.3 Mucus Properties and Ciliary Activity 

Mucociliary transport is the movement of the mucus covering the respiratory 

epithelium which relies on coordinated ciliary activity and on mucus specific 

rheological properties [1]. In the nose the mucus is moved towards the pharynx, and 

in the tracheobronchial tree the mucus is moved toward and through the larynx and 

swallowed. Mucus is a non-Newtonian fluid with heterogeneous viscoelastic 

properties which are determined by its complex polymeric structure and degree of 

hydration. An alteration in mucus rheology, which can be caused by a range of 

pathophysiological conditions, can affect the mechanical coupling of the cilia with 

the overlying mucus called airway surface liquid (ASL) layer [2]. The ciliary beat 

consists of two steps the rapid forward/effective and the slow return/recovery stroke. 

On the effective stroke, the cilium is perpendicular to the cell surface and its tip is in 

contact with the mucus. The mucus layer acts as a coupler transferring momentum 

from the tips of the cilia to the load. When the cilia contacts the mucus they bend 

backwards, but if the mucus is too viscous or elastic, the ciliary bend is too great 

and the system does not work effectively ceasing mucociliary transport. The cilia 

beats efficiently at 10.8 Hz, although this frequency is regulated differently in the 

distal and tracheal airway epithelium [3, 4]. To achieve a good interaction between 

cilium and mucus, the distance (length of the cilium minus thickness of ciliary fluid 

layer) must be large enough to generate an adequate force to be transferred to the 

mucus layer with minimum loss. The time of contact is defined by (1/𝜈)𝛼 where 𝛼 

Mucus Layer

Goblet Cells

Ciliated Cells

Dust

Basal Cells
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Movement of 
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represents the fraction of the period during stroke. Then, cilium will require a time 

(1/𝜈)𝛽 first to penetrate and then to disengage itself from the mucus layer. This time 

must be enough for mechanical relaxation otherwise no penetration could occur. 

Hence the dominant relaxation time of the viscoelastic mucus 𝜏 is represented by 

equation 1.1, having optimum values between 0.1 to 1 second [5]. 

 

1.1 

 

Healthy nasal secretions consist of 2-3% proteins and glycoproteins, 1% lipids, 1% 

ions, and 0.02% DNA in 95% water [4]. Goblet and glandular mucus cells secrete 

acidic glycoproteins (sialomucins and sulphomucins) and serous cells secrete 

neutral glycoproteins (fucomucins), enzymes (lysozymes and lactoferrin) and IgA 

immunoglobulins. The water and ions are produced mainly by the serous glands 

from the capillary network as plasma transudate. This last mechanism is 

characterized by vascular exudation caused by an increase of subepithelial 

hydrostatic pressure to 5 cmH2O which increases epithelial hydraulic conductivity 

allowing water transudation to airway. It is important to note that water is also 

removed from the airway by active Na+ transport across the epithelium [6]. Both the 

goblet cells and the serous glands produce mucins which are secreted in vesicles 

derived from the Golgi apparatus and are released by exocytosis as 1-2 μm 

droplets. Then they absorb water and increase in volume by several hundred times 

in about 3 s [7]. The mucins are high molecular weight polydisperse glycoproteins 

consisting of approximately 80% carbohydrate with molecular masses ranging from 

a few hundred thousand to more than 1 million Daltons. They are up to 5 μm long 

and consist of sialic acid residues and random coils of carbohydrate chains linked by 

O-glycoside to a protein core. Mucins contain a large amount of sugar residues i.e. 

sugar side chain linked covalently to a polypeptide chain polymerised by disulphide 

bonds. The proportion of hydroxylated amino acids in the protein core is 70%, and 

the common sugars in the glycosylated regions are fructose, galactose N-

acetylglucosamine, N-acetylgalactosamine, and N-acetylneuraminic acid. The 

carbohydrate residues are attached by N-acetylglucosamine linked to serine or 

threonine, and there are 25-30 carbohydrate chains per 100 amino acid residues. 

Mucins can bond between them by weak covalent or non-covalent bonds forming 

dimers and polymers. The structure is outlined in Figure 1.3. This hydroscopic three 

dimensional polymer interacts with water and ions forming a gel, which determines 

the viscoelastic properties of mucus [7]. Thereby, mucus properties can be altered 

chemically introducing extra cross-links between the glycoproteins to increase the 

(1/β)α ≤  τ ≤  (1/ν)β 
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elastic modulus or breaking mechanically some existing cross-links in order to 

decrease it [8, 9]. 

 

Figure 1.3. Mucin structure. A) Mucin polymer composed by secreted mucin monomer units linked end-
to-end by disulphide bonds forming a long thread-like mature mucin molecules. B) Mucin monomer, 
approximately 500 nm in length, composed by an amino acid backbone with high glycosylated domains 
and folded regions stabilized via disulphide bonds with O-glycosylation links. C) Zoom in monomer part 
where it is possible to identify cysteine and disulphide domains. 

 

The viscoelastic properties of the mucus are mainly derived from the molecular 

structure and amount of glycoproteins, and the proportion of water [10]. It means 

that mucus have some of the properties of a liquid and some of a solid. Liquids 

normally flow instantaneously when a force is applied because they do not store 

energy, also their flow rate is proportional to the amount of force applied according 

to their viscosity. On the other hand, solids do not flow, but they are deformed when 

force is applied because they are able to store energy according to their modulus of 

elasticity. Mucus rheological properties are not determined only considering both 

elastic and viscoelastic properties, it is also important to study the bio-rheological 

matching based on the mucus capacity to support a load and not distort the ciliary 

tips, the formation of a continuous mucus blanket able to overcome gravity, the 

spinnability based on the mucus ability to be drawn into long threads under the 

effect of traction, or adhesiveness between bacteria and inhaled particles and 

mucus [11]. Some optimum values can be quantified using the Ostwald viscometer, 

cone-plate viscometer, magnetic micro-rheometer, oscillating sphere magnetic 

rheometer, or the controlled stress technique. The spinnability of normal respiratory 

mucus ranges from 40 to 100 mm and mucus transport increases when this 
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decreases [4]. Girod, S. et at. [12] quantified the viscosity and the elastic modulus 

close to 12 Pa·s and 1 Pa respectively to achieve efficient mucociliary transport, and 

suggested that low adhesivity of 70 mN·m-1 and wettability corresponding to a 

contact angle lower than 20°, represents the optimal conditions for the protective 

and lubricant properties of the mucus [13-17]. 

 

1.4 Respiratory diseases and sleep apnoea syndrome 

According to the New Zealand ministry of health, respiratory diseases are the third 

most common cause of death in New Zealand. One in six (over 700,000) people live 

with a respiratory condition and a respiratory disease accounts for one in eight of all 

hospital stays, which cost more than $5.5 billion every year. Respiratory diseases 

can be classified as restrictive or obstructive disorders, which includes asthma, lung 

cancer, chronic obstructive pulmonary disease (COPD), obstructive sleep apnoea 

(OSA), bronchiectasis, bronchiolitis and pneumonia.  

 

 

Figure 1.4. Representation of the human upper airways during rest. A- Normal breathing pathway. B- 
Blocked breathing pathways occurred during an apnoea episode. 

 

Sleep apnoea syndrome is characterized by pauses in breathing during sleep. Each 

pause is called an apnoea, and can take from seconds to minutes occurring several 

times in an hour [18]. This dysfunction can be divided in two forms, central sleep 

apnoea (CSA), where breathing is interrupted by a lack of respiratory effort, and 

obstructive sleep apnoea (OSA), where breathing is interrupted by an airflow 

physical block. OSA is the most common disease between people, although an 

individual with sleep apnoea is rarely aware of having difficulties in breathing [19]. 

Sleep apnoea problem is usually recognized by others witnessing the individual 

A B
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during episodes since snoring is common. The collapse of the airway can be 

produced because throat muscles and tongue are more relaxed than normal or are 

large compared with the trachea dimensions. The shape of the head and neck can 

be related to small airway size, or in overweight conditions, soft fat tissue can 

thicken the tracheal wall which is harder to keep open during rest. Also aging slows 

brain signal ability to maintain throat muscles stiff during sleep as the airway is more 

likely to narrow or collapse [20, 21]. Figure 1.4 shows a normal breathing pathway 

(A) and a blocked breathing pathways occurred during an apnoea episode (B).  

The problem, when breathing is paused, is that carbon dioxide builds up in the blood 

flow. As a body response, chemoreceptors detect this high carbon dioxide levels, 

and the brain sends a signal to wake up the person in order to breathe. The result is 

that by breathing normally the oxygen levels are restored and the person falls 

asleep again. However, this produces several side effects such as daytime fatigue 

causing behavioural effects such as moodiness, slow reaction time, insomnia, 

depression, and vision problems which increases the risk for driving and work-

related accidents. If OSA is not treated, other health problems will appear such as 

diabetes, liver function impairment and fatty liver diseases, or even death due to a 

lack of oxygen [22]. Sleep apnoea syndrome is diagnosed by checking mouth, nose 

and throat looking for extra or large tissues in a physical exam, or on a sleep study 

such as polysomnogram where brain activity, eye movements, heart rate and blood 

pressure are recorded. There are several possible treatments to avoid airway 

collapse and restore regular breathing during sleep by using lung supportive 

devices, plastic mouthpieces or surgery. However, it can be achieved by changing 

lifestyle avoiding alcohol and tobacco, losing weight, side sleeping, using nasal 

sprays to keep nasal passages open or doing oropharyngeal exercises daily [23-25]. 

 

1.5 Lung supportive devices (LSD) and continuous positive airway pressure 

(CPAP) therapy 

LSD devices, such as asthma nebulizers, positive airway pressure devices or 

respirators are used to restore or provide a proper respiration cycle in some 

patients. Continuous positive airway pressure (CPAP) is the most effective long-

term treatment for obstructive sleep apnoea [26]. CPAP device is composed by an 

air pump connected to a mask used to cover only the nose or nose and mouth (face 

mask). Their principal function is to introduce air from the atmosphere at specific 

pressure into the respiratory system in order to maintain the airway open and avoid 
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blockage during sleep. In order to achieve the effectiveness of the treatment the 

pressure inside the mask has to remain constant, which is solved by an automatic 

feed forward compensation control [26, 27]. There are two basic types of pumps 

used on CPAP, the oldest one is characterized by a specific fixed pressure used in a 

ramp function, so the system increases the pressure until it is achieve [28]. Recent 

CPAP pumps track the airflow and adjust the pressure required to maintain the 

airway open at each stage. They are able to cope with changes in pressure 

requirements such as temporary nasal congestion or weight change [29, 30]. 

Several nasal symptoms such as dryness, sneezing, rhinorrhoea, post-nasal drip, 

nasal congestion or epistaxis are reported by patients receiving CPAP treatment.  

They describe the symptoms as similar to an upper respiratory tract infection, i.e. 

like having a cold [31].  

Drying on the airways produced as a side effect of CPAP might be the consequence 

of troubles in air conditioning. This is a transport process which controls the 

temperature and the humidity of the air during respiration. During inspiration, air is in 

contact with the warm and moist nasal mucosa and is rapidly warmed and 

humidified. This heat and mass transfer process is produced because there is a 

driving force created by the difference in temperature and water concentration 

between the inspired air, which is at room temperature and humidity [32] and the 

airway surface liquid layer, which is at body temperature and composed by 95% 

water and 5% of carbohydrate, protein, lipid and inorganic material [11]. During 

expiration air loses heat and water towards the outside. A healthy individual 

consumes 350 kcal of heat and 400 mL of water in one day in order to condition the 

inspired air considering moderate environmental conditions at about 25°C and 50% 

of relative humidity, and only one third is recovered during expiration [33]. However, 

under CPAP there is an increase in turbulent effect during inspiration and the air 

introduced on the respiratory system has higher pressure than in normal breathing 

(where the inspiratory linear velocity is between 6 and 18 m/s in the nasal valve, 2 

m/s in the main passage, and 3 m/s in the nasopharynx during inspiration, and 

between 1 and 2 m/s, and 3 and 6 m/s at the nasal valve during expiration [34-38], 

in order to maintain the airway open. The problem is during the application of these 

high pressures the respiratory tissue is temporary deformed, so secreting cells may 

be closed blocking mucus secretion and hindering natural lubrication and normal air-

conditioning on the airway. Toremalm, N.G. [39] and Roessler, F. et at. [40] explain 

in their work that the increase in turbulent effect causes drying and trauma of the 

mucosa which means squamous metaplasia appears and ciliated cells are 
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inactivated and reduced. Nevertheless, there are no further studies or experiments 

which analyse the response on the respiratory tissue or mucociliary activity under 

CPAP therapy. 

1.6 Closure 

This chapter presented background information on the physiology of the respiratory 

system, mucus properties, sleep apnoea syndrome and CPAP therapy, which is the 

main treatment for OSA due to is non-invasive nature. This chapter also showed the 

disadvantages and side effects reported by CPAP patients after the therapy. In 

order to investigate what is causing this side effects and improve acceptance and 

comfort of the therapy, it is necessary to understand the effect of positive airway 

pressure (PAP) on the human respiratory epithelium, the improvements of the CPAP 

device such as oscillations and humidification, and the humidification alternatives. 
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Chapter 2                                    

Literature Survey 

2.1 Introduction 

The analysis of the literature for the review has grown out of the studies and 

experiments done in different areas or themes such as alterations on the human 

respiratory epithelium, modelling of the air-conditioning process, improvements of 

the continuous positive airway pressure therapy including humidification and 

pressure oscillations, and the humidification alternatives. 

The studies have been collected via searches on scholarly databases intended to 

direct us towards significant material, specifically PubMed, ATS Journals, Science 

Direct, or Chest Journal, using key words and combinations of terms. In addition, 

important works were searched through papers and books cited in reference lists of 

relevant papers. The review reflects contemporarily findings and methodologies, so 

a 25 year period was applied for literature used, with the majority of these published 

within the past 10 years. Older references are included only when providing 

appropriate information. 

 

2.2 Human respiratory epithelium: alterations and models 

Many research lines have been focused on finding a representative model of the 

human respiratory system. The best representation is found according to the 

application and what is desired to be measured. The most used models are 

developed with live animals, animal tissue, which is the most accessible material for 

research, human tissue or human epithelial cells cultures in air liquid interface to 

stimulate cell differentiation and mucus secretion, which required a good practice 

and knowledge in cell culture methodology, equipment and techniques [41-69]. 

Dreyfuss, D. et at. [70] investigated the mechanisms by which intermittent positive-

pressure ventilation with high inflation pressure (HIPPV) induced pulmonary edema. 

They investigated the physiologic and anatomic changes related to HIPPV at 45 
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cmH2O peak inspiratory pressure in rats. They found that after 5 min of HIPPV, 

there was a significant increase in Na space, dry lung weight, and fractional albumin 

uptake when compared with that in control rats mechanically ventilated at 7 cmH2O 

peak inspiratory pressure. 

Meduri, G.U. et at. [71] investigated the effect of the CPAP treatment in asthmatic 

patients with acute respiratory failure and Chronic obstructive pulmonary disease 

(COPD) patients since the medical intensive care unit (ICU) provides non-invasive 

positive pressure ventilation with the CPAP device. They found that CPAP 

ventilation in asthmatic patients was highly effective in correcting gas exchange 

abnormalities using a low inspiratory pressure (< 25 cm H2O). 

Oka, S. et at. [72] investigated the effect of fluid pressure on the expression of 

interleukin-1α, matrix metalloproteinases, and prostaglandin E2 in odontogenic 

keratocystis to determine whether this pressure stimulated inflammatory cytokine 

production and signalling of osteoclastogenic events. They found that positive fluid 

pressure play a crucial role in odontogenic keratocyst growth via stimulating the 

expression of interleukin-1α in epithelial cells. 

Finally, Zhu, Y. et at. [73] investigated the effect of gas concentrations, exposure 

time, biophysical stress, and biological agents on human airway Calu-3 cell line as a 

respiratory model. They concluded that Calu-3 air-liquid interface cell culture was a 

sensitive and efficient model to e study human respiratory diseases, airway injury 

related to oxygen toxicity, and positive mechanical ventilation, and the evaluation of 

novel therapies. Also, they found that positive airway pressure triggered airway 

epithelial cells to secrete more proinflammatory mediators and showed more 

swollen nuclei and intracellular vacuoles. However, the effect of positive airway 

pressure by itself on the respiratory epithelium has not been investigated in any of 

the respiratory models previously described. 

 

2.3 Modelling of the air-conditioning process 

Air-conditioning is a natural transport process which controls the temperature and 

the humidity of the air during respiration process. During inspiration, air is in contact 

with the warm and moist nasal mucosa and is rapidly warmed and humidified [33]. 

This heat and mass transfer process is produced because a driving force is created 

by the difference in temperature and water concentration between the inspired air, 

which is at room temperature and humidity [36], and the mucus layer, which is at 
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body temperature. The mucus layer is composed of 95% water and 5% of 

carbohydrate, protein, lipid and inorganic material [11, 33, 36].  

Optimal gas exchange occurs when air reaches the lungs at 37°C with 100% 

relative humidity which corresponds to 44 mgH2O/L. This is known as isothermal 

saturation boundary (ISB).  Under this condition the physical properties of the mucus 

layer are optimized and the mucociliary transport is maximum. This process is a 

self-clearing mechanism of the respiratory system. The mucus covering the 

respiratory epithelium traps particulate material and pathogens, and the coordinated 

ciliary activity moves the layer and removes the particles trapped. In the nose the 

mucus is moved towards the pharynx, and in the tracheobronchial tree the mucus is 

moved towards and through the larynx and swallowed. An alteration in mucus 

rheology, which can be caused by a range of pathophysiological conditions, can 

affect the mechanical coupling of the cilia with the overlying mucus called airway 

surface liquid layer [2, 32]. 

One-dimensional (1D), two-dimensional (2D) and three-dimensional (3D) 

computational models for temperature and water vapour concentration have 

previously been developed to study air conditioning characteristics in the human 

respiratory tract. 1D and 2D models are the most popular methods due to their 

simplicity and efficiency, where air temperature and water vapour concentration are 

obtained by solving scalar transport equations and energy balance equations based 

on control volume analysis [33, 74]. 3D models are computationally more 

demanding because they provide detailed air distributions of velocities, temperature 

and water vapour concentration, but the computational time and model size is 

greater compared to 1D models [33, 74-79]. However, these models does not 

consider possible physiological changes in the respiratory epithelium such as 

alterations in mucus secretions, rheological properties, temperature variations or 

water content on the airway surface liquid (ASL) layer. They assume constant ASL 

properties from a healthy respiratory tract to perform the modelling and solve the 

equations. 

 

2.4 Pressure Oscillations coupled with Continuous Positive Airway Pressure 

Therapy 

To reduce tissue deformation, some research lines are focused on the possibility 

that many afferent neural receptors are stimulated by the vibration occurring during 

snoring. Plowman, L. et at. [80] developed their study to examine the arousal 
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responses that high-frequency oscillating pressures have on upper airway muscles 

of awake and sleeping dogs focussing on the genioglossus, which is the muscle 

able to avoid the tong to relax and close the upper airways. They found that 

application of oscillating pressure waves at frequencies similar to those found during 

snoring but at less magnitude order (30 Hz and ± 3 cmH2O), produced reflex 

responses that help maintain upper airway patency during sleep. Posteriorly, Zhang, 

S. et at. [81], Brancatisano, A. et at. [82], and Eastwood, P.R. et at. [83] arrived to 

similar conclusions. Their experiments were also carried out with dogs at 30 Hz and 

± 2.5 cmH2O, finding that the vast majority of laryngeal mechanoreceptors are 

activated in these conditions, and that the reflex augmentation of soft palate muscle 

activity may serve to dilate the retropalatal airway. 

A further step was achieved performing these experiments on humans. Henke, K.G. 

et at. [84] applied high-frequency (30 Hz) and low-pressure oscillations (4 cmH2O) to 

the upper airway, via a nose mask, on genioglossus, sternomastoid, and diaphragm 

activity measured by electromyogram in sleeping humans. An important finding was 

that 46% of the trials in the patients with sleep apnea, the genioglossus activity was 

increased producing a partial or complete reversal of the upper airway obstruction. 

However it is seen that using lower oscillations (1 cmH2O), there was not any 

change in the upper airway muscle activity [85-91]. 

Following these scientific advances, an alternative to conventional CPAP is studied 

applying superimposed oscillation pressures in order to maintain the airway open 

[92-96]. The forced oscillation technique (FOT) is a non-invasive method which 

employs small-amplitude pressure oscillations superimposed on the normal 

breathing being a suitable tool for the monitoring of respiratory mechanics during 

mechanical ventilation and sleep. Randerath, W.J. et at. [97], Ficker, J.H. et at. [98], 

and Konermann, M. et at. [99], developed an auto-adjusting positive airway pressure 

based on forced oscillation technique (APAP-FOT) device able to match more 

accurately the pressure required from patients based on the measurement of upper 

airway impedance. These results show that APAP-FOT is as efficient as constant 

CPAP in the treatment of OSA, but as the pressure applied can be highly reduced, 

patients prefer APAP-FOT for home treatment. However, these studies do not show 

the relation between the pressure applied and the dryness effect if there is any.  
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2.5 Heated Humidifier coupled with Continuous Positive Airway Pressure 

Therapy 

An intense research is done to solve the dryness side effect focussing on 

humidification because it is seen that dryness is alleviated with a rise in humidity on 

inspired air [100]. During quiet breathing at room temperature the nasal cavity heats 

the inspired air to 34°C and the air is humidified from 10 mgH2O/L to 38 mgH2O/L, 

and reaches 37°C and 44 mgH2O/L in the main bronchi. During expiration it is found 

36°C and 40 mgH2O/L on the larynx, and 32-34°C and 27-34 mgH2O/L on the nares 

[36, 101]. So a hypothetic failure in air-conditioning under CPAP therapy could be 

corrected introducing the inspired air close to 37°C and 44 mgH2O/L [102].  

Regarding the ability to increase the absolute humidity in the inspired air during 

CPAP, heated, non-heated and no-humidifiers are studied on healthy individuals at 

pressures of 5 mbar and 10 mbar measuring relative humidity and temperature of 

the air at the junction between CPAP tube and nose mask. The results, obtained 

under laboratory conditions, show that heated humidifiers are clearly superior to the 

others obtaining an absolute humidity of 30 mgH2O/L, so 100% relative humidity at 

30°C [103]. These results can be compared with those obtained by Randerath, W.J. 

et at. [104], where the relative humidity of the inspired air and the water loss during 

respiration between cold passover, heated humidifiers and without humidification 

under CPAP are compared. They also conclude that the best results are obtained 

with heated humidification, where water loss is reduced by 38% compared to cold 

humidification, and absolute humidity during inspiration is 21.3 ± 5.1 mgH2O/L and 

33.6 ± 3.5 mgH2O/L during expiration. Also a comparison between two heated 

humidifiers adapted to CPAP is done between Somnowave®, Weinmann GmbH, 

Hamburg, Germany; and Fischer & Paykel, Inc., Auckland, New Zealand; showing 

that there is no significant difference between both, so they are suitable for the 

treatment of dry upper airways under CPAP therapy [105].  

Another point of view is studied by Martins de Araújo, M.T. et at. [106] focussing on 

face mask instead of using the common nasal CPAP to avoid the effect of mouth 

leaks during CPAP therapy. Mouth leaks are particularly important because they 

cause unidirectional inspiratory nasal airflow and progressive drying of the nasal 

mucosa, due to air from the lungs not passing over the nasal mucosa. This by-pass 

promotes the release of inflammatory mediators, reduces efficiency of CPAP 

treatment, and increases nasal airway resistance (NAR). Then, an increase of NAR 

causes mouth leaks, which in turn, aggravates the problem by contributing to 

increase NAR setting up a cycle. Also, nasal inspiration is important for the defence 
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against infiltrating particles and conditioning of the inspired air to alveolar conditions 

(saturated with water vapour at body temperature) in order to maintain the internal 

milieu of the lung by the time it reaches the pharynx [32]. Their results show that 

heated humidification reduces side effects such as NAR or dryness during therapy, 

but can be totally prevented by using a face mask. This becomes an alternative to 

cases when CPAP therapy using heated humidification does not correct dryness 

caused by mouth leaks in OSA patients. 

It is important to consider that humidifier performance is very sensitive to ambient 

conditions, so all humidifiers coupled with CPAP have to be calibrated for each 

environmental situation [107, 108]. Also, it is seen that all these data agree with the 

minimum standards set for breathing machines in the UK which is 33 mg H2O/L 

[109] and in USA is 30 mg H2O/L [110], but the minimum humidity required to avoid

dryness during CPAP therapy still unknown. Finally, as it is discussed during this 

section, heated humidification during continuous positive airway pressure is the 

treatment of excellence for obstructive sleep apnoea because it is able to avoid 

dryness as a side effect in most of the patients. However it fails to improve both the 

comfort and the acceptance of patients [111], so a further research to reduce the 

size should be investigated. 

2.6 Hydrophobic and Hydrophilic Eco-Friendly Polymers 

Focussing on alternatives to the humidifier coupled to CPAP therapy in order to 

reduce its size is reviewed in this section. It is important to analyse all previous work 

involved in eco-friendly materials able to absorb or retain only vapour or liquid water 

from a mixture [112-123].  

Islam, M.R. et at. [124] evaluated the effectiveness of different rates of super 

absorbent polymers (SAP) as water-retaining materials in horticultural and 

agricultural fields due to these materials are able to retain large quantities of water 

and nutrients when incorporated with soil, and then the stored water and nutrients 

are released slowly as required by the plant in order to improve growth when limited 

water is supplied. They show on their results the optimum amounts of SAP and 

fertilizer needed for an appropriate corn production, but the amount of water 

absorbed and released is not evaluated and relevant to their work.  

Then, Lin, N. et at. [125] developed crosslinked polysaccharide sponges prepared 

by freeze-drying of amorphous alginate−oxidized nanocellulose with Ca2+ ionic as a 
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crosslinking agent improving the capacity of water absorption and retention. 

Although the water absorption is extended up to 1300%, their results show that after 

absorbing−discharging water for 10 times the structure of the sponge is disrupted. 

So a further research should be done in order to improve the reliability. Also a 

sodium carboxymethyl cellulose/graphene oxide nanocomposite film is synthesised 

and characterized by Yadav, M. et at. [126]. They report that the numerous hydroxyl 

and carboxylic groups in this material enable water binding and moisture sorption 

properties, but there is no experimental data provided.  

Additionally, the polyvinyl alcohol (PVA) is studied by different research groups due 

to its biocompatibility, absence of toxicity, hydrophilicity, mechanical strength and 

flexibility, thermal stability, availability, and cheapness [127-129]. Polyvinyl alcohol 

composites with coconut shell (CCS) powder are tested for physicomechanical 

properties including moisture analysis. The PVA/CCS powder composite films show 

enhancement moisture resistance, but there is a decrease in the moisture content 

for plain PVA (12.07%) to PVA with 50 wt % CCS powder (9.38%), because PVA is 

more hydrophilic than that of CCS powder [130]. Karimi, A. et at. [131] report on 

their work that there is a lack of sufficient data on the mechanical properties of PVA 

sponges, so they provide an experimental analysis for swelling ratio of a custom-

made PVA sponge (P-sponge) compared with two commercially available PVA 

sponges (CENEFOM and EYETEC). The results indicate that the swelling ratio of 

the P-sponge is 26.78% higher than that of the CENEFOM and EYETEC sponges, 

which is 1300%, 14 times its original weight. Also nanocomposite sponges are 

fabricated from starch and PVA reinforced with cellulose whiskers by Wang, Y. et at. 

[132]. The results revealed that the repeated freezing/thawing cycles induced larger 

pores and tougher walls emerged in the sponges, leading to a high swelling degree 

up to 1231% after water immersion. Finally, PVA/gelatin scaffolds in different 

concentrations are prepared and blended to evaluate the polymer concentration 

effects on the architecture of the scaffold by Choi, S.M. et at. [133]. Results indicate 

PVA/gelatin with gelatin concentration of 4% has the highest water adsorption, the 

sponge swell up to 1500% of its original weight in 1 minute, and reached equilibrium 

in 3 minute.  

It is important to note that none of this water-absorbent and eco-friendly materials 

reviewed provide specific data related to water absorption, desorption or retention in 

a humid environment, only under water immersion. These experimental data are 

only found on works involving temperature-sensitive or thermo-responsive polymers.  
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2.7 Thermo-responsive polymers 

Temperature-responsive polymers exhibit a volume phase transition at a certain 

temperature, which causes a sudden change in the solvation state. Polymers, which 

become hydrophobic upon heating, have a so-called Lower Critical Solution 

Temperature (LCST). Systems, which become hydrophilic upon heating, have an 

Upper Critical Solution Temperature (UCST). LCST and UCST systems are not 

restricted to an aqueous solvent environment, but only the aqueous systems are of 

interest for biomedical applications [134]. 

Typical LCST polymers are based on N-isopropylacrylamide (NIPAM), N,N- 

diethylacrylamide, methyl vinyl ether, and N-vinylcaprolactam as monomers. A 

typical UCST system is based on a combination of acrylamide and acrylic acid and 

its corresponding co-polymers [134]. 

Poly(N-vinyl caprolactam) possesses very interesting properties for medical and 

biotechnological applications, since it is soluble in water and organic solvents, 

biocompatible, has high absorption ability and a transition temperature of 33 °C. 

Poly(oxazoline)s such as Poly(2ethyl2oxazoline) or Poly(2isopropyl2oxazoline), have 

a transition temperature around 62°C, which is too high for any drug delivery 

application. Poly(methyl vinyl ether) has a transition temperature at exactly 37°C, 

which makes it very interesting for biomedical application. Poly(acrylic acid-co-

acrylamide) such as polyacrylic acid or polyacrylamide are examples of a system 

with UCST behaviour within the biomedical setting. The transition temperature is at 

25°C. The UCST behaviour is caused by the cooperative effects coming from the 

hydrogen bonding between acrylic acid and acrylamide units. Elastin-like oligo- and 

polypeptides such us Poly(GVGVP)poly(pentapeptide) of elastin (G: Glycine, V: 

Valine, and P: Proline) can also show LCST behaviour, when hydrophilic and 

hydrophobic residues are well balanced. A polymer based on the pentapeptide 

GVGVP as repeating unit shows a volume phase transition at 30 °C, which is the 

hydrophobic folding and assembling transition. Below the phase transition, water 

molecules surround the polymer molecule, and the attractive forces weaken upon 

heating and go into the bulk phase [134]. 

Poly(N-alkylacrylamide)s such as poly(N-isopropylacrylamide) (PNIPAM), is the 

most prominent candidate as thermos-responsive polymer for our application. Poly 

n-isopropylacrylamide may be abbreviated as PNIPAM, PNIPAm, pNIPAm, PNIPA, 

pNIPA, PNIPAAm, pNIPAAm, PNIPAA, pNIPAA. PNIPAM is an eco-friendly and 



Chapter 2: Literature Survey 

19 
 

biocompatible polymer which undergoes a coil-to-globule transition (hydrophilic-to-

hydrophobic) in aqueous solution at a specific temperature of 32°C (LCST). Below 

the LCST and in the presence of water, the PNIPAM structure is predominantly 

hydrophilic and the amide groups tend to form inter-molecular hydrogen bonds with 

the surrounding water molecules. Above the LCST, intramolecular hydrogen bonds 

between neighbouring amide groups within the PNIPAM polymer are formed, which 

are energetically more favourable at higher temperatures. This transition is 

accompanied with a change from coil-to-globule configuration [135]. PNIPAM is 

commonly used as copolymer in stimuli-responsive membranes, which change their 

physicochemical properties in response to changes in their environment such as 

temperature [136-139], and for the oral delivery of calcitonin and insulin. The peptide 

or hormone is immobilised in polymeric beads, which stay stable while passing 

through the stomach. Then in the alkaline intestine the beads disintegrate and the 

drug is released [134]. 

However, the structural changes of a temperature-responsive polymer combined 

with the highly rough surface of a fabric, leads to reversible and repeatable 

switching between two extreme wettability states, superhydrophobic and 

superhydrophilic, which were founded by Yang, H. et at. [140]. They covered the 

hydrophilic surface of a cotton fabric with the PNIPAM polymer layer whose chains 

will grow from the fibres surface with a concentric orientation creating a highly rough 

surface at the micrometre level. Their results show that this new material is able to 

absorb water from a humid environment, below the LCST (lower critical solution 

temperature) and release it upon a temperature change at constant humid air flow. 

At 23°C and ∼96% of relative humidity, the PNIPAM-cotton showed a water uptake 

of approximately 340%, and at 34°C and ∼96% of relative humidity, a minimal water 

uptake of 24% was registered. It is shown that this PNIPAM-cotton fabric is able to 

collect a substantial amount of water (∼3.4 L/kg material) from a humid 

environment, however it should be further developed in order to evaluate the time 

response according to specific applications. 

 

2.8 Research gaps and Objectives 

The analysis of the past research has shown some limitations that have to be 

completed or further studied. During the review of the CPAP therapy it is seen that 

there is a lack of knowledge about how the respiratory epithelium, ASL layer water 

content and mucus secretion change under high pressures and turbulent effect 
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provided by CPAP therapy or pressure oscillations. Regarding pressure oscillations 

coupled with continuous positive airway pressure therapy to prevent high tissue 

deformations, it is seen that it is as efficient as the constant CPAP therapy and the 

pressure applied is highly reduced, so it becomes the preferred treatment for OSAS 

patients. However, the studies reviewed do not show the relation between the 

pressure applied and the dryness effect if there is any. Focussing on the review on 

heated humidifiers coupled to CPAP therapy to prevent dryness as a side effect, it is 

observed that there are no minimum humidity standards set for CPAP machines, 

which would be very useful to provide the specific humidification that the patient 

needs. Also it is manifest that increasing the amount of water in inspired air dryness 

is prevented, but there is a discomfort and unacceptance from the patients that 

could be palliate reducing the size of the humidifier. Finally, some hydrophilic, 

hydrophobic and thermos-responsive eco-friendly and biocompatible polymers have 

been examined in order to explore an alternative to the commercial heated 

humidifier. The experiments reviewed show that PNIPAM is able to absorb and 

desorb water from the environment, but specific data related to amount of water 

absorbed and desorbed as a function of time should be experimentally quantified to 

develop a new device. 

Therefore, the project is divided in two main parts, analyse the behaviour of the 

human respiratory epithelium under CPAP therapy and quantify the minimum 

humidity needed to avoid dryness side effect, and design a new alternative to the 

commercial heated humidifier used with the CPAP therapy to avoid dryness. Hence, 

the main objectives of this research are listed as follows: 

1) Analyse the human respiratory epithelium deformation and inflammation, 

quantify the mucus secretion rate and quantify the minimum humidity needed 

to avoid dryness under CPAP therapy and pressure oscillations. To achieve 

the objective formulated, human airway epithelial Calu-3 cells and nasal RPMI 

2650 cells grown in air-liquid interface (ALI) on permeable supports are used 

as in-vitro respiratory models. To simulate positive airway pressure (PAP) 

scenarios and human respiratory conditions, different setups will be used. The 

cell layer permeability and ASL thickness are measured to investigate cell 

integrity, compression and quantify the amount of water over-evaporated from 

the ASL after PAP application. Cell surface staining for mucus detection is 

evaluated to determine the mucus secretion rate. Finally, an enzyme-linked 

immunosorbent assay is performed to investigate the cell inflammation 

response after each experiment. 
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2) Formulate a simple, efficient, fast computing and realistic 1D human upper

airway model to extrapolate the results obtained from the in-vitro respiratory

models to the entire human upper airways. The model will be validated and

optimized to predict the heat and water transfer variation between normal

breathing and PAP conditions. Hence, water transfer will be measured

comparing changes in temperature and relative humidity on the airflow under

three PAP scenarios. At the end of this part, the results achieved will confirm

or not the respiratory cell dysfunction and will quantify the minimum

humidification needed to avoid dryness under CPAP therapy (temperature and

relative humidity of the compressed airflow).

3) Develop a material able to uptake water from expiration and release it to the

inspiration airflow using PNIPAM according to the literature review. The

polymerization process and material properties will be optimized to achieve

the maximum amount of water vapour uptake and release in the shortest time.

The water desorbed will be in agreement with the minimum humidification

needed to avoid dryness under CPAP therapy quantified on the previous

objective.

4) Design a new alternative to the commercial heated humidifier used with the

CPAP therapy to avoid dryness using the PNIPAM material optimized in the

previous objective. A prototype able to absorb moisture from the expiration

and desorb it on the inspiration airflow will be built and optimized. The device

will be characterized and validated under clinical trials to confirm that it is able

to overcome dryness with the moisture reintroduced from the expiration airflow

and replace the commercial convective heated humidified.

2.9 Closure 

In summary, the literature review has shown some lack of knowledge in each area 

studied such as how the respiratory epithelium, ASL layer water content and mucus 

secretion change under high pressures and turbulent effect provided by CPAP 

therapy or pressure oscillations. Also, it is observed that there are no minimum 

humidity standards set for CPAP machines, which would be very useful to provide 

the specific humidification that the patient needs or to reduce the size of the 

humidifier. Finally, PNIPAM properties are reviewed, but further experiments have to 

be developed to design a new device. 
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The research gaps detected in this study and hence the objectives of this research 

are addressed and accomplished in the next chapters of the thesis. The deformation 

and inflammation of the human respiratory epithelium, the quantification of the 

minimum humidity needed to avoid dryness and mucus secretion rate under CPAP 

therapy and pressure oscillations are analysed in chapter 3. Then, a simple, 

efficient, fast computing and realistic 1D human upper airway model is formulated, 

validated and optimized in chapter 4 to predict the heat and water transfer variation 

between normal breathing and PAP conditions to extrapolate the results obtained 

from the in-vitro models to the entire human upper airways and quantify the 

minimum humidification needed to avoid dryness under CPAP therapy. The 

structure, synthesis and properties of the PNIPAM are optimized in chapter 5 in 

order to achieve the maximum amount of water vapour uptake and release in the 

shortest time. In chapter 6, a miniaturized, affordable and eco-friendly self-

humidifying device using the PNIPAM material able to humidify the inspired airflow 

up to the humidity levels required by using recovered moisture from expiration, 

warm the air and adjust the water delivered into the respiratory system is developed 

and its performance validated with 21 volunteers. Finally, the discussion of the 

results, conclusions and future work make up the last chapter 7 of the thesis. 

 

 



 

23 
 

 

Chapter 3                                

Respiratory epithelial cell behaviour under positive 

airway pressure 

3.1 Introduction 

Chapter 1 and 2 stated that the use of LSD devices normally results in dryness, 

sneezing, rhinorrhea, post-nasal drip, nasal congestion or epistaxis in the upper 

airways. It was hypothesized that the application of positive pressure may inhibit the 

natural air conditioning process and deform the respiratory epithelium, leading to 

disruption of the natural lubrication. This change could be elicited by an over-

evaporation of the ASL water content due to the increase in volume to keep the 

airways opened or a blockage of goblet cells or mucus secretion glands due to the 

effect of the pressure on the airway epithelium. This may avoid the natural 

mechanism to restore the ASL layer properties such as mucus/water ratio 

concentration. 

The purpose of this chapter is to test this hypothesis and analyse the human 

respiratory epithelium response under positive pressure. Human airway epithelial 

Calu-3 cells and nasal RPMI 2650 cells grown in air-liquid interface (ALI) on 

permeable supports are used as in-vitro respiratory models. To simulate positive 

pressure scenarios and human respiratory conditions, different setups have been 

used. 

In the course of this investigation, trans-epithelial electrical resistance and apparent 

permeability coefficient have been calculated to analyse the cell barrier integrity and 

permeability. The cell layer and ASL thickness have been measured to investigate 

cell compression and quantify the amount of water over-evaporated from the ASL 

after PAP application. Cell surface staining for mucus detection has been evaluated 

to determine the mucus secretion rate. Finally, enzyme-linked immunosorbent assay 
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(ELISA) tests have been performed to investigate the cell inflammation response 

after each experiment. 

The experiments were undertaken at Woolcock, Institute of Medical Research, 

University of Sydney, Sydney, Australia as part of the Respiratory Technology 

Group.  

The materials and methodology used to grow Calu-3 and RPMI 2650 cells in ALI are 

discussed in section 3.2. Then, the 3D cell insert holder designs and experimental 

setups to generate different airflow trajectories under different pressure scenarios 

are detailed in sections 3.3 and 3.4. The methodology followed to perform the cells 

experiments is explained in section 3.5, followed by the statistical analysis in section 

3.6. The analysis of the effect of the airflow trajectories and positive pressure 

profiles on the epithelial cells is explained in section 3.7. Finally, the discussion of 

the results and closure of the chapter are discussed in sections 3.8 and 3.9 

respectively. 

 

3.2 Cell Preparation 

As stated before, in this part of the chapter the materials used and methodology 

followed for cell culture and preparation to develop two in-vitro human upper airway 

cell models are explained in detail. 

 

3.2.1 Materials 

The chemical products, reagents and materials used for cell preparation and 

experiments are listed below with their corresponding manufacturers, city and 

country of purchase.  

Minimum Essential Medium and Dulbecco's Modified Eagle's medium/F-12 (x100) 

were purchased from Life Technologies (Sydney, Australia). Trypan blue solution 

(0.4%, w/v) and L-glutamine (200 mM) were obtained from Sigma-Aldrich (Sydney, 

Australia). Fluorescein-sodium (flu-Na) was purchased from May & Baker Ltd. 

(Dagenham, England). Fetal bovine serum (FBS), Hank’s balanced salt solution 

(HBSS), and phosphate buffered saline (PBS) were from Gibco, Invitrogen (Sydney, 

Australia). Alcian blue 1% (pH 2.5) in 3% acetic acid was purchased from Fronine 

laboratory (Sydney, Australia). Transwell® cell culture inserts (0.33 cm2 polyester, 
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0.4 μm pore size) and black 96-well plates were from Corning Costar (Lowell, MA, 

USA). ELISA enzyme immunoassay kit was purchased from BD Bioscience 

(Sydney, Australia). All other culture plastics were from Sarstedt (Adelaide, 

Australia). All chemicals and reagents were of the highest analytical grade. 

3.2.2 Cell culture 

Two in-vitro cell lines, human nasal and airway epithelial cells (RPMI 2650 and 

Calu-3 respectively), were used to simulate human upper airway conditions, as 

validated previously in the literature [141]. RPMI 2650 cells and Calu-3 cells were 

both purchased from ATCC (USA) and cultured in a microbiological safety cabinet 

using an aseptic technique to ensure the sterility.  

• They were grown in 75 cm2 flasks in a Minimum Essential Medium for Calu-3 

cells and Dulbecco's Modified Eagle's medium/F-12 for RPMI 2650 cells, 

according to the manufacturer's protocol. Both mediums contained 10% (v/v) fetal 

bovine serum, 1% (v/v) non-essential amino acid solution, and 2 mM L-

glutamine. Cells were incubated in a humidified atmosphere of 95% air and 5% 

CO2 at 37°C and the medium was replaced three times a week. Cells were 

checked microscopically daily to ensure they were mainly attached to the bottom 

of the flask, healthy and growing as expected. 

 

• When the 80% of the surface of the flask is covered by the cell monolayer (80% 

confluent), a sub-culturing is required. In this step, the confluent cell solution is 

divided or diluted according to the manufacturer’s recommendations. In this case 

cells were passaged at a ratio of 1:3 (split ratio). This process is used to ensure 

that cells are ready for the experiment or to keep the cell culture running, 

otherwise cells become over confluent and start to die off. It is important to note 

that a high split ratio, more than 1:10, should not be used since the seeding 

density will be too low for the cells to survive. The media from the flask was 

carefully poured off and replaced with pre-warmed fresh culture media. A cell 

scraper was used to gently suspend all the cells attached to the bottom of the 

flask into the media. 1/3 (split ratio) of the cell suspension was taken into a new 

flask, topped up with pre-warmed fresh culture media and incubated in a 

humidified atmosphere of 95% air and 5% CO2 at 37°C. Cells were ready for the 

experiments in 2-3 days. 
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• To grow RPMI 2650 cell on polyester transwells, 200 μL of 1 μg/mL collagen

solution in PBS was added to the inserts, incubated and aspirated after 24 hours

in order to coat the membranes before seeding. Then, 200 μL of each

corresponding cell suspension at an initial density of 1.65 x 105 cells/insert was

added into the transwell inserts (apical part) and incubated in a humidified

atmosphere of 95% air and 5% CO2 at 37°C. After 24 hours, the cells were

attached to the transwell permeable membrane and an air-liquid interface (ALI)

model [50, 57] was created by aspirating the apical medium and leaving the cells

attached in contact to the environmental air. Cells were maintained with 0.5 ml of

culture medium in the basolateral chamber. ALI process and transwell parts are

described in Figure 3.1. The ALI conditions stimulated differentiation of the cell

line. It is a process where a cell becomes more specialized, in this case to form a

tight epithelial layer and develop goblet cells able to produce mucus. Cells were

completely differentiated and ready for the experiments after 11 days [50, 57].

Figure 3.1. Description of ALI formation. A- 24 h after addition of cell-medium solution into the apical 
chamber for seeding, cells attach to the membrane. B- Apical medium is aspirated leaving the cells 
attached to the membrane to stimulate layer differentiation. 

3.2.3 Cell viability assay 

First, cell viability assay after PAP application was performed using trypan blue 

exclusion analysis to confirm cells could tolerate the pressure within the 

experimental times. This is an essential process in this protocol to ensure the 

validity of the results.  

• Cells grown on transwells were exposed to 5, 10, 15 and 20 cmH2O PAP for 8

hours, the longest experimental time.
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• Subsequently, the cells were rinsed with PBS, detached from the membrane with 

trypsin, centrifuged and suspended in 1 ml medium.  

 

• A 100 μl trypan blue (0.4%) and 500 μl cell solution were then added to a 

centrifuge tube and mixed thoroughly. The solution was allowed to incubate at 

room temperature for 5 min.  

 

• Viable and non-viable cells were counted using a hemocytometer, a counting-

chamber cell device. Cells exposed to 0 cmH2O PAP (no-pressure applied) were 

used as control samples. 

 

3.3 Cell holder design 

Aiming to investigate the effect of the PAP on the upper airway human epithelial 

cells, two cell insert holders were designed, optimized and 3D printed to achieve the 

desired positive pressure application at specific airflow conditions on the cell lines. 

Computational fluid dynamics (CFD) flow simulations were performed on the two cell 

insert holder designs to ensure that the final geometry does not affect the 

achievement of the desired positive airway pressure inside the main cell insert 

chamber. 

 

3.3.1 Geometrical modelling of 3D cell holders  

The geometries of the two cell insert holders were reconstructed as 3D CAD models 

(Computer Aided Design) using a commercially available CAD software 

(SolidWorks® 2017, SolidWorks Corporation, Concord, USA). The basis for the 

reconstruction was to generate a simple smooth wall geometry based on the 

transwells and air compressor PAP device geometries. The main objective of the 

cell holder designs was to keep the desired positive pressure on the cell inserts 

under two compressed airflow conditions, static and dynamic flows. The holder 

designs are outlined in Figure 3.2.  

The holder A is a closed-flow holder designed to generate a static positive pressure 

flow. It is made of a 600 cm3 main chamber which includes a 24 well plate, two 
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openings to allow sensor connections, one airflow inlet junction and a cover to seal 

it.  

The holder B is a continuous-flow holder designed to simulate two dynamic flow 

trajectories. It is made of a 520 cm3 main chamber which includes 8 wells, two 

openings to allow sensor connections, two airflow inlet junctions, one airflow outlet, 

whose geometry is optimized to generate the desired positive pressure, and a cover 

to seal the chamber. This holder also has an S-shape chamber or serpentine shape 

to connect a warm water recirculating bath for an extra temperature control and 

keep the transwells constant at 37°C hence avoid that changes in environmental 

temperature affect the behaviour of the cells.  

 

 

Figure 3.2. Sealed well holder designs, cover not included (not to scale). A- Closed-flow holder with 
one inlet connection to generate positive pressure onto the transwell inserts. B- Continuous-flow holder 
with two inlet connections and one outlet optimized to generate the same positive pressure as holder 
A. Contains an S-shape chamber to connect a water bath for an extra temperature control. 

 

3.3.2 Computational airflow simulations of 3D cell insert holders 

A commercially available computational fluid dynamics (CFD) software package, 

SolidWorks® Flow Simulation, was chosen to perform the 3D cell insert holder flow 

simulations and hence ensure that the final geometry does not affect the 

achievement of the desired positive airway pressure inside the main chamber.  

A k-epsilon (𝑘 − 𝜀) turbulence model was used to solve the steady-state momentum 

and conservation of mass equations. A hexahedral mesh was used to model the 
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control volume and an advanced refinement was performed on the cell inserts 

surface area. 

The CPAP airflow was assumed pure, dry, incompressible and isothermal airflow for 

physical modelling. The inlet flow was defined as a constant volume flow rate. 

According the CPAP device specifications, volume flow rates of 48.47, 53.95, 59.42 

and 64.91 L/min to generate 5, 10, 15 and 20 cmH2O respectively were simulated. 

The outflow condition of an environmental pressure, 10332.27 mmH2O, was applied 

at the location corresponding to the outlet opening of the holder. 

The static positive pressure flow was simulated using the holder A. At time 0 

seconds, the airflow inlet is considered to be connected to the PAP device in order 

to introduce the compressed air into the main chamber, which accommodate the 

transwell inserts, until the selected pressure is reached. Then, the openings are 

considered sealed while the pressure profile is maintained on the cell inserts.  

The first dynamic airflow trajectory was simulated using holder B. The PAP device 

was considered to be connected to one airflow inlet while the second one was 

considered closed and sealed. The desired PAP was reached on the transwell 

inserts while the compressed air was continuously flowing through the main cavity 

constantly over time. 

The second dynamic airflow trajectory was simulated using holder B, and it is an 

extension of the previous one. The objective is to superimpose the PAP generated 

to the human breathing cycle. Hence, the second inlet is now considered to be 

connected to a lung simulator to generate a breathing cycle flow through the 

transwell inserts. A simple sinusoidal function, described in equation 3.1, was 

considered to simulate the breathing volume as a function of time (𝑄𝐵𝐶(𝑡)), where 𝐴 

corresponds to the tidal volume, volume of air inhaled and exhaled, which is 

assumed 500 ml + 500 ml = 1000 ml. The period of the signal (𝑝) corresponds to the 

time needed to complete a single cycle and it was set at 6 seconds, and the residual 

human lung capacity, remaining volume of air in the lungs after a breath, was set at 

2200 ml, therefore, the phase shift (𝑦0) corresponds to 2200 ml + 500 ml = 2700 ml 

[75].  

3.1 
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Exemplary simulations of the three previously explained airflow trajectories are 

displayed in Figure 3.3. Flowrates of 48.47 and 53.95 L/min were used as input 

values to generate 5 and 10 cmH2O, respectively. The pressure profile obtained in 

the main chamber with the three airflow trajectories (A, B and C) is in agreement 

with the theoretical targets (5 and 10 cmH2O) and proves the validity of the 

geometrical design to achieve the desired positive airway pressure using the CPAP 

device.  

 

 

 

Figure 3.3. 5-10 cmH2O SolidWorks flow simulations. A- CPAP Static flow simulation on holder A at 
time 0-1 seconds (filling the main chamber with compressed air). B- CPAP Dynamic flow simulation on 
Holder B where black arrows indicate the flow direction. C- CPAP and breathing cycle simulation 
(expiration part of the cycle) on holder B where black arrows indicate the flow direction. Absolute 
pressure values are displayed in mmH2O. Ambient pressure is considered at 10332.27 mmH2O. 

 

3.3.3 Cell insert holder 3D printing and validation 

Both cell insert holder 3D CAD files were saved in STL format and modelled with the 

EOS RP (Eos, Germany) software tools for 3D printing using the Formiga P 100 
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(Eos, Germany) plastic laser-sintering system. The 3D cell holders were printed in 5 

hours at 5 m/s from polyamide. 

The previously explained three airflow trajectories and 3D printed cell insert holders 

were validated using a 2080P digital manometer (Digitron, UK). The static positive 

pressure flow was validated using the holder A. Empty transwells were placed inside 

the holder, a commercial CPAP device (FP Healthcare, New Zealand) was 

connected to the inlet and the digital manometer was placed into the corresponding 

sensor inlet. Then, the main cavity was sealed and the CPAP device was set to 

generate 5, 10, 15 and 20 cmH2O pressures. Pressure readings from the cell holder 

cavity were acquired as a function of time, up to 8 hours. Results showed that the 

previously set pressure from the CPAP device was maintained constantly for 8 

hours, no leaks were found on the holder A.  

The first dynamic airflow trajectory was validated using holder B. The CPAP device 

was connected to one airflow inlet while the second one was completely sealed 

leaving the outlet open. Empty transwells were placed inside the holder, the digital 

manometer was placed into the corresponding sensor inlet and the main chamber 

was carefully sealed. Then, the CPAP device was set to generate 5, 10, 15 and 20 

cmH2O pressures. Pressure readings from the cell holder cavity were acquired as a 

function of time, up to 8 hours. Results showed that the previously set pressure from 

the CPAP device was maintained constantly for 8 hours on the holder B while the 

compressed air was continuously flowing through the main cavity. 

The second dynamic airflow trajectory was validated also using holder B. The CPAP 

device was connected to one airflow inlet and a commercial lung simulator (Hans 

Rudolph, USA) was connected to the second airflow inlet. The lung simulator was 

programed through the Hans Rudolph software to provide the flow rate specified in 

equation 3.1, where the tidal volume 𝐴 was 1000 ml, the period of the signal 𝑝 was 

set at 6 seconds and the residual human lung capacity 𝑦0 was 2700 ml. Then, 

empty transwells were placed inside the holder, the digital manometer was placed 

into the corresponding sensor inlet and the main chamber was carefully sealed. The 

CPAP device was set to generate 5, 10, 15 and 20 cmH2O pressures. Pressure 

readings from the cell holder cavity were acquired as a function of time, up to 8 

hours. Results showed that the simulated values were maintained constant for 8 

hours on the holder B while the compressed air was flowing through the main cavity. 
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3.4 Experimental setup 

To investigate the effect of the PAP on the upper airway human epithelial cells, 

three experimental setups were designed to generate three gauge or relative (PAP) 

positive airway pressure scenarios on the cell lines. The three setups were placed 

inside an incubator at 37°C in all the experiments. As control, cells under the same 

experimental setting with ΔP = 0 cmH2O pressure were used. The CPAP humidifier 

was used to set the desired airflow conditions and provide the specific temperature 

and humidity in each experiment. The experimental environmental conditions were 

monitored with the SHT15 temperature and humidity sensor (Sensirion AG, 

Switzerland) and the 2080P digital manometer (Digitron, UK). All experiments were 

performed in triplicate and the PAP exposure time was adjusted for each 

experiment. 

 

3.4.1 Continuous positive pressure setup 

The generation of continuous positive airway pressure (CPAP) was achieved using 

a CPAP device (FP Healthcare, New Zealand) connected to the custom-made cell 

holder A or B to maintain the desired pressure on the cells during the experiments. 

The PAP generated by the CPAP device to prevent airway collapse during an apnea 

episode ranges from 4 - 20 cmH2O, hence 5, 10, 15 and 20 cmH2O pressures were 

selected for the cells experiments. The setup is outlined in Figure 3.4. 

 

 

Figure 3.4. Schematic diagram to describe the process and set up to generate 5, 10, 15 or 20 cmH2O 
continuous positive pressures on the cell lines. Pressure readings as a function of time were measured 
with the 2080P digital manometer. As an example, holder A and 10 cmH2O continuous pressure are 

used in the diagram. 

 

CPAP Device

Pressure: 5, 15, 15 or 20 cmH2O

3D Cell Insert Holder A
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3.4.2 Superimposed pressure oscillations setup 

To reduce tissue deformation, some research lines are focused on the possibility 

that many afferent neural receptors are stimulated by the vibration occurring during 

snoring [85-88]. Hence, the second scenario is an amplification of the first one, 

where a function generator AFG3120C (Tektronix, SW, USA) was connected to an 

electrodynamic vibration shaker (The Modal Shop, OH, USA) and a 125.66 cm3 

custom-made piston to produce a sinusoidal pressure variation superimposed to the 

5, 10, 15 and 20 cmH2O CPAP pressures, process described in Figure 3.5. 

According to previous literature findings on human genioglossus stimulation [85-88], 

a signal amplitude of ± 1 cmH2O amplitude and three frequencies, 10, 20 and 30 Hz, 

were selected for the cell experiments.  

Figure 3.5. Schematic diagram to describe the process and set up to generate ± 1 cmH2O sinusoidal 
pressure oscillation superimposed to 10 cmH2O continuous pressures on the cell lines. Pressure 
readings as a function of time were measured with the 2080P digital manometer. As an example, 
holder A and 1 ± 10 cmH2O continuous pressure at 10 Hz are used in the diagram. 

3.4.3 Sinusoidal pressure oscillations setup 

On the third scenario, the sinusoidal positive pressure oscillation by itself is 

generated using the function generator, the electrodynamic vibration shaker and the 

125.66 cm3 custom-made piston directly connected to the cell holder. An amplitude 

of 5 cmH2O is selected to generate an intermittent pressure (from 0 to 5 cmH2O) on 

the cells and compare the results with the 5 cmH2O CPAP and the same three 

frequencies (10, 20 and 30 Hz) were selected for the cell experiments. The setup is 

outlined in Figure 3.6. 
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Figure 3.6. Schematic diagram to describe the process and set up to generate a sinusoidal pressure 
oscillation signal with 5 cmH2O amplitude at 10, 20 or 30 Hz on the cell lines. Pressure readings as a 
function of time were measured with the 2080P digital manometer. As an example, holder A and 
sinusoidal pressure oscillation signal with 5 cmH2O amplitude at 10 Hz are used in the diagram. 

 

3.5 Experimental protocols 

As stated at the beginning of this chapter, in this section of the methodology 

followed to carry on each experiment to investigate the effect of the PAP on the 

human upper airways is explained in detail. 

 

3.5.1 Measurement of trans-epithelial electrical resistance (TEER) 

To assess cell layer integrity and permeability, trans-epithelial electrical resistance 

(TEER) measurements were performed in real-time without cell damage using the 

electric cell-substrate impedance sensing system (ECIS®; Applied BioPhysics, Troy, 

NY). TEER values are based on measuring ohmic resistance or impedance across a 

wide spectrum of frequencies [142]. The amount of electrical current which flows is 

restricted by the amount of resistance (R) present, i.e., the voltage incite the current 

to flow, but it is resistance that dampens it. 

ECIS measurements use an alternating current (AC) signal, where the applied 

current (𝐼) oscillates in a sinusoidal manner at determined frequencies through the 

electrodes. The resulting voltage (𝑉) is measured and the impedance (𝑍) is given by 

the AC equivalent of Ohm's law: 𝑍 = 𝑉/𝐼. Impedance can be written as a simple 

resistor and capacitor (RC) circuit, function of the pure resistance (𝑅) and the 

reactive part (𝑋𝐶), 𝑍 = (𝑅2 + 𝑋𝐶
2)/2. The last part is associated with the phase of the 

voltage relative to the current, 𝑋𝐶  = 1/(2𝜋 𝑓 𝐶), which depends on the AC 
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frequency (𝑓) and the capacitance (𝐶). Hence, ECIS measures changes in the total 

impedance (Z), pure resistance (R) and capacitance (C) of the cell layer over the 

time [143].  

TEER was measured on the cells grown on transwells using an 8W ECIS filter 

adaptor, with a dipping electrode in the apical chamber and large electrodes at the 

base of the wells as shown in Figure 3.7. 

• The ECIS device was placed inside an incubator at 37°C with 95% RH and 5% 

CO2. Subsequently, 100 µl and 800 µl of PBS were added to the apical and 

basolateral chamber, respectively, as electrolyte solution to allow the 

transmission between the electrodes.  

 

• Data was recorded every 5 minutes. TEER was measured for one hour before 

applying the pressure to collect the baseline resistance.  

• Then, apical PBS was aspirated from all inserts, and PAP was applied on the 

cells for different times inside the incubator. Followed by adding 100 µl of PBS to 

the apical chamber and the resistance was measured consequently.  

 

• Data was normalized by subtracting the resistance values from cell-free inserts 

and multiplied by the surface area of insert (0.34 cm2) to obtain the TEER 

(Ω·cm2) across the cells and ASL layer [143]. Data was analysed using ECIS 

software. 

Since TEER values are strong indicators of the integrity of the cellular barriers, this 

measurement was used to evaluate the effect of the airflow trajectories on the cell 

layers and the effect of PAP on cell layer integrity and permeability, and  airway 

surface liquid layer (ASL) thickness. A multi frequency analysis was performed to 

determine the best frequency to measure the most representative TEER values in 

each experiment. A low frequency of 1000 Hz, to allow the current pathway passing 

only through the cell junctions [144], was chosen to analyse cell layer integrity and 

permeability. A medium frequency of 4000 Hz, to allow the current pathway passing 

through the cell membrane and cell junctions [144], was chosen to analyse the 

effect of the airflow trajectories and the ASL thickness. 
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Figure 3.7. Commercial 8W ECIS filter adaptor from Applied BioPhysics to measure TEER as a 
function of time. 

3.5.2 Measurement of Apparent Permeability (Papp) 

Experimental diffusion studies of the movement of molecules across biological cell 

lines are used to assess the barrier properties. Mathematically, molecular transport 

across a barrier is normally measured by fluxes, where the flux of a solute is defined 

as the mass or number of molecules moving through a defined cross-sectional area 

during a specific period of time.  

Hence, paracellular fluorescein sodium (Flu-Na) transport across epithelial layer was 

conducted in apical to basolateral direction (A-B) to assess the barrier integrity and 

permeability of epithelia cell layers after PAP application.  

• Followed by PAP application, 200 μL of 2.5 mg/mL Flu-Na solution was added on

the apical chamber (donor), while the basal chamber (acceptor) was filled with

600 μL of PBS.

• At pre-determined time points up to 4 hours, 200 μL samples were taken from the

basal chamber and replaced with fresh buffers to maintain sink conditions.

• Fluorescence reading of samples and standards were measured using a black

96-well Spectromax M2 plate reader with excitation/emission wavelengths of

485/520 nm. The calibration coefficient of determination was 0.999, with 
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standards prepared between 1.25 and 0.0125 μg/ml. Cells exposed to 0 cmH2O 

PAP (no-pressure applied) were used as a control. 

The molecular transport across the cell barrier is caused by diffusion, a net transport 

of molecules in the presence of a concentration gradient, described by the Fick’s 

first law. Samples were analysed and the apparent permeability coefficient (𝑃𝑎𝑝𝑝) of 

flu-Na across the epithelial cell layer was calculated according to the simplified 

diffusion equation 3.2. Where 𝑉𝐵𝑎𝑠𝑎𝑙 is the basal volume, 𝐴𝑀𝑒𝑚𝑏𝑟𝑎𝑛𝑒 is area of the 

inserts membrane, 𝐶𝐴𝑝𝑖𝑐𝑎𝑙 is the initial Flu-Na concentration and 𝑑𝐶/𝑑𝑡 is the flux of 

Flu-Na. 

 

3.2 

 

3.5.3 Measurement of cell layer thickness 

Total cell layer thickness (epithelial cell layer plus ASL layer) before and after PAP 

application was measured using the Nikon Eclipse Ti Time-Lapse Inverted 

Microscope (Nikon Instruments, NY, USA) in a humidified atmosphere of 95% air 

and 5% CO2 at 37°C to avoid cell and ASL dryness.  

• Transwell inserts were placed in the microscope and the height (z axis) from 

above the insert membrane to the top of the ASL layer was measured by 

choosing 14 points selected from cross-sectional surface on the XY plane.  

 

• Then, PAP was applied in a humidified atmosphere of 95% air and 5% CO2 at 

37°C to keep the same environmental conditions and the total height was 

measured from each of the 14 points previously selected.  

 

• The total height at 0 (measured before PAP application), 5 and 20 cmH2O PAP 

was measured. 

 

3.5.4 Pro-inflammatory marker expressions 

The expression of cytokine proteins Interleukin-6 (IL-6), Interleukin 8 (IL-8) and 

Tumour necrosis factor alpha (TNF-α) after PAP application were evaluated only in 

𝑃𝑎𝑝𝑝  =   
𝑉𝐵𝑎𝑠𝑎𝑙

𝐴𝑀𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝐶𝐴𝑝𝑖𝑐𝑎𝑙
  

𝑑𝐶

𝑑𝑡
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Calu-3 cells because RPMI 2650 cells do not express these pro-inflammatory 

cytokines [145]. IL-6 is produced in response to infections and tissue injuries and 

contributes to defence immune reactions [146]. IL-8 is a pro-inflammatory CXC 

chemokine linked to the promotion of degranulation and neutrophil chemotaxis, 

which is implicated in the pathogenesis of the adult respiratory distress syndrome 

(ARDS) [147]. TNF-α is involved in the regulation of immune cells and the 

inflammation in chronic obstructive pulmonary disease (COPD) [148].  

• After PAP application on Calu-3 cells, 200 μl of medium was added into the 

apical part of the transwells and cells were incubated for 2 hours at 37°C with 

95% RH and 5% CO2.  

 

• Then, 100 μl of the apical medium was collected and kept at -20°C until cytokine 

assays were conducted. Cells exposed to 0 cmH2O PAP (no-pressure applied) 

were used as a control.  

 

• Finally, IL-8, IL-6 and TNF-α markers were measured using ELISA enzyme 

immunoassay kits according to the manufacturer's protocol as detailed below. 

 

• To prepare the standards and working detectors, after warming lyophilized 

standard to room temperature, the vial was carefully opened to avoid loss of 

material.  

 

• The lyophilized standard was reconstituted with 1.0 mL of deionized water to 

yield a stock standard. The standard was equilibrated for 15 minutes and gently 

mixed before making dilutions. The standard was stored in polypropylene vials at 

50 μl per vial and frozen at -80°C.  

 

• A standard solution at 300 pg/mL was prepared from the stock solution. 300 μL 

assay diluent, which served as the zero standard (0 pg/mL), was added to 6 

tubes previously labelled as 150 pg/mL, 75 pg/mL, 37.5 pg/mL, 18.8 pg/mL, 9.4 

pg/mL, and 4.7 pg/mL. Serial dilutions were performed by adding 300 μL of each 

standard to the next tube and vortexing between each transfer.  

 

• The detection antibody was added to the assay diluent and the enzyme reagent 

was added after 15 minutes mixing the solution properly.  



Chapter 3: Respiratory epithelial cell behaviour under positive airway pressure 

39 
 

The assay procedure to measure the concentration of cytokine proteins IL-6, IL-8 

and TNF-α after PAP application is described below step by step: 

• Microwells were coated with 100 μL per well of capture antibody previously 

diluted in coating buffer. Then the plate was sealed and incubated overnight at 

4°C. 

 

• The wells were aspirated and washed 3 times with 300 μL/well wash buffer. After 

last wash, the plate was inverted and blotted on absorbent paper to remove any 

residual buffer. 

 

• The plates were blocked with 200 μL/well assay diluent and incubated at room 

temperature for 1 hour. 

 

• The wells were again aspirated and washed 3 times with 300 μL/well wash buffer 

and blotted on absorbent paper to remove any residual buffer. 

• Standards and sample dilutions in assay diluent were prepared. 100 μL of each 

standard, sample, and control were pipetted into appropriate wells. Then, the 

plate was sealed and incubated for 2 hours at room temperature. 

 

• The wells were aspirated and washed 5 times with 300 μL/well wash buffer and 

blotted on absorbent paper to remove any residual buffer.  

 

• 100 μL of working detector solution were added to each well and the plate was 

sealed and incubated for 1 hour at room temperature. 

 

• The wells were aspirated and washed 7 times. Wells were soaked in wash buffer 

for 30 seconds to 1 minute for each wash and blotted on absorbent paper to 

remove any residual buffer. 

 

• 100 μL of substrate solution was added to each well and the plate was incubated 

(without plate sealer) for 30 minutes at room temperature in the dark. 

 

• 50 μL of stop solution was added to each well. Absorbance at 450 nm was read 

within 30 minutes of stopping reaction.  
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To calculate the results, the mean absorbance for each set of duplicate standards, 

controls and samples were calculated. The mean zero standard absorbance from 

each was subtracted. The standard curve on log-log graph was plotted, with IL-6, IL-

8 or TNF-α concentration on the x-axis and absorbance on the y-axis. The best fit 

curve through the standard points was drawn. To determine the IL-6, IL-8 or TNF-α 

concentration of the unknowns, the unknown’s mean absorbance value was found 

on the y-axis and a horizontal line to the standard curve was drawn. At the point of 

intersection, a vertical line to the x-axis was drawn and the IL-6, IL-8 or TNF-α 

concentration was read.  

 

3.5.5 Cell surface staining for mucus detection 

To evaluate the effect of pressure on the mucus secretion of both epithelial cells, 

alcian blue staining was performed. Alcian blue stains mucus glycoproteins allowing 

the visualization of mucus production [149].  

• Already secreted mucus on the cells was removed by washing them three times 

with HEPES (hydroxyethyl piperazine ethane sulfonic acid)/PBS (50:50) [46, 53].  

 

• Then pressure was applied for different times and the amount of secreted mucus 

was assessed by alcian blue staining. 

 

•  Cells were washed twice with 100 μL PBS and fixed using 2.5% w/v 

glutaraldehyde for 10 minutes.  

 

• The cells were washed again with PBS and stained using 100 μL alcian blue (1% 

w/v in acetic acid, 3% v/v pH 2.5) for 1 hour.  

 

• Cells were rinsed multiple times with PBS and air-dried overnight. The filter 

membrane was cut with a sharp point scalpel, mounted and sealed on glass 

slides.  

Images were taken using an Olympus BX60 microscope equipped with an Olympus 

DP71 camera and analysed using Image J software (v1.42q, NIH). A three-

dimensional colour space was produced representing the 8-bit red-green-blue 

(RGB) value of each image. The ratio of blue (RGBB ratio) was calculated according 

to equation 3.3, where RGBR, RGBG and RGBB correspond to the intensity of red, 
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𝑅𝐺𝐵𝐵  𝑅𝑎𝑡𝑖𝑜 =
𝑅𝐺𝐵𝐵

𝑅𝐺𝐵𝑅 + 𝑅𝐺𝐵𝐺 + 𝑅𝐺𝐵𝐵
 

green and blue colour, respectively. The mean RGBB ratio of ten images was used 

as a semi-quantitatively indication of the amount of mucus produced. 

3.3 

 

 

3.6 Statistical analysis 

Statistical analysis was performed using GraphPad Prism software (GraphPad, San 

Diego, CA, USA) version 6.07 for windows using one-way and two-way analysis of 

variance (ANOVA), followed by Tukey post hoc analysis for multiple comparisons. 

Results are presented as mean ± standard deviation (SD) of three independent 

experiments (n = 3). To determine the significance of the results, a probability value 

(p value) between 0 and 1 is used to test the validity of a claim made about the 

parameter measured, which is called null hypothesis. Therefore, a small p value (p < 

0.05) indicates strong evidence against the null hypothesis, which means that the 

null hypothesis is rejected and there is a significant difference on the parameter 

measured hence on the results (* p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 

0.0001) [150, 151]. 

 

3.7 Results  

To investigate the effect of the PAP on the cultured human epithelial cells, cell 

viability assay was firstly performed to prove that Calu-3 and RPMI 2650 cell lines 

were able to survive the positive pressure application within the experimental times. 

Then, the effect of the three airflow trajectories and three pressure scenarios was 

investigated. 

 

3.7.1 Cell viability 

Cell viability assay showed that applying 5, 10, 15 and 20 cmH2O CPAP (continuous 

positive airway pressure) for 8 hours, maximum experimental time considered to 

avoid a bacterial contamination risk based on previous literature [46], to both cell 

lines did not cause significant cell death (p values of 0.9171, 0.4768, 0.9995 and 

0.9986 for Calu-3 cells and 0.9525, 0.9761, 0.9526 and 0.9729 for RPMI 2650 cells, 
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at 5, 10, 15 and 20 cmH2O respectively). The percentage of viable cells after PAP 

application was compared to the control (no-pressure applied) in both cell lines as 

shown in Figure 3.8. Cell viability data indicates that both cell lines could survive the 

positive pressure application for 8 hours, the longest experimental time. 

 

 

Figure 3.8. Viability of Calu-3 (A) and RPMI 2650 (B) cells after 5, 10, 15 and 20 cmH2O of PAP 
application for 8 hours with trypan blue exclusion test. The percentage of viable cells after PAP 
application are not significantly different compared to the control in both cells lines.  

 

3.7.2 Effect of airflow trajectories on upper airway cell lines 

The effect of the three airflow trajectories previously described on both cell lines has 

been studied using both holder designs, the closed-flow holder A to simulate the 

PAP static flow and the continuous-flow holder B to simulate the continuous PAP 

dynamic flow and the superimposed human breathing cycle to the PAP dynamic 

flow. 

Calu-3 and RPMI 2650 transwells were placed inside the corresponding holder and 

20 cmH2O of PAP (maximum pressure selected) was applied for 8 hours, maximum 

experimental time considered. The effect of the three airflow trajectories on the cell 

lines was investigated by measuring the TEER at 4000Hz using the ECIS apparatus 

after PAP application. 

The results show that the TEER values increased significantly after PAP application 

compared to the control at ∆𝑃 of 0 cmH2O in both holders and cell lines. However, 

no significant difference is found in TEER values at ∆𝑃 of 20 cmH2O between the 

three airflow trajectories in both cell lines as shown in Figure 3.9 (p ≥ 0.9927 for 

Calu-3 cells and p ≥ 0.9249 for RPMI 2650 cells). This demonstrates that the airflow 
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trajectory does not have any effect on the results in the experimental time frame 

considered. Hence, the static flow achieved with holder A (closed-flow holder) was 

chosen to generate the pressure on the transwells in the subsequent experiments. 

 

 

Figure 3.9. TEER measurements at ΔP=0 cmH2O (Control) and ΔP=20 cmH2O at 4000 Hz using the 
holder A to generate a static flow (Static) and B to generate the continuous PAP dynamic flow 
(Dynamic) and the superimposed human breathing cycle to the PAP dynamic flow (Dynamic + BC). A- 

TEER measurements for Calu-3 cells. B- TEER measurements for RPMI 2650 cells.  

 

3.7.3 Effect of continuous positive pressure on human upper airway cell 

lines 

3.7.3.1 Optimization of PAP application time to measure cell layer 

characteristics 

The pressure application time is an important parameter to be considered for 

optimization in order to investigate the effect of PAP on the cell layer physiological 

characteristics. According to previous literature results, the time frame can vary from 

5 minute to 72 hours depending on the experiment performed, the parameters 

selected for measuring or the methodology followed [46]. Hence, aiming to 

investigate the effect of the PAP on the cell layer integrity, permeability, thickness 

and inflammation, the minimum significant pressure application time is desired in 

order to avoid a bacterial contamination risk and avoid mucus secretion which would 

interfere in the parameter reading. 

Calu-3 and RPMI 2650 transwells were placed inside the holder A and 20 cmH2O of 

PAP (maximum pressure selected) was applied for four different times: 0 minutes 

(before pressure application and considered as a control), 10 minutes, 1 hour and 8 

hours, according to previous literature results [46]. The effect of the PAP as a 
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function of time on the cell lines was investigated by measuring the TEER at 4000Hz 

using the ECIS apparatus after each PAP application. 

Figure 3.10. TEER measurements as a function of time cells at ΔP=20 cmH2O and 4000Hz using the 
holder A. A- TEER measurements for Calu-3 cells. B- TEER measurements for RPMI 2650 cells.  

The results showed that the TEER values increased significantly after 10 minutes of 

pressure application compared to the control at 0 minutes (no-pressure applied) in 

both cell lines. However, no significant difference is found in TEER values from 10 

minutes to 8 hours of 20 cmH2O PAP application in both cell lines as shown in 

Figure 3.10 (p ≥ 0.9871 for Calu-3 cells and p ≥ 0.8683 for RPMI 2650 cells). This 

demonstrates that 20 cmH2O PAP applied for longer than 10 minutes does not have 

any effect on the TEER values in both cell lines. Hence, a PAP application time of 

10 minutes was chosen to investigate the effect of the positive pressure scenarios 

on the cell layer integrity and permeability, and also cell layer thickness, ASL 

thickness and pro-inflammatory markers, in order to obtain all the parameters 

selected for measuring in the same time frame. 

3.7.3.2 Measurement of trans-epithelial electrical resistance (TEER) 

Cell layer integrity and electrical permeability on both cell lines after 5, 10, 15 and 20 

cmH2O CPAP (continuous positive airway pressure) for 10 minutes on holder A 

measured using the ECIS apparatus at 1000 Hz of frequency was evaluated and 

compared with no pressure controls (Figure 3.11). In both cell models, ECIS results 

showed a significant increase of TEER values after PAP application, which means 

that the electrons have a higher resistance to pass through the cell layer after 10 

minutes of pressure application compared to the control where no pressure was 
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applied. These results indicate that cell integrity is not affected, otherwise if the cell 

layer was damaged, lower TEER values compare to the control were expected.  

 

 

Figure 3.11. TEER measurements at Control (ΔP=0 cmH2O) and ΔP= 5, 10 15 and 20 cmH2O at 1000 
Hz using holder A. A- TEER measurements for Calu-3 cells. B- TEER measurements for RPMI 2650 
cells.  

 

3.7.3.3 Measurement of Apparent Permeability (Papp) 

Cell layer integrity and paracellular permeability on both cell lines after 5, 10, 15 and 

20 cmH2O CPAP (continuous positive airway pressure) for 10 minutes on holder A 

measured by Na-flu transport was evaluated and compared with no pressure 

controls (Figure 3.12). In both cell models, flu-Na transport across cell layer 

demonstrated a significant decrease of apparent permeability after PAP application, 

which means that both cell layers are less permeable to the paracellular markers 

after 10 minutes of pressure application compared to the control where no pressure 

was applied. These results indicate that cell integrity is not affected, otherwise if the 

cell layer was damaged, higher Papp values compared to the control were expected.  
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Figure 3.12. Apparent permeability coefficient (Papp) at Control (ΔP=0 cmH2O) and ΔP= 5, 10 15 and 
20 cmH2O using holder A. A- Papp values for Calu-3 cells. B- Papp values for RPMI 2650 cells.  

3.7.3.4 Measurement of cell layer thickness 

Total cell layer thickness (ycell, epithelial cell layer plus ASL layer) before and after 5 

and 20 cmH2O CPAP application for 10 minutes using holder A was measured using 

the Nikon Eclipse Ti Time-Lapse Inverted Microscope (Nikon Instruments, NY, USA) 

in a humidified atmosphere of 95% air and 5% CO2 at 37°C to avoid cell and ASL 

dryness. The Calu-3 and RPMI 2650 thickness results are shown in Figure 3.13.  

Results show a significant thickness reduction after both pressure applications, 

which means that the PAP is able to compress significantly both cell lines while they 

are alive (see cell viability results in section 3.7.1).  

This finding proves that the epithelial cell layer can be considered as a compressible 

material, and hence the elastic properties of Calu-3 and RPMI 2650 cell lines under 

pressure can be determined with the bulk modulus. Bulk modulus (B) is the measure 

of the ability to resist changes in volume under compression, and is equal to the 

quotient of the applied pressure divided by the relative deformation, strain or volume 

reduction. Therefore, a material easy to compress has a low bulk modulus and high 

compressibility [152, 153]. The bulk numerical constant is calculated mathematically 

according to equation 3.4, where ∆𝑃 and ∆𝑉 correspond to the relative positive 

pressure and epithelial cell volume decreases respectively from the control to 5 and 

20 cmH2O CPAP application. The volume variation is substituted with the thickness 

variation (𝑦0 and 𝑦1, the total thickness measured before and after pressure 

application respectively) because the transwell cell insert surface area (𝐴, 0.34 𝑐𝑚2) 

is not affected by the positive pressure.  
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Figure 3.13. Total epithelial cell thickness (ycell, epithelial cell layer plus ASL layer) measured before 
(control) and after 5 and 20 cmH2O of CPAP application for 10 minutes. A- ycell values for Calu-3 cells. 
B- ycell values for RPMI 2650 cells.  

 

3.4 

 

The resulting bulk modulus obtained at 5 and 20 cmH2O CPAP for Calu-3 and RPMI 

2650 cell lines are displayed in Table 3.1. All the calculated bulk modulus for each 

pressure and cell line are in the same order of magnitude and in agreement with the 

tracheal respiratory tissue bulk modulus determined in previous studies [152, 153]. 

 

Table 3.1. Bulk modulus for Calu-3 and RPMI 2650 cell lines under 5 and 20 cmH2O CPAP calculated 
from the total epithelial cell thickness (ycell) variation measured experimentally.  

ΔP (cmH2O) ΔP (kPa) 
Bulk Modulus (kPa) 

Calu-3 Cells  

Bulk Modulus (kPa) 

 RPMI 2650 Cells  

5 0.491 10.833 10.529 

20 1.964 10.548 10.778 

 

3.7.3.5 Measurement of airway surface liquid layer (ASL) thickness 

variation 

To investigate the effect of CPAP on the human upper airway dryness and estimate 

the ASL water content variation or over-evaporation, the ASL thickness was 

measured for the first time with the ECIS apparatus. The pure electrical resistance 

(R), used to determine the TEER values as described in section 3.5.1, also depends 

on other factors such as temperature, thickness or length, conductor material 

properties or cross-sectional area. By definition, the electrical resistance (R), and 
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consequently TEER, is described mathematically in equation 3.5, where 𝐴 

corresponds to the cross-sectional area of the electron flow (the effective area of the 

transwell semipermeable membrane in this case), 𝜌 corresponds to the conductor 

material electrical resistivity (cell line and ASL layer electrical resistivity) and 𝐿 

corresponds to the length between the electrodes or the thickness of the conductor 

material (cell layer thickness). 

3.5 

Hence, the TEER values measured with the ECIS apparatus are proportional to the 

cell layer thickness (𝐿), since the temperature, the effective area of the transwell 

semipermeable membrane (𝐴), and the cell layer electrical resistivity (𝜌) are 

constant in all the experiments. 

Two humidity scenarios were simulated to measure the thickness variation of the 

ASL with the ECIS apparatus. The first one was a reference measurement where 

the CPAP humidifier was set to provide a water saturated compressed airflow at 

30°C and 100% RH while the cells where incubated at 37°C (body temperature) in 

order to generate liquid-vapour equilibrium and annul the water transfer flow 

between the ASL and the water saturated CPAP airflow. Hence, the cell lines are 

only exposed to the CPAP compression effect. Second scenario, the CPAP device 

and humidifier were set to provide pressurized air at 30°C (room temperature) and 

70% RH, while the cells where incubated at 37°C to simulate the natural human 

upper airway conditions [33]. In this case the cell lines are exposed to the CPAP 

compression effect and the water transfer flow between the ASL and the 

environment. Therefore, the difference between both scenarios reflects the water 

transfer thickness variation at each ∆𝑃. 

Subsequently, the electrical resistance (TEER) across the monolayer was measured 

on both cell lines at 4000Hz using the ECIS apparatus after PAP application on 

holder A at ∆𝑃 of 0 (control), 5, 10, 15 and 20 cmH2O for 10 minutes.   

Data on both humidity scenarios and cell lines are shown in Figure 3.14. TEER 

values increase significantly (p<0.0001) with ∆𝑃 compared to the control (∆𝑃 of 0) in 

both cell lines and humidity scenarios, similar to the TEER values measured at 1000 

Hz. Looking at both humidity curves, it is seen that the reference curve (100% RH) 

has significantly higher values compared to the 70% RH curve in both cell lines. 

Hence, as previously described, the difference between the TEER values at 100% 

𝑇𝐸𝐸𝑅 (𝛺 ∙ 𝑐𝑚2) = 𝑅 (𝛺) ∙ 𝐴(𝑐𝑚2) =  𝜌 (𝛺 · 𝑐𝑚) · 𝐿(𝑐𝑚) 
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RH and 70% RH is used to determine the thickness variation of the ASL at each 

PAP applied in both cell lines. 

 

 

Figure 3.14. TEER measurements at Control (ΔP=0 cmH2O) and ΔP= 5, 10 15 and 20 cmH2O using 
holder A and at two RH: 100% RH (thickness reference) and 70% RH (upper airway conditions). A- 
TEER measurements for Calu-3 cells. B- TEER measurements for RPMI 2650 cells.  

 

A mathematical explanation of this calculation is outlined in Figure 3.15, where the 

TEER is divided in two main components, the resistance across the epithelium or 

cell layer (𝑅𝐸) and the resistance across the ASL layer (𝑅𝐴𝑆𝐿). Focussing on the 

control measurements (first column) where no pressure is applied on the cells, it is 

seen that the resistance component across the epithelium layer remains constant for 

both humidity scenarios (𝑅𝐸0,100 = 𝑅𝐸0,70 = 𝑅𝐸0), and only the resistance across the 

ASL layer at 70% RH is reduced due to the natural water transfer effect or air 

conditioning process (𝑅𝐴𝑆𝐿0,100 > 𝑅𝐴𝑆𝐿0,70).  

Regarding measurements after PAP application (∆𝑃 ≠ 0) (second column), cells 

under 100% RH and 70% RH environmental conditions are equally compressed 

showing the same resistance across the epithelium layer, but higher TEER values 

compared to control, because compressed cells have tighter junctions which hinder 
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In summary, comparing the TEER values obtained from each RH analysed, it was 

observed that the difference between the control and PAP application at 100% RH 

describes only the cell compression effect (𝑇𝐸𝐸𝑅0,100 < 𝑇𝐸𝐸𝑅∆𝑃,100). The natural 

C o n tr o l 5 1 0 1 5 2 0

5

1 0

1 5

2 0

2 5

3 0

3 5

 P  (c m H 2 O )

T
E

E
R

 (


c
m

2
)

7 0 %  rH

1 0 0 %  rH

R P M I 2 6 5 0  C e lls

* * *

* * * *

* * * *
* * * *

* * * *

C o n tr o l 5 1 0 1 5 2 0

6

8

1 0

1 2

1 4

1 6

1 8

2 0

 P  (c m H 2 O )

T
E

E
R

 (


c
m

2
)

7 0 %  rH

1 0 0 %  rH

C a lu -3  C e lls

* *

* * * *
* * * *

* * * *

* * * *

A B



Chapter 3: Respiratory epithelial cell behaviour under positive airway pressure 

50 
 

𝐴𝑆𝐿 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =
𝑇𝐸𝐸𝑅∆P,100 −  𝑇𝐸𝐸𝑅∆𝑃,70

𝑇𝐸𝐸𝑅∆P,100
  

𝐴𝑆𝐿 𝑜𝑣𝑒𝑟 − 𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 =
𝑇𝐸𝐸𝑅0,100 −  𝑇𝐸𝐸𝑅0,70

𝑇𝐸𝐸𝑅0,100
−
𝑇𝐸𝐸𝑅∆P,100 −  𝑇𝐸𝐸𝑅∆𝑃,70

𝑇𝐸𝐸𝑅∆P,100
  

water transfer effect is quantified comparing both controls (∆𝑃 = 0) measured under 

100% RH and 70% RH, where TEER is reduced due to ASL thickness reduction 

(𝑇𝐸𝐸𝑅0,100 > 𝑇𝐸𝐸𝑅0,70). Finally, dryness or over-evaporation effect produced by the 

increase in air volume due to PAP generation (∆𝑃 ≠ 0) is quantified comparing 

TEER values measured at 100% RH and 70% RH (𝑇𝐸𝐸𝑅∆𝑃,100 > 𝑇𝐸𝐸𝑅∆𝑃,70). 

 

 

Figure 3.15. A schematic representation of the resistance measured (TEER) and its ASL and 
epithelium components of the four scenario analysed: ∆P=0 at 100% RH, ∆P=0 at 70% RH, ∆P≠0 at 
100% RH, and ∆P≠0 at 70% RH. 

 

The dimensionless ASL thickness reduction is calculated from 𝑇𝐸𝐸𝑅∆𝑃,100 

(reference) to 𝑇𝐸𝐸𝑅∆𝑃,70 for each ∆𝑃 analysed in both cell lines according to 

equation 3.6. The ASL dryness or over-evaporation after PAP application is 

calculated comparing the previously calculated dimensionless ASL thickness 

reduction at each ∆𝑃 with the control (∆𝑃 = 0) according to equation 3.7. The results 

obtained are summarized in Table 3.2. 
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Table 3.2. ASL reduction percentage results for Calu-3 and RPMI 2650 cells due to water transfer 

effect only (no compression) calculated using experimental TEER data mean for each ΔP. ‡ control

measurement, represents the natural water transfer ASL thickness reduction necessary to achieve the 
air conditioning process.  

∆𝑷 

𝒄𝒎𝑯𝟐𝑶 

Calu-3 

ASL reduction 

(%) 

RPMI 2650 

ASL reduction 

(%) 

Calu-3 

ASL over-

evaporation (%) 

RPMI 2650 

ASL over-

evaporation (%) 

0 ‡ 19.26 32.22 0.00 0.00 

5 21.14 34.13 1.88 1.91 

10 22.71 34.78 3.45 2.56 

15 23.06 35.26 3.80 3.04 

20 23.45 35.89 4.19 3.68 

3.7.3.6 Measurement of pro-inflammatory marker expressions 

The expression of cytokine proteins Interleukin-6 (IL-6), Interleukin 8 (IL-8) and 

Tumour necrosis factor alpha (TNF-α) have been measured on Calu-3 cells after 5, 

10, 15 and 20 cmH2O CPAP for 10 minutes under 100% RH and 70% RH 

environmental conditions using holder A and compared with the control at 0 cmH2O 

(no pressure applied on the cells).  

The concentration of each inflammatory marker from Calu-3 cells as a function of 

each CPAP pressure applied (ΔP) for both humidity scenarios are shown in Figure 

3.16, Figure 3.17 and Figure 3.18. It is seen that the concentration of IL-6 and IL-8 

increases significantly after CPAP application and remains stable independently of 

the ΔP applied. There is not a significant difference on IL-6 (p ≥ 0.800) or IL-8 (p ≥ 

0.1263) concentrations between both humidity scenarios. TNF-α concentration 

results do not show any significant increase after CPAP application compared to the 

controls (p ≥ 0.5169 and p ≥ 0.6069 for 70% RH and 100% RH, respectively) and 

between the humidity scenarios (p ≥ 0.4051). 
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Figure 3.16. IL-6 concentration of Calu-3 cells at Control (ΔP=0 cmH2O) and ΔP= 5, 10 15 and 20 
cmH2O using holder A for 10 minutes. A- CPAP flow at 70% RH and 30°C (human upper airway 
conditions). B- CPAP flow at 100% RH and 30°C (thickness reference and water saturated conditions).  

 

 

Figure 3.17. IL-8 concentration of Calu-3 cells at Control (ΔP=0 cmH2O) and ΔP= 5, 10 15 and 20 
cmH2O using holder A for 10 minutes. A- CPAP flow at 70% RH and 30°C (human upper airway 
conditions). B- CPAP flow at 100% RH and 30°C (thickness reference and water saturated conditions).  

 

 

Figure 3.18. TNF-α concentration of Calu-3 cells at Control (ΔP=0 cmH2O) and ΔP= 5, 10 15 and 20 
cmH2O using holder A for 10 minutes. A- CPAP flow at 70% RH and 30°C (human upper airway 

conditions). B- CPAP flow at 100% RH and 30°C (thickness reference and water saturated conditions).  
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These results indicate that Calu-3 cells are inflamed, increasing significantly the IL-6 

and IL-8 marker concentrations, after 10 minutes of CPAP application independently 

of the ΔP applied. Also, it has been proved that the increase in RH can alleviate the 

ASL dryness or over-evaporation effect, as explained in section 3.7.3.5. However, 

the increase in RH does not have any effect on the inflammatory marker 

concentration, Calu-3 cells are equally inflamed at 70% RH than at 100% RH. 

 

3.7.3.7 Optimization of PAP application time to measure mucus secretion 

rate 

The pressure application time has been previously optimized to investigate cell layer 

integrity, permeability, thickness and inflammation. However, to investigate the 

effect of the CPAP on the mucus secretion rate, the pressure application time has to 

be increased and adjusted for this experiment since cell mucus production is a slow 

physiological process [149].  

As previously aimed, the minimum significant pressure application time is desired in 

order to avoid a bacterial contamination risk. Hence, Calu-3 and RPMI 2650 

transwells were washed three times with HEPES to remove the already secreted 

mucus at time 0 hours. The cell surface was stained to quantify the remaining 

amount of mucus after washing process, the absolute minimum amount of mucus. 

Then, cells where incubated at 37°C with 95% RH and 5% CO2 for 1, 8, 24 and 48 

hours with no pressure (0 cmH2O) and stained. Finally, transwells cultured for 15 

days (360 hours) and not washed with HEPES, were stained in order to visualize the 

absolute maximum amount of mucus. The amount of mucus produced, intensity of 

blue colour (RGBB ratio), as a function of time on both cell lines under no CPAP 

pressure (0 cmH2O) are shown in Figure 3.19.  

The results showed that the RGBB Ratio values increased linearly as a function of 

time. The first significant RGBB Ratio value is found after 8 hours of incubation 

compared to the control at 0 hours in both cell lines. Hence, to significantly measure 

how the mucus secretion rate is influenced by the CPAP application, transwells are 

incubated for 8 hours after washing the already secreted mucus under 5, 10, 15 and 

20 cmH2O CPAP and 0 cmH2O CPAP as control. This 8 hours of PAP application 

time is used exclusively to quantify the mucus secretion rate, on the other 

experiments (cell layer integrity and permeability, cell layer and ASL thickness, and 

pro-inflammatory markers) transwells are only exposed to 10 minutes of PAP in 

order to avoid a bacterial contamination risk. 
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Figure 3.19. Mucus secretion rate measured with the RGBB Ratio as a function of time cells at ΔP=0 
cmH2O. A- RGBB Ratio values for Calu-3 cells. B- RGBB Ratio values for RPMI 2650 cells.  

 

3.7.3.8 Measurement of the mucus secretion rate 

To evaluate the effect of pressure on the mucus secretion rate of both epithelial 

cells, Calu-3 and RPMI 2650 transwells were washed three times with HEPES to 

remove the already secreted mucus at time 0 hours and incubated at 37°C with 95% 

RH and 5% CO2 at 0 (control), 5, 10, 15 and 20 cmH2O CPAP was applied using 

holder A for 8 hours. Then, mucus glycoproteins were stained with alcian blue, cell 

surface images were taken and the RGBB ratio was calculated to semi-quantitatively 

measure the amount of mucus produced. Exemplary stained cell surface pictures of 

Calu-3 and RPMI 2650 after incubation at 0 (control) and 10 cmH2O CPAP are 

shown in Figure 3.20. 

 

Figure 3.20. Microscopic images and RGBB ratio of mucus stained with alcian blue on the cell surface 
of transwells after 8 h of 10 and 0 cmH2O CPAP application. A- Microscopic images and RGBB ratio of 
Calu-3 cells. B- Microscopic images and RGBB ratio of RPMI 2650.  
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Figure 3.21. RGBB ratio of mucus stained with alcian blue on the cell surface of transwells at Control 
(ΔP=0 cmH2O) and ΔP= 5, 10 15 and 20 cmH2O CPAP using holder A for 8 hours. A- RGBB ratio of 
Calu-3 cells. B- RGBB ratio of RPMI 2650.  

 

The RGBB ratio percentage as a function of CPAP pressure applied on both cell 

lines is displayed in Figure 3.21. It is seen that the amount of mucus secreted under 

pressure is significantly less than the control, and is lower as the pressure increases 

from 5 to 20 cmH2O CPAP in both cell lines.  

 

3.7.4 Effect of superimposed pressure oscillations on human upper airway 

cell lines 

As previously reported, to reduce tissue deformation, some research lines are 

focused on the possibility that many afferent neural receptors are stimulated by the 

vibration occurring during snoring [101-104]. Hence, the superimposed positive 

airway pressure (SPAP), which corresponds to the second pressure scenario, has 

been generated with a sinusoidal pressure variation signal of ± 1 cmH2O amplitude 

and 10, 20 and 30 Hz frequencies superimposed to the 5, 10, 15 and 20 cmH2O 

CPAP pressures in order to investigate the effect on the human cultured epithelial 

cells. 

Cell layer integrity and electrical permeability on Calu-3 and RPMI 2650 cell lines 

after 0 (control), 5 ± 1, 10 ± 1, 15 ± 1 and 20 ± 1 cmH2O PAP at 10, 20 and 30 Hz 

for 10 minutes on holder A measured using the ECIS apparatus at 1000 Hz of 

frequency was evaluated and compared with the previous CPAP results. The TEER 

values obtained are shown in Figure 3.22. 

A B

C o n tr o l 5 1 0 1 5 2 0

3 5

4 0

4 5

5 0

5 5

C a lu -3  C e lls

 P  (c m H 2 O )

R
G

B
B

lu
e

R
a

ti
o

 (
%

)

* * * *

C o n tr o l 5 1 0 1 5 2 0

3 5

4 0

4 5

5 0

5 5

R P M I 2 6 5 0  C e lls

 P  (c m H 2 O )

R
G

B
B

lu
e

R
a

ti
o

 (
%

) * * * *



Chapter 3: Respiratory epithelial cell behaviour under positive airway pressure 

56 
 

 

 

Figure 3.22. TEER values measured at Control (ΔP=0 cmH2O) and ΔP= 5, 10 15 and 20 cmH2O of 
CPAP and ΔP= 5 ± 1, 10 ± 1, 15 ± 1 and 20 ± 1 cmH2O of SPAP at 10, 20 and 30 Hz with the ECIS 
apparatus at 1000 Hz using holder A. A- TEER values for Calu-3 cells. B- TEER values for RPMI 2650 
cells.  

 

The TEER values measured after the superimposed pressure oscillation follow the 

same trend as the TEER values obtained after CPAP application, the values 

increase significantly with ΔP. However, the difference between the superimposed 

pressure oscillations and the CPAP application is not significant at any frequency. 

Therefore, the oscillation by itself is going to be studied in more detail and compared 

with the CPAP at 5 cmH2O in the next section. 

 

3.7.5 Effect of sinusoidal pressure oscillations (SPO) on human upper airway 

cell lines 

3.7.5.1 Frequency analysis of sinusoidal pressure oscillations (SPO) 

The frequency of the sinusoidal pressure oscillation signal is an important parameter 

to be considered for optimization in order to investigate the effect of PAP on the 

upper airway cell lines. According to previous literature results, many afferent neural 

receptors and the human genioglossus muscle are stimulated by the vibration 

occurring during snoring [85-88]. Hence, the effect of separate 10, 20 and 30 Hz 

frequencies on a 5 cmH2O amplitude sinusoidal signal has been investigated to 

simulate an intermittent pressure on both human epithelial cells.  
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time). The effect of the oscillation frequencies on the cell lines was investigated by 

measuring the TEER at 4000Hz using the ECIS apparatus after each PAP 

application. 

Figure 3.23. TEER values at Control (ΔP=0 cmH2O), after 5 cmH2O amplitude sinusoidal pressure 
oscillations (SPO) at 10, 20 and 30 Hz and after 5 cmH2O CPAP measured with ECIS at 4000 Hz 
using holder A. A- TEER measurements for Calu-3 cells. B- TEER measurements for RPMI 2650 cells.  

The results obtained for each frequency are compared with the control (no-pressure 

applied) and the 5 cmH2O CPAP (continuous pressure) previously measured in 
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significantly different value compared to CPAP and the closest compared to the 

control. Therefore, 5 cmH2O amplitude sinusoidal pressure oscillation (SPO) at 10 

Hz applied on Calu-3 and RPMI 2650 cells is analysed in the subsequent 

experiments and compared with 5 cmH2O continuous pressure (CPAP) and no 

pressure controls.  
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Figure 3.24).  

In both cell models, ECIS results showed a significant decrease of TEER values 

after SPO application for 10 minutes in both cell lines. This means that the electrons 

have a lower resistance to pass through the cell layer, closer to no pressure 

controls, compared to the 5 cmH2O CPAP, where the 5 cmH2O pressure is applied 

constant and continuous instead of oscillating at 10 Hz. However, the SPO results 

are still significantly higher than the controls, which indicate that cell integrity 

remains unaffected, otherwise if the cell layer was damaged, lower TEER values 

compare to the control were expected.  

 

 

Figure 3.24. TEER values at Control (ΔP=0 cmH2O), after  5 cmH2O amplitude SPO at 10 Hz and after 
5 cmH2O CPAP measured with ECIS at 1000 Hz using holder A. A- TEER measurements for Calu-3 
cells. B- TEER measurements for RPMI 2650 cells.  
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Figure 3.25. Apparent permeability coefficient (Papp) at Control (ΔP=0 cmH2O), after  5 cmH2O 
amplitude SPO at 10 Hz and after 5 cmH2O CPAP using holder A. A- Papp values for Calu-3 cells. B- 
Papp values for RPMI 2650 cells.  

 

In both cell models, flu-Na transport across cell layer demonstrated a significant 

increase of apparent permeability after SPO application, which means that both cell 

layers are more permeable to the paracellular markers after 10 minutes of pressure 

application, closer to no pressure controls, compared to the 5 cmH2O CPAP, where 

the 5 cmH2O pressure is applied constant and continuous instead of oscillating at 10 

Hz. However, the SPO results are still significantly lower than the controls in both 

cell layers, which indicate that cell integrity is not affected, otherwise if the cell layer 

was damaged, higher Papp values compared to the control were expected.  

 

3.7.5.4 Measurement of cell layer thickness 

Total cell layer thickness (ycell, epithelial cell layer plus ASL layer) before (control) 

and after 5 cmH2O amplitude sinusoidal positive pressure oscillation at 10 Hz for 10 

minutes using holder A was measured using the Nikon Eclipse Ti Time-Lapse 

Inverted Microscope (Nikon Instruments, NY, USA) in a humidified atmosphere of 

95% air and 5% CO2 at 37°C to avoid cell and ASL dryness, and compared with 5 

cmH2O CPAP measurements. The Calu-3 and RPMI 2650 thickness results are 

shown in Figure 3.13.  
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Figure 3.26. Total epithelial cell thickness (ycell, epithelial cell layer plus ASL layer) measured before 
(control) and after 5 cmH2O SPO at 10 Hz and 5 cmH2O CPAP application for 10 minutes. A- ycell 

values for Calu-3 cells. B- ycell values for RPMI 2650 cells.  

 

Results show a significant thickness reduction after SPO application for 10 minutes, 

which means that the 5 cmH2O oscillations at 10 Hz are still able to compress 

significantly both cell lines. However, no significant difference is found on cell 

thickness measurements between SPO and CPAP application (p = 0.9191 for Calu-

3 cells and p = 0.9670 for RPMI 2650 cells).  

 

3.7.5.5 Measurement of airway surface liquid layer (ASL) thickness 

variation 

As previously described in section 3.7.3.5, two humidity scenarios were simulated to 

measure the thickness variation of the ASL with the ECIS apparatus at 4000 Hz. 

The first one was a reference measurement where the CPAP humidifier was set to 

provide a water saturated compressed airflow at 30°C and 100% RH while the cells 

where incubated at 37°C (body temperature) in order to generate liquid-vapour 

equilibrium and annul the water transfer flow between the ASL and the water 

saturated CPAP airflow. Second scenario, the CPAP device and humidifier were set 

to provide pressurized air at 30°C (room temperature) and 70% RH, while the cells 

where incubated at 37°C to simulate the natural human upper airway conditions 

[18]. Therefore, the difference between both scenarios reflects the water transfer 

thickness variation at after SPO application at 10 Hz for 10 minutes. 

Data on both humidity scenarios and cell lines are shown in Figure 3.27. TEER 
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measured at 1000 Hz. Looking at the humidity profiles, it is seen that the reference 

value (100% RH) is significantly higher (p < 0.0001 in both in-vitro models) than the 

70% RH measurement in both cell lines. Hence, as previously described, the 

difference between the TEER data at 100% RH and 70% RH is used to determine 

the thickness variation of the ASL after SPO application in both cell lines. 

 

 

Figure 3.27. TEER measurements at Control (ΔP=0 cmH2O), after  5 cmH2O amplitude SPO at 10 Hz 
and after 5 cmH2O CPAP measured with ECIS at 4000 Hz using holder A and at two RH: 100% RH 
(thickness reference) and 70% RH (upper airway conditions). A- TEER measurements for Calu-3 cells. 
B- TEER measurements for RPMI 2650 cells.  

 

The dimensionless ASL thickness reduction is calculated from 𝑇𝐸𝐸𝑅∆𝑃,100 

(reference) to 𝑇𝐸𝐸𝑅∆𝑃,70 after SPO application in both cell lines according to 

equation 3.6. The ASL dryness or over-evaporation after pressure is calculated 

comparing the previously calculated dimensionless ASL thickness reduction with the 

control (∆𝑃 = 0) according to equation 3.7. The results obtained are summarized in 

Table 3.3. 

 

Table 3.3. ASL percentage reduction results for Calu-3 and RPMI 2650 cells due to water transfer 

effect only (no compression) calculated using experimental TEER data mean. ‡ control measurement, 

represents the natural water transfer ASL thickness reduction necessary to achieve the air conditioning 

process.  
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Control ‡ 19.27 32.22 0.00 0.00 

SPO 21.00 33.09 1.74 0.86 

CPAP 21.14 34.13 1.88 1.91 
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The quantified over-evaporation results or the amount of water dried or reduced on 

the ASL layer after SPO application is reduced compared to values measured after 

CPAP application on both cell lines.  

 

3.7.5.6 Measurement of pro-inflammatory marker expressions 

The expression of cytokine proteins Interleukin-6 (IL-6), Interleukin 8 (IL-8) and 

Tumour necrosis factor alpha (TNF-α) have been measured on Calu-3 cells after 

SPO application at 10 Hz for 10 minutes under 100% RH and 70% RH 

environmental conditions using holder A and compared with no pressure control and 

10 minutes of 5 cmH2O CPAP application. 

The concentration of each inflammatory marker from Calu-3 cells after SPO and 

CPAP application under both humidity scenarios are shown in Figure 3.28, Figure 

3.29 and Figure 3.30. It is seen that the concentration of IL-6 and IL-8 decreases 

significantly after SPO application compared to CPAP application but still 

significantly higher than the no pressure controls. There is not a significant 

difference on IL-6 (p ≥ 0.8085) or IL-8 (p ≥ 0.1394) concentrations between both 

humidity scenarios. TNF-α concentration results do not show any significant 

increase after CPAP application compared to the controls (p ≥ 0.4409 and p ≥ 

0.8965 for 70% RH and 100% RH, respectively) and between the humidity 

scenarios (p ≥ 0.8509). 

 

Figure 3.28. IL-6 concentration of Calu-3 cells at Control (ΔP=0 cmH2O), after 5 cmH2O amplitude SPO 
at 10 Hz and after 5 cmH2O CPAP using holder A for 10 minutes. A- Airflow at 70% RH and 30°C 
(human upper airway conditions). B- Airflow at 100% RH and 30°C (thickness reference and water 
saturated conditions).  
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Figure 3.29. IL-8 concentration of Calu-3 cells at Control (ΔP=0 cmH2O), after 5 cmH2O amplitude SPO 
at 10 Hz and after 5 cmH2O CPAP using holder A for 10 minutes. A- Airflow at 70% RH and 30°C 
(human upper airway conditions). B- Airflow at 100% RH and 30°C (thickness reference and water 
saturated conditions).  

Figure 3.30. TNF-α concentration of Calu-3 cells at Control (ΔP=0 cmH2O), after 5 cmH2O amplitude 
SPO at 10 Hz and after 5 cmH2O CPAP using holder A for 10 minutes. A- Airflow at 70% RH and 30°C 
(human upper airway conditions). B- Airflow at 100% RH and 30°C (thickness reference and water 
saturated conditions).  
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RH and 5% CO2 at 0 (control), 5 cmH2O SPO at 10 Hz and 5 cmH2O CPAP was 

applied using holder A for 8 hours. Then, mucus glycoproteins were stained with 

alcian blue, cell surface images were taken and the RGBB ratio was calculated to 

semi-quantitatively measure the amount of mucus produced.  

The RGBB ratio percentage PAP application on both cell lines is displayed in Figure 

3.31. It is seen that the amount of mucus secreted under SPO is significantly higher 

than under CPAP, but still significantly lower than no pressure controls in both cell 

lines.  

 

Figure 3.31. RGBB ratio of mucus stained with alcian blue on the cell surface of transwells at Control 
(ΔP=0 cmH2O), after 5 cmH2O amplitude SPO at 10 Hz and after 5 cmH2O CPAP using holder A for 8 
hours. A- RGBB ratio of Calu-3 cells. B- RGBB ratio of RPMI 2650.  
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analyse the human respiratory epithelium response under positive airway pressure 
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PAP dynamic airflow trajectory and the superimposed human breathing cycle to the 

PAP dynamic airflow trajectory. No significant difference was found in TEER values 

at ∆𝑃 of 20 cmH2O between the three airflow trajectories in both cell lines, which 

demonstrates that the airflow trajectories, either static or dynamic flows, do not have 

any effect on the in-vitro models in the experimental time frame considered.  

To investigate the effect of the PAP on the cultured human epithelial cells, three 

experimental setups were designed to generate three gauge or relative PAP 

scenarios on both cell lines, a continuous positive airway pressure (CPAP), a 

superimposed sinusoidal positive airway pressure oscillation (SPAP) and a 

sinusoidal positive airway pressure oscillation (SPO).  

The effect of 5, 10, 15 and 20 cmH2O CPAP on the cell lines was compared with no 

pressure controls. It was proved that the cell layer was compressed, since the cell 

thickness layer was significantly reduced after CPAP application. This finding is in 

agreement with the integrity and permeability results since the cell compression 

produced after CPAP application squeezes the cell tight junctions and hinders the 

paracellular transport resulting in an increase in TEER values and consequently a 

decrease in the Papp coefficient. The paracellular transport is directly related to the 

water transport across the epithelial cell barrier to regulate the ASL water content 

and keep the optimum mucus and cilia conditions in the human upper airway [14, 

53, 58]. It was also proved that there is an over-evaporation effect on the ASL layer 

after CPAP application. This effect has been quantified and the amount of water 

dried or reduced on the ASL layer was increasing from 1.880% to 4.191% for Calu-3 

cells and from 1.912% to 3.675% for RPMI 2650 cells with ΔP. Pro-inflammatory 

marker expressions results indicated that Calu-3 cells were inflamed, increasing 

significantly the IL-6 and IL-8 marker concentrations, after 10 minutes of CPAP 

application independently of the ΔP applied and the RH used. Finally it has been 

proved that the CPAP application hinder natural mucus secretion and lubrication 

with ΔP. Therefore, it has been demonstrated that the CPAP application deforms the 

epithelial cells and distorts the natural paracellular transport and the mucus 

secretion rate. Also the increase in air volume to generate the positive pressure 

disturbs the water transfer between the ASL layer and the compressed air producing 

an ASL over-evaporation effect. All these findings could directly influence the ASL 

regulation mechanism and produce dryness, sneezing, rhinorrhea, post-nasal drip, 

nasal congestion or epistaxis in the upper airways, the side effects reported by LSD 

patients after therapy. However, as explained in chapter 1 and 2, it has been proven 

that the increase in RH can alleviate the ASL dryness or over-evaporation effect, but 
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the increase in RH does not have any effect on the inflammatory marker 

concentration, so epithelial cells are equally inflamed at 70% RH than at 100% RH. 

The effect of 5 ± 1, 10 ± 1, 15 ± 1 and 20 ± 1 cmH2O SPAP at 10, 20 and 30 Hz on 

both epithelial cells was measured with the ECIS apparatus at 1000 Hz and 

compared with 5, 10, 15 and 20 cmH2O CPAP. TEER values showed no significant 

differences between SPAP and CPAP application at any frequency. This no 

significant differences could be due to the fact that the superimpose pressure 

oscillation does not have an effect on the cell physiology, just on the muscle 

stimulation as described in the literature. Therefore, the oscillation by itself has been 

studied as a third pressure scenario. 

Finally, the effect of 5 cmH2O amplitude sinusoidal positive airway pressure 

oscillation at 10 Hz on both cell lines was compared with 5 cmH2O CPAP. 

Regarding cell permeability and deformation or compression, even that TEER 

values are significantly lower after SPO application than CPAP application and Papp 

values are significantly higher after SPO application than CPAP application, no 

significant difference is found on cell thickness measurements between SPO and 

CPAP application. It has been quantified that the over-evaporation effect or the 

amount of water dried or reduced on the ASL layer after SPO application is 

significantly lower (1.742% and 0.875%, for Calu-3 and RPMI 2650 cells 

respectively) compared to values measured after CPAP application (1.880% and 

1.912%, for Calu-3 and RPMI 2650 cells respectively). Then, regarding pro-

inflammatory marker expressions, it has been seen that the concentration of IL-6 

and IL-8 decreases significantly after SPO application compared to CPAP 

application but still significantly higher than the no pressure controls, and also  there 

is not significant difference between high or low relative humidity conditions. At last, 

it has been proven that the amount of mucus secreted under SPO is significantly 

higher than under CPAP, but still significantly lower than no pressure controls in 

both cell lines. In conclusion, these results are in agreement with previous findings, 

such as an increase in paracellular permeability, compression, ASL over-

evaporation and inflammation after SPO compared to CPAP, and proves that the 

SPO should be further investigated to be incorporated with the actual and 

commercial PAP device to reduce the side effects produced by the LSD therapies. 
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3.9 Closure 

This chapter described in detail the methodology and experiments performed for cell 

characterization such as barrier integrity and permeability, cell and ASL thickness 

measurements, inflammatory response and mucus secretion rate. The design, 

simulation and optimization of the cell insert holders, compressed airflow trajectories 

and positive pressure scenarios have also been explained in this chapter. Finally, 

the results obtained from these experiments have been used to evaluate the effect 

of different PAP applications and airflow trajectories on Calu-3 and RPMI 2650 

epithelial cells. 

The next chapter will describe a mathematical model developed to extrapolate the 

results obtained on the human Calu-3 and RPMI 2650 epithelial and nasal cells to 

the human respiratory system, specifically to the human upper airways. 
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Chapter 4                                         

Model formulation and extrapolation of epithelial cell 

results to the human upper airway 

4.1 Introduction 

Chapter 3 proved the hypothesis previously formulated, which states that the 

application of positive pressure may inhibit the natural air conditioning process and 

deform the respiratory epithelium, leading to disruption of the natural lubrication and 

explaining the secondary effects reported by LDS patients after the therapy. Calu-3 

cells and RPMI 2650 cells grown in air-liquid interface (ALI) on permeable supports 

were used as in-vitro respiratory models to test the effect of different positive 

pressure scenarios on human airway epithelial cells. It was demonstrated that after 

PAP application epithelial cells were inflamed regardless of the humidity content in 

the airflow. Also, paracellular transport, which is directly related to the water flow 

between the cells, mucus secretion rate and ASL water content were significantly 

reduced.  

The purpose of this chapter is to extrapolate the variation on the ASL layer water 

content after PAP application quantified on the human in-vitro respiratory cell 

models to the entire human upper airways in order to determine the input 

temperature and relative humidity of the compressed PAP airflow to overcome the 

upper airway dryness side effect. Hence, the amount of water required to humidify 

the PAP airflow and overcome the patient's discomfort after the CPAP therapy will 

be quantified. Although epithelium inflammation or the lack of mucus secretion from 

goblet cells produced after PAP therapy is not solved by humidifying the 

compressed airflow introduced into the respiratory tract to keep the airways open, 

the use of a proper humidification will increase the comfort of patients using LSD. 
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Therefore, a simple, efficient, fast computing and realistic 1D human upper airway 

model is formulated, validated and optimized to predict the heat and water transfer 

variation between normal breathing and PAP conditions.  

The model formulation is explained in sections 4.2 to 4.8, including assumptions, 

governing equations, boundary conditions and computational strategy. The 

statistical analysis is described in section 4.9. Then, models results, validation and 

optimization are detailed in sections 4.10, 4.11 and 4.12 respectively. Finally, the 

discussion on the results and the closure of the chapter are carried out in sections 

4.13 and 4.14. 

 

4.2 Model description and assumptions 

One-dimensional (1D), two-dimensional (2D) and three-dimensional (3D) 

computational models for temperature and water vapour concentration have 

previously been developed to study air conditioning characteristics in the human 

respiratory tract. 1D and 2D models are the most popular methods due to their 

simplicity and efficiency, where air temperature and water vapour concentration are 

obtained by solving scalar transport equations and energy balance equations based 

on control volume analysis [33, 74]. 3D models are computationally more 

demanding because they provide detailed air distributions of velocities, temperature 

and water vapour concentration, but the computational time and model size is 

greater compared to 1D models [77-79]. Therefore, the proposed theoretical model 

is a simple, efficient, fast computing and realistic 1D upper airway representation 

able to predict the heat and water transfer variation between normal breathing and 

PAP conditions, which is the significant difference from other models previously 

described on the literature [33, 74, 77-79]. 

To facilitate model development, assumptions and simplifications are made to 

reduce computational complexity whilst maintaining the governing process 

characteristics. These include: 

• The geometry of the human upper airways has been approximated to an 

idealized symmetric cylinder-based airway model using data previously reported 

by the literature [33, 74, 154]. Each cylinder corresponds to one of the areas of 

interest in the upper airways as described in Figure 4.1. The areas of interest are: 

nasal vestibule, nasal cavity, nasal turbinate proximal nasopharynx, distal 
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nasopharynx, oropharynx, hypopharynx, larynx, proximal trachea and distal 

trachea. 

• The geometry inside each cylinder-based segment is considered uniform, hence

the geometric parameters, such as cross-sectional area, diameter and velocity

are assumed constant in each cylinder but changes from one segment to

another.

• Axial conduction and convection heat along the airway are assumed to be

negligible. The radial conduction and convection heat are the main sources of

energy to achieve human air conditioning process [33, 74, 154].

• Air and water vapour mixture is considered ideally mixed and homogeneous at

the end of each cylinder-based segment.

• Air and water vapour mixture flow is one-dimensional along the axial direction

and considered as an ideal gas.

• ASL and epithelial cell layers are considered as a unique homogeneous layer

due to the similarities in composition, since both are composed by 95% of water,

[46, 53] to determine the radial conduction heat transfer from the blood capillary

to ASL outer surface.

• The water content on the ASL outer surface in contact with the airflow is

considered in thermodynamic liquid-vapour phase equilibrium, which is

determined by Clapeyron equation.

• The flow rate is set as an inlet boundary condition and fixed to generate the

desired PAP pressure inside the respiratory system according to the CPAP

device specifications.

• The airflow evolution is considered time-independent, according to the previous

in-vitro model results (Chapter 3). The main interest is in determining how each

state variable changes as a function of pressure under normal breathing (ΔP=0)

and PAP conditions (ΔP>0) in the inspiration phase of the breathing cycle since it

has the highest turbulence airflow impact [78].
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• The model is formulated to simulate only a nasal respiration and is solved for the 

steady-state level. 

 

 

Figure 4.1. Description of the human upper airway regions of interest used to develop the geometrical 
modelling. A- Human upper airways anatomy [155]. B- The idealized symmetric cylinder-based airway 
model.  

 

4.3 State variables 

Aiming to extrapolate the variation on the ASL layer water content, dryness or over-

evaporation effect after PAP application quantified on the human in-vitro respiratory 

cell models to the human upper airways, five state variables are considered to 

investigate the effect of the LSD devices on the natural air conditioning process. The 

main objective is to quantify the water transfer flux from the ASL layer to the airflow 

under each PAP condition, hence the state variables are:  

• Airflow temperature (𝑇𝐴) 

 

• ASL outer surface temperature (𝑇𝑀) 

 

• Water concentration on the airflow (𝐶𝐴) 

 

• Water concentration on the ASL layer (𝐶𝑀) 
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Hence, the model is formulated and managed by five main equations, which are 

described in the next section. 

 

4.4 Governing equations  

In this part of the chapter scalar transport equations and energy balance equations 

based on control volume analysis are described to formulate the model. 

Conservation of mass, momentum and energy are used to calculate water vapour 

and heat exchange between the ASL and the airflow under 0, 5, 10, 15 and 20 

cmH2O CPAP pressures. 0 cmH2O CPAP pressure is considered to simulate the 

normal breathing conditions. The heat and water transfer fluxes in 𝑥 and 𝑦 directions 

along with state variables and parameters considered for physical modelling of the 

human breathing conditions are outlined in Figure 4.2. 

 

 

Figure 4.2. Schematic representation of conduction, convection and vaporization heat (𝑞𝐶𝐷, 𝑞𝐶𝑉 , 𝑞𝑓𝑔, 

respectively) and water transfer (𝑁) fluxes in a 𝑑𝑥 slice of the segment k, and state variables such as 

airflow, ASL outer surface and blood temperatures (𝑇𝐴, 𝑇𝑀, 𝑇𝐵, respectively) and water concentration on 

the airflow and ASL layer (𝐶𝐴, 𝐶𝑀, respectively) at the airway distance 𝑥. 

 

4.4.1 Mass and energy fluxes along the y-axis 
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𝑞𝐶𝑉(𝑥) =  ℎ𝐶(𝑥)(𝑇𝑀(𝑥) − 𝑇𝐴(𝑥)) 

ℎ𝐶(𝑥) =  
𝑁𝑢(𝑥)𝑘𝐴
𝐷(𝑥)

sensible heat from the ASL outer surface to the airflow and latent heat involved in 

water liquid-gas phase change.  

Conductive sensible heat is described in equation 4.1 where heat flux (𝑞𝐶𝐷) is 

transferred trough the epithelium with specific thickness (𝑦) and thermal conductivity 

(𝑘𝑀) as a consequence of the thermal gradient from blood temperature at the 

basement capillary membrane (𝑇𝐵) to mucus temperature at the ASL outer surface 

(𝑇𝑀). 

4.1 

Convective sensible heat is described in equation 4.2 where the heat flux (𝑞𝐶𝑉) is 

transferred as a consequence of thermal gradient, in this case from the ASL outer 

surface (𝑇𝑀) to the airflow (𝑇𝐴) at specific heat transfer coefficient (ℎ𝐶). 

4.2 

The heat transfer coefficient is calculated from equation 4.3, where 𝐷 is the cross-

sectional diameter, 𝑘𝐴 is the air thermal conductivity and 𝑁𝑢 is the Nusselt number. 

This dimensionless number is calculated from an empirical correlation of heat and 

water vapour transfer in human airways validated in the literature [79] and is 

described in equation 4.4, where 𝐷𝑇 is the tracheal diameter and 𝑅𝑒 is the 

dimensionless Reynolds number. 

4.3 

4.4 

The latent heat involved in water liquid-gas phase change is described in equation 

4.5, where ℎ𝑓𝑔 is the water latent heat of vaporization, 𝑀𝑊 is the water molecular 

weight and 𝑁 is the water molar flux, which is calculated in equation 4.6. 

4.5 

4.6 

Equation 4.6 is the definition of the convective mass transfer flux generated as a 

consequence of the water concentration gradient from the ASL outer surface (𝐶𝑀) to 

𝑞𝐶𝐷(𝑥) =  
𝑘𝑀
𝑦

(𝑇𝐵(𝑥) − 𝑇𝑀(𝑥)) 

𝑁𝑢(𝑥) = 3.504  𝑅𝑒(𝑥)
𝐷(𝑥)

𝐷𝑇

0.277

𝑞𝑓𝑔(𝑥) =  ℎ𝑓𝑔𝑀𝑊𝑁(𝑥) 

𝑁(𝑥) =  𝑘𝐶(𝑥)(𝐶𝑀(𝑥) − 𝐶𝐴(𝑥)) 
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𝑆ℎ(𝑥) = 3.652  𝑅𝑒(𝑥)
𝐷(𝑥)

𝐷𝑇

0.268

𝑣(𝑥)
𝑑𝐶𝐴
𝑑𝑥

=  
4

𝐷(𝑥)
𝑘𝐶(𝑥)(𝐶𝑀(𝑥) − 𝐶𝐴(𝑥)) 

𝑣(𝑥)
𝑑𝑇𝐴
𝑑𝑥

=  
4

𝐷(𝑥)𝜌𝐶𝑝𝐴
 ℎ𝐶(𝑥) 𝑇𝑀(𝑥) − 𝑇𝐴(𝑥) + 𝐶𝑝𝑊𝑀𝑊𝑁(𝑥)(𝑇𝑀(𝑥) − 𝑇𝐴(𝑥)) 

𝑘𝑀
𝑦
 𝑇𝐵(𝑥) − 𝑇𝑀(𝑥) =  ℎ𝐶(𝑥) 𝑇𝑀(𝑥) − 𝑇𝐴(𝑥) + ℎ𝑓𝑔𝑀𝑊𝑁(𝑥) 

the airflow (𝐶𝐴) at specific mass transfer coefficient (𝑘𝐶). This coefficient is 

calculated from 4.7, where 𝐷𝑖𝑓 is the diffusivity of water in air and 𝑆ℎ is the 

dimensionless Sherwood number determined from the bulk heat and mass transfer 

in the human airways empirical correlation [24] according to equation 4.8. 

4.7 

4.8 

Applying conservation of energy across the epithelium and ASL the heat fluxes 

described in equations 4.1, 4.2 and 4.5 can be combined in one main balance 

equation 4.9. 

4.9 

4.4.2 Mass and energy fluxes along the x-axis 

Regarding the x-axis, mass and energy balances are performed on the air phase of 

each 𝑑𝑥 slice. The mass balance is described in equation 4.10 where 𝑣 is the local 

mean airflow velocity across the airways calculated from the constant inlet flow rate 

(boundary condition) and the cross-sectional area (CSA) at each section of the 

model. 

4.10 

The energy balance is outlined in equation 4.11 where 𝜌 is the air density and 𝐶𝑝𝐴 

and 𝐶𝑝𝑊 are the air and water heat capacities at constant pressure respectively.  

4.11 

Finally the saturation pressure (𝑃𝑠𝑎𝑡) of the thermodynamic water liquid-vapour 

phase equilibrium on ASL outer surface is determined by the empirical Tetens 

equation (4.12) which relates the saturation water vapour pressure with the 

temperature improving the Clapeyron equation. Then, the water concentration at the 

same saturation conditions on the mucus-air interface (𝐶𝑀) is determined from the 

ideal gas equation (4.13) where 𝑅 is the ideal gas constant. 

𝑘𝐶(𝑥) =  
𝑆ℎ(𝑥) 𝐷𝑖𝑓

𝐷(𝑥)
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4.12 

 

4.13 

Therefore, the theoretical model is managed by five main equations (4.6,4.9, 4.10, 

4.11, 4.13) which are used to determine the five state variables (𝑇𝐴, 𝑇𝑀 , 𝐶𝐴, 𝐶𝑀, 𝑁) 

along the upper airways.  

 

4.5 Boundary conditions 

Two boundary conditions have been set to characterize the upper airway inlet 

airflow conditions and the airway wall temperature along the tract. As described in 

the introduction, the outcome of this theoretical model is to determine the effect of 

the positive pressure on the upper airways humidification, which is reflected on the 

resolved state variables evolution along the geometrical cylinder-based segments 

under the different PAP conditions.  

 

4.5.1 Inlet airflow temperature, water vapour concentration and flowrate 

To simulate normal breathing conditions, it has to be considered that LSD devices 

generate a positive pressure inside the patients’ respiratory tract to keep the airways 

open during sleep. Hence, at rest, breathing is slower and more relaxed and the 

minute ventilation of a healthy adult, according to the literature, is experimentally 

determined at 9 L/min [75]. Then, previous researches have stated that the 

temperature and relative humidity of the microclimate between humans and bed 

covers (bed environment) are generally maintained around 29°C and 65% 

respectively during normal sleep [156]. Hence, these values are chosen to 

characterize the model inlet airflow conditions under normal breathing, when no 

pressure is applied. 

To simulate PAP conditions, the inlet flow rates to achieve the desired pressures 

inside the respiratory system are given by the CPAP device specifications [157]. 

Hence, volume flow rates of 48.47, 53.95, 59.42 and 64.91 L/min are used to 

generate 5, 10, 15 and 20 cmH2O of constant positive pressure. Then, knowing that 

the CPAP device operating principle is to introduce pressurized room air into the 

patient’s respiratory system, the temperature and relative humidity inlet airflow 

𝑃𝑠𝑎𝑡 (𝑥) = 610.78 exp 
17.27(𝑇𝑀(𝑥) − 273.15)

(𝑇𝑀(𝑥) − 273.15) + 237.3
  

𝐶𝑀(𝑥) =  
𝑃𝑠𝑎𝑡 (𝑥)

𝑅 𝑇𝑀(𝑥)
 ∙  10−6 
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conditions under PAP conditions are set according to a room neutral sleeping 

environment, which corresponds to 22°C and 50% respectively according to the 

literature [158]. 

The inlet air water vapour concentration (𝐶𝐴0) is determined from the relative 

humidity (𝑟𝐻) using equation 4.14 where 𝐶𝐴𝑠𝑎𝑡 is calculated from equations 4.12 and 

4.13 using the inlet air temperature (𝑇𝐴0), bed environment temperature for normal 

breathing conditions or room neutral sleeping environmental temperature for PAP 

conditions.  

 

4.14 

4.5.2 Airway wall temperature 

The wall temperature along the respiratory tract corresponds to the capillary blood 

temperature (𝑇𝐵) on the basement membrane as a function of the distance from the 

nasal vestibule to the distal trachea. Because of the difficulty in obtaining accurate 

axial blood temperature distribution, 𝑇𝐵 has been set as a linear distal increase at a 

0.33°C/cm rate from 32°C at the nasal vestibule basement membrane temperature 

according to previous studies [33, 74-76, 79]. 

 

4.6 Parameters affected by PAP application 

To determine the parameters directly affected by the PAP application, how the 

airways are opened and which is the physical phenomena governing this process 

have to be completely understood. As proved and quantified in the previous chapter 

3, there are two main effects that have to be extrapolated to the entire upper 

airways: the cell or epithelium compression and the ASL dryness or over-

evaporation after PAP application. Both effects are outlined in Figure 4.3. 

 

𝐶𝐴0
=  

𝑟𝐻 ∙  𝐶𝐴𝑠𝑎𝑡  

100
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Figure 4.3. Schematic representation of the dimensions evolution cylinder-based airway radial plane 
dimension evolution when PAP is applied. A- Initial airway dimensions which corresponds to normal 
breathing conditions (∆𝑃 = 0). B- Airway dimensions evolution when PAP is applied due to tissue 

compression, calculated from Bulk Modulus, where 𝐷1 > 𝐷0, 𝐶𝐶𝐴1 < 𝐶𝐶𝐴0 and 𝑦1 < 𝑦0. Epithelium and 
ASL layers are assumed equally compressed. C- Representation of the drying effect when PAP is 
applied, where the ASL layer thickness is also reduced (𝑦2

′ < 𝑦1
′ ) due to the water transfer from the 

ASL layer to the airflow in order to achieve the air conditioning process, hence 𝐷2 > 𝐷1 and  𝑦2 < 𝑦1. 

4.6.1 Epithelium compression after PAP application 

LSD introduced pressurized room air into the respiratory system to generate a PAP 

inside the breathing tract and keep the airways opened during sleep. The positive 

pressure inside the upper airways generates a radial force normal to the epithelium 

in order to increase the volume of the airways, and as a consequence of this radial 

positive force, the epithelium is significantly compressed. The epithelium 

compression is governed by the Bulk Modulus (𝐵), which was calculated in the 

previous chapter 3 and proved to be in agreement with the tracheal respiratory 

tissue bulk modulus according to the literature [152, 153].  

Then, the respiratory tract tissue compression, i.e. tissue volume reduction, is 

predicted using the Bulk Modulus equation (4.15), where ∆𝑃 and ∆𝑉 correspond to 

the pressure increase and epithelium volume decrease respectively from normal 

breathing conditions (ΔP=0) to the desired PAP (ΔP≠0), and 𝑉0 is the initial 

epithelium volume. The equation 4.15 can be written as a function of the circular 

crown epithelium and ASL area (𝐶𝐶𝐴) since the axial segment length (𝐿) is not 

affected by the radial positive force generated by the PAP application. Also, it has to 

be specified that the final airway diameter (𝐷1) is equal to the sum of the initial 

airway diameter (𝐷0), before PAP application, and the epithelium thickness variation 

(2 ∙ (𝑦0 − 𝑦1)) as described in equation 4.16. This phenomena is described in Figure 

4.3A and Figure 4.3B.  

Epithelium

ASL Layer

Air

Epithelium

ASL Layer

Air

Epithelium

ASL Layer

Air

A B C

𝐷0

𝐷1 𝐷2

𝑦0 𝑦1 𝑦2

𝑦2
′𝑦1

′P
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𝑦2 = 0.77𝑦1 + 0.23𝑦1 −  0.23𝑦1  
𝑦1
′ − 𝑦2

′

𝑦1
′    

𝐷2 =  𝐷1 + 2 ∙ (𝑦1 − 𝑦2) 

 

4.15 

4.16 

 

4.6.2 ASL dryness or over-evaporation after PAP application 

The subsequent effect considered for extrapolation is the ASL dryness or over-

evaporation quantified in the two in-vitro models after PAP application in previous 

chapter 3. This is essential to determine the final airway dimensions at the desired 

PAP (ΔP≠0). 

Briefly, it was explained and proved in chapter 3 that the air volume increase 

produced to generate the PAP hinders the natural air conditioning process and 

produces ASL dryness or over-evaporation. The water flux from the ASL layer to the 

airflow needed to achieve the proper relative humidity and reach the equilibrium is 

higher when PAP is applied because there is more air inside the respiratory system 

to be humidified than in normal breathing conditions. This increase in water flux from 

the ASL layer to the airflow produces a decrease in the ASL water content reservoir 

hence in the ASL thickness. 

Mathematically, according to the process outlined in Figure 4.3B and Figure 4.3C, 

the ASL thickness reduction can be expressed as (𝑦1
′ − 𝑦2

′)/𝑦1
′  and is quantified for 

5, 10, 15 and 20 cmH2O CPAP application in previous chapter 3. Also, it is known 

that the ASL thickness (𝑦′) corresponds to 23% of the total epithelial thickness (𝑦) 

according to the literature [154]. Therefore, the final epithelial thickness (𝑦2) and 

airway diameter (𝐷2) after PAP application are determined from equations 4.17 and 

4.18. The final airway cross-sectional area (𝐴) used to determine the model 

geometry at each PAP simulated is determined from the final airway diameter 

(𝜋𝐷2
2/4). 

 

4.17 

4.18 

 

𝐵 =  −
∆𝑃 

∆𝑉
𝑉0

=  −  
∆𝑃 

𝐶𝐶𝐴1𝐿 − 𝐶𝐶𝐴0𝐿
𝐶𝐶𝐴0𝐿

=  −  
∆𝑃 

𝑦1(𝑦1 + 𝐷1)
𝑦0(𝑦0 + 𝐷0)

− 1
 

𝐷1 =  𝐷0 + 2 ∙ (𝑦0 − 𝑦1) 
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4.7 Computational strategy 

The human upper airway PAP model consists of a series of five governing equations 

solved for each geometrical segment, where the output variables are used as input 

variables for the next segment following the steps described in Figure 4.4. The same 

procedure is repeated for each PAP analysed. 

Figure 4.4. Flow diagram of upper airway PAP model outlining the steps to follow to compare the 
governing state parameters evolution at each PAP selected valid from 0 to 20 cmH2O. 

The model is written, simulated and optimized on MATLAB R2014b (MathWorks®, 

NSW, Australia), a computer algebra software, where custom scripts and built-in 

functions, such as 𝑜𝑑𝑒45 and 𝑓𝑠𝑜𝑙𝑣𝑒 functions, are used to solve the mathematical 

system. A lumped parameter approximation is used to simplify the equations and 

reduce the computational time (see appendix F).  

4.8 Summary of Parameters 

Although all the parameters and variables are included in the list of abbreviations 

and symbols, the parameters used to formulate the human upper airway PAP model 

are also summarized in the foll9owing tables for simplicity. They are divided in three 

main groups: geometrical parameters, constant variables and variables. 

Set Constant Parameters: 𝐿 𝑘 , 𝐶𝑝𝐴, 𝐶𝑝𝑊,𝑀𝑊, 𝑘𝑀, 𝑘𝐴, ℎ𝑓𝑔, 𝐷𝑖𝑓,  , ν

Update PAP parameters for the pressure selected:  , 𝑄, 𝑦, 𝜌, 𝐴 𝑘 , 𝐷(𝑘) 

Step onto 𝑘 segment (𝑘 + 1 for next segment calculations):

• Update 𝑇𝐴𝑘 1and 𝐶𝐴𝑘 1calculated from previous segment

• Calculate: 𝑣𝑘, 𝑅𝑒𝑘, 𝑇𝐵𝑘, 𝑁𝑢𝑘, 𝑆ℎ𝑘, 𝑘𝐶𝑘, ℎ𝐶𝑘
• Simultaneously solve the five governing equations

• Store the results: 𝑇𝐴𝑘, 𝑇𝑀𝑘
, 𝐶𝐴𝑘, 𝐶𝑀𝑘

, 𝑁𝑘
• Calculate 𝑟𝐻𝑘

Analyse the results from all PAP modelled (from 0 to 20 cmH2O) 
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4.8.1 Geometrical Parameters 

Table 4.1. Geometrical parameters used to formulate the human upper airway PAP model. It contains 
the symbol of each parameter, a brief description, mathematical value and unit and the reference 
number. 

Parameters Description Value Units Ref. 

𝑳(𝒌) UA Length Vector [2.0 4.0 4.0 1.4 1.9 

2.3 2.1 1.1 2.7 2.8] 

𝑐𝑚 [33] 

𝑫 (𝒌) UA Diameter Vector at 

ΔP=0 

[1.5 1.2 0.6 2.0 1.2 

2.5 2.4 1.1 1.8 2.1] 

𝑐𝑚 [33] 

𝒚 Epithelium Thickness at 

ΔP=0 

65 𝑛𝑚 [154] 

4.8.2 Constant Variables 

Table 4.2. Constant parameters used to formulate the human upper airway PAP model. It contains the 
symbol of each parameter, a brief description, mathematical value and unit and the reference number. 

Variables Description Value Units Ref. 

∆𝑷 Positive airway Pressure 

Increase 

0, 5, 10, 15, 

20 

𝑐𝑚𝐻2𝑂 - 

𝑸 Airflow Rate at ΔP=0 cmH2O 150 𝑐𝑚3/𝑠 [75] 

𝑸𝟓 Airflow Rate at ΔP=5 cmH2O 241.25 𝑐𝑚3/𝑠 [157] 

𝑸 Airflow Rate at ΔP=10 

cmH2O 

332.5 𝑐𝑚3/𝑠 [157] 

𝑸 𝟓 Airflow Rate at ΔP=15 

cmH2O 

423.75 𝑐𝑚3/𝑠 [157] 

𝑸𝟐 Airflow Rate at ΔP=20 

cmH2O 

515 𝑐𝑚3/𝑠 [157] 

𝒌𝑴 Epithelial and ASL Thermal 

Conductivity 

0.00144 𝑐𝑎𝑙/𝑐𝑚 𝑠 𝐾 [79] 

𝒌 Moist Air Thermal 

Conductivity 

6.432e-5 𝑐𝑎𝑙/𝑐𝑚 𝑠 𝐾 [79] 

𝒉𝒇𝒈 Latent heat of vaporization 578.4 𝑐𝑎𝑙/𝑔 [79] 

𝑴𝑾 Water Molecular Weight 18.016 𝑔/𝑚𝑜𝑙 [79] 

𝑫𝒊𝒇 Diffusivity of Water Vapour in 

Air 

0.27 𝑐𝑚2/𝑠 [79] 

𝝆 Density of Moist Air 0.00112 𝑔/𝑐𝑚3 [79] 

𝝁 Dynamic Viscosity of Moist 

Air 

1.846e-4 𝑐𝑎𝑙/𝑐𝑚 𝑠 𝐾 [79] 

𝒑 Moist Air Heat Capacity at 

Constant Pressure 

0.2592 𝑐𝑎𝑙/𝑔 𝐾 [79] 

𝒑𝑾 Water Heat Capacity at 

Constant Pressure 

1 𝑐𝑎𝑙/𝑔 𝐾 [79] 

𝑹 Ideal Gas Constant 8.31 𝑚3𝑃𝑎/𝑚𝑜𝑙𝐾 -

𝑩 Bulk Modulus of Respiratory 

Epithelium 

10500 𝑃𝑎 [152]
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4.8.3 Variables 

Table 4.3. Variables used to formulate the human upper airway PAP model. It contains the symbol of 

each parameter, a brief description and the unit of measure. 

Variables Description Units 

𝑻 𝒌 Local Airflow Temperature 𝐾 

𝑻𝑴𝒌
 Local Mucus Temperature at the ASL Outer Surface 𝐾 

𝑻𝑩𝒌 Local Blood Temperature at the Basement Capillary 

Membrane 

𝐾 

  𝒌 Local Airflow Water Vapour Concentration 𝑚𝑜𝑙/𝑐𝑚3 

 𝑴𝒌
 Local Saturation Water Vapour Concentration at the 

ASL Outer Surface 

𝑚𝑜𝑙/𝑐𝑚3 

𝑵𝒌 Local Water Transfer Rate from the ASL Outer 

Surface to the Airflow 

𝑚𝑜𝑙/𝑐𝑚3s 

𝒗𝒌 Local Airflow Velocity 𝑐𝑚/𝑠 

 𝒌 Local Cross-Sectional Area 𝑐𝑚2 

𝑵𝒖𝒌 Local Dimensionless Nusselt Number - 

𝑹𝒆𝒌 Local Dimensionless Reynolds Number - 

𝑺𝒉𝒌 Local Dimensionless Sherwood Number - 

𝒌 𝒌  Local Mass Transfer Coefficient 𝑐𝑚/𝑠 

𝒉 𝒌 Local Heat Transfer Coefficient 𝑐𝑎𝑙/𝑐𝑚2 𝑠 𝐾 

𝑷𝒔𝒂𝒕𝒌 Tetens Saturation Pressure 𝑃𝑎 

𝒓𝑯𝒌 Relative Humidity % 

 

4.9 Statistics 

Statistical analysis was performed using GraphPad Prism software (GraphPad, San 

Diego, CA, USA) version 6.07 for windows using one-way analysis of variance 

(ANOVA), followed by Tukey post hoc analysis for multiple comparisons. Results 

are presented as mean ± standard deviation (SD). To determine the significance of 

the results, a probability value (p value) between 0 and 1 is used to test the validity 

of a claim made about the parameter measured, which is called null hypothesis. 

Therefore, a small p value (p < 0.05) indicates strong evidence against the null 

hypothesis, which means that the null hypothesis is rejected and there is a 

significant difference on the parameter measured hence on the results (* p < 0.05, ** 

p < 0.01, *** p < 0.001 and **** p < 0.0001) [150, 151]. 
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4.10 Heat and Water Transport PAP Model Results 

The purpose of this chapter was to extrapolate the variation on the ASL layer water 

content, dryness or over-evaporation effect after PAP application, quantified on the 

human in-vitro respiratory cell models to the human upper airways and formulate a 

model to quantify the water transfer flux from the ASL layer to the airflow in the 

human upper airways. To achieve the objective, five state variables were defined: 

airflow temperature (𝑇𝐴), ASL outer surface temperature (𝑇𝑀), water concentration 

on the airflow (𝐶𝐴), water concentration on the ASL layer (𝐶𝑀) and water transfer flux 

(𝑁). To determine the evolution of each state variable along the respiratory tract, five 

governing scalar transport equations and energy balance equations based on the 

idealized symmetric cylinder-based airway control volume have been solved for 

each pressure condition: 0 (normal breathing conditions), 5, 10, 15 and 20 cmH2O. 

The evolution of the five state variables (𝑇𝐴, 𝑇𝑀, 𝐶𝐴, 𝐶𝑀, 𝑁) and the airflow relative 

humidity (𝑟𝐻) along the upper airways have been analysed and compared for each 

pressure scenario simulated. The relative humidity has been included in the results 

because it is an indicative parameter of how much more water vapour is needed in 

the PAP compressed air to overcome the dryness side effect reported by LSD 

patients. 

The temperature and water vapour concentration evolution along the upper airways 

distance, according to the airway cylinder number, on the ASL outer surface (𝑇𝑀 and 

𝐶𝑀 respectively) are represented in Figure 4.5A and Figure 4.5B respectively. 

Results show a significant reduction of temperature and water vapour concentration 

on the ASL outer airflow interface for each PAP applied compared to normal 

breathing conditions (control at ΔP=0). The same trend is observed in both figures 

because the water vapour concentration at the ASL outer surface is based on the 

thermodynamic water saturated liquid-vapour equilibrium and depends on the ASL 

outer temperature exclusively. 
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Figure 4.5. Evolution of ASL outer surface temperature (A) and water vapour concentration (B) along 
the upper airway cylinder at ΔP=0, 5, 10, 15 and 20 cmH2O. 1- Nasal Vestibule, 2- Nasal Cavity, 3- 
Nasal Turbinate, 4- Proximal Nasopharynx, 5- Distal Nasopharynx, 6- Oropharynx, 7- Hypopharynx, 8- 
Larynx, 9- Proximal trachea, 10- Distal trachea.  

Regarding the airflow conditions, the mean temperature, water vapour 

concentration, water flux from the ASL layer to the airflow and relative humidity 

evolution (𝑇𝑀, 𝐶𝑀, 𝑁 and 𝑟𝐻 respectively) as a function of the upper airways 

distance or airway cylinder number are represented in Figure 4.6A, Figure 4.6B, 

Figure 4.6C and Figure 4.6D respectively.  

Results show a significant reduction of airflow temperature (average of 5°C) and 

water vapour concentration (average of 5 mg/L) for each PAP applied compared to 

normal breathing conditions (control at ΔP=0), higher than the difference observed 

on the ASL outer airflow interface in Figure 4.5. Also, the airflow temperature and 

water vapour concentration evolution at ΔP≠0 has a more noticeable effect 

compared to the ASL outer airflow interface, which is more disparate at higher 

pressures.  

The water flux is the transport of water molecules from the ASL to the airflow as a 

function of area and time, and it is the parameter used to quantify the mass transfer 

effect, water transfer in our case. It is significantly greater when the pressure is 

applied, which means that the liquid water reservoir on the ASL layer has to be 

greater than in normal conditions (ΔP=0) in order to have enough water to achieve 

the thermodynamic liquid-vapour phase equilibrium on the ASL outer surface and 

prevent ASL dryness. The amount of water supplied to the airflow to achieve air 
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conditioning and hence equilibrium is determined by the water flux (𝑁) from the ASL 

layer to the airflow.  

 

Figure 4.6. Evolution of mean airflow temperature (A), water vapour concentration (B), water flux (C) 
and relative humidity (D) along the upper airway cylinder at ΔP=0, 5, 10, 15 and 20 cmH2O. 1- Nasal 
Vestibule, 2- Nasal Cavity, 3- Nasal Turbinate, 4- Proximal Nasopharynx, 5- Distal Nasopharynx, 6- 
Oropharynx, 7- Hypopharynx, 8- Larynx, 9- Proximal trachea, 10- Distal trachea. 

 

The mean airway relative humidity is a parameter calculated from the mean airway 

water concentration and temperature, and represents the amount of water vapour 

present in the airflow at each upper airway section (cylinder). It is also significantly 

reduced after PAP application and noticeable at higher pressures. 
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𝑁𝐼𝑛𝑐𝑟𝑒𝑎𝑠𝑒 ≈   
𝑁𝐴𝑉∆𝑃 −  𝑁𝐴𝑉0

𝑁𝐴𝑉0

 
𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙

≈  
∆𝑇𝐸𝐸𝑅∆𝑃 − ∆𝑇𝐸𝐸𝑅0

∆𝑇𝐸𝐸𝑅0
 
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙

  

4.11 Heat and Water Transport PAP Model Validation 

To validate the human upper airway PAP model, the results obtained for the normal 

breathing conditions scenario (ΔP=0) have been compared with previous literature 

research on human air conditioning process. The results obtained for each pressure 

condition (5, 10, 15 and 20 cmH2O) have been compared with the experimental 

results obtained in the two epithelial cell in-vitro models. 

The temperature and water concentration, in ASL outer surface and mean airflow, 

water flux and relative humidity evolution as a function of the upper airway distance 

obtained from the mathematical model under normal breathing conditions (control at 

ΔP=0) are in agreement with the inspiration airflow evolution obtained in air-

conditioning models previously developed on the literature [33, 36, 74-79, 100, 159]  

It is important to note that in chapter 3, to measure cell layer characteristics, a 

minimum significant pressure application time was optimized in order to avoid a 

bacterial contamination risk and avoid mucus secretion which would interfere in the 

parameter reading. Hence, during the experiments, the PAP was applied for only 10 

minutes in order to quantify exclusively the ASL thickness reduction due to water 

transfer from the ASL to the airflow, otherwise higher exposure times will allow the 

cell line to recompose the ASL with mucus secretion.  

Based on the law of conservation of mass, it is possible to state that the ASL layer 

thickness reduction quantified experimentally corresponds to the amount of water 

molecules transferred from the ASL layer to the airflow, which is the water flux. 

Hence, model validation is achieved comparing the flux increase of water molecules 

transferred from the ASL layer to the airflow (𝑁) due to ΔP increase determined 

theoretically with the mathematical human upper airway PAP model, with the ASL 

thickness (𝑦) reduction quantified experimentally after each PAP application. 

To determine the flux increase as a function of the pressure variation, the water flux 

average is calculated from all model sections (cylinders) at each pressure (𝑁𝐴𝑉). 

Then, the dimensionless increase is calculated from the water flux average at ΔP=0 

cmH2O (control) (𝑁𝐴𝑉0) to the water flux average at ΔP≠0 (PAP application) (𝑁𝐴𝑉∆𝑃), 

as described in the first part of equation 4.19. 

 

4.19 
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The experimental water flux increase due to ASL thickness decrease as a function 

of the pressure variation was quantified in chapter 3. Briefly, the measured TEER 

values are compared between the 70% RH and 100% RH scenarios at specific 

pressure with the control measurement (no PAP application, ΔP=0) as described in 

the second part of equation 4.19. The resulting theoretical and experimental water 

flux increase as a function of the pressure variation (ΔP) on both epithelial cell in-

vitro models, Calu-3 and RPMI 2650 cells, are shown in Figure 4.7. 

 

 

Figure 4.7. Theoretical and experimental, from Calu-3 and RPMI 2650 cells lines, dimensionless water 
flux increase as a function of pressure variation (ΔP). No significant difference is found on the results 
which validates the theoretical model. 

 

The results show a similar water flux rise trend proportional to the increase in 

pressure application. A two-way analysis of variance (ANOVA) followed by Tukey 

post hoc analysis for multiple comparisons was performed to determine the variation 

between the results at each ΔP. No significant difference is found between the 

theoretical or experimental results at each pressure (p>0.05), which corroborates 

the similarity of the results and validates the model. 
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4.12 Heat and Water Transport PAP Model Input Optimization 

In previous literature, intense research has been done to solve the dryness side 

effect incorporating convective heat transfer humidifiers into the LSD in order to 

provide an extra humidification on the room compressed air introduced into the 

respiratory system to generate the PAP [100, 157]. Although it has been proved in 

chapter 3 that epithelium inflammation or the lack of mucus secretion from goblet 

cells produced after PAP therapy is not solved by humidifying the respiratory tract, 

the use of a proper humidification will increase the comfort of patients using LSD.  

Hence, a failure in air-conditioning under PAP therapy and dryness side effect are 

currently corrected increasing the inlet temperature and humidity in inspired air to 

help the airflow to reach 37°C and 44 mgH2O/L at the main bronchi with the LSD 

convective heat transfer humidifier. The determination of the rise in temperature and 

humidity on inspired air is qualitatively determined by the LSD patient when the 

dryness side effect is relieved. However, an excess of moisture can be provided 

because the humidity requirements are not quantitatively determined. Hence, the 

final goal of this chapter is to optimize the model input variables (air temperature 

and water vapour concentration) to approximate the previous results obtained under 

the different pressures analysed (Figure 4.6, ΔP≠0) to the normal breathing 

conditions where no pressure is applied (Control, ΔP=0).  

The main airway temperature, water concentration, relative humidity and water flux 

evolution along the upper airway simulated for normal breathing conditions (Control, 

ΔP=0), using the inlet parameters set at 29°C and 65%rH for bed environment 

conditions, have been considered as a reference. Then the inlet parameters for 

each pressure scenario have been increased, starting from the neutral sleeping 

environmental conditions 22°C and 50%rH, until no significant difference is found 

between the new main airway temperature, water concentration, relative humidity 

and water flux evolution along the upper airway and the reference results (Control, 

ΔP=0).  

The optimum inlet conditions for each pressure analysed are presented in Table 4.4 

and the resulting main airway temperature, water concentration, relative humidity 

and water flux evolution along the upper airway obtained using the optimum inlet air 

temperature and water concentration for each pressure are shown in Figure 4.8. A 

two-way analysis of variance (ANOVA) followed by Dunnett’s analysis for multiple 

comparisons is performed to determine the variation between the reference 

parameters evolution (ΔP=0) and the results at each ΔP. No significant difference 
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(p>0.05) is found between the resulting data and the reference after the third section 

which corresponds to the nasal turbinate. 

Figure 4.8. Evolution of mean airflow temperature (A), water vapour concentration (B), water flux (C) 
and relative humidity (D) along the upper airway cylinder at ΔP=0, 5, 10, 15 and 20 cmH2O using 
optimum inlet conditions. 1- Nasal Vestibule, 2- Nasal Cavity, 3- Nasal Turbinate, 4- Proximal 
Nasopharynx, 5- Distal Nasopharynx, 6- Oropharynx, 7- Hypopharynx, 8- Larynx, 9- Proximal trachea, 
10- Distal trachea. No significant difference is found on the results after the third cylinder (Nasal
Turbinate).

Table 4.4. Optimum inlet airflow temperature (𝑇𝐴0), relative humidity (𝑟𝐻0) and water vapour

concentration (𝐶𝐴0) for each PAP application analysed.

∆𝑷 (𝒄𝒎𝑯𝟐𝑶) 𝑻   (℃) 𝒓𝑯  (%)  (𝒎𝒈/𝑳) 

5 30.5 77.5 24.15 

10 31 81.5 26.08 

15 31.5 84 27.62 

20 32 85.5 28.87 
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4.13 Analysis of the quantified optimum input T and RH of PAP airflow  

The purpose of this chapter was to extrapolate the variation on the ASL layer water 

content after PAP application quantified on the human in-vitro respiratory cell 

models to the entire human upper airways. Although epithelium inflammation or the 

lack of mucus secretion from goblet cells produced after PAP therapy is not solved 

by humidifying the compressed airflow introduced into the respiratory tract to keep 

the airways open, the use of a proper humidification will increase the comfort of 

patients using LSD. Hence, a human upper airway theoretical model based on mass 

and heat transfer equations has been proposed and validated to extrapolate the 

results to the entire upper airways, predict the failure of the natural air conditioning 

and quantify the extra water vapour needed in the room compressed air introduced 

into the respiratory system to generate the PAP and overcome the ASL layer side 

effect when PAP is applied. 

The initial heat and water transport PAP model results show a significant reduction 

of temperature and water vapour concentration on the ASL outer airflow interface for 

each PAP applied compared to normal breathing conditions (control at ΔP=0). A 

similar trend is observed in both state variables because the water vapour 

concentration at the ASL outer surface is based on the thermodynamic water 

saturated liquid-vapour equilibrium and depends on the ASL outer temperature 

exclusively. In addition, a higher reduction is observed in the airflow temperature 

and water vapour concentration  for each PAP applied compared to normal 

breathing conditions (control at ΔP=0), which is more disparate at higher pressures. 

Regarding water transfer from the ASL layer to the compressed airflow, the water 

flux as a function of area and time is significantly greater when the pressure is 

applied. The mean airway relative humidity is also significantly reduced after PAP 

application and noticeable at higher pressures. 

Then, to validate the human upper airway PAP model, the results obtained for the 

normal breathing conditions scenario (ΔP=0) have been compared with previous 

literature research on human air conditioning process. The results obtained for each 

pressure condition (5, 10, 15 and 20 cmH2O) have been compared with the 

experimental results obtained in the two epithelial cell in-vitro models, because 

based on the law of conservation of mass, the ASL layer thickness reduction 

quantified experimentally corresponds to the amount of water molecules transferred 

from the ASL layer to the airflow, which is the water flux. Results show no significant 

differences between the theoretical or experimental water transfer data at each 

pressure, which corroborates the similarity of the results and validates the model. 
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Finally the model input variables (inlet airflow temperature and water concentration) 

have been optimized to approximate the previous state variables obtained under the 

different pressures analysed (ΔP≠0) to the normal breathing conditions where no 

pressure is applied (ΔP=0). These quantified input variables can be used to initially 

set the LSD convective heat transfer humidifier conditions according to the pressure 

targeted for each patient. 

 

4.14 Closure 

This chapter described in detail a human upper airway PAP model based on mass 

and heat transfer equations to extrapolate the epithelial cell in-vitro results obtained 

in chapter 3 to the entire human upper airways and predict the failure of the natural 

air conditioning and overcome the ASL layer side effect when PAP is applied to LSD 

patients. The model has been satisfactorily validated and the model input variables 

(inlet airflow temperature and water concentration) have been optimized to 

approximate the resulting state variables obtained under the different PAP scenarios 

to normal breathing conditions (ΔP=0).  Finally, the quantified input variables can be 

used to initially set the LSD convective heat transfer humidifier conditions according 

to the pressure targeted for each patient. 

In the next chapter, a miniaturized, affordable and eco-friendly device able to uptake 

water from expiration and release it into the inspiration flow according to the 

previously quantified input values will be designed and analysed to reduce LSD 

dimensions and make it comfortable and attractive for patients. 
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Chapter 5                                                 

A proposal for humidifying the inspired gas by using 

recovered moisture from the expired gas 

5.1 Introduction 

In Chapter 4, the variation of water content in the ASL layer under different positive 

pressure scenarios was quantified. From this, the amount of water needed to be 

introduced into the respiratory system in order to overcome the dryness side effect 

was also determined. 

The goal of this chapter is to develop a proposal for humidifying the inspired gas by 

using recovered moisture from the expired airflow, and to achieve the humidity 

quantified in the previous chapter. Simple hydrophilic materials can absorb water to 

a certain extent, but only releases moisture upon mechanical action, such as 

wringing or centrifugation. However, certain polymers known as “smart materials” 

can change their properties under the influence of temperature, pH or light. From the 

literature, it has been found that cotton treated with poly(N-isopropylacrylamide) 

(PNIPAM), which is a temperature-responsive polymer, can allow the cotton to 

switch between hydrophilic and hydrophobic states. In other words, it can collect 

water at one temperature and release water at another temperature. The PNIPAM is 

also an eco-friendly and biocompatible material, which is an essential requirement 

for its application in medical devices [160-162] 

In the course of this investigation, the properties of this smart material have been 

optimized in order to achieve the maximum amount of water vapour uptake and 

release in the shortest time. Two substrate materials, polyvinyl alcohol (PVA) and 

organic cotton fabric, have been investigated as substrates for PNIPAM grafting. 

Since the structure of the thermo-responsive polymer has been seen to affect its 

properties, different methods were used to perform the PNIPAM grafting. Hence, 

both linear and branched PNIPAM, along with different chain length or molecular 
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weights of polymer were synthesized and the water release rate analysed in order to 

optimize the smart material for this specific application. 

An introduction describing the PNIPAM polymer and the polymerization method 

used is presented in sections 5.2 and 5.3. The materials, chemicals and the 

methodology followed to synthesize the polymer are described in section 5.4. Then, 

the techniques used to characterize the polymer and analyse its performance along 

with the statistical analysis are explained in sections 5.5 and 5.6. The analysis of the 

substrate material, polymer structure and chain length or molecular weight constitute 

the results of this chapter and is described in section 5.7. Finally, sections 5.8 and 

5.9 correspond to the discussion of the results and the closure of the chapter, 

respectively. 

 

5.2 Poly(N-isopropylacrylamide) (PNIPAM): Description and properties 

In this section, a brief summary of the literature on PNIPAM behaviour is provided 

before the structural design of the smart material and the results obtained are 

presented. A brief description of the thermo-responsive systems available and why 

PNIPAM was chosen was reported in chapter 2. Here, a more detailed description of 

PNIPAM behaviour is reported focusing the attention on the fundamental aspects 

related to the thesis objectives. 

The smart behaviour of PNIPAM is directly related to the molecular structure of this 

polymer (Figure 5.1). Its structure is composed of an n-alkane backbone from which 

amide functionalities depart, terminating with an isopropyl group. The amide groups 

are able to form hydrogen bonds with water molecules when a specific molecular 

orientation occurs [120]. 

 

Figure 5.1. Molecular structure of linear PNIPAM repeating unit composed of an n-alkane backbone 

from which amide functionalities depart, terminating with an isopropyl group. 
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The strong interaction of polar solvents such as water (which contain atoms with 

different electronegativities), with the amide groups within PNIPAM causes polymer 

solvation. The solvated polymer forms an organized structure with the amide and 

isopropyl groups. With a temperature increase, this eco-friendly temperature-

sensitive polymer undergoes a hydrophilic-to-hydrophobic transition, when the 

polymer precipitates and turns into a coiled conformation. This transition, triggered 

by changes in free-energy, takes place at a specific temperature range between 

30°C and 35°C which is called lower critical solution temperature (LCST). Hence, 

below the LCST and in the presence of water, the PNIPAM structure is 

predominantly hydrophilic and the amide groups tend to form inter-molecular 

hydrogen bonds with the surrounding water molecules. Above the LCST, 

intramolecular hydrogen bonds between neighbouring amide groups within the 

PNIPAM polymer are formed, which are energetically more favourable at higher 

temperatures, and the water molecules associated with the side groups are expelled 

into the bulk water [120, 135]. This process is outlined in Figure 5.2. 

Figure 5.2. Illustration of temperature induced linear PNIPAM phase transition in water solvent. A- 
Solution temperature below LCST, linear and hydrophilic PNIPAM conformation. B- Solution 

temperature above LCST, coiled and hydrophobic PNIPAM conformation. 

Depending on the microstructure of the macromolecule the LCST can be modified 

and adjusted to the specific application. For example, the addition of a hydrophilic 

group induces a shift of the LCST toward higher temperature while hydrophobic 

groups have the opposite effect and the addition of hydrophilic acrylic acid into the 

network structure leads to rapid deswelling. Hence, it is possible to synthesize a 

very specific PNIPAM polymer able to accomplish the desired specifications. 
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However, a balance has to be made in order to achieve a polymer relatively easy to 

manufacture in order to be viable for application in industry [163]. 

In this section, the polymer behaviour of single chains dispersed in a bulk solution 

has been explained. However PNIPAM has wide applications as a copolymer or 

being part of other materials such as in stimuli-responsive membranes, which 

change their physicochemical properties in response to changes in the 

environmental temperature, or in tissue engineering applications. In these 

applications, the polymer is synthesized on a substrate and the behaviour of the 

smart polymer can change. While the driving forces that lead to solvation and 

precipitation are the same as the polymer in bulk solution (hydrophobic and 

hydrophilic effects), once PNIPAM chains are incorporated onto a surface, the 

dense packing of the brushes and the interactions with the substrate can lead to an 

alteration of the transition process [138, 139, 163, 164]. 

The structural changes of a smart temperature-responsive polymer combined with 

the highly rough surface of a fibrous material, leads to reversible and repeatable 

switching between two extreme wettability states, superhydrophobic and 

superhydrophilic, which were found by Yang, H. et al. [140]. They covered the 

hydrophilic surface of cotton fabric with a layer of PNIPAM polymer whose chains 

were grown from the fibre surface with a concentric orientation creating a highly 

rough surface at the micrometre level. Their results demonstrated that this new 

material was able to absorb water from a humid environment, below the LCST and 

release it upon a temperature change at constant humid air flow. The absorption 

and desorption process is outlined in Figure 5.3. They determined the transition 

temperature to be at 32°C. Hence, below LCST the polymer had a coiled structure 

(hydrophilic state) and formed intermolecular hydrogen bonds between the polymer 

amide and the surrounding water molecules. Above the LCST the polymer had a 

globule structure (hydrophobic state) and stablish intramolecular bonds between 

amide groups and release the water molecules previously absorbed. 

It was proven that the polymer undergoes a gradual collapse instead of a sharp 

phase separation. When the temperature increases, the brushes tend to gradually 

shrink, starting from the outer region of the chains, and finally the brushes collapse 

onto the substrate expelling the remaining water. The transition of PNIPAM 

synthesized chains is slower compared to the polymer in bulk solution and can be 

extended over a broader temperature range depending on the polymer structure. It 

has been established in previous literature that the effect of the molecular weight 



Chapter 5: A proposal for humidifying the inspired gas by using recovered moisture from the expired 
gas 

95 
 

related to polymer thickness and chain density affect the final properties, but the 

effect on the structural transition rate has not been studied in detail [138, 139]. 

Therefore, aiming to develop a smart material able to absorb and desorb the 

maximum amount of water vapour in the lowest time possible, different substrate 

materials and PINPAM structures are evaluated in this chapter.  

 

 

Figure 5.3. Illustration of temperature induced phase transition of PNIPAM synthetized on a cotton fibre 
and a humidified environment (with water vapour molecules). A- Environmental temperature below 
LCST, hydrophilic PNIPAM conformation stretched and normal to the cotton fibre. B- Environmental 
temperature above LCST, hydrophobic PNIPAM conformation collapsed around the cotton fibre. 

 

5.3 Atom Transfer Radical Polymerization 

Atom transfer radical polymerization (ATRP) is a controlled polymerization reaction 

without chain-breaking, based on the use of radical polymerization to convert 

monomers to a polymer. This technique is used to synthesize well-defined polymers 

with a precise molecular architecture [165-168]. The ATRP mechanism is outlined in 

Figure 5.4. The propagation process starts when homolytic cleavage of the alkyl-

halogen bond (R-X) by a transition metal complex in a lower oxidation state (Mtn-Y) 

generates an alkyl radical (R·) and a transition metal complex in a higher oxidation 

state (X-Mtn+1-Y). The formed radicals can initiate the polymerization by adding 

across the double bond of a vinyl monomer (M), propagate, and terminate by either 

coupling (R-R), disproportionation, or be reversibly deactivated by the transition 

metal complex in the higher oxidation state. 

T > LCST

T < LCST

A B
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Figure 5.4. Atom transfer radical polymerization (ATRP) mechanism, where R-X represents the alkyl 
halide, Mtn-Y is the transition metal complex in the lower oxidation state, R· represents the alkyl radical, 
X-Mtn+1-Y is the transition metal complex in the higher oxidation state bonded to the alkane, M is the 
vinyl monomer and R-R represents the termination step of the polymerization by coupling. 

 

Using this polymerization method, it is possible to produce complex structured 

polymers with high molecular weight and low polydispersity index due to the control 

achieved on the process, since all chains start growing at the same time.  Hence, to 

maintain control of the reaction, and to achieve a narrow polydispersity index and 

molar mass distribution, it is necessary to have a homogeneous system, a fast 

initiation rate and fast exchange between active and inactive species in order to 

allow all chains to start to grow simultaneously. The main difficulty it to completely 

eliminate the transition metal once the synthesis is accomplished. This is solved by 

increasing the activity of the catalyst in order to reduce the quantity of metal used. 

Hence, the catalyst sensitivity toward oxygen and oxidant molecules has to be 

reduced by performing the polymerization process in an inert atmosphere [165-168]. 

ATRP was therefore the method chosen to synthetize the PNIPAM, to obtain diverse 

structures on different substrate materials without the need for expensive laboratory 

equipment. The technique is a method applicable to industrial processes to produce 

the desired smart engineered material. 

 

5.4 Smart material preparation 

In this section, the substrate materials, chemicals and the methodology followed to 

synthesize the PNIPAM polymer using the ATRP method, along with the purification 

procedures are explained in detail.  

 

5.4.1 Substrate materials 

In section 2, it was stated that the thermal transition and structural behaviour of the 

PNIPAM synthesized chains depends directly on the polymer structure, including the 

R-X   +   Mtn-Y  R·   +   X-Mtn+1-Y

+   M
R-R
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molecular weight and dispersity of polymer chains grown. The selection of the 

substrate material is crucial in order to have the maximum number of active sites 

available to grow the PNIPAM, which directly affects the dispersity of synthetized 

polymer chains. Also, the structure of the substrate material has to contain a 

significant amount of alcohol side groups to allow the polymer growth at high 

grafting yield and ensure maximum water uptake. Finally, the final product must be 

eco-friendly and biodegradable in order to satisfy the final smart material 

specifications. Hence, according to these requirements, two substrate materials 

have been selected to be analysed: poly(vinyl alcohol) (PVA) and organic cotton. 

PVA is a hydrophilic, water-soluble, colourless and odourless polymer used in a 

wide range of applications such as papermaking, textiles, adhesive or coatings. It is 

an atactic material that exhibits crystallinity and in terms of microstructure, it is 

composed of 1,3-diol linkages. It melts at 200°C and above this temperature the 

polymer starts degrading. PVA is purchased in a sponge-like macrostructure with 

heterogeneous porosity in order to allow water vapour molecules to pass through 

the material without physical restrictions as shown in Figure 5.5 [127-133]. 

Figure 5.5. Poly (vinyl alcohol) (PVA) substrate. A- Picture of the purchased PVA sponge-like 
macrostructure showing the heterogeneous porosity. B- Chemical microstructure of the PVA. 

Organic cotton is grown using methods and materials that have a low impact on the 

environment. It is a natural soft white fibrous substance which surrounds the seeds 

of the cotton plant (Gossypium) and is made into textile fibre or thread for sewing. 

Cotton fabrics are hard weaving, comfortable and capable of being coloured. 

Cellulose is the main component of the cotton structure (99%). It is a macromolecule 

made up of a long chain of glucose molecules linked by C-1 to C-4 oxygen bridges 

called glycoside bonds. The glucose units are linked together in a beta-cellobiose 
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conformation which from the repeating unit of the polymer chain as shown in Figure 

5.6. The three hydroxyl groups, one primary and two secondary, in each repeating 

cellobiose unit of cellulose are chemically reactive and keep the fibre molecules 

closely packed in parallel. This is why cotton cellulose has a high degree of 

polymerization and crystallinity. Cellulose fibres are also a strong material, which 

can be heated up to 250°C before decomposition [169, 170]. The cotton fabric used 

in the experiments was purchased as a medical bandaging to ensure purity and 

sterility. 

Figure 5.6. Organic cotton fabric substrate. A- Picture of the purchased medical cotton bandage 
showing the macrostructure. B- Chemical microstructure of cellulose. 

5.4.2 Chemicals 

The chemical products used to polymerize the PNIPAM were: ethanol (99.5%), 

methanol (99.9%), acetone (99.8%) dry tetrahydrofuran (THF) (99.8%), 4-

(dimethylamino) pyridine (DMAP) (99%), triethylamine (TEA) (99%), 

bromoisobutyrate (BiB) (99%), copper(I)bromide (CuBr) (98%), N-

Isopropylacrylamide (NIPAM) (99.5%), pentamethyldiethylenetriamine (PMDETA) 

(99%), ethyl 2-(bromomethyl) acrylate (EBMA) (98%), dimethylformamide (DMF) 

(99.8%), deuterated 4-methanol (Methanol-d4) (99.96%) and sodium hydroxide 

(NaOH) (97%). All products were obtained from Sigma Aldrich (Merck) New 

Zealand. 

5.4.3 Linear PNIPAM synthesis 

The ATRP method has been used to grow linearly PNIPAM chains from the 

hydrophilic surface of the substrate material. The polymerization process has two 

important steps: the substrate surface modification and the grafted PNIPAM 

polymerization. 
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5.4.3.1 Immobilization of the ATRP-initiator: substrate surface modification 

The first step is the substrate surface modification or the immobilization of the 

ATRP-initiator onto the substrate material, where one bromine atom of the initiator 

(bromoisobutyrate, BiB) reacts with one alcohol group forming an oxygen-bromine 

covalent bond between the substrate and the initiator [163, 171]. The reaction 

mechanism is outlined in Figure 5.7 and the methodology followed has been 

optimized to ensure the best temperature and reaction times as described below: 

• The substrate material was washed in an aqueous solution containing a 

commercial soap-detergent with magnetic stirring for 1 hour at 100°C, to remove 

dust and impurities. Then, it is rinsed with water, acetone and ethanol.  

This procedure is repeated three times. 

 

• The substrate material was dried at 80°C under vacuum for 24 hours. This is a 

crucial step because the substrate material has to be completely dry to achieve a 

high reaction yield.  

  

• Each side of the substrate material was exposed to 234 nm UV light wavelength 

for 30 minutes in order to activate the alcohol functional groups. 

 

• Then the substrate was added into a round-bottom flask containing THF and a 

magnetic stirrer. 

 

• The flask was sealed, connected to an active nitrogen gas line and left in an 

ultrasonic bath for 30 minutes in order to remove the oxygen from the flask and 

generate an inert atmosphere. 

 

• Then, the flask was sealed with a nitrogen balloon to generate a positive pressure 

and a catalytic amount of DMAP, TEA and an excess of BiB were added into the 

solution.  

 

• The reaction was kept at 40°C under magnetic stirring for 24 hours. 

 

• The ATRP-initiator or BiB-substrate product was rinsed thoroughly and 

consecutively for 3 times with THF, ethanol, acetone and water. 
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• The BiB-substrate was dried at 80°C under vacuum for 24 hours. As stated 

before, this is a crucial step since the substrate material has to be completely 

dry to achieve a high reaction yield.  

 

 

 

Figure 5.7. Immobilization of the ATRP-initiator on the substrate. A- Main reaction. B- Reaction 
mechanism. 
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5.4.3.2 Grafting of NIPAM from the BiB-Substrate: Linear PNIPAM 

polymerization 

In the second stage, the polymerization process starts from the monomer (NIPAM) 

reacting with the second bromine of the ATRP-initiator already bonded to the 

substrate. There are two essential components in this reaction: PNIPAM and 

Copper bromide. The PNIPAM is the polymer going to be grafted for its properties. 

The Copper bromide is the ATRP catalyst. It switches its valence electrons from Cu 

I to Cu II and back. With this, it can repeatedly attract and repel the second bromide 

of the BiB-substrate. The Br atom is replaced by a radical, which subsequently 

results in the reaction between the BiB-substrate and PNIPAM [163, 171]. The 

reaction mechanism is outlined in Figure 5.8 and the methodology followed has 

been optimized to ensure the best temperature and reaction times as described 

below: 

• A methanol/Milli-Q-water solution (30:10) was added into a round-bottom flask

containing a magnetic stirrer.

• The flask was sealed, connected to an active nitrogen gas line and left in an

ultrasonic bath for 30 minutes in order to remove the oxygen from the flask and

generate an inert atmosphere.

• A catalytic amount of CuBr, NIPAM and the BiB-substrate were added into a

Schlenk flask. The flask was sealed and connected to an active nitrogen gas line

to remove the oxygen and generate an inert atmosphere.

• Then, the methanol/Milli-Q-water solution and PMDETA were added into the

Schlenk flask. The solution was frozen by liquid nitrogen and sequentially

degassed by three freeze-vacuum-nitrogen-thaw cycles to remove the remaining

oxygen. This is the most effective method of degassing a solvent.

• The flask was connected to a vacuum line and immerse in liquid nitrogen until the

solvent was completely frozen.

• Then, vacuum was generated for 2-3 minutes and the flask was removed from the

liquid nitrogen to allow the solvent to thaw and any gas bubbles trapped in the

solvent to escape into the headspace of the flask. This process was repeated

three times.
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• The flask was filled with nitrogen and sealed with a balloon to generate a positive 

pressure.  

 

• The reaction was kept at 40°C under magnetic stirring for 48 hours. 

 

• The PNIPAM-substrate product was rinsed thoroughly and consecutively for 3 

times with ethanol, acetone and water and dried at 50°C under vacuum for 24  

 

 

Figure 5.8. Linear grafting of NIPAM from the BiB-Substrate. A- Main reaction. B- Reaction mechanism. 
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5.4.4 Branched PNIPAM synthesis 

Polymer architecture plays an important role in the final properties of the smart 

material synthetized. Compared to their linear analogues, branched polymers may 

exhibit significantly different behaviours due to a pronounced effect of reduced chain 

entanglement and hydrodynamic volume [136, 172-175]. Thus, a branched PNIPAM 

was grafted from the substrate material for further investigation. The water vapour 

desorption performance was compared with the linear PNIPAM previously 

described. 

The substrate surface modification or the immobilization of the ATRP-initiator on the 

substrate material step, where one bromine atom of the initiator (bromoisobutyrate, 

BiB) reacts with one alcohol group forming an oxygen-bromine covalent bond 

between the substrate and the initiator agent, follows the same methodology as the 

linear PNIPAM grafting. Next, the ATRP method was used to grow the PNIPAM 

from the hydrophilic surface of the substrate material. To synthesize branched 

PNIPAM, the polymerization process has three important steps: the initial grafted 

PNIPAM polymerization, the addition of ethyl 2-(bromomethyl)acrylate (EBMA) to 

initiate the branched points, and the PNIPAM polymerization from the EBMA. The 

reaction mechanism is outlined in Figure 5.9 and the methodology followed has 

been optimized to ensure the best temperature and reaction times as described 

below: 

• A methanol/Milli-Q-water solution (30:10) was added into a round-bottom flask 

containing a magnetic stirrer. The flask was sealed, connected to an active 

nitrogen gas line and left in an ultrasonic bath for 30 minutes in order to remove 

the oxygen from the flask and generate an inert atmosphere. 

 

• A catalytic amount of CuBr, NIPAM and the BiB-substrate were added into a 

Schlenk flask. The flask was sealed and connected to an active nitrogen gas line 

to remove the oxygen and generate an inert atmosphere. Then, the 

methanol/Milli-Q-water solution and PMDETA were added into the Schlenk flask. 

The solution was frozen by liquid nitrogen and sequentially degassed by three 

freeze-vacuum-nitrogen-thaw cycles to remove the remaining oxygen. 

 

• The flask was connected to a vacuum line and immersed in liquid nitrogen until 

the solvent was completely frozen. Then, vacuum was generated for 2-3 minutes 

and the flask was removed from the liquid nitrogen to allow the solvent to thaw 

and any gas bubbles trapped in the solvent to escape into the headspace of the 
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flask. This process was repeated three times. The flask was filled with nitrogen 

and sealed with a balloon to generate a positive pressure.  

• The reaction was kept at 40°C under magnetic stirring for 1 hour. Then, EBMA

was added into the solution and the reaction was kept at 40°C under magnetic

stirring for 48 hours. The PNIPAM-substrate product was rinsed thoroughly and

consecutively for 3 times with ethanol, acetone and water and dried at 50°C under

vacuum for 24 hours.

Figure 5.9. Reaction scheme of branched grafting of NIPAM from the BiB-Substrate. A- From the 
reaction start to 30 minutes, the PNIPAM is growing linearly. B- After 30 minutes, the EBMA 
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(highlighted in red) is added into the solution to generate the branched points from where PNIPAM 
starts growing and generates the branches. 

 

5.4.5 Extended purification procedure 

The PNIPAM-substrate smart material is synthesized to be in contact with the 

human breathing cycle and to humidify the inspired gas by using recovered moisture 

from the expired gas. Hence, it is very important to purify the material and eliminate 

any traces of monomer, catalyst and solvent before starting the humidification 

experiments. 

The methodology followed to perform the extended purification step has been 

optimized to ensure the best temperature and reaction times as described below: 

• The PNIPAM-substrate was Soxhlet extracted with methanol in reflux for 1 

hour to remove the non-reacted monomer residue, any polymer absorbed at 

the surface but not covalently bonded and any remaining catalyst 

complexes.  

 

• After the extraction procedure the PNIPAM-substrate was dried at 50°C 

under vacuum for 24 hours and stored in an incubator at 50°C to ensure the 

material was dry before starting the next set of experiments.  

 

5.5 Smart material characterization 

Different techniques have been used in this research to monitor the polymerization 

process, to ensure qualitatively and quantitatively the successful synthesis of 

PNIPAM, to analyse the thermal transition performance and to determine the final 

PNIPAM molecular weight. The techniques and methodology used are explained in 

detail in this section. 

 

5.5.1 Proton nuclear magnetic resonance (1H NMR) 

Nuclear Magnetic Resonance (NMR) spectroscopy is a non-invasive analytical 

technique used to determine and quantify the content, purity and molecular structure 

of a sample. There is a wide variety of one and two dimensional NMR techniques 
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available including carbon (13C-NMR) and correlated spectroscopy (COSY) between 

others, but the proton nuclear magnetic resonance (1H NMR), which is used to 

identify the carbon-hydrogen framework of an organic compound, was chosen to 

monitor the polymerization process and measure the amount of monomer reacted 

as a function of time [176]. 

To understand the measurements carried out during the experiments, a brief 

explanation of the operating principle of 1H NMR is presented. The atomic nucleus 

hydrogen (or a proton) is a spinning charged particle which generates a magnetic 

field. Without an external applied magnetic field, the nuclear spins are randomly 

orientated. However, when an external magnetic field is present, the atomic nucleus 

align themselves either with the field of the external magnet or against it. The energy 

absorbed to align the nuclei has a specific wavelength and frequency and when the 

external magnetic field stops, the spin returns to its randomly orientated base level 

and energy is emitted at a specific frequency called the resonant frequency. As the 

precise resonant frequency of each nucleus depends on the magnetic field applied, 

a proton reference frequency is needed. Tetramethylsilane (TMS) is generally used 

as the reference in most experiments because it emits a low frequency signal and it 

can easily be removed from the sample by evaporation due to its volatile properties 

[176].  

However, the frequency measured is not easy to assess due to its magnitude and 

large number of decimals, so a new parameter is defined to analyse the signals 

obtained. The chemical shift (𝛿) is measured in parts per million (ppm) and 

quantifies how far the signal emitted from the proton (𝑓𝑃𝑟𝑜𝑡𝑜𝑛) is compared to the 

TMS reference compound signal (𝑓𝑇𝑀𝑆) and the magnetic field applied from the 

spectrometer (𝑓𝑠𝑝𝑒𝑐𝑡𝑟𝑜𝑚𝑒𝑡𝑒𝑟). It is calculated according to equation 5.1. The NMR 

spectrum or proton chemical shifts range from 0 ppm (TMS reference signal) to 15 

ppm and is identical for a specific proton regardless of the spectrometer used [176].  

5.1 

 

The signal produced from the nucleus of interest is also affected by the orientation 

of the neighbouring nuclei and this effect is known as spin-spin coupling. As a 

consequence, the signal is divided into two or more lines depending on the number 

of chemically bonded protons in the vicinity of the observed nuclei. The size of the 

splitting is called coupling constant (𝐽) and is independent of the magnetic field and 
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measured as absolute frequency (Hz). Some common and simple coupling patterns 

are: the singlet (one peak) which is the signal emitted from a nuclei that does not 

have any neighbour proton, the doublet (two peaks) which is the signal emitted from 

a nuclei that has one neighbour proton or the triplet (three peaks) which is the signal 

emitted from a nuclei that has two neighbour protons. These patterns can have extra 

signals or be distorted depending on the complexity of the chemical structure of the 

molecule analysed [176]. 

Finally, the integration of a signal or area under the signal, corresponds to the 

relative number of protons that give rise to each peak or group of peaks. According 

to Beer’s Law, the amount of energy absorbed or transmitted is proportional to a 

certain number of mols present, so the area under each signal is proportional to the 

amount of energy absorbed or transmitted and the number of equivalent protons 

that emitted the energy and generated signal integrated [176]. This measurement 

was used to the monitor the polymerization process and quantify the amount of 

monomer reacted or diminished in the solution as a function of time in the 

experiments compared to the DMF reference which is not involved in the reaction. 

 

 

Figure 5.10. Exemplary NMR spectra of a time 0 second reaction mixture sample. Peaks A and B 
correspond to the NIPAM signal. Peak C corresponds to the DMF stretch vibration band which is used 
as a reference to perform the integration tool. 
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1H NMR measurements were performed on a Bruker AscendTM 400 MHz 

spectrometer. The proton chemical shifts were recorded in ppm downfield using 

TMS as a reference and each measurement was averaged from a total of 16 scans. 

To determine the monomer conversion in time, Methanol-d4 was used as solvent 

and DMF was used as an internal reference. Samples of the reacting mixture were 

taken at 0, 1, 8, 24, 48 hours from the reaction start to monitor the NIPAM grafting 

(second step), and immediately injected into a sealed NMR tube for the 1H NMR 

experiments. The NMR spectra was obtained through the Bruker software (TopSpin 

v3.5) and exported to be analysed with the MestReNova v12.0.2 software. An 

exemplary spectrum is shown in Figure 5.10.  

 

5.5.2 Fourier transform infrared spectroscopy (FTIR) 

FTIR infrared spectroscopy is a technique used to obtain an infrared spectrum of 

absorption or emission of a solid, liquid or gas sample. It is used in many analytical 

applications, especially for polymers and organic compound identification. The IR 

radiation emitted from the spectrometer is passed through the material being 

analysed where some radiation is absorbed by the sample and some passes 

through (or transmitted). The absorbed IR radiation excites the molecules into a 

higher vibrational state and the wavelength of light absorbed is a function of the 

energy difference between the at-rest and excited vibrational states. The 

wavelengths absorbed by the sample are characteristic of its molecular structure. 

Then, when the resulting signal reaches the detector, a mid-infrared (4000 to 200 

cm-1 wavelength) spectrum is generated representing a unique molecular 

‘fingerprint’ of the sample. The FTIR uses interferometry, where different waves are 

superimposed to generate an interference and information about the material placed 

in the IR beam is extracted. The Fourier Transform results in a patterned spectrum 

which is used to identify or quantify the sample analysed, since molecules exhibit 

specific IR fingerprints [177]. In this research, FTIR spectroscopy was used to 

establish the success of the reaction by comparing the bare substrate spectra with 

the BiB-substrate and PNIPAM-substrate results. 

FTIR spectra were collected with the Nicolet iS10 spectrometer (ThermoFisher 

Scientific) using the iS10 smart iTR basic analysis in absorbance mode. The 

background and sample collection were recorded with 32 scans at a spectral 

resolution of 4 cm-1. The OMNICTM v9.2.86 software was used to set the analysis 

specifications and analyse the spectra. 



Chapter 5: A proposal for humidifying the inspired gas by using recovered moisture from the expired 
gas 

109 

5.5.3 Energy Dispersive X-Ray Spectroscopy (EDS) 

Energy Dispersive X-Ray Spectroscopy (EDS) is a chemical analytical technique 

used in conjunction with scanning electron microscopy (SEM). The SEM generates 

a beam of incident electrons, between 100 eV and 30,000 eV of energy, in an 

electron column above the sample chamber. The electrons are focused by a series 

of lenses and directed onto the sample surface. Then, the sample surface is 

scanned by the electrons for imaging. The incident electrons cause electrons to be 

emitted from the sample due to elastic and inelastic scattering events on the surface 

of the sample. To create an SEM image, the SEM column and sample chamber are 

under vacuum to allow the electrons to travel freely from the electron beam source 

to the sample and then to the detectors. Thus, the emitted electrons are detected at 

each position of the scanned area and the intensity of the emitted electron signal is 

displayed as brightness on a display monitor and image file. SEM imaging can be 

performed on conductive or nonconductive samples, but nonconductive materials 

have to be coated with a thin film of a conductive material to generate conductivity 

[178].  

When the sample is bombarded by the SEM electron beam, electrons are expelled 

from the surface. The resulting electron vacancies on the sample surface are filled 

by electrons from a higher state, and an x-ray is emitted to balance the energy 

difference between the two electron states. EDS detects x-rays emitted from the 

sample to characterize the elemental composition of the sample, since the signal 

emitted is unique for each element. The energy detected from each incident x-ray is 

displayed on the computer monitor for further data evaluation [178]. In this research, 

the EDS data is used to determine chemical composition of the bare substrate, BiB-

substrate and PNIPAM-substrate synthesized. 

Figure 5.11. EDS result showing the sample image, resolution, pixel size, magnification and counts 
associated to C, O and Br. 

Image Resolution: 512 by 384 Acc. Voltage: 15.0 kV

Image Pixel Size: 0.83 µm Magnification: 300
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The EDS spectra were obtained with the SU-70 Analytical Field Emission Scanning 

Electron Microscope (Hitachi) using the NSS software for X-Ray microanalysis v3.0 

(ThermoFisher Scientific). The acceleration voltage was set at 15 kV with 2000X 

magnification. Finally, the spectrum of x-ray energy versus counts was evaluated to 

determine the elemental composition of the sample scanned. An exemplary EDS 

result is shown in Figure 5.11. 

 

5.5.4 Simultaneous Thermal Analysis (STA) 

Simultaneous Thermal Analysis (STA) corresponds to the simultaneous application 

of Thermal Gravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) 

to one sample in a single instrument, where the test conditions are identical for the 

TGA and DSC signals. 

TGA is a method of thermal analysis where the mass of a sample is measured 

continuously while the temperature is changed over time. This measurement 

provides information about the physiochemical behaviour of the sample, including 

phase transitions, absorption and desorption, or chemical oxidation and reduction. A 

typical thermogravimetric analyser consists of a programmable control temperature 

and a sample pan located onto a precision balance, all inside a furnace. The 

temperature is generally increased at constant rate to incur a thermal reaction. The 

thermal reaction occurs when generally the temperature is increased at constant 

rate under a variety of atmospheres including ambient air, vacuum, inert gas or 

oxidizing/reducing gases. The thermogravimetric data collected from a thermal 

reaction or TGA curve is represented as a plot of mass or percentage of initial mass 

on the y axis versus temperature or time on the x-axis. The TGA curve can be used 

for materials characterization through analysis of characteristic decomposition 

patterns specially used in polymers [179, 180]. In this research, the TGA curve is 

used to quantify the amount of water vapour released from the smart material 

synthesized. 

DSC is a thermo-analytical technique used to measure the amount of heat required 

to increase the temperature of a sample compared to a reference as a function of 

time. It is mainly used for analysing polymeric thermal transitions. Basically, when 

the sample undergoes a physical transformation, more or less heat, depending on 

whether the process is exothermic (heat is released from the sample) or 

endothermic (heat is absorbed by the sample), will need to flow into the sample 
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compared to the reference in order to keep the same temperature. The result 

obtained from a DSC experiment is the heat flux versus temperature or time [179, 

180]. This technique is used to determine the LCST and the degradation 

temperature of the synthesized PNIPAM-substrates. 

PNIPAM-substrate samples were placed in a 100% RH environment at room 

temperature for four hours before the STA analysis in order to ensure the samples 

were saturated having the maximum water vapour absorbed. STA experiments were 

made with a Jupiter STA 449 F5 (Netzsh, Germany). A baseline was created with a 

temperature profile ranging from 20°C to 200°C with a heating rate of 15°C/min and 

under argon gas flow at 20 ml/min. Then, the sample was weighted and placed 

inside an aluminium (Al) pan. The Al lid was punctured to allow water vapour leave 

the Al pan when the temperature rises. The experiment setup and result analysis 

were performed with the Netzsch Proteus Software v6.1. 

 

5.5.5 Cleavage of the grafted PNIPAM for characterization purposes 

To measure the molecular weight of the PNIPAM synthesized on the substrate 

material, the polymer chains were cleavage from the substrate and dialyzed against 

water to isolate different possible polymer sizes. Dialysis is a classic laboratory 

technique based on the diffusion of molecules across a semi-permeable membrane 

to separate molecules based on size. A sample and a buffer solution are placed on 

opposite sides of a dialysis porous membrane, and the sample molecules that are 

larger than the pores are retained on the sample side of the membrane, but the 

small molecules pass through the membrane reducing its concentration. The 

cleavage of the grafted PNIPAM mechanism is based on the hydrolysis of the BiB 

ester and is outlined in Figure 5.12. The optimized methodology followed is 

described below: 

• The PNIPAM-substrate was immersed in a 2% NaOH aqueous solution 

under magnetic stirring for 48 hours at room temperature. The solution was 

filtered through a glass filter to remove the substrate material. Extra water 

was added to rinse the substrate and ensure all the polymer was removed. 

 

• The filtered solution was dialyzed against water, used as a buffer solution, 

with a 3.5 kDa SnakeSkin™ dialysis tubing (ThermoFisher) to remove the 
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NaOH unreacted for 24 hours. The buffer solution was replaced three times 

to ensure a high separation yield. 

 

• Then, the sample solution was dialyzed against water with a 7 kDa 

SnakeSkin™ dialysis tubing (ThermoFisher) to remove the PNIPAM chains 

with a molecular weight lower than 7,000 g/mol. The process was kept for 24 

hours, the buffer solution was replaced three times and kept for further 

characterization. 

 

• The remaining sample solution was then dialyzed against water with a 20 

kDa SnakeSkin™ dialysis tubing (ThermoFisher) to remove the PNIPAM 

chains with a molecular weight lower than 20,000 g/mol. The process was 

kept for 24 hours, the buffer solution was replaced three times and kept for 

further characterization. The remaining sample and water buffer solutions 

were collected and evaporated in a Rotavapor® to collect the solid fractions. 

 

• All solid fractions, with a molecular weight below 10,000 g/mol, between 

10,000 g/mol and 20,000 g/mol, and above 20,000 g/mol, were weighted for 

further characterization. 
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Figure 5.12. Cleavage mechanism of the grafted PNIPAM from the substrate material with 2% NaOH. 

 

5.6 Statistical analysis 

Statistical analysis was performed using GraphPad Prism software (GraphPad, San 

Diego, CA, USA) version 6.07 for Windows using one-way and two-way analysis of 

variance (ANOVA), followed by Tukey post hoc analysis for multiple comparisons. 

Results are presented as mean ± standard deviation (SD). To determine the 

significance of the results, a probability value (p value) between 0 and 1 is used to 

test the validity of a claim made about the parameter measured, which is called null 

hypothesis. Therefore, a small p value (p < 0.05) indicates strong evidence against 

the null hypothesis, which means that the null hypothesis is rejected and there is a 

significant difference on the parameter measured hence on the results (* p < 0.05, ** 

p < 0.01, *** p < 0.001 and **** p < 0.0001) [150, 151]. 
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5.7 Results 

Aiming to synthetize a smart material able to uptake the maximum amount of water 

vapour and release it in the shortest possible time, linear and branched PNIPAM 

brushes were grafted from the PVA and cotton substrates by an ATRP procedure. 

After the purification process, the resulting smart material was characterized looking 

at the reaction success, morphology, chain length or molecular weight and water 

vapour desorption performance. First of all, the difference between PNIPAM grafted 

on PVA and cotton substrates was analysed. Then, the performance of linear and 

branched PNIPAM was compared. Finally, different PNIPAM molecular weights, 5, 

15 and 50 kDa, were compared and analysed to optimize the performance of the 

smart material according to the specific application, namely, humidifying the inspired 

gas by using recovered moisture from the expired flow. 

5.7.1 Analysis of substrate material: PVA vs. Cotton 

In this section, the linear PNIPAM grafted on PVA and cotton substrates were 

compared and analysed. First, three same-sized PVA and three same-sized cotton 

samples were washed, dried and weighed in order to quantify the number of OH 

groups available and determine the excess amount of BiB reagent needed to 

succeed in the substrate surface modification reaction. The BiB excess amount 

used was three times more than the stoichiometric amount required.  

The molar mass of the BiB (C4H6Br2O) is 229.9 g/mol, the PVA repeating unit 

(C2H4O)n is 44 g/mol and the weight of the three prepared PVA samples was 0.225 

± 0.003 g. Hence, to determine the excess BiB required to modify the PVA surface it 

is important to consider that one PVA molecule has only one OH group (Figure 

5.5B), so one mol of PVA corresponds to one mol of OH and one mol of BiB, since 

one BiB molecule reacts with one OH group (Figure 5.7). However, as a three times 

excess is used in the reaction, three mols of BiB are used to determine the excess 

amount required as outlined in equation 5.2. 

5.2 

The molar mass of the cellulose repeating unit (CL) (C6H10O5)n is 162.14 g/mol and 

the weight of the three prepared cotton samples was 0.886 ± 0.004 g. According to 

previous literature results of PNIPAM grafted from CL, the BiB reacts only with the 
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primary OH group and one molecule of CL has only on primary OH group (Figure 

5.6B). Hence, one mol of CL corresponds to one mol of OH and one mol of BiB, 

since one BiB molecule reacts with one OH group (Figure 5.7). But, as stated 

before, three mols of BiB are used to determine the excess amount required as 

outlined in equation 5.3. 

5.3 

 

In order to investigate the success of the immobilization of the BiB (ATRP-initiator) 

on the substrate material, the presence of BiB on the PVA and cotton fabric was 

analysed by EDS since the only molecular difference between the substrates and 

the BiB-cotton is the presence of bromine (Br). Hence, the weight percentage of 

carbon (C), oxygen (O) and bromine (Br) were determined for the three PVA and 

three cotton samples at different surface points. The resulting weight percentage of 

each component for each substrate material is shown in Table 5.1. 

 

Table 5.1. EDS data showing the weight percentage (%) of C, O and Br averaged for the three BiB-
PVA and three BiB-cotton samples (n=3). 

Substrates Weight (%) of C Weight (%) of O Weight (%) of Br 

PVA 48.517 ± 1.231 44.700 ± 0.550 3.817 ± 0.685 

Cotton 49.533 ± 1.978 43.613 ± 1.636 5.920 ± 0.387 

 

The presence of BiB on the substrate was also quantified comparing the sample 

weight before and after the immobilization of the BiB reaction, where the weight 

difference corresponds to the amount of BiB reacted. Table 5.2 summarizes the 

results of the PVA and cotton samples. The third column shows the amount of BiB 

reacted according to the weight (%) of Br determined from the EDS since one mol of 

Br (molecular weight of 79.9 g/mol) corresponds to one mol of BiB. The amount of 

BiB calculated from the weight difference method and the EDS data is in agreement 

since it is not significantly different.  

Table 5.2. Amount of BiB present in the cotton fabric according to the weight difference (first column) 
and according to the EDS data (second column) ( n=3). 

Substrates Weight difference: BiB reacted (g) EDS data: BiB reacted (g) 

PVA 0.034 ± 0.015 0.028 ± 0.008 

Cotton 0.158 ± 0.054 0.173 ± 0.026 
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The amount of BiB reacted on the PVA substrate is significantly lower (p < 0.0001) 

compared to the quantity reacted on the cotton fabric. This could be explained by 

the differences in physical structure of these two substrates. The cotton substrate is 

a fabric which has more space between the fibres, so the BiB has an easier access 

to react with the OH groups. The PVA has a sponge-like structure, which might have 

obstructed entry of BiB and hinder its reaction with the OH groups at the interior of 

the structure. 

To determine the amount of NIPAM required to synthesize the PNIPAM from the 

BiB-substrate with 15 kDa or 15000 g/mol of molecular weight, it is important to 

consider that one PNIPAM chain (1 mol) grows from one BiB molecule attached to 

the substrate (1 mol) as previously explained in Figure 5.8. Hence, the amount of 

NIPAM needed to be grafted in both substrates is calculated from equation 5.4. 

. 

5.4 

 

Then, samples of the reacting mixture were taken at 0, 1, 8, 24 and 48 hours from 

the reaction start, to monitor the grafting of NIPAM from the BiB-Substrate (second 

step), and immediately injected into a sealed NMR tube containing the methanol-d4 

solvent and DMF internal reference. Then, the NMR spectra was obtained and the 

NIPAM signals were integrated with respect to the DMF signals (full spectra and 

signals identified in Figure 5.10). The sample analysed at time 0 was used to set the 

0% monomer conversion. The NIPAM conversion (%) as a function of time for 

PNIPAM synthesis on PVA and cotton substrates is shown in Figure 5.13. The 

amount of monomer reacted increases logarithmically and stabilizes after 24 hours 

achieving a 65 % conversion from the PVA substrate and 67 % conversion from 

cotton substrate. No significant difference is found between both curves. 
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Figure 5.13. NIPAM conversion (%) as a function of time for PNIPAM synthesis on PVA (red line) and 
cotton (black line) substrates.  

In order to investigate the success of the PNIPAM synthesis, the presence of the 

polymer on the PVA and cotton fabric was analysed by EDS since the only 

molecular difference between the BiB-substrates and the PNIPAM is the nitrogen 

(N). Hence, the weight percentage of carbon (C), oxygen (O) and nitrogen (N) were 

determined for the three PVA and three cotton samples at different surface points. 

The resulting weight percentage of each component for each substrate material is 

summarized in Table 5.3. 

Table 5.3. EDS data showing the weight percentage (%) of C, O, N averaged for the three PNIPAM-

PVA and three PNIPAM-cotton samples (n=3). 

Substrates Weight (%) of C Weight (%) of O Weight (%) of N 

PVA 48.677 ± 0.956 37.803 ± 1.488 10.873 ± 0.646 

Cotton 48.860 ± 1.010 37.231 ± 1.328 11.630 ± 1.324 

The presence of PNIPAM on the substrate was also quantified comparing the 

sample weight before and after the NIPAM grafting reaction, where the weight 

difference corresponds to the amount of PNIPAM synthesized. Table 5.4 

summarizes the results of the three PVA samples and the three cotton samples. The 

third column shows the amount of PNIPAM reacted according to the weight (%) of N 

determined from the EDS since one mol of N (molecular weight of 16 g/mol) 

corresponds to one mol of PNIPAM. The fourth column corresponds to the amount 

of polymer reacted according the conversion of NIPAM (%) determined by the NMR 
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spectra evolution as a function of time. The amount of PNIPAM calculated from the 

weight difference method, the EDS data and the NMR results is in agreement since 

it is not significantly different.  

 

Table 5.4. Amount of BiB present in the cotton fabric according to the weight difference (first column) 
and according to the EDS data (second column) ( n=3). 

Substrates 

Weight difference: 

PNIPAM reacted (g) 

EDS data: PNIPAM 

reacted (g) 

NMR data: 

PNIPAM reacted 

(g) 

PVA 1.015 ± 0.125 1.114 ± 0.183 1.183 ± 0.182 

Cotton 6.529 ± 0.107 7.110 ± 0.421 6.941 ± 0.851 

 

The amount of PNIPAM reacted on the PVA substrate is significantly lower (p < 

0.0001) compared to the quantity reacted on the cotton fabric in all three methods. 

This is explained by the fact that lower amounts of BiB reacted on the PVA substrate 

and there were less grafting points available to graft the NIPAM. Hence, in order to 

compare the performance of both substrates it is important to determine theoretically 

the chain length or molecular weight of the grafted PNIPAM. It is known that one 

PNIPAM chain grows from one BiB molecule attached to the substrate and the 

amount of PNIPAM and BiB reacted on each substrate is already determined. 

Assuming that all chains has the same length, the theoretical molecular weight of 

the PNIPAM grafted from the PVA substrate is 9713.27 Da or g/mol, and the 

theoretical molecular weight of the PNIPAM grafted from the cotton substrate is 

10099.59 Da or g/mol. Therefore, is possible to proceed with the water vapour 

desorption rate performance of both samples since their chain lengths are in the 

same order of magnitude.  

To investigate the performance of the smart material, PNIPAM-PVA and PNIPAM-

cotton samples were analysed with the STA technique. The TGA and DSC curves 

were obtained simultaneously for each sample and analysed as a function of 

temperature. During the thermal phase transition, PNIPAM exhibit an endothermic 

peak due to the breaking of hydrogen bonds with the surrounding water vapour 

molecules detectable with the DSC. The signal was designated by the peak onset 

and the temperature value, which corresponds to the LCST, was determined from 

the intersection between two tangent lines from the baseline and slope of the 

endothermic peak.  
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To determine the mass reduction rate, the first derivative of the TGA curve was 

calculated. Then, the sample mass reduction was measured from 20°C to 55°C, 

when a plateau was reached. This mass decrease corresponds to the amount of 

water released from the PNIPAM-substrate sample. The LCST and the water vapour 

release (%/min) results are outlined in Figure 5.14.  

 

 

Figure 5.14. STA results. A- LSCT of PNIPAM-PVA and PNIPAM-Cotton substrates determined from 
the DSC curve. B- Water vapour release (%/min) of PNIPAM-PVA and PNIPAM-Cotton substrates 
determined from the TGA curve.  

 

The results show no significant difference between the LCST determined in both 

PNIPAM-substrates, which is around 32°C as theoretically expected. However, the 

water vapour release rate from the PNIPAM-PVA samples is significantly lower than 

the PNIPAM-Cotton samples. This could be explained by the fact that, even if the 

grafted PNIPAM chains have similar molecular weight (around 10 kDa) in both 

substrates, the number of polymer chains grown from the PVA substrate is 

significantly lower, seven times less, than that grown from the cotton substrate. 

Therefore, the cotton fabric substrate was selected to be used in the next 

experiments because of its high number of BiB sites formed.  

 

5.7.2 Analysis of polymer structure: Linear vs. Branched 

It has been shown in the previous analysis that the best water vapour desorption 

performance is achieved by grafting the PNIPAM onto a cotton fabric substrate due 

to its high number of BiB sites formed. Hence, the aim of this section is to 

investigate the effect of the linear and branched PNIPAM grafted on the cotton fabric 

substrate. 

P N IP AM -P V A P N IP AM -C o t to n

0

5

1 0

1 5

2 0

2 5

3 0

3 5

4 0

L
C

S
T

 (


C
)

A B

P N IP AM -P V A P N IP AM -C o t to n

0

5

1 0

1 5

2 0

2 5

3 0

W
a

te
r
 R

e
le

a
s

e
 (

%
/m

in
)

* * * *



Chapter 5: A proposal for humidifying the inspired gas by using recovered moisture from the expired 
gas 

120 
 

First, 6 cotton samples were prepared at the same size than previous samples 

analysed to ensure the repeatability of the results. Then, the samples were washed, 

dried and weighted in order to quantify how much BiB reacted after the substrate 

surface modification reaction. The same excess amount of BiB calculated in 

previous sections was used as a reagent (equation 5.3).  

In order to investigate the success of the first reaction, the immobilization of the BiB 

(ATRP-initiator) on the substrate material, the presence of BiB on the fabric was 

investigated by EDS since the only molecular difference between the bare cotton 

fabric and the BiB-cotton is the bromine (Br). Hence, the weight percentage of 

carbon (C), oxygen (O) and bromine (Br) were determined for the 6 samples at 

different surface points. The resulting weight percentage of each component is 

summarized in Table 5.5. 

 

Table 5.5. EDS data showing the weight percentage (%) of C, O and Br averaged for the 9 BiB-cotton 
samples (n=6). 

Weight (%) of C Weight (%) of O Weight (%) of Br 

49.390 ± 1.491 43.958 ± 1.259 5.432 ± 0.721 

 

The presence of BiB on the fabric was also quantified comparing the sample weight 

before and after the immobilization of the BiB, where the weight difference 

corresponds to the amount of BiB reacted. Table 5.6 summarizes the results that 

were averaged since no significant difference was found between the 6 samples. 

The second column shows the amount of BiB reacted according to the weight (%) of 

Br determined from the EDS since one mol of Br (molecular weight of 79.9 g/mol) 

corresponds to one mol of BiB. Both results are in agreement.  

 

Table 5.6. Amount of BiB present in the cotton fabric according to the weight difference (first column) 

and according to the EDS data (second column) (n=6). 

Weight difference: BiB reacted (g) EDS data: BiB reacted (g) 

0.126 ± 0.014 0.138 ± 0.008 

 

To determine the amount of NIPAM required to synthesize the PNIPAM from the 

BiB-substrate with 15 kDa or 15000 g/mol of molecular weight for both structures 

linear and branched, it is important to consider that one PNIPAM chain (1 mol) 

grows from one BiB molecule attached to the substrate (1 mol) as previously 
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explained in Figure 5.8. Hence, the amount of NIPAM needed to be grafted on the 

substrates is calculated from equation 5.4. The amount of EBMA required to 

generate one branched point per chain is calculated in the same way, since one mol 

of BiB corresponds to one mol of EBMA. Due to the addition of EBMA to generate 

the branched points, the PNIPAM synthesis was not monitored by NMR due to the 

spectral overlap of EBMA and NIPAM which can lead to erroneous measurements. 

In order to investigate the success of the linear and branched PNIPAM synthesis, 

the presence of the polymer on cotton fabric was analysed by EDS since the only 

molecular difference between the BiB-substrates and the PNIPAM is the nitrogen 

(N). Hence, the weight percentage of carbon (C), oxygen (O) and nitrogen (N) were 

determined for the three branched and three linear samples at different surface 

points. The resulting weight percentage of each component for each polymer 

structure is shown in Table 5.7. 

 

Table 5.7. EDS data showing the weight percentage (%) of C, O, N averaged for the three branched 

and three linear PNIPAM-Cotton samples (n=3). 

PNIPAM Weight (%) of C Weight (%) of O Weight (%) of N 

Branched 48.657 ± 0.956 41.060 ± 1.488 10.283 ± 0.646 

Linear 48.860 ± 1.010 37.231 ± 1.328 11.630 ± 1.324 

 

The presence of PNIPAM on the substrate was also quantified comparing the 

sample weight before and after the NIPAM grafting reaction, where the weight 

difference corresponds to the amount of PNIPAM synthetized. Table 5.8 

summarizes the results that were averaged since no significant difference was found 

between the three linear and the three branched PNIPAM samples. The third 

column shows the amount of PNIPAM reacted according to the weight (%) of N 

determined from the EDS since one mol of N (molecular weight of 16 g/mol) 

corresponds to one mol of PNIPAM. The amount of PNIPAM calculated from the 

weight difference method and the EDS data is in agreement since it is not 

significantly different.  

 

Table 5.8. Amount of PNIPAM present in the cotton fabric according to the weight difference (first 

column) and according to the EDS data (second column) (n=3). 

PNIPAM Weight difference: PNIPAM 

reacted (g) 

EDS data: PNIPAM  

reacted (g) 
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Branched 3.815 ± 0.125 4.014 ± 0.583 

Linear 6.529 ± 0.107 7.110 ± 0.421 

 

The amount of PNIPAM reacted following the branched method is significantly lower 

(p < 0.001) compared to the quantity reacted on the linear synthesis method. This is 

explained by the fact that side reactions can be generated with high probability. In 

this case a side PNIPAM product could be synthetized with the EBMA by itself 

instead of growing branches from the substrate. The possible side reactions can be 

analysed in detail, but this is a path that moves away from the objective set out in 

this research. Hence, both theoretical branched and linear structures are analysed 

with the STA to compare their water desorption performance and determine the 

optimal structure.  

The TGA and DSC curves were obtained simultaneously for each sample and 

analysed as a function of temperature. During the thermal phase transition, PNIPAM 

exhibit an endothermic peak due to the breaking of hydrogen bonds with the 

surrounding water vapour molecules detectable with the DSC. The signal was 

designated by the peak onset and the temperature value, which corresponds to the 

LCST, was determined from the intersection between two tangent lines from the 

baseline and slope of the endothermic peak. To determine the mass reduction rate, 

the first derivative of the TGA curve was calculated. Then, the sample mass 

reduction was measured from 20°C to 55°C, when a plateau was reached. This 

mass decrease corresponds to the amount of water released from the PNIPAM-

substrate sample. The LCST and the water vapour release (%/min) results are 

outlined in Figure 5.15.  

The results show no significant difference between the LCST determined in both 

PNIPAM structures, which is around 32°C as theoretically expected. However, the 

water vapour release rate from the branched PNIPAM samples is significantly lower 

than the linear PNIPAM samples. This could be explained by the fact that, there is 

less polymer grafted on the substrate and the material absorbs less amount of water 

vapour. Also, the possible synthetized PNIPAM branches could slow down the 

conformational change from the linear to the coiled structure, resulting in a lower 

water release rate [172, 174]. Therefore, the linear PNIPAM synthetized in a cotton 

fabric substrate is selected to be further optimized comparing different molecular 

weights in the next section. 
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Figure 5.15. STA results. A- LSCT of branched and linear PNIPAM-Cotton substrates determined from 
the DSC curve. B- Water vapour release (%/min) of branched and linear PNIPAM-Cotton substrates 
determined from the TGA curve.  

 

5.7.3 Analysis of polymer molecular weight: 5, 15, 50 kDa 

It has been shown in the above analyses than the best water vapour desorption 

performance is achieved grafting linearly the PNIPAM onto a cotton fabric substrate. 

Hence, the aim of this section is to investigate the effect of different molecular 

weights of grafted linear PNIPAM on a cotton fabric substrate. 

First, 9 cotton samples were prepared at the same size than previous samples to 

ensure the repeatability of the results. Then, the samples were washed, dried and 

weighted in order to quantify how much BiB reacted after the substrate surface 

modification reaction. The same excess amount of BiB as calculated in previous 

sections was used as a reagent (equation 5.3).  

In order to investigate the success of the first reaction, the immobilization of the BiB 

(ATRP-initiator) on the substrate material modifying its surface, FTIR in absorbance 

mode was used. Figure 5.16 shows the comparison of the FTIR spectra of the bare 

cotton fabric and the BiB modified samples. The spectra of the BiB-cotton samples 

showed one band at 1740 cm-1 which corresponds to the stretch vibration of ester 

carbonyl group formed to link the BiB to the cotton fabric [180]. This band is absent 

in the bare cotton fabric spectra.  
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Figure 5.16. FTIR spectrums. A- BiB-Cotton sample spectra. B- Bare cotton spectra. 

In addition to FTIR spectra, the presence of BiB on the fabric was investigated by 

EDS since the only molecular difference between the bare cotton fabric and the BiB-

cotton is the bromine (Br). Hence, the weight percentage of carbon (C), oxygen (O) 

and bromine (Br) were determined for the 9 samples at different surface points. The 

resulting weight percentage of each component is summarized in Table 5.9. 

Table 5.9. EDS data showing the weight percentage (%) of C, O and Br averaged for the 9 BiB-cotton 
samples (n=9). 

Weight (%) of C Weight (%) of O Weigh t(%) of Br 

49.632 ± 1.431 44.066 ± 1.135 5.567 ± 0.647 

The presence of BiB on the fabric was also quantified comparing the sample weight 

before and after the immobilization of the BiB reaction, where the weight difference 

corresponds to the amount of BiB reacted. Table 5.10 summarizes the results 

obtained for the 9 samples. The second column shows the amount of BiB reacted 

according to the weight (%) of Br determined from the EDS since one mol of Br 

(molecular weight of 79.9 g/mol) corresponds to one mol of BiB. Both results are in 

agreement.  
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Table 5.10. Amount of BiB present in the cotton fabric according to the weight difference (first column) 
and according to the EDS data (second column) (n=9). 

Weight difference: BiB reacted (g) EDS data: BiB reacted (g) 

0.128 ± 0.044 0.157 ± 0.008 

 

To determine the amount of NIPAM required to synthetize the PNIPAM from the 

BiB-substrate with 5 kDa or 5000 g/mol, 15 kDa or 15,000 g/mol and 50 kDa or 

50,000 g/mol of molecular weight, it is important to consider that one PNIPAM chain 

(1 mol) grows from one BiB molecule attached to the substrate (1 mol) as previously 

explained in Figure 5.8. Hence, the amount of NIPAM needed to be grafted in both 

substrates is calculated from equation 5.4 but using 5000, 15000 or 50000 g/mol of 

PNIPAM according to the desired final PNIPAM molecular weight. 

Then, samples of the reacting mixture were taken at 0, 1, 8, 24 and 48 hours from 

the reaction start, to monitor the grafting of NIPAM from the BiB-Substrate (second 

step), and immediately injected into a sealed NMR tube containing the methanol-d4 

solvent and DMF internal reference. Then, the NMR spectra was obtained and the 

NIPAM signals were integrated with respect to the DMF signals (full spectra and 

signals identified in Figure 5.10). The sample analysed at time 0 was used to set the 

0% monomer conversion. The NIPAM conversion (%) as a function of time for 5 

kDa, 15 kDa and 50 kDa PNIPAM synthetized on cotton substrates is shown in 

Figure 5.17.  

 

Figure 5.17. NIPAM conversion (%) as a function of time for 5kDa (red line), 15kDa (black line) and 
50kDa (blue line) PNIPAM synthetized on cotton substrates.  
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The amount of monomer reacted increases logarithmically and stabilizes after 24 

hours. The 5 and 15 kDa curves follow a similar trend being the last one stabilized 

with less monomer conversion, 84% and 67% conversion for 5 and 15 kDa 

PNIPAM-Cotton samples respectively. However, the 50 kDa curve shows a fast 

monomer conversion in the first hour and the stabilized slowly until a 42% 

conversion is achieved. This could be explain by the fact that the monomer 

concentration in the solution to achieve a high molecular weight polymer is 

significantly higher and the other samples and can affect the free movement of the 

monomer or saturation.  

In order to investigate the success of the PNIPAM synthesis, FTIR in absorbance 

mode was used. Figure 5.18 shows the comparison of the FTIR spectra of the bare 

cotton fabric and the PNIPAM-Cotton samples. The spectrums of the PNIPAM-

Cotton samples show two bands at 1650 cm-1 and 1540 cm-1 which correspond to 

the typical amide and carbonyl stretch vibrations of PNIPAM, the band II is absent in 

the bare cotton fabric spectra and the vibration band at 1635 cm-1 is attributed to 

absorbed water [180]. 

Figure 5.18. FTIR spectrums. A- PNIPAM-Cotton sample spectra. B- Bare cotton spectra. 

In addition to FTIR spectra, the presence of the polymer on the cotton fabric was 

analysed by EDS since the only molecular difference between the BiB-substrates 

and the PNIPAM is the nitrogen (N). Hence, the weight percentage of carbon (C), 
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oxygen (O) and nitrogen (N) were determined for the three 5 kDa PNIPAM-Cotton, 

the three 15 kDa PNIPAM-Cotton and three 50 kDa PNIPAM-Cotton samples at 

different surface points. The resulting weight percentage of each component (Table 

5.11) for each molecular weight PNIPAM synthetized were averaged since not 

significant difference was found between each three sample sets. 

Table 5.11. EDS data showing the weight percentage (%) of C, O, N averaged for the three 5 kDa, 15 
kDa and 50 kDa PNIPAM-cotton samples (n=3). 

PNIPAM-Cotton Weigh (%) of C Weigh (%) of O Weigh (%) of N 

5 kDa 47.783 ± 2.252 37.230 ± 1.328 10.553 ± 1.072 

15 kDa 48.860 ± 1.010 37.231 ± 1.328 11.630 ± 1.324 

50 kDa 48.353 ± 0.518 37.8031 ± 1.488 10.550 ± 1.483 

The presence of PNIPAM on the substrate was also quantified comparing the 

sample weight before and after the NIPAM grafting reaction, where the weight 

difference corresponds to the amount of PNIPAM synthesized. Table 5.12 

summarizes the results that were averaged since no significant difference was found 

between the three samples sets. The third column shows the amount of PNIPAM 

reacted according to the weight (%) of N determined from the EDS since one mol of 

N (molecular weight of 16 g/mole) corresponds to one mol of PNIPAM. The fourth 

column corresponds to the amount of polymer reacted according the conversion of 

NIPAM (%) determined by the NMR spectra evolution as a function of time. The 

amount of PNIPAM calculated from the weight difference method, the EDS data and 

the NMR results is in agreement since it is not significantly different.  

Table 5.12. Amount of BiB present in the cotton fabric according to the weight difference (first column) 
and according to the EDS data (second column) (n=3). 

PNIPAM-

Cotton 

Weight difference: 

PNIPAM reacted (g) 

EDS data: 

PNIPAM reacted 

(g) 

NMR data: 

PNIPAM reacted 

(g) 

5 kDa 1.931 ± 0.125 2.512 ± 1.583 2.329 ± 1.982 

15 kDa 6.529 ± 0.107 7.110 ± 1.421 6.941 ± 1.851 

50 kDa 10.627 ± 0.118 9.927 ± 1.219 11.784 ± 1.957 
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In order to compare the performance of both substrates it is important to determine 

theoretically the chain length or molecular weight of the grafted PNIPAM. It is known 

that one PNIPAM chain grows from one BiB molecule attached to the substrate and 

the amount of PNIPAM and BiB reacted on each substrate is already determined. 

Assuming that all chains has the same length, the theoretical molecular weight of 

the 5 kDa PNIPAM is 4183.102 Da or g/mole, the 15 kDa PNIPAM is 10099.59 Da 

or g/mol and the 50 kDa PNIPAM is 21165.17 Da or g/mole.  To prove that these 

values are accurate, the PNIPAM of each sample is cleavage and dialysed obtaining 

different solid fraction according to the molecular weight: between 3.5 and 7 kDa 

(3.5 < Mw < 7), between 7 and 20 kDa (7 < Mw < 20) and more than 20 kDa (20 < 

Mw). The results are shown in Figure 5.19. The 90% of the 5 kDa PNIPAM solid 

fraction is in between 3.5 and 7 kDa, which is in agreement with the theoretical 

estimation, and only the 10% is between 7 and 20 kDa. The 80% of the of the 15 

kDa PNIPAM solid fraction is in between 7 and 20 kDa, which is in agreement with 

the theoretical estimation, and the 20% is between 3.5 and 7 kDa. The 60% of the of 

the 50 kDa PNIPAM solid fraction is above 20 kDa, which is in agreement with the 

theoretical estimation, and the 40% is between 7 and 20 kDa. Although, this is not a 

technique to measure the exact polymer molecular weight, it is a method to prove 

the synthesis of a low, medium and high PNIPAM molecular weight, to compare the 

water vapour desorption rate performance of the samples.  

 

 

Figure 5.19. Dialysis results of solid fraction weight (%) of the 5 kDa (low Mw), 15 kDa (medium Mw) 
and 50 kDa (High) PNIPAM samples. The solid fraction are divided in Mw between 3.5 and 7 kDa, 

between 7 and 20 kDa and above 20 kDa. 
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To investigate the performance of the smart material, low, medium and high Mw 

PNIPAM-cotton samples were analysed with the STA technique. The TGA and DSC 

curves were obtained simultaneously for each sample and analysed as a function of 

temperature. During the thermal phase transition, PNIPAM exhibit an endothermic 

peak due to the breaking of hydrogen bonds with the surrounding water vapour 

molecules detectable with the DSC. The signal was designated by the peak onset 

and the temperature value, which corresponds to the LCST, was determined from 

the intersection between two tangent lines from the baseline and slope of the 

endothermic peak. To determine the mass reduction rate, the first derivative of the 

TGA curve was calculated. Then, the sample mass reduction was measured from 

20°C to 55°C, when a plateau was reached. This mass decrease corresponds to the 

amount of water released from the PNIPAM-substrate sample. The LCST and the 

water vapour release (%/min) results are outlined in Figure 5.20.  

 

 

Figure 5.20. STA results. A- LSCT of low, medium and high Mw PNIPAM-Cotton samples determined 
from the DSC curve. B- Water vapour release (%/min) of low, medium and high PNIPAM-Cotton 
samples determined from the TGA curve.  

 

The results show no significant difference between the LCST determined in the 

three molecular weight PNIPAM samples, which is around 32°C as theoretically 

expected. However, the water vapour release rate from the low Mw and high Mw 

PNIPAM samples are significantly lower than the Medium Mw PNIPAM samples. 

This could be explained by the fact that the low Mw samples does not have enough 

PNIPAM grafted so absorbs less water vapour molecules than the medium Mw 

samples, and the high Mw PMIPAM samples absorb more water vapour molecules 

but are not able to release them as fast as the medium Mw samples [181, 182]. 

Therefore, a medium Mw (between 7 and 20 kDa) PNIPAM-Cotton fabric substrate 
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is selected to be tested in human breath in the next experiments because of its 

optimal thermal performance.  

5.8 Assessment of the optimized PNIPAM smart material 

As stated in the introduction of this chapter, the purpose of this research was to 

develop a proposal for humidifying the inspired gas by using recovered moisture 

from the expired airflow, and to achieve the humidity previously quantified. To 

achieve it, the thermo-responsive PNIPAM smart polymer has been optimized in 

order to uptake the maximum amount of water vapour and release it in the shortest 

time.  

Two substrate materials, polyvinyl alcohol (PVA) and organic cotton fabric, have 

been investigated to achieve the maximum PNIPAM grafting yield. It was shown that 

the amount of BiB reacted on the PVA substrate was significantly lower compared to 

the quantity reacted on the cotton fabric. This could be explained by the differences 

in physical structure of these two substrates. The cotton substrate is a fabric which 

has more space between the fibres, so the BiB reagent has easier access to react 

with the OH groups. The PVA has a sponge-like structure, which might have 

obstructed BiB and hinder its reaction with the OH groups available. Also, the 

amount of PNIPAM reacted on the PVA substrate was significantly lower compared 

to the quantity reacted on the cotton fabric in all three methods, as expected due to 

the fact that lower amount of BiB was reacted on the PVA substrate and there were 

fewer grafting points available to graft the NIPAM. Finally, the results showed no 

significant difference between the LCST determined in both PNIPAM-substrates, 

which was around 32°C as theoretically expected. However, the water vapour 

release rate from the PNIPAM-PVA samples was significantly lower than the 

PNIPAM-Cotton samples. This is explained by the fact that, even if the grafted 

PNIPAM chains have similar molecular weight (around 10 kDa) in both substrates, 

the number of polymer chains grown from the PVA substrate is significantly lower, 

seven times less, than that grown from the cotton substrate. Therefore, the cotton 

fabric substrate was selected to be used in the next experiments because of its high 

number of BiB sites formed and available for further reaction.  

Next, linear and branched PNIPAM were synthesized in the cotton substrate to 

compare the final water desorption rate. The results showed that the amount of 

PNIPAM reacted following the branched method was significantly lower compared to 
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the quantity reacted on the linear synthesis method. This is explained by the fact 

that side reactions can be generated with high probability, and in this case, a side 

PNIPAM product could be synthesized with the EBMA by itself instead of growing 

branches from the substrate. The possible side reactions were not further 

investigated in this study because this is a path that moves away from the objective 

set out in this research. The STA results showed no significant difference between 

the LCST determined in both PNIPAM structures, which is around 32°C as 

theoretically expected. However, the water vapour release rate from the branched 

PNIPAM samples was significantly lower than the linear PNIPAM samples, because 

there is less polymer grafted on the substrate and the material absorbs less amount 

of water vapour. Also, the possible synthesized PNIPAM branches could slow down 

the conformational change from the linear to the coiled structure, resulting in a lower 

water release rate [172, 174, 181, 182].  

Finally, linear PNIPAM was synthetized on the cotton substrate at low, medium and 

high molecular weights: below 7 kDa, between 7 and 20 kDa and above 20 kDa 

respectively. The STA results showed no significant difference between the LCST 

determined in the three molecular weight PNIPAM samples, which was around 32°C 

as theoretically expected. However, the water vapour release rate from the low MW 

and high MW PNIPAM samples were significantly lower than the Medium MW 

PNIPAM samples. This could be explained by the fact that the low MW samples do 

not have enough PNIPAM grafted so absorbs less water vapour molecules than the 

medium MW samples, and the high MW PMIPAM samples absorb more water 

vapour molecules but are not able to release them as fast as the medium MW 

samples [172, 174, 181, 182]. Therefore, a medium Mw (between 7 and 20 kDa) 

PNIPAM-Cotton fabric substrate is selected to be tested on human participants in 

the next experiments because of its optimal thermal performance. This optimized 

smart material is able to achieve a water vapour release rate of 24.2 ± 1.054 %/min, 

which corresponds to the weight percentage of water vapour released per minute, at 

a LCST of 32°C. This means that, below 32°C the smart material absorbs the 

surrounding water vapour molecules and release them when the temperature is 

higher than 32°C achieving a water vapour release rate up to 24.2 ± 1.054 %/min. 

These results showed no significant differences between the three samples 

analysed, which proves repeatability of the results. 
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5.9 Closure 

This chapter proposed a smart material for humidifying the inspired gas by using 

recovered moisture from the expired airflow, to achieve the humidity quantified in the 

previous chapter. The methodology used to synthesize the PNIPAM and the 

techniques used for characterization and optimization are described in detail. The 

optimized smart material was able to achieve a water vapour release rate of 24.2 ± 

1.054 %/min, which corresponds to the weight percentage of water vapour released 

per minute, at a LCST of 32°C. This means that, below 32°C the smart material 

absorbs the surrounding water vapour molecules and release them when the 

temperature is higher than 32°C achieving a water vapour release rate up to 24.2 ± 

1.054 %/min. These results showed no significant differences between the three 

samples analysed, which proved repeatability of the results. 

In the next chapter, this smart material is synthesized on a large scale and clinical 

trials are performed with 21 volunteers to test the humidifying proposal developed in 

this chapter. 
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Chapter 6                                       

Design, Performance and Validation of a Self-

Humidifying Device 

6.1 Introduction 

In Chapter 5, a proposal for humidifying the inspired gas by using recovered 

moisture from the expired airflow, and achieve the humidity requirements previously 

quantified was developed. A smart material was synthetized using PNIPAM grafted 

from a commercial organic cotton fabric and optimized to ensure the maximum 

amount of water vapour uptake and release in the shortest time. The water release 

rate achieved by the smart material was 24.2 ± 1.054 %/min, which corresponds to 

the weight percentage of water vapour released per minute, and the LCST was 

quantified at 32°C. This means that, below 32°C the smart material absorbs the 

surrounding water vapour molecules and releases them when the temperature is 

higher than 32°C achieving a water vapour release rate up to 24.2 ± 1.054 %/min. 

These results showed no significant differences between the three samples 

analysed, which proved repeatability of the results.  

As previously stated, LSD devices, such as asthma nebulizers, positive airway 

pressure devices, respirators  or  even  tracheotomy,  are  used  to  restore  or  

provide  a  proper respiration cycle in some patients. These therapies disturb the 

natural lubrication and normal air conditioning process because there is an increase 

in pressure and turbulent effect, or the nasal cavity, which is the most important air 

conditioning part, is bypassed. Breathing devices, can cause drying and trauma of 

the mucosa where ciliated cells are inactivated and reduced [31]. Hence, inspired air 

has to be warmed and humidified in order to reach the lungs at 37°C with 100% 

relative humidity, and maintain an optimum mucociliary transport. This effect was 

analysed and the amount of water needed to be added into the respiratory system 

and overcome the dryness side effect was quantified in chapters 3 and 4. 
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The purpose of this chapter is to develop a miniaturized, affordable and eco-friendly 

self-humidifying device using the smart material and validate its performance with 21 

volunteers. The objectives of the self-humidifying device are to humidify the inspired 

airflow up to the humidity levels required by using recovered moisture from 

expiration, warm the air and adjust the water delivered into the respiratory system.  

In the course of this investigation, the design of the self-humidifying device is 

described in section 6.2 including the location of the smart material, the humidity 

adjustment, temperature control and humidification performance. The clinical 

protocol followed to test the smart fabric with 21 volunteers is explained in section 

6.3 describing the participant election criteria, experimental setup, data validation 

and experimental protocol, and the statistical analysis is described in section 6.4. 

Then, the performance of the smart fabric is analysed in section 6.5 for 0, 5, 10, 15 

and 20 cmH2O CPAP pressures. Finally, sections 6.6 and 6.7 correspond to the 

discussion and closure of the chapter respectively. 

6.2 Self-humidifying device design 

As stated before, in this part of the chapter the working principle and design of the 

self-humidifying device using the smart material to humidify the inspired airflow up to 

the humidity levels required by using recovered moisture from expiration, warm the 

air and adjust the water delivered into the respiratory system are explained in detail. 

6.2.1 Location of the smart material in LSD 

The smart material (PNIPAM-Cotton fabric) is the main component of the self-

humidifying device, since the synthetized fabric is able to absorb surrounding water 

vapour molecules at temperatures higher than the LCST, set at 32°C, and releases 

them at temperatures below the LCST. Hence, to achieve a good performance, the 

fabric has to be in contact with the human breath i.e. in both inspiration and 

expiration airflows. Also, it is important to note that the main application of the 

device is to provide the humidity required to overcome the dryness side effect 

caused by the LSD devices, so the self-humidifying device is used as an additional 

component of LSD replacing current convective heated humidifiers. The CPAP 

device is used as representative of LSD in this investigation. Therefore, the best 

location to place the smart material is inside the CPAP mask, where the pressurized 



Chapter 6: Design, Performance and Validation of a Self-Humidifying Device 

135 
 

inflow is in contact with the inspiration and expiration airflows. The smart fabric is 

lining all the inner surface of a commercial CPAP mask in order to achieve the 

maximum airflow contact as outlined in Figure 6.1.  

 

 

Figure 6.1. Diagram showing the commercial CPAP facial mask, the smart fabric location lining the 
inner surface of the mask and the airflow directions including the inspiration and expiration of the 
breathing cycle. 

 

6.2.2 Humidity adjustment of the smart material 

One of the requirements of the self-humidifying device is to humidify the inspired 

airflow by using recovered moisture from expiration and adjust the water delivered 

into the respiratory system.  

Based on the results obtained in the previous chapter, the TGA curves obtained 

from the optimized PNIPAM-Cotton samples were used to calculate the water 

release rate, but more information can be extracted from the curves, such as the 

amount of water vapour released as a function of temperature. These data are used 

in this section to develop a curve representing the amount of water vapour released 

from the smart fabric as a function of the temperature applied. The resulting mean 

relation between the fabric temperature and the percentage of water released is 

shown in Figure 6.2.  

The percentage of water vapour provided depends on the weight of the synthetized 

smart fabric i.e. 4 g of synthetized smart fabric heated above 40°C is able to provide 

1.02 g of water vapour or 4 g of synthetized smart fabric at 33°C is able to provide 

Pressurized Mask Inflow

Inspiration Breath

Expiration Breath

Mask Outflow

Mask Outflow

Commercial CPAP Mask

Smart Fabric



Chapter 6: Design, Performance and Validation of a Self-Humidifying Device 

136 
 

0.6 g of water vapour. Hence, the water vapour release can be adjusted depending 

on the temperature of the smart fabric. 

 

Figure 6.2. Relation curve between the water vapour release percentage and the temperature of the 
smart fabric. 

 

6.2.3 Temperature control of the smart material 

It has been seen that the temperature of the smart fabric is the most important 

parameter to control the performance of the self-humidifying device. Hence, once 

the smart material is synthetized, the fabric is sewn with an insulated resistor 

filament to increase the surface temperature and change the polymer properties.  

Copper is an eco-friendly metal, because it can be recycled and reused multiple 

times, soft, malleable and ductile, with very high thermal and electrical conductivity 

[183]. Due to its reasonable price and properties, an insulated copper filament is 

chosen as a resistor filament to control the temperature of the fabric. The filament is 

sewn covering the entire fibrous surface to maximize the heat transfer properties, 

and provide a fast heating response and a uniform temperature distribution on the 

smart fabric. Both filament ends are welded with 1 mm 60% tin / 40% lead resin core 

solder to two male copper snaps, which are sewn to the fabric with cotton thread. 

The female snaps are fixed to the mask and connected to a power supply to provide 

current through the filament and heat the fabric. Hence, this setup allows the smart 

fabric to be connected and disconnected to the CPAP mask and hence the power 

supply, the times needed to be washed or replaced. 
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The electrical resistance of the entire setup is measured with a UNI-T UT61E 

multimeter (True RMS Multimeters) at room temperature in order to determine the 

theoretical relationship between the temperature provided and the resistance of the 

system. Equation 6.1 relates the electrical resistance with the temperature of the 

system, where R0 corresponds to the resistance at room temperature T0, and α is 

the temperature coefficient of the conductor material, which is assumed to be 100% 

copper. 

6.1 

 

The resulting temperature distribution on the smart fabric will vary according to the 

voltage delivered from the power supply. For health and safety reasons the voltage 

applied should not be higher than 12V and the temperature reached should be 

below 60°C [183, 184].  

 

6.2.4 Humidification performance of the smart material 

The working principle of the self-humidifying device is explained in this section. In 

use during expiration, the power supply is off and no current is provided to the 

resistor filament in order to keep the smart material at room temperature, typically 

below LCST.  Under these conditions PNIPAM-molecules are predominantly 

hydrophilic and the amide-groups form inter-molecular hydrogen bonds with the 

surrounding water vapour molecules. Expiration flow is generally at 100% relative 

humidity and the PNIPAM-Cotton material is moisture saturated and absorbs the 

maximum number of water molecules from the expiration breath, expelling dry air 

out of the CPAP mask. 

When the expiration flow has ended, (after three seconds approximately) and 

inspiration flow starts, the power supply is switched on passing current though the 

resistor filament. Depending on the voltage and current provided, the PNIPAM-

cotton material is heated up to a temperature above LCST. Under these conditions 

the hydrophobic isopropyl-methyl groups tend to establish polymer-polymer 

interactions and the water molecules previously absorbed are released into the 

inspiration airflow. Fresh air passes through the fabric, the temperature is increased 

and moisture is added to the incoming air such that warm humid air is provided to 

the patient.  
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During the next expiration, the power supply is off in order to allow the fabric 

temperature to reduce below the LCST due to the heat transfer produced from the 

pressurized room air generated on the CPAP device and introduced into the CPAP 

mask. This process is outlined in Figure 6.3. 

 

Figure 6.3. Diagram showing the working principle or humidification performance of the smart material. 

 

6.3 Clinical protocol 

Aiming to test the humidifying performance of the self-humidifying device on 21 

volunteers, an ethical application EA1 was prepared, submitted and approved by the 

AUT ethics committee. The application was approved on the 3rd of May 2018 and 

granted for three years until the 3rd of May 2021. Participant information sheets, 

questionnaires and consent forms were discussed and signed prior to the initiation 

of the study (see appendixes A, B, C, D and E). 

 

6.3.1 Participants 

21 volunteers were recruited between the ages of 21 and 55, where 38.1% were 

females and 61.9% males. Only healthy volunteers were invited to participate in the 

study, people with cardiovascular or respiratory problems and unable to wear a 

mask were excluded from the study. An otolaryngologist expert in CPAP therapy 

was consulted to verify that the study is completely harmless. Therefore, healthy 

volunteers do not experience discomfort or embarrassment using the test. However, 

since not all people find breathing masks comfortable due to the flow rate applied, if 
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the volunteer finds the test uncomfortable, the mask can be removed easily at any 

time and the test is stopped immediately. 

After eligibility, the height and weight were recorded before starting the trials in order 

to find a correlation with the results if there were any. The data obtained from each 

participant is shown in Table 6.1. 

 

Table 6.1. Data obtained from the 21 volunteers recruited. It includes the gender (M or F), age (years), 
height (cm) and weight (Kg). 

Volunteers 
Gender 

(F or M) 

Age 

(years) 

Height 

(cm) 

Weight 

(Kg) 

1 F 28 170 50 

2 M 26 183 93 

3 M 27 180 75 

4 F 21 163 56 

5 M 22 181 75 

6 M 38 164 62 

7 M 28 178 75 

8 F 46 165 62 

9 M 29 170 70 

10 F 22 168 63 

11 M 31 173 57 

12 M 34 178 70 

13 F 25 170 58 

14 M 34 160 65 

15 M 29 172 62 

16 M 31 178 89 

17 M 25 174 64 

18 F 32 165 72 

19 M 25 173 70 

20 F 28 157 48 

21 F 55 165 75 
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6.3.2 Experimental setup 

To perform the clinical trials and test the humidity performance of the self-

humidifying device, three linear and medium Mw PNIPAM-cotton samples were 

synthetized following the polymerization protocol described in the previous chapter 

5. Then, the samples were sewed with the insulated copper filament, the ends were

welded to the male copper snaps and sewed to the fabric with a cotton thread to 

ensure its fixation. The dimensions of the resulting smart material are shown in 

Figure 6.4.  

Figure 6.4. Dimensions of the smart material. The sample shown is sewed with the insulated copper 
filament and the ends are welded to the male copper snaps which are sewed to the fabric with cotton 
thread.  

The female copper snaps were glued to the F&P Simplus CPAP mask (FP 

Healthcare, NZ) and welded to copper wires. Both wires were connected to the 

EL155R power supply (TTi) to provide the desired current and voltage to the 

filament. A SRD-05VDC-SL-C relay (Songle®) was connected between the power 

supply and one of the female copper snaps attached to the mask in order to switch 

the power on and off. The relay was connected to the UNO Arduino board and the 

computer. The SHT15 temperature and humidity sensor (Sensirion AG, Switzerland) 

was placed inside the CPAP mask and connected to the same UNO Arduino board. 

A C++ code was written using the Arduino v1.6.11 software to set the relay switch 

on and off times and collect the environmental temperature (T) and relative humidity 

(RH) data provided by the SHT15 sensor (see appendix G). Then, a commercial 

CPAP device (FP Healthcare, NZ) was used to provide the positive airway pressure 
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in the respiratory tract, 0 (CPAP device off), 5, 10, 15 and 20 cmH2O pressures 

were used in the trials, and a 2080P digital manometer (Digitron, UK) was 

connected to the mask to ensure that the smart material is not increasing the 

flowrate resistance and the pressure reading corresponds to the set on the CPAP 

device. Finally, the volunteer wears the CPAP mask to provide the breathing cycle 

which is tested during the trials. This experimental setup is outlined in Figure 6.5. 

 

Figure 6.5. Diagram describing the experimental setup used in the clinical trials to test the self-
humidifying device with 21 volunteers. 

 

6.3.3 Data validation 

Aiming to test the humidifying performance of the self-humidifying device on 21 

volunteers, the RH and T evolution inside the mask containing the smart material 

were measured with the SHT15 sensor. Then, the data obtained from each 

volunteer at each pressure applied from the CPAP (0, 5, 10, 15 and 20 cmH2O) was 

compared. 

A control measurement was achieved with the CPAP device with no humidification 

at each pressure i.e. the volunteer was breathing with the CPAP mask connected to 

the CPAP device, but without the smart fabric. Hence, it is possible to measure how 

much absolute humidity provides the smart fabric compared to a non-humidified 

CPAP performance and check if it satisfies the humidity levels quantified in chapter 

4 and required to overcome the dryness side effect on the upper airways. 

A third scenario was considered to validate the humidity provided by the smart fabric 

at each pressure. The volunteer was breathing with the CPAP mask, without the 
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smart fabric, connected to the CPAP device with the CPAP humidifier working at 

level 7 in order to provide the maximum humidity to the respiratory system. Hence, it 

is possible to compare the humidity provided by the smart fabric with the one 

provided by the commercial CPAP humidifier and check if they are in the same 

order of magnitude. The setup used in these three scenarios is described 

schematically in Figure 6.6. 

Figure 6.6. Schematic description of the setup used in the three scenarios. A- Control measurement 
where no humidification is applied. Hence neither the smart fabric nor the CPAP humidifier are used 
during the measurement. B- Measure of the humidification provided by the smart fabric where the 
CPAP humidifier is off at level 0. C- Measure of the maximum humidification provided by the CPAP 

humidifier (level 7), where the smart fabric is not connected, for data validation. 

6.3.4 Experimental protocol 

The experimental protocol followed for each volunteer to measure the humidity 

performance achieved through the three humidity scenarios previously explained, is 

presented in this section. To prove repeatability of the results, sample A was tested 

with 7 volunteers, sample B with 7 volunteers and the same with sample C, and all 

the materials were washed and sterilized with 70% ethanol (Sigma Aldrich, NZ) 

before each test. The methodology followed with each volunteer is described below: 

• The volunteer was invited to wear the CPAP mask without the smart fabric and

disconnected from the CPAP device and breathe for 5 minutes. The RH and T

data was used to analyse the shape of the breathing cycle and to determine the

time of the inspiration and expiration phases. Then, the relay was adjusted to

switch on the power during inspiration and switch it off during expiration. The
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data was also used to quantify the natural humidity evolution without any extra 

humidification at 0 cmH2O pressure. 

 

• The smart fabric was connected to the CPAP mask and the electrical resistance 

of the system was measured to calculate the current and voltage needed to 

achieve a maximum temperature of 42°C. Ohm's law and 6.1 were used to 

calculate the values. 

• The volunteer was invited to wear the CPAP mask containing the smart material 

and disconnected from the CPAP device and breathe for 5 minutes. The E5 IR 

camera (FLIR) was used to measure the temperature evolution on the fabric 

surface and ensure the minimum and maximum temperatures were around 26°C 

and 42°C respectively. The T and RH readings were used to determine the 

humidity provided by the smart fabric at 0 cmH2O pressure. 

 

• Then, the CPAP device was set to provide 5 cmH2O positive pressure and was 

connected to the mask. The volunteer was invited to wear the CPAP mask 

without the smart fabric and breathe for 5 minutes. Then, the volunteer was 

invited to wear the CPAP mask with the smart fabric and breathe for 5 minutes. 

Finally, the volunteer was invited to wear the CPAP mask without the smart fabric 

but with the CPAP humidifier working at level 7 (providing the maximum 

humidification), and breathe for 5 minutes. The temperature on the fabric surface 

was measured multiple times with the E5 IR camera to adjust the current and 

voltage provided and ensure the minimum and maximum temperatures were 

around 26°C and 42°C respectively. The maximum current and voltage provided 

to the copper resistor filament were 1.5 A and 5.28 V respectively. 

 

• The last step was repeated with 10, 15 and 20 cmH2O positive airway pressures 

and the T and RH data were collected and stored for a posterior analysis. 

 

6.4 Statistical analysis 

Statistical analysis was performed using GraphPad Prism software (GraphPad, San 

Diego, CA, USA) version 6.07 for windows using one-way analysis of variance 

(ANOVA), followed by Tukey post hoc analysis for multiple comparisons. Results 

are presented as mean ± standard deviation (SD) of 21 independent experiments (n 

= 21). To determine the significance of the results, a probability value (p value) 
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between 0 and 1 is used to test the validity of a claim made about the parameter 

measured, which is called null hypothesis. Therefore, a small p value (p < 0.05) 

indicates strong evidence against the null hypothesis, which means that the null 

hypothesis is rejected and there is a significant difference on the parameter 

measured hence on the results (* p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 

0.0001) [150, 151]. 

 

6.5 Results  

The temperature and humidity data obtained from each experiment is analysed in 

this section. The performance of the smart fabric is analysed in each volunteer 

under the five CPAP pressures (including the 0 cmH2O no pressure) and the three 

scenarios: no humidification, humidification provided by the smart fabric and 

humidification provided by the CPAP humidifier at level 7 (maximum humidification). 

 

6.5.1 Performance of the smart fabric under 0 cmH2O pressure 

In this section, the temperature and humidity results of the smart fabric under 0 

cmH2O pressure are analysed, i.e. the experiments are performed with the CPAP 

device disconnected from the CPAP mask. The breathing cycle of the volunteers 

was identified with the RH and T data measured with the SHT-15 sensor and 

obtained every 0.1 seconds for 5 minutes. The curves described a wave close to a 

sinusoidal signal, where the maximum peak corresponded to the end of the 

expiration with high relative humidity and temperature values inside the CPAP mask, 

and the minimum peak corresponded to the end of the inspiration with low relative 

humidity and temperature values inside the mask. Each inspiration and expiration 

times of each breathing cycle measured for 5 minutes were averaged to obtain a 

mean inspiration and expiration time value for each volunteer. The results are 

summarized in Table 6.2. The data obtained for each volunteer was used on the 

C++ Arduino code to set the relay switch on and off times. During the inspiration 

time, the relay is switched on and current is provided to the fabric to allow water 

release from the fabric and warm the airflow. During the expiration time, the relay is 

switched off and no current is provided to the smart fabric to allow the temperature 

drop and PNIPAM water absorption from expiration moisture. 
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Table 6.2. Mean inspiration and expiration times (seconds) measured from the 21 volunteers recruited 
using the T and RH data obtained for 5 minutes.  

Volunteers Inspiration Time (seconds) Expiration Time (seconds) 

1 3.2 3.5 

2 2.8 3.3 

3 2.4 3.5 

4 2.1 2.8 

5 3.2 3.1 

6 1.8 2.7 

7 3.1 3.3 

8 1.7 2.7 

9 2.2 3.2 

10 3.3 3.4 

11 3.0 3.2 

12 2.8 3.1 

13 1.6 3.0 

14 2.5 2.8 

15 2.9 3.1 

16 3.2 3.4 

17 2.7 2.9 

18 2.9 3.4 

19 2.5 3.2 

20 1.9 2.8 

21 3.1 3.3 

 

The current and voltage provided from the power supply to achieve a minimum 

temperature on the fabric of 26ºC and a maximum temperature of 42ºC, above and 

below the LCST measured at 32ºC and provided the maximum water delivery from 

the smart fabric according to the Figure 6.2 were 0.7 A and 2.27 V.  These values 

were adjusted to overcome the effect of the flowrate on the temperature increase 

and heat dissipation. The temperature on the smart fabric was measured with the IR 

camera multiple times during the 5 minute experiment, and the values obtained 

were not significantly different from the theoretical targets.  

The AH is calculated from the T and RH curves as a function of time using the 

empirical Tetens equation (6.2) which relates the saturation water vapour density 
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(SVD, mg/L) with the temperature (T, °C) improving the Clapeyron equation, and 

equation 6.3. 

6.2 

6.3 

In order to set a unique value for each volunteer and parameter measured, a 

window is considered for each breathing cycle to determine the median value during 

this time. The median is chosen because this statistical parameter considers the 

amount of data close to the maximum or minimum peaks. Then, the mean of all 

median values determined for each breathing cycle window during the 5 minute 

experiments are calculated to obtain a unique value per curve, experiment and 

volunteer.   

Figure 6.7 shows the AH (mg/L) (A) and T (ºC) (B) values measured for the 21 

volunteers under the control scenario, where no humidity was provided, and under 

the heat and humidity provided from the smart fabric, where three equally-

synthetized samples were tested (A, B and C). The results show that the AH and T 

provided from the three smart fabric samples are significantly higher than the 

control. Also, no significant differences are found between the AH or T obtained 

from each of the three samples, which proves repeatability of the smart fabric 

synthesis or manufacturing.  

Figure 6.7. Clinical data obtained from 21 volunteers at 0 cmH2O (no CPAP used). A- Absolute 
humidity inside the CPAP mask obtained from the control and the three equally-synthetized smart 
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fabrics A, B and C. B- Environmental temperature inside the CPAP mask obtained from the control and 
the three equally-synthetized smart fabrics A, B and C.  

 

6.5.2 Performance of the smart fabric under 5 cmH2O pressure 

In this section, the temperature and humidity results of the smart fabric under 5 

cmH2O pressure are analysed, i.e. the CPAP device is connected to the CPAP 

mask and set at 5 cmH2O. The current and voltage provided from the power supply 

to achieve a minimum temperature on the fabric of 26ºC and a maximum 

temperature of 42ºC, above and below the LCST measured at 32ºC and provide the 

maximum water delivering from the smart fabric according to the Figure 6.2 were 

1.35 A and 4.67 V.  These values were adjusted to overcome the effect of the 

flowrate provided by the CPAP on the temperature increase and heat dissipation. 

The temperature on the smart fabric was measured with the IR camera multiple 

times during the 5 minute experiment, and the values obtained were not significantly 

different from the theoretical targets. The pressure was also measured multiple 

times inside the CPAP mask using the digital manometer to ensure that the smart 

material is not increasing the flowrate resistance and the pressure reading 

corresponds to the set on the CPAP device. The measured pressure values were 

not significantly different from the 5 cmH2O set at the CPAP device.  

 

Figure 6.8. Clinical data obtained from 21 volunteers at 5 cmH2O. A- Absolute humidity inside the 
CPAP mask obtained from the control, the three equally-synthetized smart fabrics A, B and C, and the 
commercial CPAP humidifier. B- Environmental temperature inside the CPAP mask obtained from the 

control, the three equally-synthetized smart fabrics A, B and C, and the commercial CPAP humidifier.  

 

The AH is calculated from the temperature and relative humidity curves with 6.2 and 

6.3 as previously explained, and the mean AH (mg/L) and T (ºC) values are shown 
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in Figure 6.8A and Figure 6.8B, respectively, under the three scenarios: control 

where no humidity is provided, the heat and humidity provided by the three smart 

fabric samples (A, B and C), and the heat and humidity provided by the commercial 

convective heated CPAP humidifier at the maximum level 7. The results show that 

the AH and T provided from the three smart fabric samples are significantly higher 

than the control. No significant differences are found between the AH or T obtained 

from each of the three samples, which proves repeatability of the smart fabric 

synthesis or manufacturing. Also, no significant differences are found between the 

humidity and heat provided from any of the three samples and the commercial 

CPAP humidifier, which proves that the smart fabric is able to provide the same 

maximum values than the current humidifier. 

6.5.3 Performance of the smart fabric under 10 cmH2O pressure 

In this section, the temperature and humidity results of the smart fabric under 10 

cmH2O are analysed, i.e. the CPAP device is connected to the CPAP mask and set 

at 10 cmH2O. The current and voltage provided from the power supply to achieve a 

minimum temperature on the fabric of 26ºC and a maximum temperature of 42ºC, 

above and below the LCST measured at 32ºC and provide the maximum water 

delivering from the smart fabric according to the Figure 6.2 were 1.4 A and 4.81 V. 

These values were adjusted to overcome the effect of the flowrate provided by the 

CPAP on the temperature increase and heat dissipation. The temperature on the 

smart fabric was measured with the IR camera multiple times during the 5 minute 

experiment, and the values obtained were not significantly different from the 

theoretical targets. The pressure was also measured multiple times inside the CPAP 

mask using the digital manometer to ensure that the smart material is not increasing 

the flowrate resistance and the pressure reading corresponds to the set on the 

CPAP device. The measured pressure values were not significantly different from 

the 10 cmH2O set at the CPAP device.  
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Figure 6.9. Clinical data obtained from 21 volunteers at 10 cmH2O. A- Absolute humidity inside the 
CPAP mask obtained from the control, the three equally-synthetized smart fabrics A, B and C, and the 
commercial CPAP humidifier. B- Environmental temperature inside the CPAP mask obtained from the 
control, the three equally-synthetized smart fabrics A, B and C, and the commercial CPAP humidifier.  

 

The AH is calculated from the temperature and relative humidity curves with 

equations 6.2 and 6.3 as previously explained, and the mean AH (mg/L) and T (ºC) 

values are shown in Figure 6.9A and Figure 6.9B, respectively, under the three 

scenarios: control where no humidity is provided, the heat and humidity provided by 

the three smart fabric samples (A, B and C), and the heat and humidity provided by 

the commercial convective heated CPAP humidifier at the maximum level 7. The 

results show that the AH and T provided from the three smart fabric samples are 

significantly higher than the control. No significant differences are found between the 

AH or T obtained from each of the three samples, which proves repeatability of the 

smart fabric synthesis or manufacturing. Also, no significant differences are found 

between the humidity and heat provided from any of the three samples and the 

commercial CPAP humidifier, which proves that the smart fabric is able to provide 

the same maximum values than the current humidifier. 

 

6.5.4 Performance of the smart fabric under 15 cmH2O pressure 

In this section, the temperature and humidity results of the smart fabric under 15 

cmH2O are analysed, i.e. the CPAP device is connected to the CPAP mask and set 

at 15 cmH2O. The current and voltage provided from the power supply to achieve a 

minimum temperature on the fabric of 26ºC and a maximum temperature of 42ºC, 

above and below the LCST measured at 32ºC and provide the maximum water 

C
o

n
tr

o
l

S
m

a
r t

 F
a
b

r i
c
 A

S
m

a
rt

 F
a
b

r i
c
 B

S
m

a
rt

 F
a
b

r i
c
 C

C
P

A
P

 H
u

m
id

if
ie

r

0

5

1 0

1 5

2 0

2 5

3 0

3 5

4 0

A
b

s
o

lu
te

 H
u

m
id

it
y

 (
m

g
/L

)

1 0  c m H 2 O

* * *

A B

C
o

n
tr

o
l

S
m

a
r t

 F
a
b

r i
c
 A

S
m

a
rt

 F
a
b

r i
c
 B

S
m

a
rt

 F
a
b

r i
c
 C

C
P

A
P

 H
u

m
id

if
ie

r

0

5

1 0

1 5

2 0

2 5

3 0

3 5

4 0

T
e

m
p

e
r
a

tu
r
e

 (


C
)

1 0  c m H 2 O

* *



Chapter 6: Design, Performance and Validation of a Self-Humidifying Device 

150 
 

delivering from the smart fabric according to the Figure 6.2 were 1.45 A and 4.99 V.  

These values were adjusted to overcome the effect of the flowrate provided by the 

CPAP on the temperature increase and heat dissipation. The temperature on the 

smart fabric was measured with the IR camera multiple times during the 5 minute 

experiment, and the values obtained were not significantly different from the 

theoretical targets. The pressure was also measured multiple times inside the CPAP 

mask using the digital manometer to ensure that the smart material is not increasing 

the flowrate resistance and the pressure reading corresponds to the set on the 

CPAP device. The measured pressure values were not significantly different from 

the 15 cmH2O set at the CPAP device.  

The AH is calculated from the temperature and relative humidity curves with 6.2 and 

6.3 as previously explained, and the mean AH (mg/L) and T (ºC) values are shown 

in Figure 6.10A and Figure 6.10B, respectively, under the three scenarios: control 

where no humidity is provided, the heat and humidity provided by the three smart 

fabric samples (A, B and C), and the heat and humidity provided by the commercial 

convective heated CPAP humidifier at the maximum level 7. The results show that 

the AH and T provided from the three smart fabric samples are significantly higher 

than the control. No significant differences are found between the AH or T obtained 

from each of the three samples, which proves repeatability of the smart fabric 

synthesis or manufacturing. Also, no significant differences are found between the 

humidity and heat provided from any of the three samples and the commercial 

CPAP humidifier, which proves that the smart fabric is able to provide the same 

maximum values than the current humidifier. 

 

 

Figure 6.10. Clinical data obtained from 21 volunteers at 15 cmH2O. A- Absolute humidity inside the 
CPAP mask obtained from the control, the three equally-synthetized smart fabrics A, B and C, and the 
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commercial CPAP humidifier. B- Environmental temperature inside the CPAP mask obtained from the 
control, the three equally-synthetized smart fabrics A, B and C, and the commercial CPAP humidifier.  

 

6.5.5 Performance of the smart fabric under 20 cmH2O pressure 

In this section, the temperature and humidity results of the smart fabric under 20 

cmH2O are analysed, i.e. the CPAP device is connected to the CPAP mask and set 

at 20 cmH2O. The current and voltage provided from the power supply to achieve a 

minimum temperature on the fabric of 26ºC and a maximum temperature of 42ºC, 

above and below the LCST measured at 32ºC and provide the maximum water 

delivering from the smart fabric according to the Figure 6.2 were 1.5 A and 5.26 V.  

These values were adjusted to overcome the effect of the flowrate provided by the 

CPAP on the temperature increase and heat dissipation. The temperature on the 

smart fabric was measured with the IR camera multiple times during the 5 minute 

experiment, and the values obtained were not significantly different from the 

theoretical targets. The pressure was also measured multiple times inside the CPAP 

mask using the digital manometer to ensure that the smart material is not increasing 

the flowrate resistance and the pressure reading corresponds to the set on the 

CPAP device. The measured pressure values were not significantly different from 

the 20 cmH2O set at the CPAP device.  

The AH is calculated from the temperature and relative humidity curves with 6.2 and 

6.3 as previously explained, and the mean AH (mg/L) and T (ºC) values are shown 

in Figure 6.11A and Figure 6.11B, respectively, under the three scenarios: control 

where no humidity is provided, the heat and humidity provided by the three smart 

fabric samples (A, B and C), and the heat and humidity provided by the commercial 

convective heated CPAP humidifier at the maximum level 7. The results show that 

the AH and T provided from the three smart fabric samples are significantly higher 

than the control. No significant differences are found between the AH or T obtained 

from each of the three samples, which proves repeatability of the smart fabric 

synthesis or manufacturing. Also, no significant differences are found between the 

humidity and heat provided from any of the three samples and the commercial 

CPAP humidifier, which proves that the smart fabric is able to provide the same 

maximum values than the current humidifier. 
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Figure 6.11. Clinical data obtained from 21 volunteers at 20 cmH2O. A- Absolute humidity inside the 
CPAP mask obtained from the control, the three equally-synthetized smart fabrics A, B and C, and the 
commercial CPAP humidifier. B- Environmental temperature inside the CPAP mask obtained from the 
control, the three equally-synthetized smart fabrics A, B and C, and the commercial CPAP humidifier.  

 

6.6 Analysis of the self-humidifying device performance 

The purpose of this chapter was to develop a miniaturized, affordable and eco-

friendly self-humidifying device using the smart material and validate its 

performance with 21 volunteers. The requirements of the self-humidifying device 

performance were: 1) humidify the inspired airflow up to the humidity levels required 

and determined in chapter 4 by using recovered moisture from expiration, 2) warm 

the air and 3) adjust the water delivered into the respiratory system. The main 

application of the self-humidifying device is to provide the humidity required to 

overcome dryness, a side effect caused by the LSD devices, so the device is used 

as an additional component of the LSD replacing current convective heated 

humidifiers and reducing the LSD dimensions. In particular the CPAP device is used 

as LSD in this investigation.  

The main component of the self-humidifying device is the smart material (PNIPAM-

Cotton fabric) optimized in chapter 5. The smart fabric was placed lining all the inner 

surface of a commercial CPAP mask in order to be in contact with the human breath 

i.e. with both inspiration and expiration airflows. Hence, the synthetized fabric was 

able to absorb surrounding water vapour molecules at temperatures higher than the 

LCST, set at 32°C, and release them at temperatures below the LCST. 

Based on the PNIPAM-Cotton TGA curves obtained in the previous chapter, a curve 

representing the amount of water vapour released from the smart fabric as a 
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function of the temperature applied was developed. Hence, it is possible to adjust 

the water delivered from the self-humidifying device into the respiratory system with 

the operation temperature range. According to the curve developed in section 2.2, 

the maximum water delivery is achieved with an operation temperature range of 

26°C and 42°C. 

The smart fabric is sewn with an insulated resistor filament to increase the surface 

temperature and change the polymer properties, since the temperature of the smart 

fabric is the most important parameter to control the performance of the self-

humidifying device. The resistor filament is connected to a relay and power supply 

using metallic snaps in order to provide the desired current to the system. In use 

during expiration, the power supply is off and no current is provided to the resistor 

filament in order to keep the smart material at room temperature, below LCST. 

Under these conditions PNIPAM-molecules are predominantly hydrophilic and the 

amide-groups form inter-molecular hydrogen bonds with the surrounding water 

vapour molecules. Expiration flow is generally at 100% relative humidity and the 

PNIPAM-Cotton material is moisture saturated and absorbs the maximum number of 

water molecules from the expiration breath, expelling dry air out of the CPAP mask. 

Then, when the expiration flow has ended, (after three seconds approximately) and 

inspiration flow starts, the power supply is switched on passing current though the 

resistor filament. Depending on the voltage and current provided, the PNIPAM-

cotton material is heated up to a temperature above LCST. Under these conditions 

the hydrophobic isopropyl-methyl groups tend to establish polymer-polymer 

interactions and the water molecules previously absorbed are released into the 

inspiration airflow. Fresh air passes through the fabric, the temperature is increased 

and moisture is added to the incoming air such that warm humid air is provided to 

the volunteer.  

Three scenarios were considered on the clinical experiments. A control 

measurement was achieved with the CPAP device no humidified at each pressure 

i.e. the volunteer was breathing with the CPAP mask connected to the CPAP

device, but without the smart fabric. Then, the performance of the self-humidifying 

device was measured with the volunteer breathing into the CPAP mask containing 

the smart fabric and connected to the CPAP device. Finally, a third scenario was 

considered to validate the humidity provided by the smart fabric at each pressure. 

Hence, the volunteer was breathing with the CPAP mask, without the smart fabric, 

connected to the CPAP device with the CPAP humidifier working at level 7 in order 

to provide the maximum humidity to the respiratory system.  
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The performance of the smart fabric is analysed in each volunteer under the five 

CPAP pressures (including the 0 cmH2O no pressure) and the three scenarios: no 

humidification, humidification provided by the smart fabric and humidification 

provided by the CPAP humidifier at level 7 (maximum humidification).  

The results obtained in all the positive pressures analysed, 0, 5, 10, 15 and 20 

cmH2O show that the AH and T provided from the three smart fabric samples were 

significantly higher than the control and even higher that the theoretical values 

obtained in chapter 4. This means that the self-humidifying device is able to warm 

the air and humidify the inspired airflow up to the humidity levels required by using 

recovered moisture from expiration and hence overcome the dryness side effect. No 

significant differences are found between the AH or T obtained from each of the 

three samples, which proves repeatability of the smart fabric synthesis or 

manufacturing. Also, no significant differences are found between the humidity and 

heat provided from any of the three samples and the commercial CPAP humidifier, 

which proves that the smart fabric is able to provide the same maximum values and 

is able to replace the current convective heated humidifier and reduce the current 

LSD dimensions.  

The data obtained showed no correlation between the environmental room 

conditions, age, height, weight or gender of the 21 volunteers, which means that the 

performance of the self-humidifying device does not depend on the subject and can 

be used in any situation and patient with a proper configuration. Also, due to the 

structure of the smart material, the airflow passes freely through the fabric providing 

a proper ventilation with no increase in flowrate resistance. Hence, the LSD titration 

positive pressure is not affected by the addition of the self-humidifying device. 

 

6.7 Closure 

This chapter described how to develop a miniaturized, affordable and eco-friendly 

self-humidifying device using the smart PNIPAM-Cotton fabric. The performance of 

the resulting self-humidifying device was validated with 21 volunteers. It was proved 

that the device was able to humidify the inspired airflow up to the humidity levels 

required, that were determined theoretically in chapter 4, by using recovered 

moisture from expiration, warming the air and adjusting the water delivered into the 

respiratory system.  
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With this chapter the final objective of the PhD research is achieved, and the next 

chapter summarizes and discusses all the results obtained during the research, 

states the conclusions and proposes the future work.  
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Chapter 7                                 

Discussion and Future Work 

7.1 Introduction 

This chapter discusses the main outcomes of this research and explains the 

proposed future work. The results obtained from the human epithelium in-vitro cell 

models are discussed in section 7.2. The optimum humidity values obtained from 

the 1D human upper airway model are discussed in section 7.3. Then, optimized 

properties and structure of the smart fabric are discussed in section 7.4. The clinical 

results obtained from the designed and prototyped self-humidifying device are 

described in section 7.5. Finally, the proposed future work is described in section 

7.6. 

 

7.2 Respiratory epithelial cell behaviour under positive airway pressure 

In chapter 3, the human respiratory epithelium response under positive airway 

pressure application was analysed. Human airway epithelial Calu-3 cells and nasal 

RPMI 2650 cells grown in air-liquid interface (ALI) on permeable supports were used 

as in-vitro respiratory models and tested under PAP. Cell viability data indicated that 

both cell lines could survive the positive pressure application for 8 hours. This 

means that both in-vitro models can be used to investigate the effect of PAP on 

cultured human respiratory epithelial cells and obtain valid and representative 

results of the human epithelium. 

Two custom-made 3D cell insert holders were designed, optimized using flow 

simulations and 3D printed to achieve the desired positive pressure on the cell lines 

at specific airflow conditions to simulate human breathing under PAP. The simplest 

static airflow trajectory was simulated using the closed-flow holder A directly 

connected to the CPAP device. The continuous-flow holder B was used to simulate 

the continuous PAP dynamic airflow trajectory and the superimposed human 

breathing cycle to the PAP dynamic airflow trajectory. The effect of the airflow 
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trajectories on the cells was analysed with the ECIS device, and no significant 

difference was found in TEER values at ∆P of 20 cmH2O between the three airflow 

trajectories in both cell lines. This demonstrates that the airflow trajectories, either 

static or dynamic flows, do not have any effect on the in-vitro models in the 

experimental time frame considered (8 hours). This could be explained by how the 

cell holder is designed since, due to the transwell shape, cells are not in direct 

contact with the main airflow, they are placed inside the well 2 cm depth as 

described in Figure 7.1. Hence, the three airflow trajectories could have the same 

effect on the cells, independently of being static or dynamic. 

 

 

Figure 7.1. Front plane section of well holder B. Schematic representation of transwell shape, cell 
position and main airflow direction. 

 

To investigate the effect of the PAP on the cultured human epithelial cells, three 

experimental setups were designed to generate three gauge or relative PAP 

scenarios on both cell lines: a continuous positive airway pressure (CPAP) which 

represents to the current CPAP therapy, a superimposed sinusoidal positive airway 

pressure oscillation (SPAP) which represents the possible improvements according 

to the literature analysed in chapter 2, and a sinusoidal positive airway pressure 

oscillation (SPO) to analyse the effect of the oscillation by itself.  

The effect of 5, 10, 15 and 20 cmH2O CPAP on the cell lines was compared with no 

pressure controls. It was proved that the cell layer was compressed, since the cell 

thickness layer was significantly reduced after CPAP application. This finding is in 

agreement with the integrity and permeability results since the cell compression 

produced after CPAP application squeezes the cell tight junctions and hinders the 

paracellular transport resulting in an increase in TEER values and consequently a 

decrease in the Papp coefficient. The paracellular transport is directly related to the 

water transport across the epithelial cell barrier to regulate the ASL water content 

Main airflow

Transwell Cells

Holder B
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and keep the optimum mucus and cilia conditions in the human upper airway [14, 

53, 58]. It was also proved that there is an over-evaporation effect on the ASL layer 

after CPAP application. This effect has been quantified and the amount of water 

dried or reduced on the ASL layer was increasing from 1.88% to 4.19% for Calu-3 

cells and from 1.91% to 3.67% for RPMI 2650 cells with ΔP. Pro-inflammatory 

marker expression results indicated that Calu-3 cells were inflamed, increasing 

significantly the IL-6 and IL-8 marker concentrations, after 10 minutes of CPAP 

application independently of the ΔP applied and the RH used. Finally it has been 

proved that the CPAP application hinder natural mucus secretion and lubrication 

with ΔP. Therefore, it has been demonstrated that the CPAP application deforms the 

epithelial cells, and hinders the natural paracellular transport and mucus secretion 

rate. Also the addition in air volume to generate the positive pressure, increases the 

water transfer between the ASL layer and the airflow producing an ASL over-

evaporation effect. All these findings could directly influence the ASL regulation 

mechanism and produce dryness, sneezing, rhinorrhea, post-nasal drip, nasal 

congestion or epistaxis in the upper airways, the side effects reported by LSD 

patients after therapy. However, as explained in chapter 1 and 2, it has been proven 

that the increase in RH can alleviate the ASL dryness or over-evaporation effect, but 

the increase in RH on the airflow does not improve the mucus secretion rate or 

produce a reduction of the inflammatory marker concentration, since epithelial cells 

are equally inflamed at 70% RH than at 100% RH. 

The effect of 5 ± 1, 10 ± 1, 15 ± 1 and 20 ± 1 cmH2O SPAP at 10, 20 and 30 Hz on 

both epithelial cells was measured with the ECIS apparatus at 1000 Hz and 

compared with 5, 10, 15 and 20 cmH2O CPAP. TEER values showed no significant 

differences between SPAP and CPAP application at any frequency. This no 

significant differences could be due to the fact that the in-vitro cell models could not 

be sensitive enough to a ± 1 cmH2O oscillation and hence the superimpose 

pressure oscillation does not have an effect on the cell physiology, just on the 

muscle stimulation as described in the literature. Therefore, to investigate this effect 

in more detail, the oscillation by itself has been studied as a third pressure scenario 

with a higher signal amplitude. 

Finally, the effect of 5 cmH2O amplitude sinusoidal positive airway pressure 

oscillation at 10 Hz on both cell lines was compared with 5 cmH2O CPAP. 

Regarding cell permeability and deformation or compression, even that TEER 

values are significantly lower after SPO application than CPAP application and Papp 

values are significantly higher after SPO application than CPAP application, no 
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significant difference is found on cell thickness measurements between SPO and 

CPAP application. This could mean that the cell relaxation or decompression time is 

higher than 0.1 seconds (10 Hz). So, the cell layer could not have enough time to 

recover the initial shape and thickness. It has been quantified that the over-

evaporation effect or the amount of water dried or reduced on the ASL layer after 

SPO application is significantly lower (1.74% and 0.87%, for Calu-3 and RPMI 2650 

cells respectively) compared to values measured after CPAP application (1.88% and 

1.91%, for Calu-3 and RPMI 2650 cells respectively). Then, regarding pro-

inflammatory marker expressions, it has been seen that the concentration of IL-6 

and IL-8 decreases significantly after SPO application compared to CPAP 

application but still significantly higher than the no pressure controls, and also there 

is not significant difference between high or low relative humidity conditions. At last, 

it has been proven that the amount of mucus secreted under SPO is significantly 

higher than under CPAP, but still significantly lower than no pressure controls in 

both cell lines. In conclusion, these results were in agreement with previous findings, 

since an increase in paracellular permeability, compression, ASL over-evaporation 

and inflammation after SPO is observed compared to CPAP. This means that the 

side effects studied after PAP application on the human epithelium, such as 

dryness, inflammation or less mucus secretion, are reduced with SPO application. 

This could be explained by the fact that, while CPAP applies 5 cmH2O constant 

pressure, SPO oscillates the pressure between 0 and 5 cmH2O at 10 Hz providing a 

time release to the epithelium at pressures close to 0 cmH2O. These findings proved 

that the SPO should be further investigated to be incorporated with the current 

commercial PAP devices since the pressure oscillation can improve the mucus 

secretion rate and reduce epithelial cell inflammation, and hence reduce the side 

effects produced by the LSD therapies. 

7.3 Model formulation and extrapolation of epithelial cell results to the 

human upper airway 

In chapter 4, a 1D human upper airway PAP model based on mass and heat 

transfer equations was formulated to extrapolate the variation on the ASL layer 

water content after PAP application quantified on the human in-vitro respiratory cell 

models to the entire human upper airways, and determine the input temperature and 

relative humidity of the compressed PAP airflow needed to overcome the upper 

airway dryness side effect. Although epithelium inflammation or the lack of mucus 

secretion from goblet cells produced after PAP therapy is not solved by humidifying 



Chapter 7: Discussion and Future Work 

160 
 

the compressed airflow introduced into the respiratory tract to keep the airways 

open, the use of a proper humidification will increase the comfort of patients using 

LSD. Hence, a simple, efficient, fast computing and realistic 1D upper airway 

representation able to predict the heat and water transfer variation between normal 

breathing and PAP conditions has been proposed and validated to extrapolate the 

results to the entire upper airways, predict the failure of the natural air conditioning 

and quantify the extra water vapour and temperature needed in the room 

compressed air introduced into the respiratory system to generate the PAP and 

overcome the ASL layer side effect after the therapy.  

The initial heat and water transport PAP model results show a significant reduction 

of temperature and water vapour concentration on the ASL outer airflow interface for 

each PAP applied compared to normal breathing conditions (control at ΔP=0). The 

same trend is observed in both state variables since the water vapour concentration 

at the ASL outer surface is based on the thermodynamic water saturated liquid-

vapour equilibrium and depends on the ASL outer temperature exclusively. In 

addition, a higher reduction is observed in the airflow temperature and water vapour 

concentration  for each PAP applied compared to normal breathing conditions 

(control at ΔP=0), which is more disparate at higher pressures. Regarding water 

transfer from the ASL layer to the compressed airflow, the water flux as a function of 

area and time is significantly greater when the pressure is applied. The mean airway 

relative humidity is also significantly reduced after PAP application and noticeable at 

higher pressures. These results can be explained by the fact that under PAP 

conditions, there is a higher volume inside the respiratory system and the ASL layer, 

which is the humidifying water source for air conditioning, is reduced as proven in 

the experimental results. In other words, there is more air to humidify and less water 

to do it. Hence, it is possible to expect a reduction in humidity and temperature 

along the respiratory tract under PAP conditions, which proves the inefficiency of the 

natural air conditioning process under LSD therapy. 

Then, to validate the human upper airway PAP model, the results obtained for the 

normal breathing conditions scenario (ΔP=0) have been compared with previous 

literature research on human air conditioning process. The results obtained for each 

pressure condition (5, 10, 15 and 20 cmH2O) have been compared with the 

experimental results obtained in the two epithelial cell in-vitro models, since based 

on the law of conservation of mass, the ASL layer thickness reduction quantified 

experimentally corresponds to the amount of water molecules transferred from the 

ASL layer to the airflow, which is the water flux. Results show no significant 
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differences between the theoretical or experimental water transfer data at each 

pressure, which corroborates the similarity of the results and validates the model 

formulated. 

Finally the model input variables (inlet airflow temperature and water concentration) 

have been optimized to approximate the RH and T distribution inside the respiratory 

tract obtained under the different pressures analysed (ΔP≠0) to the normal breathing 

conditions where no pressure is applied (ΔP=0). Therefore, the quantified and 

optimized input variables (RH and T) can be used to initially set the LSD convective 

heat transfer humidifier conditions according to the pressure targeted for each 

patient. It is important to note that the optimized input variables are between 30 and 

32°C and 24 and 29 mg/L (AH) depending on the pressure applied, and the 

maximum humidity provided by the current commercial convective heated humidifier 

is 33 mg/L at 32°C, which means that the optimum range is covered by the current 

commercial devices. 

7.4 A proposal for humidifying the inspired gas by using recovered moisture 

from the expired gas 

In chapter 5, a proposal for humidifying the inspired gas by using recovered 

moisture from the expired airflow, and to achieve the humidity quantified in chapter 4 

was developed. To achieve it, the thermo-responsive PNIPAM smart polymer was 

optimized in order to achieve the maximum amount of water vapour uptake and 

release it in the shortest time.  

Two substrate materials, polyvinyl alcohol (PVA) and organic cotton fabric, have 

been investigated to achieve the maximum PNIPAM grafting yield. It was shown that 

the amount of BiB reacted on the PVA substrate was significantly lower compared to 

the quantity reacted on the cotton fabric. This could be explained by the differences 

in physical structure of these two substrates. The cotton substrate is a fabric which 

has more space between the fibres, so the BiB reagent has easier access to react 

with the OH groups. The PVA has a sponge-like structure, which might have 

obstructed BiB and hinder its reaction with the OH groups available. Also, the 

amount of PNIPAM reacted on the PVA substrate was significantly lower compared 

to the quantity reacted on the cotton fabric in all three methods, as expected due to 

the fact that lower amount of BiB was reacted on the PVA substrate and there were 

fewer grafting points available to graft the NIPAM. Finally, the results showed no 

significant difference between the LCST determined in both PNIPAM-substrates, 
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which was around 32°C as theoretically expected. However, the water vapour 

release rate from the PNIPAM-PVA samples was significantly lower than the 

PNIPAM-Cotton samples. This is explained by the fact that, even if the grafted 

PNIPAM chains have similar molecular weight (around 10 kDa) in both substrates, 

the number of polymer chains grown from the PVA substrate is significantly lower, 

seven times less, than that grown from the cotton substrate, so less PNIPAM 

reacted means less water absorbed and released. Therefore, the cotton fabric 

substrate was selected to be used in the next experiments because of its high 

number of BiB sites formed and available for further polymerization.  

Next, linear and branched PNIPAM were synthesized in the cotton substrate to 

compare the final water desorption rate. The results showed that the amount of 

PNIPAM reacted following the branched method was significantly lower compared to 

the quantity reacted on the linear synthesis method. This is explained by the fact 

that side reactions can be generated with high probability, and in this case, a side 

PNIPAM product could be synthesized with the EBMA by itself instead of growing 

branches from the substrate. The possible side reactions were not further 

investigated in this study because this is a path that moves away from the objective 

set out in this research. The STA results showed no significant difference between 

the LCST determined in both PNIPAM structures, which is around 32°C as 

theoretically expected. However, the water vapour release rate from the branched 

PNIPAM samples was significantly lower than the linear PNIPAM samples, because 

as discussed before for the PVA substrate, there is less polymer grafted on the 

substrate and the material absorbs less amount of water vapour. Also, the possible 

synthesized bulky PNIPAM branches could slow down the conformational change 

from the linear to the coiled structure, resulting in a lower water release rate [172, 

174, 181, 182].  

Finally, linear PNIPAM was synthetized on the cotton substrate at low, medium and 

high molecular weights: below 7 kDa, between 7 and 20 kDa and above 20 kDa 

respectively. The STA results showed no significant difference between the LCST 

determined in the three molecular weight PNIPAM samples, which was around 32°C 

as theoretically expected. However, the water vapour release rate from the low MW 

and high MW PNIPAM samples were significantly lower than the medium MW 

PNIPAM samples. This could be explained by the fact that the low MW samples do 

not have enough PNIPAM grafted so absorbs less water vapour molecules than the 

medium MW samples, and the high MW PMIPAM samples absorb more water 

vapour molecules but are not able to release them as fast as the medium MW 
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samples [172, 174, 181, 182]. Therefore, a medium Mw (between 7 and 20 kDa) 

PNIPAM-Cotton fabric was selected to be tested on human participants because of 

its optimal thermal performance. Clinical trials are needed in order to validate the 

performance of the PNIPAM-Cotton fabric and measure the amount of water 

absorbed from the expiration breath and released to the inspiration flow. This 

optimized smart material is able to achieve a water vapour release rate of 24.2 

%/min, which corresponds to the weight percentage of water vapour released per 

minute, at a LCST of 32°C. This means that, below 32°C the smart material absorbs 

the surrounding water vapour molecules and release them when the temperature is 

higher than 32°C achieving a water vapour release rate up to 24.2 %/min. These 

results showed no significant differences between the three samples analysed, 

which proves repeatability of the results.  

The molecular weight accuracy and high precision polymerization process are not 

parameters considered in this chapter. The aim of the research is to develop a 

miniaturized self-humidifying device able to be manufactured and used in industrial 

applications. Therefore, the use of specific equipment and accuracy during the 

polymerization process is avoided in this investigation since it is directly reflected in 

the manufacturing cost if the product is commercialized. 

7.5 Design, Performance and Validation of a Self-Humidifying Device 

In chapter 6, a miniaturized, affordable and eco-friendly self-humidifying device 

using the smart material was designed and developed, and its performance was 

validated with 21 volunteers in order to prove and measure the efficiency of the 

device. The requirements of the self-humidifying device performance were: 1) 

humidify the inspired airflow up to the humidity levels required and determined in 

chapter 4 by using recovered moisture from expiration, 2) warm the air and 3) adjust 

the water delivered into the respiratory system. The main application of the self-

humidifying device was to provide the humidity required to overcome dryness, a side 

effect caused by the LSD devices, so the device is used as an additional component 

of the LSD replacing current convective heated humidifiers and reducing the LSD 

dimensions. In particular the CPAP device is used as LSD in this investigation.  

The main component of the self-humidifying device is the smart material (PNIPAM-

Cotton fabric) optimized in chapter 5. The smart fabric was placed lining all the inner 

surface of a commercial CPAP mask in order to be in contact with the human breath 

i.e. with both inspiration and expiration airflows. Hence, the synthetized fabric was
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able to absorb surrounding water vapour molecules at temperatures higher than the 

LCST, set at 32°C, and release them at temperatures below the LCST. 

Based on the PNIPAM-Cotton TGA curves obtained in the previous chapter 5, a 

curve representing the amount of water vapour released from the smart fabric as a 

function of the temperature applied was developed. Hence, it is possible to adjust 

the water delivered from the self-humidifying device into the respiratory system with 

the operation temperature range. The maximum water delivery is achieved with 

expiration temperatures below 26°C and inspiration flow temperatures above 42°C.  

The smart fabric is sewn with an insulated resistor filament to increase the surface 

temperature and change the polymer properties, since the temperature of the smart 

fabric is the most important parameter to control the performance of the self-

humidifying device. The resistor filament is connected to a relay and power supply 

using metallic snaps in order to provide the desired current to the system. In use 

during expiration, the power supply is off and no current is provided to the resistor 

filament in order to keep the smart material at room temperature, below LCST.  

Under these conditions PNIPAM-molecules are predominantly hydrophilic and the 

amide-groups form inter-molecular hydrogen bonds with the surrounding water 

vapour molecules. Expiration flow is generally at 100% relative humidity and the 

PNIPAM-Cotton material is moisture saturated and absorbs the maximum number of 

water molecules from the expiration breath, expelling dry air out of the CPAP mask. 

Then, when the expiration flow has ended, (after three seconds approximately) and 

inspiration flow starts, the power supply is switched on passing current though the 

resistor filament. Depending on the voltage and current provided, the PNIPAM-

cotton material is heated up to a temperature above LCST. Under these conditions 

the hydrophobic isopropyl-methyl groups tend to establish polymer-polymer 

interactions and the water molecules previously absorbed are released into the 

inspiration airflow. Fresh air passes through the fabric, the temperature is increased 

and moisture is added to the incoming air such that warm humid air is provided to 

the volunteer.  

Three scenarios were considered on the clinical experiments. A control 

measurement was achieved with the CPAP device no humidified at each pressure 

i.e. the volunteer was breathing with the CPAP mask connected to the CPAP 

device, but without the smart fabric. Then, the performance of the self-humidifying 

device was measured with the volunteer breathing into the CPAP mask containing 

the smart fabric and connected to the CPAP device. Finally, a third scenario was 
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considered to validate the humidity provided by the smart fabric at each pressure. 

Hence, the volunteer was breathing with the CPAP mask, without the smart fabric, 

connected to the CPAP device with the CPAP humidifier working at level 7 in order 

to provide the maximum humidity to the respiratory system.  

The performance of the smart fabric was analysed in each volunteer under the five 

CPAP pressures (including the 0 cmH2O, no pressure) and the three scenarios: no 

humidification, humidification provided by the smart fabric and humidification 

provided by the CPAP humidifier at level 7 (maximum humidification).  

The results obtained in all the positive pressures analysed, 0, 5, 10, 15 and 20 

cmH2O show that the AH and T provided from the three smart fabric samples were 

significantly higher than the control and even higher that the theoretical values 

obtained in chapter 4 (between 30 and 32°C and 24 and 29 mg/L AH depending on 

the pressure applied). This means that the self-humidifying device is able to warm 

the air and humidify the inspired airflow up to the humidity levels required by using 

recovered moisture from expiration and hence overcome the dryness side effect. No 

significant differences are found between the AH or T obtained from each of the 

three samples, which proves repeatability of the smart fabric synthesis or 

manufacturing. Also, no significant differences are found between the humidity and 

heat provided from any of the three samples and the commercial CPAP humidifier, 

which proves that the smart fabric is able to provide the same maximum values and 

is able to replace the current convective heated humidifier and reduce the current 

LSD dimensions.  

The data obtained showed no correlation between the age, height, weight or gender 

of the 21 volunteers, which means that the performance of the self-humidifying 

device does not depend on the subject and can be used in any situation and patient 

with a proper configuration. Also, due to the structure of the smart material, the 

airflow passes freely through the fabric providing proper ventilation with no increase 

in flowrate resistance. Hence, the LSD titration positive pressure is not affected by 

the addition of the self-humidifying device. 

The advantages of the self-humidifying device developed in this research work over 

other water-less humidifiers such us heat and moisture exchangers (HMEs) are that 

the proposed device is able to warm the air up to 35°C, adjust de amount of water 

delivered from 0 to 32 mgH2O/L, achieve the same humidity levels than the provided 

by the heated convective humidifier and it can be washed and reused. 
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7.6 Proposed future work 

It is believed that the outcomes of this project can be further used in the following: 

• In this investigation has been proven that there is an ASL over-evaporation

effect which produces dryness on the upper airways. The over-evaporation

of the ASL water content is compensated, and hence dryness effect

alleviated, with the external humidification provided by the commercial

convective heated humidifier or the self-humidifying device. However, it has

also been proved that the 10 minutes PAP application produces

inflammation on the epithelial cells and reduces the mucus secretion rate.

Hence, further investigation is needed to analysed the PAP effect in longer

exposure times and in how to alleviate these side effects and palliate the

discomfort and unacceptance from the CPAP patients after the therapy.

• It has been proven that the pressure oscillations (PO) can alleviate the

decrease in cell permeability, mucus secretion rate, inflammation, cell

compression and ASL over-evaporation effect produced by the continuous

pressure application (CPAP). Therefore, if funding is available, the effect of

PO should be further investigated to develop a prototype able to provide the

CPAP coupled with PO and be clinically tested with CPAP patients.

• The viability of the self-humidifying device developed in this research has

been successfully proven. This device can be used in a wide range of

industrial applications. Hence, a new phase of the project should be started

looking at the commercialization of this device, possible applications, new

prototyping and clinical testing, manufacturing and cost analysis.
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Appendix B 

Participant Information Sheet 

Date Information Sheet Produced: 

2 May 2018 

Project Title 

An investigation into the upper airway humidification 

An Invitation 

My name is Sandra Grau Bartual. I hold a Master of Science degree in Chemical 

Engineering and a Master of Science degree in Materials and Process Technology. 

I am doing this research as part of the Doctor of Philosophy degree in Biomedical 

Engineering at Auckland University of Technology (AUT). 

The analysis of the airflow temperature and relative humidity inside a commercial 

CPAP mask is needed to test a modified cotton fabric able to maximize the 

hydrophilic/hydrophobic properties of the natural fibres. 

This Participant information Sheet is sent to you to provide further detailed 

information and to invite you to participate in this research. If you are a healthy 

volunteer without cardiovascular or respiratory problems, and interested in 

participating in this research, please contact the primary researcher, Sandra Grau 

Bartual, sandra.graubartual@aut.ac.nz or 921999 ext. 8617. 

This participation is voluntary, and any participant may withdraw at any time prior to 

the completion of data collection without being disadvantaged in any way. 

What is the purpose of this research? 

CPAP (Continuous Positive Airway Pressure) system helps provide breathing 

support to patients with Obstructive Sleep Apnoea (OSA). This is a sleeping 

disorder, which affects millions of people worldwide. CPAP system provides and 
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1 cm 1 cm

1 cm

transfers a continuous positive air pressure to the nose and/or mouth to prevent the 

airways from obstruction or collapse. However, the existing CPAP system has some 

deficiencies, for example, there has been a lot of rejection by patients of CPAP 

devices due to the humidifier size and the discomfort of the therapy. 

This research focuses on analysing the airflow temperature and relative humidity 

inside a commercial CPAP mask (Fig. 1) in order to reduce the discomfort reported 

by CPAP patients. A harmless and eco-friendly modified cotton fabric (Fig. 2) able to 

maximize the water absorption/desorption properties of the natural fibres covers the 

inner part of a commercial CPAP mask, not in contact with the skin, to regulate the 

airflow water vapour content generated by the commercial CPAP device and the 

breathing cycle. The temperature inside the mask will range from 22°C to 37°C 

(same harmless range of temperature than the provided by a commercial CPAP 

device) to control the fabric properties. The airflow temperature and relative humidity 

will be measured with a commercial sensor (Fig. 3) placed inside the commercial 

CPAP mask (not in contact with the skin or fabric). 

The research will result in the publication of a thesis, as well as research papers that 

will be published in international journals and refereed conference proceedings. 

Fig. 3 Commercial 

temperature and humidity 

sensor from Sensirion.

Fig. 1 Commercial 

CPAP mask from 

Fisher and Paykel 

healthcare. 

Fig. 2 Modified cotton 

fabric. 
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How was I identified and why am I being invited to participate in this 

research? 

You are being invited to participate in this study because you have shown interest in 

participating in this research upon answer the advertisement. 

Only healthy volunteers are invited to participate in this study, people with 

cardiovascular or respiratory problems and unable to wear a mask will be excluded 

from the study. 

How do I agree to participate in this research? 

After reading this Participant Information Sheet, if you agree to participate in the 

study, please contact the primary researcher (PhD student Sandra Grau Bartual) by 

email or phone call.  Then we will discuss a convenience meeting time in order to 

proceed with the consent form first and then the questionnaire and data collection. 

Your participation in this research is voluntary (it is your choice) and whether or not 

you choose to participate will neither advantage nor disadvantage you. You are able 

to withdraw from the study at any time. If you choose to withdraw from the study, 

then you will be offered the choice between having any data that is identifiable as 

belonging to you removed or allowing it to continue to be used. However, once the 

findings have been produced, removal of your data may not be possible. 

What will happen in this research? 

At the meeting time, we will discuss any doubts or questions regarding the study 

and if everything is clear you will sign the consent form, complete the basic 

questionnaire and proceed with the data collection. 

You will be invited to seat and wear a CPAP mask containing the fabric and the 

relative humidity and temperature sensor and breathe normally for 10 minutes. The 

mask will be connected to a CPAP device, which will provide room pressurized air at 

0, 5, 10, 15 and 20 cmH2O (2 minutes at each pressure). Humidity and temperature 

will be collected continuously every second during the 10 minutes that the 

experiment takes. 

I will instruct you on how to carry out the test, but briefly, you have to breathe 

normally and relax while the data is collected without any effort, contact or 

interaction. Finally, the data obtained will be analysed using suitable computer 

software at the Institute of Biomedical Technologies (IBTec). 

What are the discomforts and risks? 
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An otolaryngologist expert in CPAP therapy has been consulted to verify that the 

study is completely harmless. Therefore, you will not experience discomfort or 

embarrassment using the test. However, not all people find breathing masks 

comfortable due to the flow rate applied. In this case, if you find it uncomfortable, 

you will be able to remove the mask easily at any time and the test will be stopped 

immediately. 

What are the benefits? 

This research aims to analyse the validity of the modified cotton fabric to reduce the 

discomfort of CPAP patients. If the results are successful, a new CPAP device will 

be proposed and developed using the modified cotton, which will result in a more 

comfortable CPAP therapy. Therefore, there are no direct benefits for you. 

In addition, I may obtain a degree as a results of the research, which will result in 

the publication of a thesis, as well as research papers that will be published in 

international journals and refereed conference proceedings. 

How will my privacy be protected? 

The meeting to proceed with the consent form, questionnaire and data collection will 

be private and confidential. Also, you will not be identified in the final report, only 

aggregate data will be reported in such a form that no individuals or groups can be 

identified from it.  

What are the costs of participating in this research? 

At the meeting time, you will have 5 to 10 minutes to read, sign and discuss the 

consent form and the questionnaire, and another 10 minutes are required to collect 

the data. Therefore, you will give 15 to 20 minutes to the project. 

What opportunity do I have to consider this invitation? 

After receiving this Participant Information Sheet, you will have one week to decide 

your participation in the study. Then, if you agree to proceed, a mutually agreeable 

time will be arranged for the study to be undertaken. 

Will I receive feedback on the results of this research? 

Yes, you will be informed verbally about the results obtained once your data 

collection is finished. 

What do I do if I have concerns about this research? 
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Any concerns regarding the nature of this project should be notified in the first 

instance to the Project Supervisor, Prof Ahmed Al-Jumaily, ahmed.al-

jumaily@aut.ac.nz, 921 9999 ext 9777. 

Concerns regarding the conduct of the research should be notified to the Executive 

Secretary of AUTEC, Kate O’Connor, ethics@aut.ac.nz , 921 9999 ext 6038. 

Whom do I contact for further information about this research? 

Please keep this Information Sheet and a copy of the Consent Form for your future 

reference. You are also able to contact the research team as follows: 

Researcher Contact Details: 

Name: Sandra Grau Bartual 

Email: sandra.graubartual@aut.ac.nz 

Phone: 9219999 ext. 8617 

Project Supervisor Contact Details: 

Name: Prof Ahmed Al-Jumaily 

Email: ahmed.al-jumaily@aut.ac.nz 

Phone: 9219999 ext. 9777 

mailto:ahmed.al-jumaily@aut.ac.nz
mailto:ahmed.al-jumaily@aut.ac.nz
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Appendix C        

Consent Form 

Project title:  An investigation into the upper airway humidification  

Project Supervisor: Prof Ahmed Al-Jumaily 

Researcher:  Sandra Grau Bartual 

 I have read and understood the information provided about this research project 

in the Information Sheet dated 11 April 2018. 

 I have had an opportunity to ask questions and to have them answered. 

 I understand that taking part in this study is voluntary (my choice) and that I may 

withdraw from the study at any time without being disadvantaged in any way. 

 I understand that if I withdraw from the study then I will be offered the choice 

between having any data that is identifiable as belonging to me removed or 

allowing it to continue to be used. However, once the findings have been 

produced, removal of my data may not be possible. 

 I do not have cardiovascular or respiratory problems such as sleep apnoea. 

 I agree to take part in this research. 

 I am aware that the data collected for this project will be maintained for a period 

of 10 years. 

 I am aware that the data collected from this project may be used in journal and 

conference publications of this research. A summary of this activity and global 

findings may be given on the Institute of Biomedical Technologies website, 

www.aut .ac.nz/ibtec/ in an anonymous form to overview the research work 

being undertaken within the institute. 

Participant’s number:....................................................………………………….……… 

Paticipant’s signature:....................................................………………………………… 

Participant’s name:........................………………………………………………………… 

Date:   



188 

Appendix D 

Questionnaire 

Project title: An investigation into the upper airway humidification 

Project Supervisor: Prof Ahmed Al-Jumaily 

Researcher:    Sandra Grau Bartual 

 Age: …………………………….. 

 Gender: …………………………….. 

 Height (Approx): …………………………….. 

 Weight (Approx): …………………………….. 

Participant’s number:....................................................………………………….……… 

Paticipant’s signature:....................................................………………………………… 

Participant’s name:........................………………………………………………………… 

Date: 
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Appendix E 

External consultation Letter 
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Appendix F 

Matlab Model Code 

%Initial Conditions 

CA0 = [5.549E-07 5.549E-07 5.549E-07 5.549E-07 5.549E-07 5.549E-07 

5.549E-07 5.549E-07 5.549E-07 5.549E-07]; % mol/cm3 - room absolute 

humidity 10mg/L (50% rH) - 10mg/L * 1g/1000mg * 1L/1000cm3 * 

1mol/18.02g 
TM0 = [303.15 303.15 303.15 303.15 303.15 303.15 303.15 303.15 

303.15 303.15]; % K 
TA0 = [295.15 295.15 295.15 295.15 295.15 295.15 295.15 295.15 

295.15 295.15]; % K - room temperature 

Y0 = [CA0; TM0; TA0]; 

%Call fsolve 
fhandle = @P5_Equations; 
Y = fsolve(fhandle,Y0); 

%Display answers 
disp(Y) 

function F = P5_Equations(Y) 
%Geometry data 
L = [2.0 4.0 4.0 1.4 1.9 2.3 2.1 1.1 2.7 2.8]; %cm 
De = [1.5 1.2 0.6525 2.0 1.2 2.55 2.4 1.1 1.8 2.1]; %cm 
D = De+0.000663961; %cm 
xL = [L(1) sum(L(1:2)) sum(L(1:3)) sum(L(1:4)) sum(L(1:5)) 

sum(L(1:6)) sum(L(1:7)) sum(L(1:8)) sum(L(1:9)) sum(L(1:10))]; 

Q = 241.25; %cm3/s (6L/min) 
y = 0.006168019; %cm (500um ASL layer height) 
P = 101325+490.3325; %Pa 
rho = 0.00112; %g/cm3 (dry air at 300K) 

Cpa = 0.2592; %cal/gK (dry air at 300K) 
Cpw = 1; %cal/gK (liquid water at 300K) 
Mw = 18.016; %g/mol 
kw = 0.00144; %cal/cmsK (liquid water conductivity at 300K) 
hfg = 578.4; %cal/g (evaporation heat of water) 

mu = 1.846e-4; %g/cms (dry air dynamic viscosity at 300K) 
vv = mu/rho; %cm2/s (dry air kinematic viscosity at 300K) 
a = 0.2207; %cm2/s (dry air diffusivity at 300K) 
ka = 6.432e-5; %cal/scmK (dry air thermal conductivity) 
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Pr = vv/a; %Prantld Number 

for i=1 
% OUTPUT: Name our 3 unknowns vector Y 

CA(i) = Y(1,i); 
TM(i) = Y(2,i); 
TA(i) = Y(3,i); 

A(i) = pi*(D(i)/2)^2; %cm2 
v(i) = Q/A(i); %cm/s 

Di = 0.27; % cm2/s (diffusivity of water in air at 300K) 
%Di1 = exp(log(0.177)+0.41*log(v1)); % cm2/s (diffusitivity 

Daviskas1990 Appendix C) 
Re(i)= rho*v(i)*D(i)/mu; %Reynolds Number 
Sc = vv/Di; %Schmith Number 
%Nu(i) = 0.0886*(Re(i)^0.681)*(Pr^0.33); %Nusselt Number 
%Sh(i) = 0.0886*(Re(i)^0.681)*(Sc^0.33); %Sherwood Number 
Nu(i) = 3.504*(Re(i)*(D(i)/D(9)))^0.277; %Nusselt Number 
Sh(i) = 3.652*(Re(i)*(D(i)/D(9)))^0.268; %Sherwood Number 

kc(i) = Sh(i)*Di/D(i); %mass transfer coefficient 
hc(i) = Nu(i)*ka/D(i); %heat transfer coefficient 
%hc1 = 0.0024 

TB(i) = (32+273.15)+0.33*(xL(i)); %K 
CAi = 1.34004E-06; %mol/cm3 - room absolute humidity 10mg/L (50% rH) 

- 10mg/L * 1g/1000mg * 1L/1000cm3 * 1mol/18.02g

TAi = 303.65; %K room temperature

%%INPUT: 3 equations 
f1(i) = (CA(i)-CAi)-((4*kc(i)*L(i)*(((0.61078e-3*exp((17.27*(TM(i)-

273.15))/((TM(i)-273.15)+237.3)))/(8.314*TM(i)))-

CA(i)))/(D(i)*v(i)*3)); 
f2(i) = (TA(i)-TAi)-(((4*L(i))/(D(i)*v(i)*rho*Cpa*3))*(hc(i)*(TM(i)-

TA(i))+(Cpw*Mw*kc(i)*(((0.61078e-3*exp((17.27*(TM(i)-

273.15))/((TM(i)-273.15)+237.3)))/(8.314*TM(i)))-CA(i))*(TM(i)-

TA(i))))); 
f3(i) = (kw*(TB(i)-TM(i))/y)-hc(i)*(TM(i)-TA(i))-

Mw*hfg*(kc(i)*(((0.61078e-3*exp((17.27*(TM(i)-273.15))/((TM(i)-

273.15)+237.3)))/(8.314*TM(i)))-CA(i))); 

F(1,i)=f1(i); 
F(2,i)=f2(i); 
F(3,i)=f3(i); 

end 

for i=2:1:10 %Nasal Vestibule 
% OUTPUT: Name our 3 unknowns vector Y 

CA(i) = Y(1,i); 
TM(i) = Y(2,i); 
TA(i) = Y(3,i); 
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A(i) = pi*(D(i)/2)^2; %cm2 
v(i) = Q/A(i); %cm/s 

Di = 0.27; % cm2/s (diffusivity of water in air at 300K) 
%Di1 = exp(log(0.177)+0.41*log(v1)); % cm2/s (diffusitivity 

Daviskas1990 Appendix C) 
Re(i)= rho*v(i)*D(i)/mu; %Reynolds Number 
Sc = vv/Di; %Schmith Number 
%Nu(i) = 0.0886*(Re(i)^0.681)*(Pr^0.33); %Nusselt Number 
%Sh(i) = 0.0886*(Re(i)^0.681)*(Sc^0.33); %Sherwood Number 
Nu(i) = 3.504*(Re(i)*(D(i)/D(9)))^0.277; %Nusselt Number 
Sh(i) = 3.652*(Re(i)*(D(i)/D(9)))^0.268; %Sherwood Number 

kc(i) = Sh(i)*Di/D(i); %mass transfer coefficient 
hc(i) = Nu(i)*ka/D(i); %heat transfer coefficient 
%hc1 = 0.0024 

TB(i) = (32+273.15)+0.33*(xL(i)); %K 
if TB(i)<=310.15 

TB(i) = (32+273.15)+0.33*(xL(i)); 

else 

TB(i) = 310.15; 
end 

%%INPUT: 3 equations 
f1(i) = (CA(i)-CA(i-1))-((4*kc(i)*L(i)*(((0.61078e-

3*exp((17.27*(TM(i)-273.15))/((TM(i)-

273.15)+237.3)))/(8.314*TM(i)))-CA(i)))/(D(i)*v(i)*3)); 
f2(i) = (TA(i)-TA(i-1))-

(((4*L(i))/(D(i)*v(i)*rho*Cpa*3))*(hc(i)*(TM(i)-

TA(i))+(Cpw*Mw*kc(i)*(((0.61078e-3*exp((17.27*(TM(i)-

273.15))/((TM(i)-273.15)+237.3)))/(8.314*TM(i)))-CA(i))*(TM(i)-

TA(i))))); 
f3(i) = (kw*(TB(i)-TM(i))/y)-hc(i)*(TM(i)-TA(i))-

Mw*hfg*(kc(i)*(((0.61078e-3*exp((17.27*(TM(i)-273.15))/((TM(i)-

273.15)+237.3)))/(8.314*TM(i)))-CA(i))); 

F(1,i)=f1(i); 
F(2,i)=f2(i); 
F(3,i)=f3(i); 

end 

end 

function F = P10_Equations(Y) 
%Geometry data 

L = [2.0 4.0 4.0 1.4 1.9 2.3 2.1 1.1 2.7 2.8]; %cm 
De = [1.5 1.2 0.6525 2.0 1.2 2.55 2.4 1.1 1.8 2.1]; %cm 
D = De+0.001300997; %cm 
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xL = [L(1) sum(L(1:2)) sum(L(1:3)) sum(L(1:4)) sum(L(1:5)) 

sum(L(1:6)) sum(L(1:7)) sum(L(1:8)) sum(L(1:9)) sum(L(1:10))]; 

  
Q = 332.5; %cm3/s (6L/min) 
y = 0.005849502; %cm (500um ASL layer height) 
P = 101325+980.665; %Pa 
rho = 0.00112; %g/cm3 (dry air at 300K) 

  
Cpa = 0.2592; %cal/gK (dry air at 300K) 
Cpw = 1; %cal/gK (liquid water at 300K) 
Mw = 18.016; %g/mol 
kw = 0.00144; %cal/cmsK (liquid water conductivity at 300K) 
hfg = 578.4; %cal/g (evaporation heat of water) 

  
mu = 1.846e-4; %g/cms (dry air dynamic viscosity at 300K) 
vv = mu/rho; %cm2/s (dry air kinematic viscosity at 300K) 
a = 0.2207; %cm2/s (dry air diffusivity at 300K) 
ka = 6.432e-5; %cal/scmK (dry air thermal conductivity) 
Pr = vv/a; %Prantld Number 

  
for i=1 
% OUTPUT: Name our 3 unknowns vector Y 

  
CA(i) = Y(1,i); 
TM(i) = Y(2,i); 
TA(i) = Y(3,i); 

  
A(i) = pi*(D(i)/2)^2; %cm2 
v(i) = Q/A(i); %cm/s 

  
Di = 0.27; % cm2/s (diffusivity of water in air at 300K) 
%Di1 = exp(log(0.177)+0.41*log(v1)); % cm2/s (diffusitivity 

Daviskas1990 Appendix C) 
Re(i)= rho*v(i)*D(i)/mu; %Reynolds Number 
Sc = vv/Di; %Schmith Number 
%Nu(i) = 0.0886*(Re(i)^0.681)*(Pr^0.33); %Nusselt Number 
%Sh(i) = 0.0886*(Re(i)^0.681)*(Sc^0.33); %Sherwood Number 
Nu(i) = 3.504*(Re(i)*(D(i)/D(9)))^0.277; %Nusselt Number 
Sh(i) = 3.652*(Re(i)*(D(i)/D(9)))^0.268; %Sherwood Number 

  
kc(i) = Sh(i)*Di/D(i); %mass transfer coefficient 
hc(i) = Nu(i)*ka/D(i); %heat transfer coefficient 
%hc1 = 0.0024 

  
TB(i) = (32+273.15)+0.33*(xL(i)); %K 
CAi = 1.44759E-06; %mol/cm3 - room absolute humidity 10mg/L (50% rH) 

- 10mg/L * 1g/1000mg * 1L/1000cm3 * 1mol/18.02g 
TAi = 304.15; %K room temperature 

  

  
%%INPUT: 3 equations 
f1(i) = (CA(i)-CAi)-((4*kc(i)*L(i)*(((0.61078e-3*exp((17.27*(TM(i)-

273.15))/((TM(i)-273.15)+237.3)))/(8.314*TM(i)))-

CA(i)))/(D(i)*v(i)*3)); 
f2(i) = (TA(i)-TAi)-(((4*L(i))/(D(i)*v(i)*rho*Cpa*3))*(hc(i)*(TM(i)-

TA(i))+(Cpw*Mw*kc(i)*(((0.61078e-3*exp((17.27*(TM(i)-

273.15))/((TM(i)-273.15)+237.3)))/(8.314*TM(i)))-CA(i))*(TM(i)-

TA(i))))); 
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f3(i) = (kw*(TB(i)-TM(i))/y)-hc(i)*(TM(i)-TA(i))-

Mw*hfg*(kc(i)*(((0.61078e-3*exp((17.27*(TM(i)-273.15))/((TM(i)-

273.15)+237.3)))/(8.314*TM(i)))-CA(i))); 

F(1,i)=f1(i); 
F(2,i)=f2(i); 
F(3,i)=f3(i); 

end 

 for i=2:1:10 %Nasal Vestibule 
% OUTPUT: Name our 3 unknowns vector Y 

CA(i) = Y(1,i); 
TM(i) = Y(2,i); 
TA(i) = Y(3,i); 

A(i) = pi*(D(i)/2)^2; %cm2 
v(i) = Q/A(i); %cm/s 

Di = 0.27; % cm2/s (diffusivity of water in air at 300K) 
%Di1 = exp(log(0.177)+0.41*log(v1)); % cm2/s (diffusitivity 

Daviskas1990 Appendix C) 
Re(i)= rho*v(i)*D(i)/mu; %Reynolds Number 
Sc = vv/Di; %Schmith Number 
%Nu(i) = 0.0886*(Re(i)^0.681)*(Pr^0.33); %Nusselt Number 
%Sh(i) = 0.0886*(Re(i)^0.681)*(Sc^0.33); %Sherwood Number 
Nu(i) = 3.504*(Re(i)*(D(i)/D(9)))^0.277; %Nusselt Number 
Sh(i) = 3.652*(Re(i)*(D(i)/D(9)))^0.268; %Sherwood Number 

kc(i) = Sh(i)*Di/D(i); %mass transfer coefficient 
hc(i) = Nu(i)*ka/D(i); %heat transfer coefficient 
%hc1 = 0.0024 

TB(i) = (32+273.15)+0.33*(xL(i)); %K 
if TB(i)<=310.15 

TB(i) = (32+273.15)+0.33*(xL(i)); 

else 

TB(i) = 310.15; 
end 

%%INPUT: 3 equations 
f1(i) = (CA(i)-CA(i-1))-((4*kc(i)*L(i)*(((0.61078e-

3*exp((17.27*(TM(i)-273.15))/((TM(i)-

273.15)+237.3)))/(8.314*TM(i)))-CA(i)))/(D(i)*v(i)*3)); 
f2(i) = (TA(i)-TA(i-1))-

(((4*L(i))/(D(i)*v(i)*rho*Cpa*3))*(hc(i)*(TM(i)-

TA(i))+(Cpw*Mw*kc(i)*(((0.61078e-3*exp((17.27*(TM(i)-

273.15))/((TM(i)-273.15)+237.3)))/(8.314*TM(i)))-CA(i))*(TM(i)-

TA(i))))); 
f3(i) = (kw*(TB(i)-TM(i))/y)-hc(i)*(TM(i)-TA(i))-

Mw*hfg*(kc(i)*(((0.61078e-3*exp((17.27*(TM(i)-273.15))/((TM(i)-

273.15)+237.3)))/(8.314*TM(i)))-CA(i))); 
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F(1,i)=f1(i); 
F(2,i)=f2(i); 
F(3,i)=f3(i); 

  
end 

  

   
end 

 
function F = P15_Equations(Y) 
%Geometry data 
L = [2.0 4.0 4.0 1.4 1.9 2.3 2.1 1.1 2.7 2.8]; %cm 
De = [1.5 1.2 0.6525 2.0 1.2 2.55 2.4 1.1 1.8 2.1]; %cm 
D = De+0.001916672; %cm 
xL = [L(1) sum(L(1:2)) sum(L(1:3)) sum(L(1:4)) sum(L(1:5)) 

sum(L(1:6)) sum(L(1:7)) sum(L(1:8)) sum(L(1:9)) sum(L(1:10))]; 

  
Q = 423.75; %cm3/s (6L/min) 
y = 0.005541664; %cm (500um ASL layer height) 
P = 101325+1470.9975; %Pa 
rho = 0.00112; %g/cm3 (dry air at 300K) 

  
Cpa = 0.2592; %cal/gK (dry air at 300K) 
Cpw = 1; %cal/gK (liquid water at 300K) 
Mw = 18.016; %g/mol 
kw = 0.00144; %cal/cmsK (liquid water conductivity at 300K) 
hfg = 578.4; %cal/g (evaporation heat of water) 

  
mu = 1.846e-4; %g/cms (dry air dynamic viscosity at 300K) 
vv = mu/rho; %cm2/s (dry air kinematic viscosity at 300K) 
a = 0.2207; %cm2/s (dry air diffusivity at 300K) 
ka = 6.432e-5; %cal/scmK (dry air thermal conductivity) 
Pr = vv/a; %Prantld Number 

  
for i=1 
% OUTPUT: Name our 3 unknowns vector Y 

  
CA(i) = Y(1,i); 
TM(i) = Y(2,i); 
TA(i) = Y(3,i); 

  
A(i) = pi*(D(i)/2)^2; %cm2 
v(i) = Q/A(i); %cm/s 

  
Di = 0.27; % cm2/s (diffusivity of water in air at 300K) 
%Di1 = exp(log(0.177)+0.41*log(v1)); % cm2/s (diffusitivity 

Daviskas1990 Appendix C) 
Re(i)= rho*v(i)*D(i)/mu; %Reynolds Number 
Sc = vv/Di; %Schmith Number 
%Nu(i) = 0.0886*(Re(i)^0.681)*(Pr^0.33); %Nusselt Number 
%Sh(i) = 0.0886*(Re(i)^0.681)*(Sc^0.33); %Sherwood Number 
Nu(i) = 3.504*(Re(i)*(D(i)/D(9)))^0.277; %Nusselt Number 
Sh(i) = 3.652*(Re(i)*(D(i)/D(9)))^0.268; %Sherwood Number 

  
kc(i) = Sh(i)*Di/D(i); %mass transfer coefficient 
hc(i) = Nu(i)*ka/D(i); %heat transfer coefficient 
%hc1 = 0.0024 
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TB(i) = (32+273.15)+0.33*(xL(i)); %K 
CAi = 1.53248E-06; %mol/cm3 - room absolute humidity 10mg/L (50% rH) 

- 10mg/L * 1g/1000mg * 1L/1000cm3 * 1mol/18.02g 
TAi = 304.65; %K room temperature 

  

  
%%INPUT: 3 equations 
f1(i) = (CA(i)-CAi)-((4*kc(i)*L(i)*(((0.61078e-3*exp((17.27*(TM(i)-

273.15))/((TM(i)-273.15)+237.3)))/(8.314*TM(i)))-

CA(i)))/(D(i)*v(i)*3)); 
f2(i) = (TA(i)-TAi)-(((4*L(i))/(D(i)*v(i)*rho*Cpa*3))*(hc(i)*(TM(i)-

TA(i))+(Cpw*Mw*kc(i)*(((0.61078e-3*exp((17.27*(TM(i)-

273.15))/((TM(i)-273.15)+237.3)))/(8.314*TM(i)))-CA(i))*(TM(i)-

TA(i))))); 
f3(i) = (kw*(TB(i)-TM(i))/y)-hc(i)*(TM(i)-TA(i))-

Mw*hfg*(kc(i)*(((0.61078e-3*exp((17.27*(TM(i)-273.15))/((TM(i)-

273.15)+237.3)))/(8.314*TM(i)))-CA(i))); 

  

  
F(1,i)=f1(i); 
F(2,i)=f2(i); 
F(3,i)=f3(i); 

     
end 

  

  
for i=2:1:10 %Nasal Vestibule 
% OUTPUT: Name our 3 unknowns vector Y 

  
CA(i) = Y(1,i); 
TM(i) = Y(2,i); 
TA(i) = Y(3,i); 

  
A(i) = pi*(D(i)/2)^2; %cm2 
v(i) = Q/A(i); %cm/s 

  
Di = 0.27; % cm2/s (diffusivity of water in air at 300K) 
%Di1 = exp(log(0.177)+0.41*log(v1)); % cm2/s (diffusitivity 

Daviskas1990 Appendix C) 
Re(i)= rho*v(i)*D(i)/mu; %Reynolds Number 
Sc = vv/Di; %Schmith Number 
%Nu(i) = 0.0886*(Re(i)^0.681)*(Pr^0.33); %Nusselt Number 
%Sh(i) = 0.0886*(Re(i)^0.681)*(Sc^0.33); %Sherwood Number 
Nu(i) = 3.504*(Re(i)*(D(i)/D(9)))^0.277; %Nusselt Number 
Sh(i) = 3.652*(Re(i)*(D(i)/D(9)))^0.268; %Sherwood Number 

  

  
kc(i) = Sh(i)*Di/D(i); %mass transfer coefficient 
hc(i) = Nu(i)*ka/D(i); %heat transfer coefficient 
%hc1 = 0.0024 

  
TB(i) = (32+273.15)+0.33*(xL(i)); %K 
if TB(i)<=310.15 
    TB(i) = (32+273.15)+0.33*(xL(i)); 

  
else  
    TB(i) = 310.15; 
end 
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%%INPUT: 3 equations 
f1(i) = (CA(i)-CA(i-1))-((4*kc(i)*L(i)*(((0.61078e-

3*exp((17.27*(TM(i)-273.15))/((TM(i)-

273.15)+237.3)))/(8.314*TM(i)))-CA(i)))/(D(i)*v(i)*3)); 
f2(i) = (TA(i)-TA(i-1))-

(((4*L(i))/(D(i)*v(i)*rho*Cpa*3))*(hc(i)*(TM(i)-

TA(i))+(Cpw*Mw*kc(i)*(((0.61078e-3*exp((17.27*(TM(i)-

273.15))/((TM(i)-273.15)+237.3)))/(8.314*TM(i)))-CA(i))*(TM(i)-

TA(i))))); 
f3(i) = (kw*(TB(i)-TM(i))/y)-hc(i)*(TM(i)-TA(i))-

Mw*hfg*(kc(i)*(((0.61078e-3*exp((17.27*(TM(i)-273.15))/((TM(i)-

273.15)+237.3)))/(8.314*TM(i)))-CA(i))); 

F(1,i)=f1(i); 
F(2,i)=f2(i); 
F(3,i)=f3(i); 

end 

end 

function F = P20_Equations(Y) 
%Geometry data 
L = [2.0 4.0 4.0 1.4 1.9 2.3 2.1 1.1 2.7 2.8]; %cm 
De = [1.5 1.2 0.6525 2.0 1.2 2.55 2.4 1.1 1.8 2.1]; %cm 
D = De+0.002533294; %cm 
xL = [L(1) sum(L(1:2)) sum(L(1:3)) sum(L(1:4)) sum(L(1:5)) 

sum(L(1:6)) sum(L(1:7)) sum(L(1:8)) sum(L(1:9)) sum(L(1:10))]; 

Q = 515; %cm3/s (6L/min) 
y = 0.005233353; %cm (500um ASL layer height) 
P = 101325+1961.33; %Pa 
rho = 0.00112; %g/cm3 (dry air at 300K) 

Cpa = 0.2592; %cal/gK (dry air at 300K) 
Cpw = 1; %cal/gK (liquid water at 300K) 
Mw = 18.016; %g/mol 
kw = 0.00144; %cal/cmsK (liquid water conductivity at 300K) 
hfg = 578.4; %cal/g (evaporation heat of water) 

mu = 1.846e-4; %g/cms (dry air dynamic viscosity at 300K) 
vv = mu/rho; %cm2/s (dry air kinematic viscosity at 300K) 
a = 0.2207; %cm2/s (dry air diffusivity at 300K) 
ka = 6.432e-5; %cal/scmK (dry air thermal conductivity) 
Pr = vv/a; %Prantld Number 

for i=1 
% OUTPUT: Name our 3 unknowns vector Y 

CA(i) = Y(1,i); 
TM(i) = Y(2,i); 
TA(i) = Y(3,i); 
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A(i) = pi*(D(i)/2)^2; %cm2 
v(i) = Q/A(i); %cm/s 

Di = 0.27; % cm2/s (diffusivity of water in air at 300K) 
%Di1 = exp(log(0.177)+0.41*log(v1)); % cm2/s (diffusitivity 

Daviskas1990 Appendix C) 
Re(i)= rho*v(i)*D(i)/mu; %Reynolds Number 
Sc = vv/Di; %Schmith Number 
%Nu(i) = 0.0886*(Re(i)^0.681)*(Pr^0.33); %Nusselt Number 
%Sh(i) = 0.0886*(Re(i)^0.681)*(Sc^0.33); %Sherwood Number 
Nu(i) = 3.504*(Re(i)*(D(i)/D(9)))^0.277; %Nusselt Number 
Sh(i) = 3.652*(Re(i)*(D(i)/D(9)))^0.268; %Sherwood Number 

kc(i) = Sh(i)*Di/D(i); %mass transfer coefficient 
hc(i) = Nu(i)*ka/D(i); %heat transfer coefficient 
%hc1 = 0.0024 

TB(i) = (32+273.15)+0.33*(xL(i)); %K 
CAi = 1.60200E-06; %mol/cm3 - room absolute humidity 10mg/L (50% rH) 

- 10mg/L * 1g/1000mg * 1L/1000cm3 * 1mol/18.02g

TAi = 305.15; %K room temperature

%%INPUT: 3 equations 
f1(i) = (CA(i)-CAi)-((4*kc(i)*L(i)*(((0.61078e-3*exp((17.27*(TM(i)-

273.15))/((TM(i)-273.15)+237.3)))/(8.314*TM(i)))-

CA(i)))/(D(i)*v(i)*3)); 
f2(i) = (TA(i)-TAi)-(((4*L(i))/(D(i)*v(i)*rho*Cpa*3))*(hc(i)*(TM(i)-

TA(i))+(Cpw*Mw*kc(i)*(((0.61078e-3*exp((17.27*(TM(i)-

273.15))/((TM(i)-273.15)+237.3)))/(8.314*TM(i)))-CA(i))*(TM(i)-

TA(i))))); 
f3(i) = (kw*(TB(i)-TM(i))/y)-hc(i)*(TM(i)-TA(i))-

Mw*hfg*(kc(i)*(((0.61078e-3*exp((17.27*(TM(i)-273.15))/((TM(i)-

273.15)+237.3)))/(8.314*TM(i)))-CA(i))); 

F(1,i)=f1(i); 
F(2,i)=f2(i); 
F(3,i)=f3(i); 

end 

for i=2:1:10 %Nasal Vestibule 
% OUTPUT: Name our 3 unknowns vector Y 

CA(i) = Y(1,i); 
TM(i) = Y(2,i); 
TA(i) = Y(3,i); 

A(i) = pi*(D(i)/2)^2; %cm2 
v(i) = Q/A(i); %cm/s 

Di = 0.27; % cm2/s (diffusivity of water in air at 300K) 
%Di1 = exp(log(0.177)+0.41*log(v1)); % cm2/s (diffusitivity 

Daviskas1990 Appendix C) 
Re(i)= rho*v(i)*D(i)/mu; %Reynolds Number 
Sc = vv/Di; %Schmith Number 
%Nu(i) = 0.0886*(Re(i)^0.681)*(Pr^0.33); %Nusselt Number 
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%Sh(i) = 0.0886*(Re(i)^0.681)*(Sc^0.33); %Sherwood Number 
Nu(i) = 3.504*(Re(i)*(D(i)/D(9)))^0.277; %Nusselt Number 
Sh(i) = 3.652*(Re(i)*(D(i)/D(9)))^0.268; %Sherwood Number 

  

  
kc(i) = Sh(i)*Di/D(i); %mass transfer coefficient 
hc(i) = Nu(i)*ka/D(i); %heat transfer coefficient 
%hc1 = 0.0024 

  
TB(i) = (32+273.15)+0.33*(xL(i)); %K 
if TB(i)<=310.15 
    TB(i) = (32+273.15)+0.33*(xL(i)); 

  
else  
    TB(i) = 310.15; 
end 

  

  
%%INPUT: 3 equations 
f1(i) = (CA(i)-CA(i-1))-((4*kc(i)*L(i)*(((0.61078e-

3*exp((17.27*(TM(i)-273.15))/((TM(i)-

273.15)+237.3)))/(8.314*TM(i)))-CA(i)))/(D(i)*v(i)*3)); 
f2(i) = (TA(i)-TA(i-1))-

(((4*L(i))/(D(i)*v(i)*rho*Cpa*3))*(hc(i)*(TM(i)-

TA(i))+(Cpw*Mw*kc(i)*(((0.61078e-3*exp((17.27*(TM(i)-

273.15))/((TM(i)-273.15)+237.3)))/(8.314*TM(i)))-CA(i))*(TM(i)-

TA(i))))); 
f3(i) = (kw*(TB(i)-TM(i))/y)-hc(i)*(TM(i)-TA(i))-

Mw*hfg*(kc(i)*(((0.61078e-3*exp((17.27*(TM(i)-273.15))/((TM(i)-

273.15)+237.3)))/(8.314*TM(i)))-CA(i))); 

  

  
F(1,i)=f1(i); 
F(2,i)=f2(i); 
F(3,i)=f3(i); 

  
end 

  

  

  
end 
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Appendix G         

Arduino Relay and SHT35D Code 

unsigned long time; 

#include <Wire.h> 

#include "ClosedCube_SHT31D.h" 

 

ClosedCube_SHT31D sht3xd; 

 

int in1 = 7; 

 

void setup() 

{ 

  Wire.begin(); 

 

  Serial.begin(9600); 

  Serial.println("Clinical Trials - June 2018"); 

 

  sht3xd.begin(0x45); // I2C address: 0x44 or 0x45 

 

  pinMode(in1, OUTPUT); 

  digitalWrite(in1, HIGH); 

} 

 

void loop() 

{ 

  printResult("ClockStrech Mode", 

sht3xd.readTempAndHumidity(SHT3XD_REPEATABILITY_HIGH, 

SHT3XD_MODE_CLOCK_STRETCH, 50)); 

 

  digitalWrite(in1, LOW); 

  delay(500); 

 

  printResult("ClockStrech Mode", 

sht3xd.readTempAndHumidity(SHT3XD_REPEATABILITY_HIGH, 

SHT3XD_MODE_CLOCK_STRETCH, 50)); 

 

  digitalWrite(in1, LOW); 

  delay(500); 

 

  printResult("ClockStrech Mode", 

sht3xd.readTempAndHumidity(SHT3XD_REPEATABILITY_HIGH, 

SHT3XD_MODE_CLOCK_STRETCH, 50)); 

 

  digitalWrite(in1, LOW); 

  delay(500); 
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  printResult("ClockStrech Mode", 

sht3xd.readTempAndHumidity(SHT3XD_REPEATABILITY_HIGH, 

SHT3XD_MODE_CLOCK_STRETCH, 50)); 

  digitalWrite(in1, LOW); 

  delay(500); 

  printResult("ClockStrech Mode", 

sht3xd.readTempAndHumidity(SHT3XD_REPEATABILITY_HIGH, 

SHT3XD_MODE_CLOCK_STRETCH, 50)); 

  digitalWrite(in1, LOW); 

  delay(500); 

  printResult("ClockStrech Mode", 

sht3xd.readTempAndHumidity(SHT3XD_REPEATABILITY_HIGH, 

SHT3XD_MODE_CLOCK_STRETCH, 50)); 

  digitalWrite(in1, LOW); 

  delay(500); 

  printResult("ClockStrech Mode", 

sht3xd.readTempAndHumidity(SHT3XD_REPEATABILITY_HIGH, 

SHT3XD_MODE_CLOCK_STRETCH, 50)); 

  digitalWrite(in1, HIGH); 

  delay(500); 

  printResult("ClockStrech Mode", 

sht3xd.readTempAndHumidity(SHT3XD_REPEATABILITY_HIGH, 

SHT3XD_MODE_CLOCK_STRETCH, 50)); 

  digitalWrite(in1, HIGH); 

  delay(500); 

  printResult("ClockStrech Mode", 

sht3xd.readTempAndHumidity(SHT3XD_REPEATABILITY_HIGH, 

SHT3XD_MODE_CLOCK_STRETCH, 50)); 

  digitalWrite(in1, HIGH); 

  delay(500); 

  printResult("ClockStrech Mode", 

sht3xd.readTempAndHumidity(SHT3XD_REPEATABILITY_HIGH, 

SHT3XD_MODE_CLOCK_STRETCH, 50)); 

  digitalWrite(in1, HIGH); 

  delay(500); 

  printResult("ClockStrech Mode", 

sht3xd.readTempAndHumidity(SHT3XD_REPEATABILITY_HIGH, 

SHT3XD_MODE_CLOCK_STRETCH, 50)); 

  digitalWrite(in1, HIGH); 

  delay(500); 

  printResult("ClockStrech Mode", 

sht3xd.readTempAndHumidity(SHT3XD_REPEATABILITY_HIGH, 

SHT3XD_MODE_CLOCK_STRETCH, 50)); 

  digitalWrite(in1, HIGH); 
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  delay(500); 

} 

void printResult(String text, SHT31D result) { 

  Serial.print("Time: "); 

  time = millis(); 

  //prints time since program started 

  Serial.print(time); 

  Serial.print(" ms  "); 

  Serial.print(text); 

  Serial.print(": T "); 

  Serial.print(result.t); 

  Serial.print(" C, RH "); 

  Serial.print(result.rh); 

  Serial.println(" %"); 

} 
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