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Abstract 

The geometry of the human upper airway is highly complex and varies from individual to 

individual. As a result, the aerosol aerodynamic performance in the different realistic human 

upper airways and their deposition mechanisms remains unclear. There is a paucity of studies 

that have been designed to investigate the effect of individual upper airway anatomical features 

on drug deposition. In this thesis, different anatomical features of the human pharynx (the uvula, 

epiglottis, and soft palate) were systematically isolated to investigate their independent 

influence on airflow dynamics and particle deposition characteristics in a geometrically 

realistic human airway. Computational Fluid Dynamics (CFD) using established turbulence 

models was initially employed to simulate the transport of mono-dispersed particles (3 µm) in 

the airway as a function of flow-rate, and it was found that 1) widening the space between the 

oral cavity and oropharynx and where the soft palate is situated leads to the most dramatic 

reduction in drug deposition in the upper airway; 2) exclusion of the uvula and epiglottis: a) 

affects flow dynamics in the airway; b) alters regional deposition behaviour; and c) does not 

significantly affect the total number of particles deposited in the pharynx. The deposition 

results from CFD study were validated in an experimental study using Next-Generation 

Impaction (NGI) and High-performance liquid chromatography (HPLC). The experimental 

work was also utilized to obtain detailed information on the fine particle fraction emanating 

from these different airway geometries. The experimental study highlights that widening the 

region near the soft palate increases the fine particle fraction (FPF) and reduces deposition. 

Furthermore, it was found that the resistance of practical inhaler devices and their interaction 

with anatomical features of the human airway are likely to play a significant role in determining 

subsequent lung dose. Whilst the experimental NGI and HPLC methods are suitable for 

assessing total deposition in the human upper airway, they are not able to rapidly assess 

regional deposition and particle dynamics within the upper airway. Taking into account this 

limitation, a novel approach was developed for analyzing the flow of drug particles in a realist ic 

model of the human upper airway using paired laser and photodiode sensors. Signal analysis 

was utilized to examine drug particle velocity, escape time, and regional deposition at various 

locations along the airway. Results from the study suggest that this simple laser attenuation 

technique is advantageous to investigate the regional deposition and the transient drug particle 

flow information in the human upper airway models.  
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Chapter 1 Introduction 

1.1 Motivation and Objectives  

Inhalation therapies may have been used as early as 4000 years ago in ancient times, when 

Indian people utilized datura preparations to treat asthma and other respiratory disorders (P. J. 

Anderson, 2005). However, it was not until 1956 that the modern era of pulmonary drug 

delivery began since the first pressurized metered-dose inhaler (pMDI) for epinephrine and 

isoproterenol was marketed by Riker Laboratories (now 3M Drug Delivery Systems) (Sanders, 

2007; S. W. Stein & Thiel, 2017). The complexity of the pulmonary drug delivery system 

requires a comprehensive understanding of integrating aspects from a wide range of traditional 

scientific and engineering disciplines, including aerosol mechanics, single-phase and 

multiphase fluid mechanics, interfacial science, pharmaceutics, respiratory physiology and 

anatomy, and pulmonology (W. H. Finlay, 2001). Over the past six decades, significant  

advancements have been made in this area, leading to the emergence of safer and more effective 

drugs for combating respiratory diseases. Despite this, rigorous investigation is still required 

to truly understand the physics of this entire system, allowing for better inhaler and aerosol 

optimization and improving inhalation therapeutic efficiency. 

Pulmonary drug delivery is a critical area of research due to its unique advantages, including 

non-invasive administration, rapid therapeutic onset, and the potential for localized treatment 

of respiratory diseases while minimizing systemic side effects. However, achieving optimal 

drug deposition and delivery efficiency remains a significant challenge. This difficulty arises 

from several factors, including anatomical variability among patients (W. H. Finlay, 2001), 

such as differences in airway geometry (Ides et al., 2022) and body mass index (BMI) 

(Shaokoon Cheng et al., 2019), the influence of airflow dynamics on particle behavior, 

including turbulence, velocity gradients, and recirculating flow regions, and a limited 

understanding of how anatomical structures, such as the soft palate, uvula, and epiglottis, affect 

deposition patterns (A Kourmatzis et al., 2018).   

Enhancing knowledge in this field is essential for several reasons:   

1. Improved Therapeutic Outcomes: A deeper understanding of particle transport and 

deposition can inform inhaler design, ensuring that devices are tailored to individual patient 

anatomies and breathing patterns, ultimately leading to more effective treatments.   
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2.Reduced Drug Waste: Inefficient pulmonary drug delivery often results in significant  

medication waste, increasing costs and reducing treatment reliability. Identifying key factors 

influencing deposition can guide strategies to optimize drug delivery and reduce losses 

(Hoppentocht et al., 2014).   

3. Enhanced Patient Compliance: Inhalation therapies are often preferred over invasive 

methods like injections. By improving inhaler design and drug delivery efficiency, treatments 

can be made more accessible, tolerable, and user-friendly, enhancing patient adherence.   

4. Addressing Knowledge Gaps: Despite advancements in pulmonary drug delivery, critical 

questions remain about the role of upper airway structures in particle deposition and transport, 

particularly under varying flow conditions and inhaler designs. This study directly addresses 

these unresolved challenges.   

To achieve these goals, the following research objectives were carefully defined, aligning 

directly with the motivation:   

1. Develop and validate computational and experimental methods to study particle behavior in 

anatomically realistic upper airway models.   

2. Quantify the impact of anatomical structures (e.g., soft palate, uvula, and epiglottis) on drug 

deposition and transport.   

3. Investigate how flow rates and particle sizes influence deposition patterns, providing insights 

for optimizing inhaler performance.   

4. Introduce a novel laser-based experimental technique to capture temporal and spatial aerosol 

dynamics, enhancing the validation of computational models.   

5. Compare deposition patterns between different inhaler designs (e.g., Handihaler and 

Osmohaler) to identify critical design factors influencing efficiency.   

6. Synthesize findings to provide actionable insights for improving pulmonary drug delivery in 

clinical applications.   

This thesis contributes to the advancement of pulmonary drug delivery by integrating 

computational modeling, experimental validation, and innovative measurement techniques, 

offering new insights into particle behavior in the human airway and strategies for improving 

inhaler performance. imization and improving inhalation therapeutic efficiency. 
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1.2 Plan of thesis  

Chapter 2 shall provide a general literature review of the project including:  

• The human respiratory tract and existing mouth-throat models used in the field. 

• A review of inhaled pharmaceutical particles.  

• Simulation study of airway models. 

• Experimental methods in the pulmonary drug delivery (Pharmaceutical-related).  

• Imaging and laser techniques in the area (Engineering-related).  

Chapter 3 shall be the first chapter outlining the simulation results and will focus on:  

• Simulation studies the effect of individual upper airway anatomical features on drug 

deposition 

Chapter 4 shall present experimental results and will cover: 

• Validating the simulation results with experimental data  

• The experimental study of the effect of individual upper airway anatomical features on 

the deposition of dry powder inhaler formulations using impaction and high 

performance liquid chromatography 

Chapter 5 introduces a new experimental method for measuring the flow behavior of drug 

aerosols in the human upper airway models and shall involve:  

• Using laser attenuation to measure drug particle deposition and velocity in a human 

upper airway model. 

• The comparison of the new experimental method with computational fluid dynamics 

(CFD) data 

Chapter 6 concludes the thesis by summarizing the findings and suggesting areas for further 

research. 
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Chapter 2 Literature Review  

2.1 Introduction  

 

The aim of this chapter is to provide an overview of the research conducted in the field of 

pulmonary drug delivery that is directly relevant to the project in this thesis. The review will 

encompass several key areas. Firstly, it will cover the fundamental anatomy of the human 

respiratory system and the airway models used for in-vivo and in-vitro correlations (IVIVCs) 

studies. This scientific information is essential for gaining a comprehensive understanding of 

the complex geometry of human airways and comprehending the function of different parts of 

the airway system. The second component will delve into reviewing the basic physics of drug 

particles in the human airway. Following this, a comprehensive review of drug delivery 

methods and research techniques in the field will be conducted, encompassing CFD, NGI, 

HPLC, laser technology, and dissolution. 

 

2.2 Airway fundamentals  

 

The human airway can be divided into three main regions: (1) the extrathoracic region (mouth-

throat region), which comprises the nasal cavity, oral cavity, pharynx, and larynx to the 

entrance of the trachea, (2) the tracheobronchial region, which consists of the proximal 

conducting airways (start from the trachea to the terminal bronchioles), and (3) the alveolar 

region, which ranges from respiratory bronchioles to the alveoli (Ahookhosh et al., 2020; 

Hofmann, 2011). The anatomical structure of the human airway is highly intricate, and the 

understanding of the precise of the human respiratory tract remains limited (W. H. Finlay, 2001; 

Ides et al., 2022; Yaqub et al., 2022). This lack of understanding can be attributed to several 

factors. Firstly, there is a significant variation in respiratory tract geometry from individual to 

individual (W. H. Finlay, 2001; Z. Ma et al., 2022) and the human airway can be affected by 

many factors such as gender, age, BMI (Shaokoon Cheng et al., 2019; Bingjie Ma et al., 2020; 

S. Martin et al., 1997) and many health-related problems (A Kourmatzis et al., 2018; Walsh et 

al., 2008). Secondly, the complex intricacies of the lung, such as the presence of millions of 
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alveoli (the mean alveolar number was 480 million, ranging from 274 to 790 million) with 

diameters ranging in the order of a few hundred microns, each possessing unique shapes, render 

it impractical to fully specify this level of detailed information (Ochs et al., 2004; Xi et al., 

2020). The geometry of the respiratory tract is dynamic and subject to change over time due to 

the nature of breathing. While alveoli Due to the limitation expand and contract during 

inhalation and exhalation, these changes are not limited to the alveoli. Significant geometric 

variations also occur in the oral cavity, pharynx, and upper respiratory tract regions, influenced 

by factors such as soft tissue movement, airway muscle activity, and airflow patterns 

(Balásházy et al., 2008; W. H. Finlay, 2001). Related to this dynamic behaviour, the shape of 

the oral cavity can be altered by the positioning of the tongue and jaws and their muscular 

movements, resulting in a much more complex upper airway geometry (Finlay, 2001; A 

Kourmatzis et al., 2018). While capturing detailed motion of airway changes remains 

challenging due to the limitations of current medical imaging techniques, recent advancements 

have made significant progress in this area. For example, studies (Bates et al., 2019; Bates et 

al., 2018) have introduced innovative methods using CFD and static MRI with non-rigid 

registration to map upper airway movement. These techniques provide valuable insights into 

the relationship between airway motion and airflow dynamics, addressing some of the 

challenges in characterizing airway geometry changes during breathing. However, despite this 

knowledge gap, there is sufficient understanding of the fundamental aspects of the respiratory 

tract to develop simplified models of its geometry (Ahookhosh et al., 2020; Karra et al., 2019; 

Z. Ma et al., 2022; West & Luks, 2020). The detailed review of human airway models will be 

further discussed in section 2.3. For reader’s benefit, the schematic of the human respiratory 

tract is shown in Figure 2.1.  

The upper airway plays a crucial role in the entire respiratory system, serving as the front line 

for the lower airway by preventing the entry of foreign particles (Newman, 2017). This function 

results in significant drug deposition in this region (Rogers et al., 2022), which reduces 

therapeutic efficiency of inhalation aerosols and increases intersubjective variability and side 

effects (P Worth Longest & Hindle, 2012; Newman et al., 2007; Sadeghi et al., 2024). The 

upper airway is comprised of the nasal cavities, oral cavity, pharynx, and larynx (Devine & 

Zur, 2021). The pharynx can be further categorized into the nasopharynx, oropharynx, and 

hypopharynx (Siddiqui & Connor, 2013). Figure 2.2 depicts the anatomy of the human upper 

airway, commencing with the nasal cavity and extending through the nasopharynx and 

oropharynx to the larynx (W. Faizal et al., 2020). This project primarily focuses on the mouth-
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throat regions; therefore, the nasal cavity will not be addressed in this review section. Instead, 

anatomical features of the mouth-throat regions will be reviewed. 

 

 

Figure 2. 1: Schematic of the human respiratory tract. Adapted from (Hofmann, 2011).  
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Figure 2. 2: The human upper airway including the nasal cavity, oral cavity, and the main 

carina at the lower end of the trachea. Adapted from (W. Faizal et al., 2020). 

 

2.2.1 Oral cavity 

 

Understanding the intricate dynamics of the oral cavity is essential for optimizing pulmonary 

drug delivery. The oral cavity, enclosed by the alveolar arch of the maxilla and the mandible, 

features teeth at the front, the hard and soft palates above, the anterior two-thirds of the tongue 

and its mucosa extending forward onto the mandible below, and the oropharyngeal isthmus 

behind (Joseph, 1982; Marani et al., 2018). These structures play a crucial role in determining 

airflow patterns and drug deposition during inhalation, thereby impacting the overall efficiency 

of pulmonary drug delivery systems (Rana et al., 2020; Vara Almirall et al., 2022).  The oral 

teeth, situated at the front of the oral cavity, significantly influence the initial dispersion and 

direction of inhaled aerosols (Ehtezazi et al., 2004; He et al., 2024; X. Zhou et al., 2024). Teeth 

have the potential to create turbulent airflow, leading to premature deposition of drug particles 

on the oral surfaces rather than allowing them to reach the lower respiratory tract (Vara 
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Almirall et al., 2022).  Misalignments or irregularities in the teeth further exacerbate this issue, 

emphasizing the need for optimization inhalation techniques and device designs to minimize 

such deposition and enhance drug delivery efficiency (Cataldo et al., 2022; Rogliani et al., 

2017).  

Geometrical factors of the mouth and throat significantly influence the deposition of orally 

inhaled aerosols. A comprehensive parametric study examined the effect of various mouth-

throat geometrical features, such as oral cavity size, pharyngeal curvature, and airway diameter, 

on aerosol deposition patterns (Xi et al., 2016). Their findings highlighted that even small 

variations in geometry can lead to substantial changes in deposition efficiency, emphasizing 

the need to account for anatomical differences when designing inhalers. This work provides 

critical insights into the role of the oral cavity in particle dynamics and underscores the 

importance of including realistic geometrical models in pulmonary drug delivery studies. 

Similarly, the hard and soft palates also play crucial roles in pulmonary drug delivery. The hard 

palate, which forms the roof of the mouth, provides structural support and stability, while the 

more flexible soft palate can alter its position during breathing and swallowing (Brand et al., 

2023; Matsuo et al., 2010). At the distal of the soft palate is a small fleshy extension called the 

uvula (Gibb, 1872; Joseph, 1982), which can contribute to airway obstruction when improperly 

positioned (Hagberg et al., 2005). Additionally, the uvula plays a role in speech and swallowing, 

with its movement coordinated with that of the soft palate (Back et al., 2004; Donner et al., 

1985). A lowered or improperly positioned soft palate can obstruct airflow, leading to increased 

drug deposition in the upper airway (BASKAR et al., 2021; Z. Ma et al., 2022). This obstruction 

significantly impacts the efficiency of drug delivery to the lungs as it disrupts airflow dynamics 

(Z. Ma et al., 2022).  

The tongue, particularly its volume and muscle composition, has a profound impact on airway 

geometry and drug delivery (Mekonnen et al., 2022). A large tongue can obstruct the airway, 

creating a narrower passage for airflow, which complicates the effective delivery of inhaled 

medications (Bingjie Ma et al., 2020). Additionally, the muscle and fat composition of the 

tongue affects its size and positioning (Mekonnen et al., 2022). The intrinsic muscles of the 

tongue, including the superior longitudinal, inferior longitudinal, transverse, and vertical 

muscles, contribute to its shape and mobility (Sakamoto, 2018). The extrinsic muscles, such as 

the genioglossus, hyoglossus, styloglossus, and palatoglossus, control the tongue's position and 

movement (A Kourmatzis et al., 2018). Increased tongue fat, often seen in conditions like 
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obesity, further narrows the airway and exacerbates issues related to obstructive sleep apnea 

(OSA) (Kim et al., 2014), making pulmonary drug delivery less efficient (Bingjie Ma et al., 

2020). A sagittal perspective of the human upper airway, presenting the anatomy and 

musculature is shown in Figure 2.3.  

 

Figure 2. 3:  The sagittal perspective of the human upper airway, presenting the anatomy and 

musculature.  Adapted from (A Kourmatzis et al., 2018). 

2.2.2 Epiglottis   

 

Behind the tongue and in front of the laryngeal inlet is a leaf-shaped flap composed of elastic 

cartilage tissue covered with a mucous membrane known as the epiglottis (Suárez-Quintanilla 

& Sharma, 2019). The epiglottis is anchored to the thyroid cartilage and connected to the 

hyoid bone via the hyoepiglottic ligament (Ardran & Kemp, 1967; Suárez-Quintanilla & 

Sharma, 2019). It functions as a valve, preventing food and liquids from entering the trachea 

and lungs (Ardran & Kemp, 1967; Pitts, 2014).  

The efficient administration of aerosolized medications to the lungs relies on unobstructed 

passage through the upper airway (Darquenne et al., 2024; W. H. Finlay, 2001). The epiglottis 

is likely to play a significant role in influencing the effectiveness of inhaled therapies in 

pulmonary drug delivery and deposition since the airway narrows dramatically at this level 

from an anatomical point of view (Mekonnen et al., 2022), and from a fluid mechanics 
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perspective, it creates a natural barrier for particles to be transported to the deep of human lungs 

due to the complex transition flow behavior in the local region (A Kourmatzis et al., 2018). 

Numerous studies have been conducted on obstructive sleep apnea (OSA), which is caused by 

the obstruction or narrowing of the airway at various levels (Catalfumo et al., 1998; Delakorda 

& Ovsenik, 2019; Torre et al., 2016). An earlier study (Catalfumo et al., 1998) investigated the 

relationship between the epiglottis and obstructive sleep apnea syndrome (OSAS) and revealed 

that partial or total hypopharyngeal obstruction by the epiglottis may contribute to OSAS, and 

the position of the epiglottis with respect to the base of the tongue during deep inspiration over 

45 degrees may be the major contributing factor for the OSAS. Torre et al also argued that the 

collapse of the epiglottis is more likely to lead to OSA (Torre et al., 2016). However, limited 

research has been conducted in pulmonary drug delivery regarding the impact of the epiglottis 

on lung deposition, local drug particle flow, and deposition mechanisms (A Kourmatzis et al., 

2018). Moreover, the position of the epiglottis will be changed due to the muscle motion during 

respiration (Ardran & Kemp, 1967), and the effect of these movements on drug particle 

deposition mechanisms remains unclear (A Kourmatzis et al., 2018). In addition, other 

systemic pathophysiological changes in the upper airway could impact inhaled drug delivery 

in Chronic obstructive pulmonary disease (COPD) (Mekonnen et al., 2022).  For instance, 

research has shown that chronic inflammation of the nasal mucosa and enlargement of the 

tonsils and adenoids in COPD patients might lead to increased airway resistance (Lambert et 

al., 1993; Owens et al., 2017). 

 

2.2.3 Pharynx    

 

The pharynx is a muscular tube that extends from the base of the skull to the level of the sixth 

cervical vertebra, transitioning into the esophagus, and it is anatomically divided into three 

regions: the nasopharynx, oropharynx, and laryngopharynx (Donner et al., 1985; 

Karaosmanoglu & Ozgen, 2022). The nasopharynx is located posterior to the nasal cavity and 

above the soft palate (Moss, 1989; Sobiesk & Munakomi, 2019), the oropharynx is behind the 

oral cavity and extends from the soft palate to the hyoid bone (DelGaudio & Chen, 2010), and 

the laryngopharynx is situated posterior to the larynx (Suárez-Quintanilla & Sharma, 2019). 

During respiration, the pharynx serves as a passageway for directing air from both the nasal 

cavity and mouth to the larynx and trachea (Robinson & Furlow, 2007). 
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The pharynx is a crucial anatomical region in pulmonary drug delivery, as it is the initial 

pathway that inhaled medications must navigate to reach the lungs (Gonda, 2000). In the 

oropharynx, inertial impaction is responsible for delivering most pharmaceutical aerosols from 

inhaler devices, and oropharyngeal filtration significantly impacts the aerosols that can reach 

the deep lungs (A. Clark et al., 1998; Voss et al., 2022). Oropharyngeal filtering affects both 

overall lung drug deposition and its variability, with inhalers delivering the smallest lung doses 

showing the highest variability (Borgström et al., 2006). Furthermore, the complex anatomy 

and dynamic functions of the pharynx, including the coordinated muscular movements during 

breathing, significantly influence the flow dynamics and deposition patterns of inhaled drugs 

(Shaokoon Cheng et al., 2019; A Kourmatzis et al., 2018). A research (Shaokoon Cheng et al., 

2019) found that deformation of the upper airway pharynx at the level of the soft palate in the 

lateral direction, rather than in the anteroposterior direction, has a significant impact on throat 

deposition, fine particle fraction (FPF), and in vitro lung dose as measured using a Next 

Generation Impactor (NGI). However, the detailed physical mechanisms behind this 

phenomenon remain unclear (Shaokoon Cheng et al., 2019). Additionally, combined with the 

Next Generation Impactor (NGI), mouth-throat models have been extensively used to study in 

vitro-in vivo correlations (IVIVCs), providing deep insights into particle transport and 

deposition mechanisms in the respiratory tract (Chow et al., 2021; Wei et al., 2018).  

Several anatomical mouth-throat models have been developed over the last two decades based 

on the oropharyngeal geometries of healthy human subjects, and these mouth-throat models 

will be further discussed in section 2.3.  

2.3 Realistic Mouth-Throat models  

The anatomical geometry of the human upper airway is complex and forms a natural barrier 

against foreign particles, including inhaled pharmaceutical aerosols (Newman, 2017). A 

fundamental technique to test the efficacy of inhaled pharmaceutical aerosols involves 

analyzing the aerodynamic properties of drug particles using a cascade impactor, such as the 

Next Generation Impactor (NGI), alongside mouth-throat models to establish in vitro-in vivo 

correlations (IVIVCs) (Chow et al., 2021; Newman & Chan, 2020; Wei et al., 2018). The 

United States Pharmacopeia (USP) induction port, serving as a simplified mouth-throat model 

with a 90° bent tube, has been considered a standard tool for evaluating the performance of 

aerosols (USP, 2023). S. Stein and Gabrio (2000) observed that deposition in the USP induction 

port primarily occurred at the entrance. However, in a realistic upper airway model, deposition 
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was found to occur in both the mouth and the pharynx due to inertial impaction and turbulence 

(Ghahramani et al., 2014; S. Stein & Gabrio, 2000). Dolovich and Rhem (1998) compared 

seven different impactor inlets to the Andersen Cascade Impactor (ACI) showing that the fine 

particle dose (FPD) of particles less than 5.8μm varied almost three-fold, from 34.1% to 91.1% 

of the emitted dose, depending on the mouth-throat model used. Additionally, Borgström et al. 

(2006) argued that throat deposition emerged as the primary source of inter-subject variability 

observed in clinical lung deposition studies. These studies have indicated that the deposition 

of aerosols in the lungs is significantly influenced by the human upper airway geometries, 

underscoring the importance of developing appropriate mouth-throat models. 

There are three main approaches employed to develop realistic mouth-throat models for inhaled 

drug aerosols: (a) geometries derived from cadaveric cast data found in existing literature, (b) 

geometries that replicate individual airways based on Computed Tomography (CT) or 

Magnetic Resonance Imaging (MRI) data, and (c) idealized geometries that incorporate critical 

airway dimensions (Byron et al., 2010; Golshahi et al., 2022; Newman & Chan, 2020). CT and 

MRI have emerged as the primary tools for developing mouth-throat models, as cadaver casts 

often suffer from distortions caused by post-mortem tissue shrinkage (Byron et al., 2010). 

Moreover, the advancement in manufacturing techniques, particularly 3D printing, has 

significantly improved the ability to create realistic upper airway models that accurately 

replicate anatomical structures for various research purposes (Bücking et al., 2017). 

Over the past two decades, three primary designs of anatomical mouth-throat have been 

developed and are shown in Figure 2.4. The differences between AIT, VCU, and OPC will be 

discussed as follows. All of these designs are based on the oropharyngeal geometries of healthy 

human subjects (Newman & Chan, 2020; Wei, 2015).  

 

Figure 2. 4: Three main designs of mouth-throat models. Adapted from (Wei, 2015).  
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AIT 

The Alberta Idealized mouth-throat (AIT) was constructed from metal (commercially available 

from Copley Scientific, Nottingham, UK) and designed by scientists at the University of 

Alberta in Edmonton, Canada, developed based on dimensions obtained from MRI images, CT 

images, and airway geometries available in the literature to mimic the anatomical features of a 

realistic human upper airway (W. Finlay et al., 2010; W. Finlay et al., 2004; Golshahi et al., 

2022; Newman & Chan, 2020; Stapleton et al., 2000; Wei, 2015). This model aims to represent  

the anatomical geometric characteristics of an average adult oropharynx and its fluid dynamic 

properties concerning aerosol capture (Newman & Chan, 2020; Wei, 2015). To account for the 

variability in oropharyngeal dimensions among adult subjects, the idealized mouth-throat 

geometry can be proportionally scaled by 30% to approximate the upper and lower bounds (W. 

Finlay et al., 2010). Although the AIT can be separated into two halves to potentially ease the 

differentiation between deposition in the mouth and the pharynx (Newman & Chan, 2020), it 

has unrealistically smooth interior surfaces (Byron et al., 2013), lacks anatomical features such 

as the uvula (though it includes the epiglottis) (S. S. Y. Leung et al., 2015; Stapleton et al., 

2000), and requires an airtight adapter to correctly position and angle an inhaler into the mouth 

region of the model (Byron et al., 2013). Additionally, pediatric models are also available; 

however, the primary focus of this thesis is on adult airways, so models for child and infant 

airways will not be addressed.   

 

VCU 

Pharmaceutical scientists at Virginia Commonwealth University (VCU) developed small, 

medium, and large Virginia Commonwealth University mouth-throat models (VCU-MTs) with 

internal volumes of 26.6 cm³, 61.6 cm³, and 96.1 cm³, respectively (Delvadia et al., 2012; P 

Worth Longest & Hindle, 2012; Wei, 2015). The internal volumes of VCU-MTs align with the 

95% confidence intervals (CI) derived from the mean ± 2SD values reported by Burnell et al 

(Burnell et al., 2007; Wei, 2015). VCU-MTs were developed using CT imaging data of healthy 

adults from Xi and Longest (2007) and Xi et al. (2008). Additionally, these models also 

incorporated the first three generations of the lung airways (trachea to upper bronchi) modeled 

on asymmetrically branching tracheobronchial airway data from Yeh and Schum (1980) and 

Tian et al. (2011). VCU-MTs are typically fabricated from transparent resin and polyurethane  
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(Newman & Chan, 2020), with polished gold-plated steel also employed for the medium-sized 

VCU model in the existing study (Kaviratna et al., 2019b). Additionally, anatomical features 

such as the uvula and epiglottis have been removed in the VCU-MTs (Delvadia et al., 2012). 

 

OPC  

The Oropharyngeal Consortium mouth-throats (OPC-MTs) were established as a collaborative 

effort by AstraZeneca, GlaxoSmithKline, and Sanofi-Aventis to encompass the full spectrum 

of dimensions present in diverse human subjects of mixed genders (Burnell et al., 2007). OPC-

MTs, fabricated by stereolithography from MRI imaging data, have internal volumes of 27.6 

cm³, 91.7 cm³, and 84.4 cm³ for the small, medium, and large sizes, respectively (Wei, 2015). 

Small, medium, and large OPC-MTs (Emmace Consulting AB, Sodra Sandby, Sweden), made 

from sintered polyamide, have been acquired for utilization in laboratory research (Wei et al., 

2018). The selection of the small, medium, and large OPC models was based on the 

Consortium's assessment of aerosol deposition, rather than on measurements of the internal 

geometries of the models themselves (Burnell et al., 2007). Moreover, in comparison to 

Virginia Commonwealth University mouth-throats (VCU-MTs) and AIT models, OPC-MTs 

incorporate more detailed anatomical features such as the hard palate, tongue, soft palate, and 

epiglottis (Burnell et al., 2007). 

 

2.4 Particles  

 

The effectiveness of inhalation therapy largely depends on the properties of the drug particles, 

including particle size, shape, density, and surface characteristics (Carvalho et al., 2011; Chew 

& Chan, 2002; W. H. Finlay, 2001; Stuart, 1984). These factors influence the deposition pattern 

within the respiratory tract. The optimal particle size for inhalation aerosols typically ranges 

from 1 to 5 µm (Bosquillon et al., 2001; W. H. Finlay, 2001; Parumasivam et al., 2016). Larger 

drug particles (particle size > 5 µm) are more likely to be deposited in the upper airways and 

do not reach the deep lung region, while small particles (particle size < 1 µm) tend to remain 

in suspension and are expelled during exhalation (Patton & Byron, 2007; Thakur et al., 2020; 

Yu & Taulbee, 1975). However, having the particle size fall within the appropriate range is not 

everything. An earlier study contended that agglomeration tended to occur due to the Van der 
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Waals and electrostatic forces (Edwards et al., 1998). Additionally, with respect to the particle 

shape and particle density, there are two simplifying assumptions that are commonly accepted 

in the existing literature: (1) The particle is assumed to be spherical; and (2) the particle density 

is assumed to be much larger than that of the surrounding fluid  (W. H. Finlay, 2001; A 

Kourmatzis et al., 2018).  

Aerosols used in pulmonary drug delivery are broadly categorized into solid particles, 

commonly delivered via dry powder inhalers (DPIs), and liquid droplets, typically 

administered through sprays and nebulizers. The behavior of these two types of aerosols differs 

significantly (W. H. Finlay, 2001). This thesis primarily focuses on solid particles. In the 

following section, a comprehensive review of inhalation particles will be provided, covering 

the fundamental physics of particle motion in fluid and its correlation to airway dynamics. 

Additionally, the distribution of particle sizes will also be discussed. 

 

 

2.4.1 Mechanism of particle motion and deposition  

 

When drug particles travel along the human airway, they are exposed to various external 

influences, such as turbulence, gravitational forces, and inertial effects, that may cause them to 

deviate from the streamlines of the inhaled air. These interactions can lead to particle deposition 

on the surrounding airway surfaces, although many tracer particles closely follow the 

streamlines under typical conditions (Carvalho et al., 2011). There are five primary 

mechanisms for the deposition of drug particles in the lungs, primarily based on particle size: 

inertial impaction, sedimentation, diffusion by Brownian motion, interception, and electrostatic 

precipitation (Carvalho et al., 2011; Hofmann, 2011; Mortensen et al., 2014; Patton & Byron, 

2007). Interception and electrostatic precipitation are generally considered minor factors 

compared to impaction, sedimentation, and diffusion in particle deposition (Darquenne, 2020). 

Consequently, they are not addressed in this thesis. The effects of particle shape (e.g., elongated 

particles) and electrostatic charges, which are associated with these lesser mechanisms, have 

been thoroughly reviewed in other studies (Gonda, 2004; Zeng et al., 2001). The particle 

motion and deposition mechanisms of inhaled particles in the lung are illustrated in Figure 2.5: 
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Figure 2.5: The deposition mechanisms of inhaled particles in the lung. Adapted from 

(Darquenne, 2020) 
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Inertial impaction 

Inertial impaction primarily occurs in the upper and conducting airways, particularly in the 

mouth-throat region, trachea and bronchial regions where the airways bifurcate and narrow. In 

these areas of the human respiratory tract, airborne particles have sufficient momentum to 

maintain their trajectory despite changes in airflow direction, causing them to collide with the 

walls of the airway. The likelihood of deposition via impact increases when drug particles 

travel longer distances (S), which depends on their mobility (velocity per unit force) (B), mass 

(m), and velocity (𝑣), as described by Eq.1 (Hickey, 2003) : 

𝑆 = 𝐵 × 𝑚 × 𝑣                                                                                                                                       (1) 

The Stokes number (𝑆𝑡𝑘) , as described by Eq.2, is a dimensionless parameter that characterizes 

the behavior of particles suspended in a fluid flow, particularly in relation to their ability to 

follow the flow streamlines, and it describes the probability of particle deposition in the airways 

via impaction (Carvalho et al., 2011). A higher Stokes number suggests an increased likelihood  

of particles being deposited due to inertial impaction. 

𝑆𝑡𝑘 =
𝜌𝑝 × 𝑑2 × 𝑉

18 × µ × R
                                                                                                                                (2) 

In this equation, 𝜌𝑝 represents the particle density, 𝑑 denotes the particle diameter, 𝑉 signifies 

the air velocity, µ refers to the air viscosity, and 𝑅 indicates the airway radius.  

 

In vitro experiments performed by Grgic, Finlay, and Heenan (2004) in an idealized mouth-

throat geometry showed that deposition efficiency increased with increasing flow rate, even if 

the Stokes number was held constant, indicating a dependence on the flow Reynolds number 

𝑅𝑒 (Eq.3). An empirical Reynolds number correction was applied to the Stokes number (𝑆𝑡𝑘 ⋅

𝑅𝑒0.37 ), leading to better collapse of extrathoracic deposition onto a single curve. 

𝑅𝑒 =
𝜌𝑎 × 𝑉 × 𝑑

µ
                                                                                                                                    (3) 

Where 𝜌𝑎 is the density of air, 𝑉 is the flow velocity, 𝑑 is the diameter of the passageway and 

µ is to the air viscosity. This equation is primarily applicable to regions of the respiratory 

airway where a representative diameter (𝑑) can be reasonably approximated, such as the mouth-

throat or trachea. It is important to note that the diameter of the airway varies significantly 
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along its length, ranging from a few centimeters in the mouth and trachea to millimeters in the 

bronchioles. Therefore, this equation is most relevant to larger airway regions where the 

geometry remains relatively uniform over the length considered. For smaller, highly variable 

regions, such as the bronchioles, the equation serves as a general framework but may require 

refinement or local adjustments to account for geometric variability. This distinction ensures 

the equation is appropriately interpreted within the context of specific airway regions. 

 

Sedimentation 

Sedimentation primarily occurs in the smaller airways and alveolar regions of the respiratory 

tract (Carvalho et al., 2011; Stuart, 1984). This process is time-dependent and is most 

significant in areas where airflow slows down, such as in the bronchioles and alveoli, allowing 

particles to settle due to gravity (Carvalho et al., 2011; Hofmann, 2011). Furthermore, slow 

breathing is most effective for promoting sedimentation because it allows for longer residence 

times of particles in the airways (Hofmann, 2011; Zeng et al., 2000). Additionally, Stokes' Law 

operates under the assumption that there is no relative velocity between the particle's surface 

and the surrounding airstream. For spherical particles with unit density ranging from 1 to 40 

µm, this law can be applied to estimate the terminal settling velocity (also referred to as the 

“sedimentation velocity”) 𝑉𝑡𝑠 , as shown below in Eq.4 (Gonda, 2000):  

𝑉𝑡𝑠 =
(𝜌𝑝 − 𝜌𝑎) × 𝑑2 × 𝑔

18 × µ
                                                                                                        (4) 

In which, 𝜌𝑝 is the density of the particle,  𝜌𝑎 represents the density of air, 𝑑 is the particle 

diameter, g indicates the gravitational acceleration and  µ refers to the air viscosity. 

However, the assumption of Stokes’ Law is not suitable for inhaled small particles. A slip 

correction factor (𝐶𝐶), as derived by Cunningham (1910) and given in Eq.5, should be applied 

to Stokes’ Law for particles smaller than 10 µm (Crowder et al., 2002).  

𝐶𝐶 = 1 + 𝐾𝑛 × [𝐴1 + 𝐴2 × exp (−
𝐴3

kn
)]                                                                                         (5) 

In which, 𝐾𝑛 is the Knudsen Number, and 𝐴1, 𝐴2 and 𝐴3 are constants.  The values for 𝐴1, 𝐴2 

and 𝐴3  are derived from experimental measurements of drag on small particles, and most 

commonly used values, determined by Davies in 1945 (Davies, 1945), are reported by Reist 

(Reist, 1993) and Hinds & Zhu (Hinds & Zhu, 2022) as 𝐴1 = 1.257,𝐴2 = 0.4 and 𝐴3 = 1.1. 
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The Knudsen number represents the ratio of the mean free path of gas molecules to the particle 

size (as shown in Eq. 6). It is influenced by the transfer of heat, mass, and momentum between 

the particles and the surrounding carrier gas. 

𝐾𝑛 =
2𝜆   

𝑑
                                                                                                                                                (6) 

where 𝜆  represents the mean free path of the gas molecules, and 𝑑 indicates the particle 

diameter. The mean free path of gas molecules can be calculated using Eq.7. 

𝜆 = 𝑣(
𝜋𝑚   

2𝑘𝑇
)  1/2                                                                                                                                    (7) 

where 𝑣 represents the kinematic viscosity of the gas, 𝑚 is the molecular mass, 𝑘 refers to 

Boltzmann’s constant, and 𝑇 is the absolute temperature (Friedlander & Smoke, 2000). 

Moreover, the slip correction factor should be incorporated into the calculation of particle 

settling velocity, as shown in Eq.8 (Crowder et al., 2002).  

𝑉𝑡𝑠 =
𝜌𝑝 × 𝑑2 × 𝑔 × 𝐶𝐶

18 × µ
                                                                                                                   (8) 

Numerous studies have explored the impact of sedimentation on particle deposition within the 

human airways. A study noted that in a realistic human upper airway model, the deposition of 

particles due to inertial impaction and sedimentation exhibited non-linear behavior in relation 

to particle diameters (Martonen et al., 2002). Sedimentation became increasingly dominant 

over inertial impaction under slow breathing conditions (i.e. Q ≤ 7.5 L/min) (Kleinstreuer et 

al., 2007). A recent study (Ou et al., 2020) found that gravitational sedimentation is primarily 

influenced by the Stokes number (St) and the ratio of St to Re². Moreover, the alteration of 

gravity also has an impact on the sedimentation of particles in the human lungs (Darquenne, 

2014; Darquenne et al., 2000). 

 

Brownian diffusion 

For particles of extremely small size (<1 µm), collisions with randomly moving air molecules 

cause a nondeterministic random walk known as Brownian motion, allowing these particles to 

diffuse easily due to molecular interactions within the gas (Carvalho et al., 2011; W. H. Finlay, 

2001). The diffusion rate is proportional to the Brownian diffusion coefficient, which is related 
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to particle size and can be described by the Stokes–Einstein equation, as shown in Eq.9 (Gonda, 

2000). 

𝐷𝐵 =
𝐶𝐶 kT

3πµd
                                                                                                                                      (9) 

Where 𝐷𝐵  is the diffusion coefficient, 𝐶𝐶  is the Cunningham correction factor, k is 

Boltzmann’s constant, T represents the absolute temperature, µ is to the air viscosity and 𝑑 

indicates the particle diameter. Unlike impaction and sedimentation mechanisms, diffusional 

deposition is inversely related to particle size and particularly becoming the primary deposition 

mechanism for particles smaller than 0.5 µm in diameter (Carvalho et al., 2011; Darquenne, 

2020). 

 

2.4.2 Particle size distribution    

 

Most inhaled pharmaceutical aerosols are 'polydisperse,' containing particles of varying sizes, 

whereas 'monodisperse' aerosols-composed of uniform-sized particles-are typically impractical 

for pharmaceutical use (W. H. Finlay, 2001) but are commonly employed in CFD studies (W. 

Longest & Farkas, 2019; Rygg & Longest, 2016; Tian et al., 2015). Understanding the particle 

size distribution within an aerosol is crucial, as it significantly influences the deposited drug 

dose and the spatial distribution of aerosols within the lungs (W. H. Finlay & Darquenne, 2020). 

Additionally, while aerosol particle size distributions are inherently discrete, continuous 

functions, such as count distributions, mass distributions, and commonly used models like the 

Rosin-Rammler distribution, serve as valuable conceptual tools for describing these 

distributions (W. H. Finlay, 2001; W. H. Finlay & Darquenne, 2020). 

Count distribution 

The size distribution of an aerosol can be described by its frequency distribution 𝑓(𝑑𝑝) , such 

that the fraction of particles with diameters between 𝑑𝑝 and 𝑑𝑝 + Δ𝑑𝑝 is 𝑓(𝑑𝑝)Δ𝑑𝑝, Δ𝑑𝑝 is 

also represented as the area under the frequency distribution curve 𝑓(𝑑𝑝) within the 

infinitesimal range. The count distribution 𝑛(𝑑𝑝) is related to the frequency distribution 𝑓(𝑑𝑝) 

and shown below in Eq.10 (W. H. Finlay, 2001; W. H. Finlay & Darquenne, 2020).  

𝑛(𝑑𝑝) = 𝑁𝑝𝑓(𝑑𝑝)                                                                                                                               (10) 

In which, 𝑁𝑝 represents the total number of particles in the aerosol.  
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Mass distribution 

Count and frequency distributions provide the number of particles within specific size ranges, 

but for aerosolized drugs, measuring particle count is often impractical (W. H. Finlay & 

Darquenne, 2020). Instead, mass is typically used to quantify inhalation drug aerosols. When 

considering mass, it is standard practice to refer to the cumulative mass distribution 𝑀(𝑑𝑝), 

which represents the total mass of particles with diameters less than a specified value, obtained 

by calculating the area under the mass distribution curve from zero to the given diameter 𝑑𝑝 

(W. H. Finlay & Darquenne, 2020). The relationship between the mass and cumulative mass 

distributions is provided in Eq.11. 

𝑀(𝑑𝑝) = ∫ 𝑚(𝑥)
𝑑𝑝

0

𝑑𝑥                                                                                                                       (11) 

In which, 𝑚(𝑥) 𝑑𝑥 represents the mass of particles with diameters between 𝑥 and 𝑥 + 𝑑𝑥. In 

mass distributions, the mass median diameter (MMD) is a widely utilized metric, representing 

the diameter at which half of the total aerosol mass is contained. When considering 

aerodynamic diameters, the mass median aerodynamic diameter (MMAD) is calculated and 

serves as a widely used metric for inhaled aerosols (W. H. Finlay & Darquenne, 2020; Wiggins, 

1991). 

Beyond cumulative mass distributions, the log-normal distribution, as described by Eq.12, is 

another commonly encountered size distribution in aerosol science (W. H. Finlay, 2001).  

𝑚(𝑑𝑝) =
1

𝑑𝑝√2𝜋
exp [

−(𝑙𝑛𝑑𝑝 − 𝑙𝑛𝑀𝑀𝐴𝐷)2

2(𝑙𝑛𝐺𝑆𝐷)2
 ]                                                                           (12) 

In which, 𝑑𝑝  is the particle diameters, MMAD (or MMD) is the mass median diameter and 

GSD is the geometric standard deviation.  

The MMAD is calculated by first identifying the aerodynamic diameter at 50% of the mass or 

by locating the 50% point on the cumulative distribution curve. To obtain the GSD and evaluate 

the variability of the distribution, the aerodynamic diameter at 15.9% of the mass and 84.1% 

of the mass volume was also determined. The GSD was calculated using Eq.13, with 𝐷84.1 and 

𝐷15.9 representing the diameters at which 84.1% and 15.9% of the mass volume are composed 

of smaller particles (USP, 2023; Wiggins, 1991). 
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𝐺𝑆𝐷 = √
𝐷84.1

𝐷15.9 
                                                                                                                                    (13) 

 

Given the MMAD (or MMD) and GSD of an aerosol, along with the number 𝑁 of aerosol 

particles per unit volume and the particle density 𝜌𝑝, the mass 𝑀 of particulates per unit 

volume of air can be determined by Eq.14 (W. H. Finlay & Darquenne, 2020).  

𝑀 =
𝜌𝑝 𝑁𝜋

6
(𝑀𝑀𝐴𝐷)3exp [

−9(𝑙𝑛𝐺𝑆𝐷)2

2
 ]                                                                              (14) 

Aerosol size distributions are not always well-represented by a lognormal model, leading to 

the development of alternative continuous functions to characterize these distributions (Hinds 

& Zhu, 2022). An alternative distribution is the Rosin-Rammler distribution (see Eq.15), 

originally described by Rosin and Rammler in 1933 (Rosin, 1933), which characterizes aerosol 

size distributions based on cumulative mass data. 

𝑀𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 (𝑑𝑝) = 1 − exp [(
−𝑑𝑝

𝛿
)𝑛 ]                                                                                         (15) 

where 𝛿 and n are specified constants (Michaelides et al., 2016).  

 

2.5 CFD 

Pulmonary drug delivery is a multidisciplinary field that encompasses the study of fluid 

dynamics and airway geometries. Computational Fluid Dynamics (CFD) has been utilized in 

research related to airway studies. This section will focus on the application of CFD in human 

upper airway research, starting with the mathematical aspects of the CFD model. 

2.5.1 CFD basics 

The advancement in computational power has significantly accelerated the application of 

computational fluid dynamics (CFD) models in the design of pharmaceutical inhalers (Conor 

A Ruzycki et al., 2013) and in predicting the behavior of aerosols within the respiratory tract 

(Fen Huang et al., 2021; Jahed et al., 2024; Y. Kim et al., 2019). By leveraging the Navier-

Stokes equations, CFD models provide a robust framework for quantifying gas flow and 

aerosol dynamics within the respiratory tract, including comprehensive assessments of both 

total and regional aerosol deposition patterns in the human upper airways (P Worth Longest & 
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Holbrook, 2012). The Navier-Stokes equations are typically expressed as follows (Constantin 

& Foiaş, 1988): 

Continuity equation (Conservation of mass): 

𝛻 ⋅ 𝑢 = 0                                                                                                                                     (16) 

Momentum equation (Conservation of Momentum): 

𝜌 (
𝜕𝑢

𝜕𝑡
+ 𝑢 ⋅ 𝛻𝑢) = −𝛻𝑝 + 𝜌𝑔 + 𝜇𝛻2𝑢                                                                              (17) 

Where 𝑢 denotes the fluid velocity vector with components 𝑢𝑥, 𝑢𝑦 ,𝑢𝑧 ,𝜌 is the fluid density, 𝑝  

is the pressure field, 𝜇 is the dynamic viscosity of the fluid, and 𝜌𝑔 represents the gravitational 

force acting on the fluid. 

In addition, CFD offers a variety of turbulence models suited to different flow conditions, 

including commonly used models such as k-epsilon (k-ε),  k-omega (k-ω), Reynolds Stress 

models, and Large Eddy Simulation (LES) (W. Faizal et al., 2020). The choice of model 

depends on the specific application and the flow characteristics being studied . The RANS 

equations, as detailed in Eq.18 and Eq.19, are derived from the Navier-Stokes equations by 

decomposing the instantaneous velocity and pressure fields into mean and fluctuating 

components (Alfonsi, 2009). 

Continuity equation (for incompressible flow): 

𝛻 ⋅ 𝑢̅ = 0                                                                                                                                              (18) 

Momentum equation: 

𝜌 (
𝜕𝑢̅

𝜕𝑡
+ 𝑢̅ ⋅ 𝛻𝑢̅) = −𝛻𝑝̅ + 𝜌𝑔 + 𝜇𝛻2𝑢̅ − 𝛻 ⋅ 𝑢′𝑢′̅̅ ̅̅ ̅                                                                      (19) 

Where 𝑢̅ is the time-averaged velocity vector, 𝑝̅ is the time-averaged pressure field, 𝑢′ is the 

fluctuating component of the velocity and 𝑢′𝑢′̅̅ ̅̅ ̅ is the Reynolds stress tensor, capturing the 

effects of turbulence. 

2.5.2 Different turbulence models in human upper airway 

RANS models, the most widely used turbulence models in pulmonary drug delivery, are 

favored for their robustness and significantly lower computational costs compared to DNS or 

LES, as they simplify the analysis by decomposing the instantaneous turbulent velocity into 
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mean flow velocity and time-dependent fluctuations, solving only the Reynolds-averaged 

Navier-Stokes equations (both mass and momentum) to predict the mean flow properties (Fen 

Huang et al., 2021; Mihaescu et al., 2008). 

Standard k-ε and k-ω models 

The standard k-ε and k-ω models, both commonly used RANS approaches, link Reynolds stress 

to turbulent kinetic energy (k) and its dissipation rate (ε) or specific dissipation rate (ω), and 

are classified as two-transport-equation models (Fen Huang et al., 2021). 

The standard k-ε model, which serves as the default in k-ε turbulence modelling, is efficient 

and performs well in simulating flows with small pressure gradients, such as in free-stream 

regions, it has been found to perform poorly in predicting flows in the extrathoracic (ET) region, 

where recirculating zones, free-shear layers, and mean streamline curvature are present (P. 

Koullapis et al., 2018; Stapleton et al., 2000). The k-ε model is optimally suited for flow regions 

distant from walls, such as free surface flows, but it is not well-suited for low Reynolds number 

turbulent flows in the near-wall (NW) region. To enhance the simulation accuracy in the NW 

region, Matida et al. (2006) introduced a anisotropic turbulence correction, while P Worth 

Longest and Xi (2007) stressed precise velocity interpolation. However, the standard k-ω 

model, outperforming the standard k-ε in NW and ET regions, closely aligns with in vivo data 

but is sensitive to inlet condition variations (Ball et al., 2008; P. Koullapis et al., 2018). 

Mylavarapu et al. (2009) investigated the CFD models used for human airway simulation and 

found that the standard k-ω turbulence model more accurately predicts experimental wall static 

pressures in patient-specific airway geometries, with an average error of approximately 20% 

across all measurement ports. 

 

LRN k-ε and k-ω models 

Low-Reynolds Number (LRN) models were developed to simulate turbulent flows in the NW 

region, providing superior predictions of near-wall flow dynamics, including pressure drop, 

velocity distributions, shear stress, and the transition from laminar to turbulent flow (Huang et 

al., 2022). CFD simulations utilizing LRN models were able to predict particle deposition in 

transitional and turbulent flows within the extrathoracic (ET) region and across airway 

bifurcations (Y. Chen et al., 2023; Launder & Sharma, 1974). 



40 
 

Numerous studies have employed LRN models to investigate drug particle behavior within the 

human airway. Luo and Liu (2008) employed a Low Reynolds Number (LRN) k-ω turbulence 

model to simulate inspiratory flow in a CT-scan-based respiratory model, revealing that airflow 

preferentially diverts toward the left main bronchus and extends further downstream with the 

increase of Reynolds numbers. Forman et al. (2007) investigated aerosol deposition in a CT-

scan-based respiratory tract model using the LRN k-ε turbulence model, concluding that higher 

Reynolds numbers enhance aerosol deposition due to the generation of turbulence.  

Additionally, a few study have observed that LRN k-ε model demonstrated better agreement 

with experimental data compared to the LRN k-ω model (Y. Chen et al., 2023; Ghahramani et 

al., 2014). However, this finding has been contested by several other studies (P. Koullapis et 

al., 2018; Zhe Zhang & Kleinstreuer, 2003). P. Koullapis et al. (2018) contended that the LRN 

k-ω model was effective in predicting both flow fields and deposition in the human airway, 

particularly for particles larger than 5 μm in size, although it tended to overpredict the 

deposition of smaller particles. 

 

Shear-stress transport turbulence models 

Shear-stress transport (SST) turbulence models integrate the strengths of both k-ε and k-ω 

models, applying the k-ω approach near the wall regions and the k-ε model in the mainstream 

flow (Huang et al., 2022). This hybrid approach allows the k-ω SST model to function 

effectively as a Low-Reynolds Number turbulence model without the need for additional 

damping functions. Kolanjiyil and Kleinstreuer (2016) utilized the k-ω SST model to simulate 

airflow throughout the entire lung, while Jayaraju et al. (2007) investigated flow dynamics and 

particle deposition in a realistic mouth-throat (MT) model using the LRN SST model, with 

their findings showing strong correlation with both simulation results and experimental data 

(Martonen et al., 2002). Ciciliani et al. (2017) also employed the k-ω SST model to analyze 

flow behavior in the tracheobronchial (TB) region.  
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2.5.3 DPM  

To investigate aerosol behavior in the human airway using CFD, the Discrete Phase Model 

(DPM), within the Eulerian-Lagrangian framework, is commonly employed, where all 

particles are treated as Lagrangian point particles, and the forces acting on them are analyzed 

in Cartesian coordinates, as described by the following equations (X. Chen et al., 2012; F. 

Huang et al., 2021):  

𝑑(𝑢𝑝)

𝑑𝑡
= 𝐹𝐷 (𝑢 − 𝑢𝑝) +

𝑔(𝜌𝑝 − 𝜌)

𝜌𝑝

                                                                                                (20) 

𝐹𝐷 =
18𝜇

𝜌𝑝𝑑𝑎
2

𝐶𝐷𝑅𝑒

24
                                                                                                                                 (21) 

𝑅𝑒 =
𝜌𝑝 𝑑𝑝|𝑢𝑝 − 𝑢|

𝜇
                                                                                                                            (22) 

𝐶𝐷 = 𝑎1 +
𝑎2

𝑅𝑒
+

𝑎3

𝑅𝑒2
                                                                                                                          (23) 

Where 𝑢 is the velocity, 𝜇 is the dynamic viscosity, and ρ is the density, 𝑢𝑝, 𝜌𝑝 , 𝑑𝑎 are the 

velocity, density and diameter of particles, 𝑅𝑒  is the Reynolds number, 𝐶𝐷  is the drag 

coefficient, and g is the acceleration of gravity.  

The majority of studies employing CFD-DPM models for aerosol transport in the respiratory 

tract operate under the assumption that the aerosol phase is sufficiently sparse, thereby exerting 

minimal impact on the airflow, and that interactions between particles are negligible (Dehbi, 

2008; Dong et al., 2021; Dong et al., 2019). This approach is referred to as one-way coupling 

(Dehbi, 2008). Since impaction and sedimentation are the main mechanisms of micron-sized  

particle deposition in the extrathoracic (ET) region, pressure gradient, added mass, and Basset 

forces are often omitted from the CFD-DPM models (Fen Huang et al., 2021; Jõgi et al., 2021; 

Li, 2012). Most research focuses on fluid drag force and/or gravitational force (X. Chen et al., 

2012; Guha, 2008; Fen Huang et al., 2021). Baoshun Ma and Lutchen (2009) found that 

omitting gravity led to a reduction of up to 10% in total aerosol deposition. CFD-DPM models 

have been extensively utilized to investigate the deposition of drug particles in the human 

airway. A study (X. Chen et al., 2012) employing a CFD-DPM approach revealed that, under 

transient flow conditions, obstructions in the pulmonary airways not only decrease airflow rates 

at the blockage and in downstream generations but also result in a more widespread and 
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dispersed deposition area compared to steady inlet conditions. Rahman et al. (2021) utilized a 

CFD-DPM approach to investigate how aging influences airflow patterns and micron-particle 

behavior in the human lung, finding that as age increases, more particles tend to accumulate in 

the upper airway, while fewer particles reach the deeper regions of the lungs. Additionally, 

CFD-DPM is also utilized in simulating nasal cavity dynamics. A study (Shang & Inthavong, 

2019) used a CFD-DPM model to study how micron-sized particles deposit in the human nasal 

cavity, finding that larger particles, due to their higher inertia, mainly accumulate in the main 

nasal passage.  

 

2.6 Experimental methods 

Obtaining quantitative data on extrathoracic deposition is essential because it directly affects 

the amount of inhaled particles that reach the thoracic region of the respiratory tract. Real-time 

analysis of particle transport in the human airway is often challenging due to significant  

deposition of unwanted drug particles in the upper airway (W. H. Finlay, 2001; Grgic, Finlay, 

Burnell, et al., 2004; Pham et al., 2021) and inherent limitations of current imaging 

technologies (A Kourmatzis et al., 2018). Standard nuclear imaging techniques, such as two-

dimensional (2D) gamma scintigraphy, X-ray computed tomography (CT), Positron Emission 

Tomography (PET), Single Photon Emission Computed Tomography (SPECT), and Magnetic 

Resonance Imaging (MRI), play a crucial role in assessing pulmonary drug delivery by 

providing measurements of anatomical features. However, these methods have limitations; 

they can only assess drug deposition using radiolabeled drug particles, offering relatively low 

resolution and typically only capturing data after deposition has occurred  (Conway, 2012; 

Milne & King, 2014; Venegas et al., 2013). It is challenging to accurately capture details like 

extrathoracic airflow mechanics or particle trajectories during inhalation because of the 

limitations in both temporal and spatial resolution. (A Kourmatzis et al., 2018). Numerous in-

vivo and in-vitro correlation (IVIVC) studies have been conducted in the area of pulmonary 

drug delivery to investigate the flow dynamics of drug particles within the human upper airway  

(Keith T. Ung et al., 2016; Xi & Longest, 2007). In this section, experimental methods for 

IVIVC studies are discussed. 
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2.6.1 Cascade impactors  

Cascade impactors, such as the Andersen Cascade Impactor (ACI) and the Next Generation 

Impactor (NGI), are frequently utilized for in-vitro testing of inhaled drugs, particularly for 

determining the aerodynamic particle size distribution (APSD) under specific flow rates and 

inhalation conditions (Mohan et al., 2017). Measuring aerodynamic particle size distribution 

(APSD) is crucial for the development, evaluation, and quality control of dry powder inhalers 

(DPIs) (Yoshida et al., 2017). Particles with aerodynamic diameters smaller than 5 microns are 

classified as fine particles, capable of reaching the lower airways, and are linked to the 

treatment of respiratory conditions (Newman, 2022). Fine particle fraction (FPF) data derived 

from cascade impactors are frequently utilized to determine if a specific inhaler can effectively 

deliver its formulation to the lungs (Colthorpe et al., 2013). To obtain essential data, cascade 

impactors need to be used alongside mouth-throat (MT) models, such as the commonly used 

United States Pharmacopeia (USP) induction port model (USP, 2023), the Virginia 

Commonwealth University (VCU) (Delvadia et al., 2012) model, Alberta Idealized Throat  

(AIT) (Stapleton et al., 2000), and the Oropharyngeal Consortium (OPC) model (Burnell et al., 

2007).   

A standard experimental setup of the NGI with USP induction port is shown in Figure 2.6. 

 

Figure 2. 6:  A standard experimental setup of the NGI with USP induction port.  Adapted from 

(Wei, 2015) 

As depicted in Figure 2.6, pharmacopeial methods are used to measure aerodynamic particle 

size distributions (APSDs) for dry powder inhalers (DPIs) under steady airflow and volume 
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conditions. In these setups, aerosol from the inhaler passes through a 90° bent induction port 

into a calibrated Next Generation Pharmaceutical Impactor (NGI), with a pre-separator 

removing larger particles, and a vacuum pump on the NGI's left side ensuring a consistent flow 

(Wei, 2015).  

The NGI, a sophisticated tool commonly used in pulmonary drug delivery (Abdelrahim & 

Chrystyn, 2009; Okuda et al., 2017), employs inertial impaction to separate aerosol particles 

by aerodynamic diameter, accurately assessing how effectively drugs are delivered to the lungs  

(Kamiya et al., 2004; Marple et al., 2003; Roberts & Mitchell, 2016a). The distribution of 

particles across the multiple stages of the NGI provides a profile that reflects the aerodynamic 

particle size distribution (APSD) of the product, which is a key quality indicator for inhaled 

medications (Mohan et al., 2017). Each stage of the NGI targets a specific size range, 

simulating deposition in different parts of the respiratory tract, by capturing particles based on 

their aerodynamic cut-off diameter, allowing for detailed analysis of particle distribution and 

lung deposition (J. Mitchell, 2019; Yoshida et al., 2017). The early stages of the impactor trap 

larger particles intended to settle in the upper respiratory tract, while the subsequent stages 

capture smaller particles capable of reaching deeper lung regions (Marple et al., 2003; Mohan 

et al., 2017). The last stage, known as the micro-orifice collector (MOC), gathers the smallest  

particles that make it to the alveolar area (J. P. Mitchell & Nagel, 2003). A top view of the NGI 

seal body for each stage is depicted in Figure 2.7. 
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Figure 2. 7:  A top view of the NGI seal body.Adapted from (Marple, Roberts, et al., 2003). 

Furthermore, in order to determine the diameter of each stage, it is essential to take into account 

the cut-off diameter. The initial calculation of the cut-off diameter was first mentioned by 

Marple, Roberts, et al. (2003). The calculated values of the cut-off diameter for the pre-

separator and stages 1 to 7 (and D80 for the MOC) at flow rates of 30, 60, and 100 LPM are 

presented in Table 2.1.   

 

 

Table 2. 1: The calculated values of the cut-off diameter, D50 (µm), for the pre-separator and 

stages 1 to 7 (and D80 (µm),  for MOC) at flow rates of 30, 60, and 100 LPM  (Marple et al., 

2003).   
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Pre-separator 

and NGI stages 

 

Flow rates  

 30 LPM 60 LPM  100 LPM 

Pre-separator 14.9  12.8 10.0 

Stage 1 11.7 8.06 6.12 

Stage 2 6.40 4.46 3.42 

Stage 3 3.99 2.82 2.18 

Stage 4 2.30 1.66 1.31 

Stage 5 1.36 0.94 0.72 

Stage 6 083 0.55 0.40 

Stage 6 0.54 0.34 0.24 

MOC (D80) 0.36 0.14 0.07 

 

The relevant equations for the calculation of the cut-off diameter are presented below: 

Pre-separator:  

𝐷50 = 12.8 − 0.07(𝑄 − 60)                                                                                                             (24) 

Stages 1-7: 

𝐷50 = 𝐴(
60

𝑄
) 𝐵                                                                                                                                    (25) 

MOC: 

𝐷80 = 0.14(
60

𝑄
) 1.36                                                                                                                          (26) 

The stage cut-off diamater coefficients (A and B) are provided in table 2.2. 

 

Table 2. 2: Coefficients (A and B) for stage cut-off diameter (Marple et al., 2003). 

Stages A B 

Stage 1 8.06 0.54 

Stage 2 4.46 0.52 
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Stage 3 2.82 0.50 

Stage 4 1.66 0.47 

Stage 5 0.94 0.53 

Stage 6 0.55 0.60 

Stage 7 0.34 0.67 

 

 Later, J. Mitchell and Nagel (2004) and Taki et al. (2010) introduced a new equation to adjust 

for the cut-off diameter of a multi-stage impactor across different flow rates. 

NGI is commonly used as a device for testing inhalation aerosols. K. Leung et al. (2005) 

utilized the NGI to measure the particle size distribution of live measles vaccine from the IPI 

nebulizer by analyzing its ability to size wet aerosols. Wong et al (Wong et al., 2022) conducted 

a study using the Next Generation Impactor (NGI) alongside two respiratory epithelial cell 

lines to examine the aerodynamic performance of dry powder inhalers and to track the fate of 

aerosolized drugs after they were deposited in the lungs. Furthermore, when combined with 

airway models and HPLC, the NGI can be utilized to assess drug deposition in the upper airway  

(Shaokoon Cheng et al., 2019). In addition, NGI is not without its flaws. Many studies found 

that NGI plates can cause particle bounce during inhalation dry powder testing, resulting in 

imprecise APSD measurements and stage overloading (Grasmeijer et al., 2012; Khalili et al., 

2018; Roberts & Mitchell, 2016a, 2016b). 

 

 

2.6.2 High-performance liquid chromatography (HPLC)  

 

To determine the mass of aerosol drug in each stage of NGI, HPLC is typically utilized  (Omer 

et al., 2019; Yoshida et al., 2017). In HPLC, the detector converts a chemical or physical 

characteristic into a measurable signal that indicates the concentration or identity of a 

compound (Scott, 1996; Snyder et al., 2011). HPLC can detect physical or chemical properties 

through four main methods: bulk property measurement, analyte-specific detection, modifying 

the mobile phase, and using hyphenated techniques (Snyder et al., 2011).  
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The refractive index (RI) detector, commonly used for bulk property detection, responds to all 

analytes and depends on the column's selectivity for separation, but it has limited sensitivity  

(Swartz, 2010). RI detectors work by measuring the change in optical refractive index between 

the mobile phase and the sample, making them suitable for analyzing compounds like sugars, 

triglycerides, and organic acids, which do not need chromophores (Mozdzanowski & Burman, 

2004; Swartz, 2010). The most widely used RI detector, the deflection refractometer, directs 

light through two wedge-shaped cells, with one containing static mobile phase and the other 

receiving column effluent;  differences in light refraction between these cells are detected  by 

photodiodes and converted to an output voltage (Swartz, 2010). 

Another commonly used detector is the Ultraviolet (UV) detector, which targets specific 

analytes by responding to those that absorb UV light at certain wavelengths. While UV 

detectors are generally selective for compounds with chromophores, they become more 

universal at wavelengths under 210 nm, where almost all organic compounds show absorption  

(Snyder et al., 2011; Swartz, 2010). UV detectors measure absorbance within the UV and 

visible spectrum (190–600 nm), determining sample concentration based on the amount of light 

passing through the detector cell, as described by Beer's Law in Eq.27: 

𝐴 = log (
𝐼0

𝐼
) = ∈ 𝑏𝑐                                                                                                                         (27) 

Where A represents absorbance, I0 is the initial light intensity, I represents the intensity of the 

transmitted light, ϵ denotes the molar extinction coefficient, b is the path length of the cell in 

cm, and c indicates the molar concentration of the sample.  

HPLC works by pumping a liquid solvent through a column filled with a stationary phase to 

separate, detect, and quantify components in a sample based on their interactions with the 

stationary and mobile phases (Snyder et al., 2011).  To interpret an HPLC signal from the 

detector, analyze the chromatogram peaks for retention time and peak area, which indicate the 

identity and concentration of compounds, respectively (Gong et al., 2004; Swartz, 2010). An 

example of a sugar signal detected by an RI detector is illustrated in Figure 2.8. 

 

 



49 
 

 

Figure 2. 8:  HPLC signal with RID of dual sugars.  Adapted from (Liu et al., 2004) 

 

To analyze the drug deposition in each plate of the NGI, HPLC is used to identify and quantify 

the collected particles by dissolving the drug particles from each stage in a suitable solvent, 

injecting the solution into the HPLC system, and then separating and detecting the components 

based on their retention times and peak areas (Shaokoon Cheng et al., 2019; Gondhale et al., 

2022). A combination of NGI and HPLC can be utilized for the assessment of inhalation 

aerosol performance (Keith T Ung et al., 2014). Chan et al. (2011) used NGI and HPLC to 

investigate mannitol delivery via vibrating mesh nebulization, finding that adding sodium 

chloride significantly enhanced nebulizer efficiency and reduced droplet size, overcoming the 

limitations of nebulizing mannitol alone. 
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2.6.3 Laser techniques  

Laser diffraction 

 

Laser diffraction is extensively used in various industries as a non-invasive technique for real-

time analysis of sprays and aerosols (A Kourmatzis et al., 2018). A laser diffraction analyzer 

detects how a collimated light beam is scattered by particles in a sample, with larger particles 

scattering light at narrower angles and smaller particles at broader angles, enabling the 

determination of particle size distribution through Mie theory (for small particles) or 

Fraunhofer diffraction theory (for large  particles) (Loizeau et al., 1994; Wriedt, 2012). The 

connection between particle size and scattering pattern can be explained using Fraunhofer 

diffraction theory.  

A simplified expression of this relationship is: 

𝑑 =
𝑠𝑖𝑛(𝜃)

𝜆
                                                                                                                                     (28) 

Where 𝑑 is the particle diameter, 𝜆 is the wavelength of light, and 𝑠𝑖𝑛(𝜃) is the scattering angle. 

A notable device using laser diffraction technology is the Spraytec by Malvern. A previous 

study (A. R. Clark, 1995) examined this technique for assessing droplet size distributions in 

medical nebulizers, demonstrating its reliability and robustness. The findings showed a strong 

correlation with radiolabel deposition profiles and predictions from empirical deposition 

models, highlighting its significance in clinical applications. Additionally, research by Thomas 

et al. (2021), identified a relationship between the volume median diameter (VMD) and the 

percentage of peripheral airway deposition relative to total lung deposition in 12 patients with 

acquired immunodeficiency syndrome, who inhaled aerosolized pentamidine through eight 

different nebulizers. 

 

Particle Image Velocimetry (PIV) 

The section on Particle Image Velocimetry (PIV) is a laser-based technique widely used in 

aerosol and flow studies. Although not directly applied in this study, its relevance provides 

important context for understanding alternative experimental approaches. 
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Particle Image Velocimetry (PIV) is a sophisticated optical method that tracks tracer particle 

movement over time to measure particle velocities, allowing for visualization and analysis of 

fluid flow dynamics (Hain & Kähler, 2007). The basic formula for finding the velocity 𝑣 in 

PIV is (Hain & Kähler, 2007; Scarano, 2012): 

𝑣 =
𝛥𝑥

𝛥𝑡
                                                                                                                                                   (29) 

PIV has been widely utilized for the validation of CFD results (Bingjie Ma et al., 2020; Xu et 

al., 2020). Xu et al. (2020) validated CFD predictions by measuring flow characteristics in the 

trachea of a realistic human upper airway model using PIV under three steady inhalation and 

exhalation conditions, finding good agreement between the CFD and PIV results. Additionally, 

Shinneeb and Pollard (2012a) and  Shinneeb and Pollard (2012b) used PIV and proper 

orthogonal decomposition (POD) to study simplified airway geometries, discovering that 

significant turbulence in the epiglottal region and streamwise flow bursts are key sources of 

Reynolds shear stress.  

 

2.7 Summary  

This chapter provided a review of key topics relevant to pulmonary drug delivery, focusing on 

the interplay between airway anatomy, particle dynamics, computational modeling, and 

experimental techniques. It began with an overview of airway fundamentals, detailing the 

anatomy of the human respiratory system and the complexity of airway geometries that 

influence airflow and drug deposition. The discussion then explored the oral cavity and 

pharynx, emphasizing the role of structures such as the teeth, soft palate, and epiglottis in 

modifying airflow patterns and affecting particle transport within the upper airway.   

To better understand pulmonary drug delivery mechanisms, realistic mouth-throat models were 

introduced, highlighting their role in experimental studies designed to replicate physiological 

airway conditions. The dynamics of particle motion and deposition were also examined, with 

particular focus on key mechanisms such as inertial impaction, gravitational sedimentation, 

and diffusion, which determine how inhaled aerosols interact with airway surfaces.   

The chapter further reviewed the application of Computational Fluid Dynamics (CFD) in 

pulmonary research, discussing various turbulence models used to simulate airflow and particle 

transport in the respiratory tract. The strengths and limitations of CFD in capturing complex 
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flow phenomena were evaluated, along with its role in predicting drug deposition patterns. 

Additionally, experimental methods such as the Next Generation Impactor (NGI), High-

Performance Liquid Chromatography (HPLC), and laser-based techniques were described, 

emphasizing their importance in validating CFD models and characterizing aerosol properties 

in drug delivery studies.   

By synthesizing these key topics, this chapter established a foundation for understanding the 

mechanisms governing pulmonary drug delivery. It underscored the critical role of airway 

geometry, particle behavior, and advanced modeling techniques in optimizing inhaler 

performance and improving therapeutic outcomes.  

The next chapter will be the first study and will focus on the interaction between anatomical 

features and the flow and deposition of drug particles in order to gain a comprehensive 

understanding of the effects of anatomical feature changes on the human upper airway. 
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Chapter 3 Simulating the effect of individual upper 

airway anatomical features on drug deposition 

(Published in the International Journal of Pharmaceutics, Volume 628, 122219) 

As evidenced through the literature, anatomical features of the extrathoracic airway play a 

crucial role in defining the deposition mechanics of dry powders from inhaler devices. 

Understanding the effect of the airway is critical towards informing the design of replicas used 

as induction ports for cascade impactors. This study aims to systematically isolate different 

anatomical features of the human pharynx with the goal to investigate their independent 

influence on airflow dynamics and particle deposition characteristics in a geometrically 

realistic human airway. Specifically, the effects of the uvula, epiglottis and soft palate on drug 

particle deposition are studied systematically, by carefully removing each of these anatomical 

features from reconstructed models based on MRI data and comparing them to a benchmark 

realistic airway model. Computational Fluid Dynamics using established turbulence models is 

employed to simulate the transport of monodispersed particles (3 µm) in the airway at two 

flow-rates. The simulations suggest three findings: 1) widening the space between the oral 

cavity and oropharynx and where the soft palate is situated leads to the most dramatic reduction 

in drug deposition in the upper airway; 2) exclusion of the uvula and epiglottis: a) affects flow 

dynamics in the airway; b) alters regional deposition behaviour; c) does not significantly affect 

the total number of particles deposited in the pharynx; and 3) the space adjacent to the soft 

palate is a key determinant for aerosol deposition in the extrathoracic region and is related to 

mechanisms of flow acceleration, diversion and recirculation.  

 

3.1 Introduction  

Respiratory diseases, such as asthma (Nurmagambetov et al., 2018; Usmani, 2019), chronic 

obstructive pulmonary disease (COPD) (Gayle et al., 2022; Zhu et al., 2018) and chronic 

bronchitis (Dotan et al., 2019) are devastating. Prevailing medical conditions and aggregated 

morbidity, mortality and mental health associated with these diseases are known to incur 

immense economic costs of over €380 billion annually in Europe alone (Manfrin et al., 2021). 

The direct cost implication of COPD ranges between $6,000 to $10,000 per patient in both 

Asia and the USA (Gutiérrez Villegas et al., 2021). Improved understanding of the diseases 
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and the advent of medical technologies have introduced treatments that span from oral 

medication, inhaled drug delivery, intramuscular injection, and intravenous injection to reduce 

the mortality associated with these respiratory diseases (Newman, 2018). Among these 

treatments, there is an increase in the development of inhaled pulmonary drug delivery related 

technologies, given that this treatment modality presents higher therapeutic efficacy and is 

associated with benefits that include rapid drug uptake, higher drug bioavailability, and less 

drug waste (Cazzola et al., 2020; N. Renee Labiris & Myrna B. Dolovich, 2003).  

The geometry of the human upper airway is highly complex and has physiological properties 

that present a natural barrier for foreign particles, including inhaled drug particles (Newman, 

2017). The upper airway, which is the only conduit to the lung, consists of several distinct 

sections, namely the nasopharynx, oropharynx, laryngopharynx, and trachea (A. Kourmatzis 

et al., 2018). The geometries of these different sections of the human upper airway can vary 

between individuals (Burchell et al., 2022; W. H. Finlay, 2001), and some of these sections can 

also change during respiration (S. Cheng et al., 2008; Wagshul et al., 2013). The above 

complexity is further compounded by the change in upper airway physiology with disease state 

and risk factors, such as regional inflammation and obesity, which are known to change the 

anatomical structure of the human pharynx (A. Kourmatzis et al., 2018; Walsh et al., 2008). 

These factors present challenges to understanding the details of drug deposition mechanisms 

in the extrathoracic airway.  

A fundamental technique to test the efficacy of inhaled drug delivery technology is by 

analyzing the aerodynamic properties of drug particles in a cascade impactor, where the desired 

measurement outcome is a sufficient mass of fine particles between 1 – 5 µm. The cascade 

impactor is connected to an induction port, with the United States Pharmacopeia (USP) mouth 

throat model being the standard airway replica used in these experiments, albeit having little 

resemblance to the human throat, as it only comprises a 90° bent tube (Tang et al., 2012; Xi et 

al., 2016; Yu Zhang et al., 2006).  Several geometrically realistic airway replicas have been 

commercialized over the years with the aim to realize stronger in vitro-in vivo correlations in 

the testing of inhaled drug delivery related technologies. Some of these induction ports include 

the Virginia Commonwealth University (VCU) (Kaviratna et al., 2019a; Newman & Chan, 

2020) throat, the Alberta Idealized Throat (AIT) (Keith T. Ung et al., 2016; Wei et al.), and the 

Oropharyngeal Consortium (OPC) model (Newman & Chan, 2020; Wei & Byron, 2016; Wei 

et al., 2018). The geometry of some of the aforementioned mouth throat models, despite being 

significantly different from the USP throat model, have idealized geometries that consist of the 
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absence of some distinctive upper airway anatomical features. The VCU mouth throat replica 

(Newman & Chan, 2020), for example, excludes anatomical features such as the uvula and 

epiglottis and has a wide oral cavity space that may represent the absence of the soft palate, at 

least for some humans. The AIT (Keith T. Ung et al., 2016), on the other hand, does not consist 

of the uvula, but includes the epiglottis and has a narrow space at the region of the soft palate 

that indicates the presence of the latter airway structure (Newman & Chan, 2020; Wei et al., 

2018). On the other hand, the OPC-realistic airway model consists of the uvula, soft palate and 

epiglottis (Wei et al., 2018). While existing studies have demonstrated clear differences in drug 

deposition using different mouth throat models (Kaviratna et al., 2019a; Wei et al., 2018), there 

remains a limited understanding of what causes the disparity and, specifically, how they may 

be related to the absence of specific anatomical features in the human upper airway.  

Understanding the potential effects caused by different anatomical features in the human upper 

airway is vital. This understanding is necessary to help provide critical insights on drug particle 

deposition mechanisms in the human pharynx, but also needed to interpret data obtained from 

experiments using cascade impactors connected to idealized extrathoracic airway geometries. 

Computational modelling has been commonly used to study drug deposition in the upper 

airway (W. M. Faizal et al., 2020; Y. H. Kim et al., 2019; P. Worth Longest et al., 2019; Bingjie 

Ma et al., 2020; Shang et al., 2019; Y. Zhang et al., 2004; Zhe Zhang & Kleinstreuer, 2011), 

as it can provide detailed information on the regional deposition of particles in the pharynx, 

which can be otherwise challenging to obtain using other methods. The transport behaviour of 

particles and droplets has been proven to be accurately simulated by using Eulerian-Eulerian 

and Eulerian-Lagrangian numerical models (Ariyaratne et al.). The discrete phase model 

(DPM), for example, is a commonly used model developed from an Eulerian-Lagrangian 

approach. Xu et al. (2020) investigated the flow behaviour in a realistic human upper airway 

by using four different turbulence models, including LRN k-ε, RNG k-ε, SST k − ω and SST-

Transition. They found that all cases show good agreement with experimental measurements 

obtained using particle image velocimetry. 

This study examines the effects of individual upper airway anatomical features (i.e. the uvula, 

epiglottis and soft palate), on drug deposition in the human airway by systematically removing 

these features from a geometrically realistic pharynx derived from human MRI images. Only 

one specific feature of each model is removed at a time, thereby keeping the inflow and outflow 

conditions fixed and all other features of the geometry fixed. This results in six different models, 

and together with a USP computational model for validation purposes, 7 models are 
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investigated in this current study. With the soft palate removed, the study geometry resembles 

some existing idealized throat models. We hypothesized that removing the soft palate would 

result in the least number of particles deposited in the airway and that each of the anatomical 

features investigated would have varying degrees of impact on the fluid mechanics in the 

airway, which in turn can cause variation in deposition behaviour between the different model's 

geometries. 

 

3.2 Methods:  

3.2.1 Computational models  

 

A three-dimensional (3D) upper airway model was reconstructed from MRI images of a healthy 

human (Female, aged 56, BMI 21.5 ± 2.7) with no history of respiratory diseases using 3D 

Slicer (https://www.slicer.org/). Prior to the reconstruction, the images were visually scanned 

to ensure that anatomical details of the uvula, epiglottis and soft-palate region were sufficiently 

represented and were distinctive on the MRI images. A cube with a voxel size of 0.25 mm was 

utilized to generate an image stack (276 voxels*448 voxels*468 voxels) in 3D slicer. To 

generate the basic model that includes all the detailed anatomical features of the upper airway, 

specific airway boundaries surrounding the uvula, epiglottis and soft palate were carefully 

traced on 3D slicer for every MRI image slice.  

As oral-only inhalation conditions are investigated in this work, the nasal cavity was removed. 

Six models were developed, including the basic model. The other five models were developed 

by ensuring that the upper airway boundaries were the same as the basic model except at the 

regions where some of the key anatomical features are situated, which were explicitly removed 

to produce variations of the pharynx model. The models generated are, 1.) A model without 

the uvula only, 2.) A model without the epiglottis only, 3.) A model without the uvula and 

epiglottis, 4.) A model without the soft palate, and 5.) A model without the soft palate and 

epiglottis. All the models were then exported to Rhinoceros (Rhino 7, Robert 

McNeel&Associates, Seattle, Washington), where the poly-surfaces, inlet and outlet were 

generated before they were exported as STL files to Ansys (2021R1, Canonsburg, 

Pennsylvania, United States) for meshing and simulations. The six different airway geometries 

are shown in Figure 3.1. 

https://www.slicer.org/
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Figure 3. 1:  The original pharynx model (far left) and five other models with specific airway 

anatomical features removed from the original model (Soft palate: SP, Uvula: U, Epiglottis: E).  

3.2.2 Numerical method 

The mesh of all six models was generated using ICEM-CFD in the commercial software 

ANSYS workbench (2021 R1, Canonsburg, Pennsylvania, United States). Steady-state 

conditions were considered in this study, with flowrates of 40LPM and 70LPM prescribed at 

the inlet. The average flow behaviour is generally governed by the Reynolds averaged Navier-

Stokes (NS) equations. The momentum equation is presented in its general form for 

completeness, but the time-dependent term was omitted in the steady-state simulations 

conducted in this study. 

∇ ∙ (𝑢̅) = 0 

𝜌
𝜕(𝑢̅)

𝜕𝑡
+ 𝜌∇ ∙ (𝑢̅𝑢̅) = −∇P + ∇ ∙ (𝜏) + 𝜌𝑔 + 𝜌∇ ∙ (−𝑢′𝑢′

̅̅ ̅̅ ̅
) 

where ρ is the fluid density, τ is the fluid viscous stress tensor and 𝑢̅ is the fluid mean velocity, 

respectively. P is the pressure, and g is the gravitational acceleration. The k − ω SST numerical 

scheme was used to model the turbulent scales. Previous studies(Shang et al., 2019; Xu et al., 

2020) have demonstrated the accuracy of simulating the flow and particle transport in the 

human airway using the k − ω SST model.   

In the DPM model, all particles are treated as Lagrangian point particles, and the force was 

analysed in Cartesian coordinates(F. Huang et al., 2021). The equations are described as 

follows:  

𝑑(𝑢𝑝)

𝑑𝑡
= 𝐹𝐷 (𝑢 − 𝑢𝑝) +

𝑔(𝜌𝑝 − 𝜌)

𝜌𝑝
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𝐹𝐷 =
3𝜇𝐶𝐷𝑅𝑒

4𝜌𝑝𝑑𝑝
2

 

𝑅𝑒 =
𝜌𝑑𝑝|𝑢𝑝 − 𝑢|

𝜇
 

𝐶𝐷 = 𝑎1 +
𝑎2

𝑅𝑒
+

𝑎3

𝑅𝑒2
 

 

Where u is the velocity, μ is the dynamic viscosity, and ρ is the density, up, ρp, dp are the velocity, 

density and diameter of particles, Re is the Reynolds number, CD is the drag coefficient, g is 

the acceleration of gravity and 𝑎1,𝑎2, 𝑎3  are constants determined by the Re.  

Tetrahedral and Hexahedral meshes were generated in ICEM-CFD, and three inflation layers 

were generated using near-wall prism layers. The mesh was subsequently converted into 

advanced cells (Polyhedral) in ANSYS Fluent (2021R1, Canonsburg, Pennsylvania, United 

States). Mesh independence testing was conducted for models with 1, 2, 4, and 8 million mesh 

elements, and velocity profiles averaged across planes at the pharynx, epiglottis, and trachea 

regions were monitored to assess flow characteristics. The difference in velocity between the 

models with 4 and 8 million mesh elements was less than 5%, indicating that the results are 

independent of the mesh size. Therefore, the model with 4 million mesh elements was selected 

for all the simulations. Mono-dispersed particles (3 µm) were implemented and prescribed at 

the inlet surface. The discrete random walk model was enabled in the studies, which also 

enabled easier control of the injected number of particles prescribed at the inlet.  

A particle number independence test was also conducted to ensure that the regional deposition 

results are also consistent regardless of the simulated particle numbers. Particle numbers of 

1000, 2000, 5000, 10000 and 20000 were investigated. The particle deposition fraction 

(particles deposited in the airway/total number of injected particles) was similar for the 10000 

and 20000 particles, and hence, 10000 particles were used for all the other simulations. In this 

current work, velocity has been prescribed at the inlet of the airway to generate flow, with a 

zero gauge pressure outlet. Boundary conditions to generate flow by setting pressure difference 

across the flow domain have been presented by Shang et al.(Shang et al., 2019). Previous 

work(Bingjie Ma et al., 2020; Zhao et al., 2020) demonstrated that comparisons between 

experimental flow-field data (from PIV) and CFD predictions based on boundary conditions 

like those deployed here provide a reasonable estimate of the average flow-field. The inlet 
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surface area (196.9 mm2) was measured in ANSYS SpaceClaim, and the velocities associated 

with the inlet flow rate of 40LPM and 70LPM were prescribed at the inlet of all the six airway 

models. Preliminary simulations were performed to compare monodisperse and polydisperse 

simulation outcomes. Given the very narrow size distribution of Mannitol, including 

polydispersity did not significantly change the outcomes of this study and therefore for 

simplicity, and to focus only the effects of anatomical changes, the manuscript presents d ata 

from monodisperse simulations only. The direction of gravity is specified such that it is 

perpendicular to the outlet surface and towards the ground. Trap condition was prescribed at 

the boundaries of the airway wall, and all particles were allowed to escape from the outlet. The 

data was exported from Fluent and then post-processed in CFD-post.  

 

3.3 Results 

3.3.1 Validation of computational models 

The numerical scheme and settings prescribed in the model were validated by comparing 

simulations of a USP throat computational model with published experimental data (Shaokoon 

Cheng et al., 2019) on Mannitol.  A Rosin Rammler function (M. S. Islam et al., 2018; Shrestha 

et al., 2022) was used to model the particle size distribution of Mannitol in Fluent, and the 

particles were prescribed randomly at the inlet of the USP computational model. The results of 

Figure 3.2 show that the deposition fraction in the USP computational model matches well with 

the experimental data, and differences are less than 5% for all flow rates conducted, 

demonstrating the fidelity of the computational model and numerical schemes in estimating 

particle deposition in the airway.    
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Figure 3. 2: Computational model validation with experiment results.  

 

3.3.2 Effects of upper airway anatomical structures on average 

velocity 

This section discusses how specific anatomical structures affect flow characteristics in the 

pharynx models. A steady-state flow rate of 40LPM was prescribed at the inlet of the airway. 

Figure 3.3(a) shows the change in average velocity (spatial average at each cutting plane shown) 

at different specific locations of the airway (P1 – P7). Specifically, two of the locations are at 

the oral cavity, and five of the locations are spread at equal distances along the oropharynx and 

laryngopharynx region, with one of them placed at the tip of the epiglottis (P5) to study the 

effects of this anatomical structure on airflow dynamics. The average velocities analyzed at 

planes perpendicular to the airway path length in all the models, range between 2m/s to 29m/s 

except for the models without the soft palate. In the models without the soft palate, the 

maximum average velocity analyzed across the 7 locations is 5m/s which is 5 fold less than the 

models with the soft palate, demonstrating the effects of this anatomical structure and the 

implication of widening the airway at this region of the pharynx (P3 – P4). In addition to the 

difference in average velocity, the location of the first peak of the highest average velocity can 

be found between P3 and P4 in the models without the soft palate, which is further upstream 

of the airway compared to those models with the soft palate, where the location of the highest 
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average velocity is consistently at P4. The presence of the soft palate appears to significantly 

impact flow adjacent to this structure from P2 to P5, and has a lesser impact on the flow 

dynamics downstream, where the average velocity in all models appear to converge to a range 

between 5m/s to 10m/s at P5 which decreases further to between 2m/s and 5m/s at P6. The 

distal section of the airway is the tracheal, which has geometry that has not been altered in any 

of the models. The average velocity is ~ 10m/s at the distal end of the airway, and this is 

consistent in all models, demonstrating that regardless of the upstream change in anatomical 

features, the flow re-develops in the tracheal region. 

Figure 3.3(b) shows the normalized change in average velocity (normalising against the 

original airway geometry, i.e. altered model velocity/original model velocity) at the 7 different 

locations, with the effects of both the uvula and epiglottis being clearer. Removing the uvula 

appears to have varying effects on the average velocity downstream of the structure. In the 

model where only the uvula is removed, the average velocity is ~ 2 to 3 fold higher than the 

original geometry. The further exclusion of the epiglottis appears to have the effect of reducing 

the impact associated with the sole absence of the uvula, such that the average velocity profiles 

are similar to the original geometry, with the maximum variation being only as high as ~ 10% 

at P5. The impact related to the sole exclusion of the epiglottis is apparently lesser than when 

only the uvula is removed in terms of the change in average velocity normalized against the 

results of the original model. Removing the epiglottis reduces the average velocity by ~30% at 

P5, where the tip of the epiglottis lies, and increases the average velocity by ~20% further 

downstream of the anatomical structure (P6), when compared to the original airway geometry. 

In the model without the soft palate, further exclusion of the epiglottis leads to a ~30% drop in 

average velocity at P6. Hence, depending on the original configuration of the pharynx, the 

inclusion of the epiglottis will produce variable effects on the average velocity downstream of 

this anatomical structure. The results also suggest that the uvula can have a significant impact  

on the local behaviour of the flow. 
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Figure 3. 3: Average velocity in the six pharynx models with different anatomical features 

removed.  Panel (a): Average velocity at different planes (P1 – P7; see figure on the left) in the 

six pharynx models. Panel (b): Average velocity normalised against the velocity in the original 

model at the same plane. (Soft palate: SP, Uvula: U, Epiglottis: E).   

 

3.3.3 Effects of upper airway anatomical structures on the velocity 

field, flow bifurcation, streamlines, and turbulent kinetic energy 

 

Figure 3.4 shows the mean velocity magnitude in the midsagittal planes of the six different 

mouth throat models under 40LPM inhalation flow conditions. The results show that the 

maximum velocity in all the models occurs at the soft palate region, which has the narrowest 

cross-sectional area at this section of the airway for all the models. These results are also 

consistent with the data presented in figure 3(a), which demonstrate that the highest maximum 

average velocity occurs near P4, a location that is slightly upstream of the uvula. The 

commonly reported jet flow phenomenon adjacent to the epiglottis (Zhao et al., 2020) is 

apparent in the original model, though clearer in the model without the soft palate (but with the 
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epiglottis). This may be related to a more significant flow convergence as it arrives at the 

epiglottis, though this must be subject to further investigation.  

Results from the vector fields presented in the coronal plane (Figure 4(b)) show that the 

epiglottis and uvula are anatomical features in the original pharynx model that can cause flow 

bifurcation. The vectors were three-dimensional and were plotted on a 2D plane (orthogonal to 

the airway path length) for clarity. There are three distinctive flow bifurcation zones in the 

original airway model - one situated at the uvula (See circle inset), and the other two at the 

aryepiglottic folds (See top of the square inset in Fig 4(b)) along the supraglottic section of the 

airway. The exclusion of the uvula from the original pharynx geometry is associated with non-

symmetrical flow separation at the uvula structure, which becomes more apparent in the model 

that excludes the epiglottis only. Flow bifurcation is less obvious in the models without both 

the uvula and epiglottis and the two other models where the soft palate is removed.  

Figure 3.4(c) shows the flow streamlines in the mid-sagittal plane. There is a small recirculation 

zone at the tip of the tongue, with the intensity of the recirculating flow being slightly different 

between the models. This observation is minor and suggests how airway structures downstream 

of the airway might affect airflow dynamics upstream in the oral cavity. Traces of recirculating 

flows are prominent in all the models and in the models without the soft palate; recirculating 

flow anterior to the epiglottis is notable, which appears to be more intense when the epiglottis 

is removed.  

The results of Figure 3.4(d) show how subtle changes in the original geometry, such as 

removing the epiglottis or uvula, can significantly impact the turbulent kinetic energy. When 

the oral space downstream of the oral cavity is widened, such as in those models where the soft 

palate is removed, high turbulent kinetic energy is less localized in the oropharynx and appears 

to linger along the entire section of the airway caudal to the uvula.    
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Figure 3. 4: Velocity field (a), flow bifurcation (b), streamlines(c), and turbulent kinetic energy 

(d) in the six upper airway models.   
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3.3.4 Effects of upper airway anatomical structures on particle 

deposition at two different flow rates. 

 

 

Figure 3. 5: Overall deposition in different models at 40LPM and 70LPM flow rates 

 

Figure 3.5 shows the results of the simulated deposition fraction in the upper airway based on 

3um sized monodisperse particles and at flow rates of 40LPM and 70LPM.  The locations of 

the deposited particles and their regions of concentration can also be observed in figure 3.5 

(e.g. see circled and squared airway insets). Particle deposition is higher in the high flow rate 

cases for all the six models, and deposition efficiency is ~90%, which is the highest in the 

model without both the uvula and epiglottis. Results from the model without both the uvula 

and epiglottis demonstrate that the absence of protruding anatomical structures increases the 

number of particles trapped in the pharynx, at least based on the particle size and geometry of 

the pharynx investigated this study. Fig. 4 demonstrated a high-velocity region of flow diverted 

towards the back pharyngeal wall of the airway with no uvula or epiglottis (with minimal flow 

bifurcation), which results in an increase in deposition in that region (as also evident through 

the airway inset shown in Fig. 5). In contrast with the model with the sole exclusion of the 

epiglottis, despite the presence of traces of large recirculating regions, the flow appears to have 
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been disrupted at the lower half of the oropharynx. However, widening the airway space 

substantially above the oropharynx, which is represented by models without the soft palate, 

affects particle deposition and reduces the deposition fraction by 36% compared with the 

original model. The concurrent removal of the epiglottis with the soft palate did not result in 

an increase, but a further decrease in particles deposited in the airway for both flow rates. A 

volume threshold of the space where the soft palate is situated, above which significant  

reduction in the overall particles deposition in the pharynx can be observed, merits further 

investigation.   

As can be noted from Figure 3.5, the locations of concentrated particle deposition are different 

between the models that include the soft palate despite them having similar total particle 

deposition in the pharynx. When only the epiglottis is removed from the original model, 

particles are concentrated at the uvula (see circle inset) region. Removal of the uvula tip and 

the epiglottis results in a dramatically higher deposition at the back of the oropharynx (see 

rectangle inset) and a slightly higher deposition at the oral cavity. Finally, the concurrent 

absence of both the soft palate and epiglottis is associated with particle deposition 

characteristics that appear to be the most homogeneously distributed throughout the airway 

inner walls and, unlike the other models, concentrated regions of particles deposition is the 

least apparent in this airway model.  

The exact amount of particles deposited in the upper airway for all models analyzed at five 

different sections along the pharynx (See top right figure inset in Figure 3.6) is shown in figure 

3.6 for the two different flow rates investigated in this current work. As noted from the figure, 

the number of particles deposited along the trachea is consistently low and is not affected by 

any changes in upper airway geometries upstream. Based on the average percentage of particles 

deposited in the upper airway, analyzed for all the 6 models, particle deposition at the oral 

cavity (mouth) is the second-lowest after the trachea. According to the standard deviation (error 

bars) presented in the figure, particles deposited along the airway section where the soft palate 

is located vary the least despite being removed in two models.  Significant variation in the 

deposition fraction amongst the models is noted in the epiglottis region.  
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Figure 3. 6: Regional depositions in different models under 40LPM and 70LPM. 

    

3.3.4 Effect of the BMI 

The examination of the impact of anatomical features is conducted using a high BMI airway 

model. Although the removal of different anatomical features, particularly the soft palate, may 

result in different BMI models, it could be argued that this study is confined to a single subject. 

As such, the conclusions run the risk of either exaggerating or downplaying the effects of 

specific features by focusing solely on one individual. Therefore, this section examines a 

different airway model with a relatively low BMI (20.4 kg/m2) compared to the high BMI (39.5 

kg/m2) model, in order to investigate the effect of anatomical fractures on intersubject  

differences and to ensure that the conclusion is consistent across various airway models with 

different BMI values.  

Based on the study of the high BMI model, it is evident that the soft palate plays a significant 

role in drug deposition in the upper airway region. Removal of the soft palate will result in 

considerable changes to flow behavior in the upper airway, leading to a dramatic reduction in 

deposition in the extrathoracic region. Additionally, it is worth noting that the epiglottis also 

plays a major role in inducing symmetry in airflow within the human upper airway. Three 

variations of low BMI airway models, including the original (no features removed), Remove E 

(epiglottis removed), and Remove SP (soft palate removed), have been investigated. The 

velocity field, flow bifurcation, streamlines, and turbulent kinetic energy in these three upper 

airway models are shown in Figure 3.7. 
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Figure 3. 7: Velocity field (a), flow bifurcation (b), streamlines(c), and turbulent kinetic 

energy (d) in the three upper airway models with low BMI values. 

Figure 3. 7 (a) indicates the mean velocity magnitude in the midsagittal planes of the three 

different upper airway models with a low BMI value at flow rates of 40LPM. The results 

indicate that the maximum velocity occurs above the epiglottis and at the tongue base region. 

This differs slightly from the high BMI model, where the maximum velocity occurs in the soft 

palate region, as shown in Figure 3.3. This difference may be attributed to the movement and 

positioning of the tongue in these two cases (Bingjie Ma et al., 2020). Furthermore, the removal 
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of the soft palate appears to decrease localized velocity variations compared to the original 

model. This suggests the soft palate play critical roles in modulating airflow speed. The three-

dimensional vectors, which were plotted on a 2D plane along the supraglottic section of the 

airway, are depicted in Fig. 7 (b). A minor flow bifurcation is observed in the original model, 

which becomes less apparent with the removal of the soft palate. Additionally, non-

symmetrical flow is seen near below the tongue base when the epiglottis is removed. 

Figure 3. 7 (c) illustrates the flow streamlines in the mid-sagittal plane. The recirculating flow 

posterior to the epiglottis is notable, and it appears to be more intense when the soft palate is 

removed. Furthermore, the intensity of the recirculating flow increases in the epiglottis region 

when the epiglottis itself is removed. Fig. 7 (d) shows the turbulent kinetic energy in the mid-

sagittal plane. The results indicate that removing the epiglottis and the soft palate can 

significantly influence the distribution of higher turbulent kinetic energy. Lower turbulence 

can have an impact on the deposition patterns of particles (Guha, 2008), and changes in 

turbulent kinetic energy may consequently affect regional deposition. 

 

Figure 3. 8: Deposition fraction in the three upper airway models with different BMI values. 

 

Figure  3.8 illustrates the simulated deposition fraction in the upper airway, based on 3um sized 

monodisperse particles under inhalation flow conditions of 40 LPM, in three upper airway 

models with different BMI values. After removing the soft palate (widening the airway space 



81 
 

substantially above the oropharynx), there is a 33.38% reduction in deposition fraction 

compared to the original model with low BMI (53.98%). This trend remains consistent across 

different BMI models, indicating a significant decrease in deposition fraction when the soft 

palate is removed. However, the removal of the epiglottis has little effect on overall drug 

deposition in the airway for different BMI cases. 

When the soft palate is removed, there is a significant reduction in deposition fraction across 

different BMI models. This provides us with confidence in the findings of our present study. 

In the initial segment of the airway, inertial impaction plays a pivotal role. Drug particles have 

enough momentum to sustain their path despite alterations in airflow direction, causing them 

to collide with airway walls (Carvalho et al., 2011).  The soft palate region is where the airflow 

significantly changes direction, typically from horizontal to perpendicular (Matsuo et al., 2010).  

Constriction in this area can significantly increase local velocity, while expansion could 

potentially decrease local velocity and, therefore, reduce deposition caused by inertial 

impaction. 

Additionally, an interesting phenomenon is that the deposition fraction of particles in different 

original models at both high BMI and low BMI cases appears to be similar. In the individual 

with a high BMI, the narrowest region is located near the soft palate above the middle of the 

tongue. Conversely, in cases of low BMI, the narrowest region is situated near the base of the 

tongue. A prior study examined the impact of lingual fat on airway flow dynamics and particle 

deposition, revealing that pharyngeal narrowing with increased BMI, may alter airflow patterns 

and particle deposition in the upper airway (Bingjie Ma et al., 2020). Additionally, Xi and Yang 

(2019) also argued that different tongue positions will significant affect the airflow pattern and 

particle motions. This similarity in deposition fraction may be attributed to variations in airway 

structure among individuals, particularly in relation to the movement of the tongue. Further 

research is necessary to investigate the impact of tongue movement during the administration 

of pharmaceutical aerosols. That said, despite some changes in regional flow behaviour, 

generally speaking the overall conclusions with respect to the role of the soft palate are 

unaffected by the change in BMI. 
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3.4 Discussion 

Despite the wide consensus that pharynx geometry can significantly impact deposition 

efficiency (Grgic, Finlay, et al., 2004b; Conor A. Ruzycki et al., 2017), there is a general lack 

of understanding of how key anatomical structures in the upper airway may affect particle 

deposition. To the best of the authors' knowledge, this is one of few studies demonstrating how 

the exclusion of specific anatomical features in a realistic upper airway could affect flow and 

regional deposition and the potential mechanisms underpinning those observations. The two 

primary findings generated through this study is that the space above the oropharynx, where 

the soft palate is located, is the most critical airway feature out of the three investigated (uvula, 

epiglottis and soft palate), that could have a significant impact on particle deposition 

efficiencies in an airway replica. Secondly, the underpinning mechanism appears to be related 

to the overall dynamics of the flow and specifically to the possibility for recirculating flows to 

develop and persist over time in the replica.  

Whilst the soft palate results in large changes to the overall deposition fraction, other 

anatomical features can influence flow and regional deposition fraction significantly. The uvula 

and epiglottis appear to have the effect of enabling a symmetrical flow to be developed in the 

airway, despite the airway geometry being inherently non-symmetrical along the midsagittal 

plane. The removal of the uvula or epiglottis can lead to a less homogenized flow pattern with 

a flow that is more concentrated on one side of the airway. Removal of such anatomical features 

can also result in changes in flow diversion towards the back pharyngeal wall, which can 

significantly impact deposition, as was observed upon removal of the epiglottis and uvula. A 

few key observations can be drawn when observing how regional deposition is affected by 

differences in the pharynx geometry, which are also consistent for both flow rates. These 

observations are, i) the largest increase in regional deposition fraction from the region of the 

uvula to the epiglottis region is noted for the models without the uvula and without the soft 

palate and ii) the deposition fraction at the region of the uvula is always highest for the original 

model and the model without the epiglottis.  The former observation is simply indicative of the 

controlling role that the uvula and epiglottis have in the flow (and hence deposition) in the 

oropharynx (back of tongue). Other changes to the airway models have less of an effect in that 

region as the removed features are either located upstream or downstream of that airway section 

between the uvula and epiglottis. The latter observation merits further study, but results from 

this current study provide evidence that the change in flowrate has more of an effect on some 
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airway regions than others. Whilst changes in regional deposition fraction are noteable, overall 

deposition fraction was most affected in models without the soft palate.   

The current study demonstrates that the numerical scheme used to predict the number of 

particles deposited in the USP throat as a validation exercise is accurate, and while the walls 

of the USP computational models are set at a "trap" condition some particles may bounce off 

from a physical USP replica which is not accounted for here. However, there is clear evidence 

from the literature showing that such discrepancies may be minor for 3um size particles, and 

hence the "trap" settings prescribed to the model should not affect the outcome of this study. 

For example, in a well-known study, Y. Zhou et al. (2011) conducted physical experimentation 

on solid particle deposition in grease coated and uncoated USP throat using a range of flow 

rates. The deposition fraction in the upper airway for the 3um size particles is similar in the 

case with grease and without grease experimental configurations. This current study also shows 

that particle deposition is higher with a higher flow rate, consistent with existing in-vitro and 

in-vivo work (Shaokoon Cheng et al., 2019; F. Huang et al., 2021). It would be useful to 

provide further evidence on the accuracy of these results by using in-vivo comparisons, given 

that the original airway model used in this study is geometrically realistic and reconstructed 

from MRI data.  Michael Y. Yang et al. (2017) performed an in-vivo lung deposition study 

using SPECT-CT and with mannitol particles with a mass medium aerodynamic diameter of 

3um, which is close to the size of the particles simulated in this current work. Michael Y. Yang 

et al. (2017) show that lung deposition in eight human subjects is consistently higher when 

breathing through an osmohaler at low flow rate, and there is higher throat deposition in the 

subjects when breathing through the inhaler at a high flow rate. The amount of lung deposition 

in the study ranges between 10 – 50% in the subject cohort for a flow rate of between 50 – 70 

LPM, and hence suggest that deposition in the inhaler and throat combined ranged between 50% 

to 90% based on the range of flow rate investigated. These results correspond very well with 

the deposition result of the "original" geometry in this current study, where particle deposition 

is ~ 50% and 84% for the 40LPM and 70LPM flow rate cases, respectively.  

In this current study, the in-plane average velocity at different sections of the airway is analyzed. 

The results presented in the current work match with several existing works (Bingjie Ma et al., 

2020; Xi & Longest, 2007). A recent work on the effects of airway wall motion on airway flow 

dynamics (Zhao et al., 2020) shows that pharynx tissue motion during inspiration could 

potentially reduce high-speed flow at the oropharynx, and results from the current work suggest 

that the effect of jet flow could also be reduced by expanding the space where the soft palate 
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is situated. Xi and Longest (2007) performed CFD on a pseudo-realistic pharyngeal model with 

a fairly large volumetric airway space between the oral cavity and the oropharynx, analogous 

to the model that is without the soft palate and the protruding epiglottis structure presented in 

this current work. Xi et al. (Xi & Longest, 2007) showed that the in-plane velocity in the airway 

has a magnitude that ranges between ~ 0.5m/s to 4.5m/s, and these results, along with the 

locations of concentrated particle deposition associated with the flow, are both consistent with 

the observations presented in this current study. Increasing the space where the soft palate is 

situated is likely to decrease the overall particle deposition in the airway, and this could be 

realistically achieved by deliberately advancing the mandible while concurrently positioning 

the tongue carefully such that it does not occlude the airway when biting on inhalers. Results 

from existing work (P. G. Koullapis et al., 2016; Z. Zhang & Kleinstreuer, 2004) have 

demonstrated that the above method is associated with fewer particles deposited in the airway, 

which is consistent with the results presented in this current work.       

While this is one of very few studies that systematically isolate the effects of how key 

anatomical structures in a geometrically realistic human pharynx may contribute to particle 

deposition in the airway, several parametric studies have been undertaken in the literature to 

investigate how dimensions of the upper airway could affect deposition. For example, Xi et al. 

(2014) studied the effects of total airway volume, oral cavity volume, airway curvature, glottic 

cross-sectional area and total surface area on particle deposition using a pseudo-realistic mouth 

throat model. Results from that study show that the cross-sectional area of the airway is the 

most predominant factor that affects deposition with high deposition associated with smaller 

areas, and the effect is the most apparent for medium-sized particles ranging between 6 – 12 

um. It is worth noting that changes in the cross-sectional area in the models are made consistent 

at different sections along the oropharynx and up to the level of the epiglottis, which is different 

from the present study, where the cross-section is altered by removing features of the airway, 

with removing the soft palate and epiglottis being the two cases that result in the largest change 

in cross-sectional area for the models investigated in this study. Results from this current work 

corroborated well with the work of Xi et al. (2014) by demonstrating a three-fold increase in 

deposition when the cross-sectional area where the soft palate is situated is halved through the 

explicit removal of this airway feature. However, particle deposition presented in this current 

work is ~ 8 times higher compared to Xi et al. (2014), and this is likely related to the inherent 

difference in pharynx geometry between the two studies.  
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Results from this current study suggest that all three airway replicas (USP, VCU and the AIT 

throat) are appropriate induction ports for cascade impaction studies as they replicate certain 

realistic features that are present in human airways. Our results show that the airway anatomical 

features integrated in the AIT model are particularly appropriate despite it being an idealized 

model that has excluded some anatomical features such as the uvula. This is because our work 

demonstrates that one of the key airway anatomical features, the soft palate, which the AIT 

model has, is likely to enable it to replicate in-vivo particle deposition accurately. This is also 

a plausible explanation as to why low particle deposition is commonly associated with the VCU 

and USP throat.  It is important to note, though, that the space where the soft palate is located 

is likely variable between humans when they bite on inhalers which can be further complicated 

by tongue positioning, and when using inhalers with different mouthpiece sizes. Hence, while 

the AIT throat model may best produce physiologically realistic and relevant particles 

deposition in the airway for some conditions, further studies to investigate how a range of 

airway geometries obtained with subjects biting on different inhaler mouthpiece sizes may be 

best presented by a single airway replica is merited.  

3.5 Limitations 

There are several inherent limitations with the design of this current study that should be 

carefully considered when interpreting the results. First, the results from this study have been 

produced with monodisperse particles of only a given size and at a constant flow rate, both of 

which are non-realistic but were prescribed intentionally nonetheless, to remove any 

complexities associated with transient flow conditions and polydisperse distributions. Second, 

upper airway tissue motion has been a recent subject of interest, which has been demonstrated 

to have an impact on airflow dynamics. The modelling of dynamic wall behaviour, which 

includes the passive collapse of the airway, may influence the results variably for each model, 

and this warrants further investigation. Finally, it is important to remember that the extent to 

which how the uvula and epiglottis affect the flow dynamics and particle deposition 

characteristics are specific to the model representing the original airway geometry in the human 

subject. These structures are known to occlude the pharynx variably between humans and may 

be affected by body mass index (Shaokoon Cheng et al., 2014). Hence, the exclusion of these 

anatomical structures could result in more dramatic differences compared to the base model, 

further highlighting their importance in defining particle deposition in the human airway, which 

is not within the scope of this current study,  and could be investigated in future work. 
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3.6 Conclusions 

The effects that certain anatomical features in the upper airway have on drug particle deposition 

in the human upper airway have been investigated by using a coupled Eulerian-Lagrangian 

(RANS/DPM) CFD model.  The flow field variation and drug deposition behaviour have been 

analysed. The soft palate is a major determining factor that dictates the overall throat deposition 

fraction in the human upper airway, and therefore models that do not include it are likely over-

idealized. The findings generally demonstrate that the narrow region between the tongue and 

the soft palate is a key feature in dictating drug deposition. Additional specific conclusions 

follow below: 

• The uvula and epiglottis both play a major role in inducing symmetry in airflow 

in the human upper airway 

• The uvula and epiglottis alter local airflow behaviour and therefore affect 

regional deposition but do not significantly affect the overall deposition fraction 

in the airway for the conditions simulated 

• Removing the soft-palate will considerably change the flow behaviour in the 

upper airway and dramatically reduce the deposition in the extrathoracic region. 

The recommendation is therefore that models which include a soft palate region 

are preferred when it comes to the analysis of physiologically realistic drug 

deposition behaviour. 

• The removal of a particular physiological feature alters the local flow behaviour, 

which changes deposition in the upper airway. This effect seems to have a 

greater influence than a change in flowrate on regional deposition, though 

further work is required to substantiate this over a broader range of conditions. 
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3.7 Appendix  

This appendix provides further detail on the quality of the mesh chosen for simulations (see 

Figure 3.A1) as well as data demonstrating the mesh independence testing. Results from mesh 

independence testing are shown in Figure 3.A2 and demonstrate independence of the velocity 

profile with the mesh density at various locations along the airway model. 

 

 

Figure 3. A. 1:  Quality of mesh at uvula and epiglottis region (a):Tetrahedral and Hexahedral 

mesh and (b): Polyhedral mesh.   
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Figure 3. A. 2:  Mesh independent test at line 1(a), line 2(b), line 3(c).  
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Chapter 4 An experimental study of the effect of 

individual upper airway anatomical features on the 

deposition of dry powder inhaler formulations 

(This chapter has been published in the Journal of Aerosol Science, Volume 177, 106320) 

This study aims to investigate the effects of different pharynx anatomical features on the 

delivery of inhaled aerosols. Six in-vitro upper airway models reconstructed using anatomical 

images acquired by Magnetic Resonance Imaging (MRI) were used for the experiments. A 

geometrically accurate airway model was produced, and five other different airway models, 

each missing one or more specific anatomical features: the uvula, epiglottis, and/or soft palate, 

were derived from the original model. Hence, the geometrical boundaries of the six models 

were the same except at regions where specific anatomical structures were removed, and this 

was done to allow meaningful comparisons between the different geometries to be made using 

specific measurements. Spray-dried mannitol powder (volume median particle size and span 

were 3.22 μm and 1.90 μm, respectively) was loaded into a capsule-based dry powder inhaler 

with different resistance, an Osmohaler™ (low resistance), or Handihaler® (high resistance), 

attached to the inlet of the airway model, which its outlet was connected to a Next-Generation 

Impactor (NGI). The studies were performed using flow rates of 30 and 60 LPM. High-

performance liquid chromatography (HPLC) was used to quantify the mass deposition of 

particles in different stages of the NGI and airway replicas. Results from this study show that 

widening the space between the oral cavity and oropharynx, exemplified by one of the six 

replicas developed, significantly decreases upper airway deposition as well as increases the 

fine particle fraction. The case with the highest deposition (63.5%) occurred in the pharynx 

replica with the soft palate present (at 60 LPM with the Hanihaler), while the lowest deposition 

(26.0%) occurred in the replica without the soft palate and epiglottis (at 30 LPM with the 

Osmohaler). This study highlights that in addition to the resistance of the inhalers, their 

interactions with the human airway anatomical features are likely to play important roles in the 

subsequent lung dose. Results from this study are novel because while the effects of different 

inhaler resistance in a given airway replica is known, the effects contributed by specific 

pharynx anatomical features on particle transport behaviour have not been studied 

experimentally or reported on in the literature. This study shows that space adjacent to the soft 



93 
 

palate affects particle deposition dramatically but the effect appears to be more significant  

when using the Handihaler and for the high flow rate cases.  
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Abbreviations and Symbols for chapter 4 (in alphabetical order) 

ACI           andersen cascade impactor      

AD            aerodynamic diameter                    

AIT            alberta Idealized Throat        

APSD        aerodynamic Particle Size Distribution 

CFD           computational Fluid Dynamics 

CIs              cascade Impactors 

COPD        chronic obstructive pulmonary disease 

DPIs           dry powder inhalers 

DPM           discrete Phase Model 

D10 (µm)     volume diameter under which 10% of the particles resides (obtained from laser 

diffraction) 

D15.9 (µm)    the mass based size distribution that 15.9 % of the volume is contained by particles 

smaller  

D50 (µm)         volume diameter under which 50% of the particles resides (obtained by laser 

diffraction) 
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D84.1 (µm)   the mass based size distribution that 84.1 % of the volume is contained by particles 

smaller  

D90 (µm)      volume diameter under which 90% of the particles resides (obtained by laser 

diffraction) 

E                  removed Epiglottis 

FPFem (%)   fine particle fraction 

FPD (mg)     fine particle dose 

GSD             geometric standard deviation   

HPLC           high-performance liquid chromatography 

LPM             liter per minute  

MMAD        mass median aerodynamic diameter 

MT               mouth throat 

MRI              Magnetic Resonance Imaging 

NGI             next-generation impactor 

O                 original model 

OPC            Oropharyngeal Consortium 

p                 statistical p-value 

SP               removed Soft palate 

SP+E          removed Soft palate and Epiglottis 

Stk              stokes number 

U                 removed Uvula  

U+E             removed Uvula and Epiglottis 

USP             United States Pharmacopeia 

VCU            Virginia Commonwealth University 

3D                three-dimensional 
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4.1 Introduction  

Human respiratory diseases, such as asthma (Pate et al., 2021), chronic obstructive pulmonary 

disease (COPD) (Agustí et al., 2020) and chronic bronchitis (Jarhyan et al., 2022), are well-

known diseases that have high mortality rates. Medical and hospitalization costs associated 

with these diseases remain incredibly high (Gutiérrez Villegas et al., 2021; Stolbrink et al., 

2022), and improved treatments and modalities to manage these diseases effectively are 

warranted. A well-known and common prescription to treat and manage these human 

respiratory diseases involves targeting inflammation in the airways through aerosolized  

medications such as dry powder inhalers (DPIs) (N. Islam & Cleary, 2012; A Kourmatzis et 

al., 2018). DPI-based therapies offer effective approach for alleviating respiratory disease 

conditions, and they are known to have high therapeutic efficacy (N. Islam & Cleary, 2012), 

are associated with less drug waste (N. Renee Labiris & Myrna B. Dolovich, 2003) and present 

rapid disease relief and treatment (Kadota et al., 2020). 

Cascade impactors (CIs), including the Andersen cascade impactor (ACI) and the next -

generation impactor (NGI), are commonly used for testing inhaled drugs in-vitro and 

specifically in the determination of the aerodynamic particle size distribution (APSD) for a 

given flow rate and inhalation condition (Mohan et al., 2017). APSD measurements are 

essential for the evaluation, design and quality assessment of DPIs (Yoshida et al., 2017). Fine 

particles are typically considered as particles with aerodynamic diameters that are less than 5 

microns, and are known to be respirable in the lower airways and they are associated with 

effective treatment of respiratory disease (Newman, 2022). Fine particle fraction (FPF) 

measurements obtained from CIs are commonly used to evaluate whether or not a particular 

device can deliver the associated formulation to the lung (Colthorpe et al., 2013). 

Cascade impactors must be used with mouth throat (MT) models to provide the necessary 

information, and common models include the United States Pharmacopeia (USP) induction 

port (USP, 2023), the Virginia Commonwealth University (VCU) (Delvadia et al., 2012) model, 

Alberta Idealized Throat (AIT) (Stapleton et al., 2000), and the Oropharyngeal Consortium 

(OPC) model (Burnell et al., 2007). Significant geometrical differences exist between these 

MT models, each representing a human pharynx without one or more of the upper airway 

anatomical features (Mekonnen et al., 2022). The USP induction port is a simple 90◦ bent tube 

(see USP for details on the geometry in (USP, 2023)). Due to its simplicity and published 

geometry, the USP induction port has been widely used to test inhaled drug delivery and is 
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useful for establishing a performance benchmark (Y. Zhou et al., 2011). The VCU MT model, 

whilst more complex, excludes anatomical features such as the uvula, epiglottis and soft palate 

(a wide oral cavity space that is considered an absent anatomical feature), whereas the AIT MT 

model consists of the epiglottis and soft palate (a narrow space that may indicate the soft palate) 

but excludes the uvula (J. Mitchell et al., 2012). While there has been substantial work in this 

field (Agu & Ugwoke, 2011; Dunbar & Mitchell, 2005; Golshahi et al., 2022; Lizal et al., 2020), 

knowledge regarding how specific anatomical features in the human pharynx affect regional 

drug deposition remains limited. And although the simplifications of these features are often 

found to reasonably replicate deposition of pharmaceutical aerosols well (Delvadia et al., 2012; 

Stapleton et al., 2000), there is significant potential for improving understanding of the 

influence of airway geometry.  

The above challenge to understand the mechanics underpinning drug delivery using the 

different airway models has been elucidated in a recent study using a computational model that 

maintains the pharynx's overall geometry while isolating different anatomical features to 

understand their impact on particle deposition behaviour.  Z. Ma et al. (2022) used in silico 

modelling to systematically remove different features of the human airway and demonstrate 

that the soft palate plays the most significant role in drug deposition in the mouth-throat region. 

However, that study did not take into account the effects of inhaler geometry, inhaler airflow 

resistance, fine particle deposition, or the overall size range of particles exiting the upper 

airway. This current study aims to a) elucidate the effects of different anatomical features (e.g. 

the uvula, epiglottis and soft palate) on particle deposition in the MT region of the human 

airway using NGI and HPLC; b) show how different anatomical features of the human pharynx 

may affect the fine particle fraction and total "lung dose" as measured in an NGI, based on two 

different inhaler devices (Handihaler and Osmohaler) at specific flow rates (30and 60 LPM); 

and c) verify the role the soft palate plays in affecting upper airway drug deposition to create 

an improved methodology for interpretating CI data used with different MT models.   

4.2 Methods:  

4.2.1 Airway models casting   

MRI images from a healthy human (female, aged 56, with body mass index (BMI) 39.5 

kg/m2 and indicated as overweight) with no history of respiratory diseases were used to 

reconstruct three-dimensional (3D) upper airway models. The case used in this study involves 

a High BMI individual, which does not represent the typical airway geometry due to abnormal 
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oropharynx structure and biomechanical characteristics. Consequently, throat deposition may 

vary from other geometries. The MRI images were carefully inspected to ensure that 

anatomical structures, including the uvula, epiglottis and soft palate, were clearly visible and 

distinguishable. A cube with a voxel size of 0.25 mm was used to generate an image stack (276 

voxels*448 voxels*468 voxels) in a computer modelling program (3D Slicer  

(https://www.slicer.org/)). Specific airway boundaries around the uvula, epiglottis, and soft 

palate were identified by carefully matching the MRI data to a standard anatomical atlas that 

defined these structures in detail. The 3D slicer was then used to generate models containing 

all the detailed anatomical features of the upper airway. Another five models were created with 

matching upper airway boundaries to those of the original model above, except for specific 

regions where key anatomical features (uvula, epiglottis and soft palate) were located. These 

features were systematically removed to create a set of 6 MT variations for use in the study as 

follows: 1) An Original Model (O) that includes all the anatomical features as described above, 

2) Original Model without the uvula (U) 3) Original Model without the epiglottis only (E), 4) 

Original Model without the uvula and epiglottis (U+E), 5) Original Model without the soft 

palate (SP), and 6) Original Model without the soft palate and epiglottis (SP+E). The uvula is 

situated at the distal region of the soft palate and is commonly regarded as an integral part of it 

(Helwany & Rathee, 2022). Consequently, in the models where the soft palate is 

removed/widened (i.e. 5 and 6), the uvula is also removed. We note that, when we refer to 

‘removing’ the soft palate in SP and SP+E, in practice the soft palate is only partially removed, 

resulting in an effective ‘widening’ of the cavity. For simplicity, and to maintain consistent 

notation with our previous computational study (Z. Ma et al., 2022), we will describe these 

cases as having ‘removed’ the soft palate, which should be considered interchangeable with 

‘widening’ in this context. 

All the models were then post-processed using another computer modelling program (Rhino 7, 

Robert McNeel & Associates, Seattle, Washington) and converted to poly-surfaces. All the six 

airway models are shown in the Figure 4. 1. The poly-surfaces were imported into SolidWorks 

(Waltham, MA USA) and used to create casting moulds of the MT geometry suitable for 3D 

printing. The models are manufactured using combined fabrication techniques of 3D printing 

and inverse casting.  Liquid silicone (Elastosil RT601, Wacker Chemie, Munich, Germany) 

was prepared, injected into the mould casts, allowed to cure and removed from the cast.  The 

output from this process were high accuracy physical models for each of the six (6) MT models 

described above and shown in Figure 4. 1. An extended inlet was added to the realistic 

https://www.slicer.org/
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geometry to allow the inhalers to be connected via an adapter, while an outlet extension to 

connect the airway to the NGI. These inlet/outlet extensions, and adapter used to connect the 

inhalers, are shown in Figure 4. 2.  

 

Figure 4. 1:  Original model (O)-a basic complete pharynx model that includes all the 

anatomical features and five other models with specific anatomical features removed from the 

original model (removed Uvula: U, removed Epiglottis: E, removed Soft palate: SP).  The 

cross-section views were perpendicular to the streamwise velocity.   

 

Figure 4. 2:  Schematic of the experimental setup using different throat model (Original model: 

O, removed Uvula: U, removed Epiglottis: E, removed Soft palate: SP).  An adapter (shown in 

blue in top left of the figure) was attached to the extension of the airway in a horizontal 

orientation. The other models with the inlet/outlet extensions are shown in the bottom row of 

Figure 4. 2. This extension has the same diameter as the USP throat. The inhalers were inserted 
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into the adapter as shown in the top left such that the outlet was approximately 40 mm from 

the start of the realistic geometry. During MRI scans, the patient was lying down with the 

inhaler inserted perpendicular to their mouth.   

4.2.2 Aerosol Powder preparation   

Mannitol solutions at 100 mg/mL concentrations were prepared by dissolving the raw material 

(mannitol powder supplied by Pharmaxis Ltd, Sydney) in deionised water. A spray dryer 

(Buchi B-290, BUCHI Labortechnik AG, Flawil, Switzerland) was employed to produce spray-

dried particles with volume median diameters of 3.2 µm. Process conditions used are shown in 

Table 4.1. 

Table 4. 1:  Spray drying condition for mannitol 

Feed 

concentration 

(mg/mL) 

Inlet 

temperature 

(°C) 

Outlet 

temperature 

(°C) 

Feed rate 

 

(mL/min) 

Aspiration 

 

(m3/h)  

Atomising 

airflow 

(L/h) 

100 140 75 4.2 35 742 

 

4.2.3 Particle size of dry powder 

The particle size distributions of spray-dried mannitol were measured by laser diffraction 

(Mastersizer 3000, Malvern Instruments Ltd., UK).  The mannitol sample was loaded into a  

Scirocco 2000 dry powder feeder (Malvern Instruments, UK) and dispersed in the air with 0.8 

bar pressure. The material and absorption refractive indices of mannitol were set at 1.544 and 

0.100, respectively. The refractive index (RI) of dispersant was set as 1.0. These RI values 

were considered accurate, as demonstrated by the low weighted residual values (< 0.61 %) 

obtained from all measurements. These values indicated a good data fit between the measured 

scattering data and the data predicted based on the optical properties.  

4.2.4 Experimental Protocol, NGI and HPLC Analysis 

Mannitol powder with a spray-dried volume median diameter (D50) of 3.22 ± 0.03 μm was used 

in the experiment. The 20 mg ± 0.15 powder was loaded into a size 3 

hydroxypropylmethylcellulose capsule (Capsugel, Sydney, Australia) before loading into the 

dry powder inhaler. NGI ((Copley Scientific, Nottingham, UK)) was used with the six 6 MT 

models and two different inhaler devices (Handihaler and Osmohaler), to study particle 

deposition at flow rates of 30 LPM and 60 LPM, with a fixed 4L volume inhalation, as 
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recommended by the British Pharmacopoeia (Pharmacopoeia, 2012; Singh et al., 2022). The 

resistance of the Handihaler and Osmohaler is 0.047 kPa1/2/LPM (Jõgi et al., 2021) and 0.021 

kPa1/2/LPM (Chang et al., 2017), respectively, and these inhalers were chosen because they are 

well known inhalers that represents the lowest and highest range of inhaler resistance in the 

market.   These flow rates were achieved using a low-pressure drop mass flow meter (TSI 4040 

Series Mass Flowmeter) by connecting it to a standard vacuum pump which was attached to 

the outlet of the NGI.  A flow control valve (Airtac ASC300-10) and timer (Omron H3CR-A8, 

Japan) were installed between the NGI and the vacuum pump to control the flow rate and 

suction duration to achieve the inhalation volume. All the NGI plates were coated uniformly 

with silicone grease before each experimental run (Dry Film Silicone Lubricant; LPS, Tucker, 

GA, USA) to reduce the drug particle bounce.   

The experimental protocol entailed delivering the flow and aerosol through the device, realistic 

airway model and NGI. The experimental setup is shown in Figure 4. 2. The sample collection 

process involves rinsing the capsule, inhaler, adapter, the upper airway replica, and the eight 

stages in the NGI with known amounts of Milli-Q water (capsule: 4 mL, inhaler: 10 mL, adapter: 

3 mL and each plate of NGI: 2 mL) until the drug concentration of the sample falls within the 

calibration standards range of 0.03–5.05 mg/mL, to yield 12 samples of drug solution. The 

individually collected samples were then analysed using HPLC (Model LC-20; Shimadzu, 

Kyoto, Japan) consisting of a DGU-20A degasser, CBM-20A controller, LC-20AT pump, SIL-

20A HT auto-sampler, CTO-20A column oven, and an RID-10A Refractive-Index (RI) 

detector. A 50 µL volume sample was collected and mixed with mobile phase (Milli-Q water) 

under a fixed flow rate (0.6 mL/min) through a Hi-Plex Ca2+ column (300 × 7.7 mm, Agilent, 

Sydney, Australia). The oven temperature was set at 75°C, and each run lasted 10 mins. For all 

HPLC runs, over 95% mass recovery was obtained. The standard curve for mannitol ranged 

from 0.03 mg/mL to 5.05 mg/mL, and the coefficient of determination R2 ≥ 0.997. The accuracy 

of the concentration of the prepared known solutions was within ± 5%. 

Aerosol performance indices were determined using the following, 
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𝐹𝑃𝐹𝑒𝑚 =                                                                                                                                                     

                                                                
mass of mannitol≤5 µm in NGI stages

mass  of mannitol  in (101apsule+inhaler+adaptor + mouth throat model+ NGI stages)
× 100%, (1)

 

and FPD is defined as the mass of mannitol ≤ 5 μm in NGI stages. This was calculated using 

linear interpolation of cumulative doses between the two stages where 5 microns lies, i.e., 

stages 2 and 3 for 30 LPM; stages 1 and 2 for 60 LPM. The mass median aerodynamic diameter 

(MMAD) and geometric standard deviation (GSD) were determined in relation to the recovered 

dose and emitted dose. The MMAD was calculated as the diameter at 50% undersize, obtained 

through interpolation of the cumulative recovered and emitted doses. The GSD was calculated 

using equation (2), where 𝐷84.1  and 𝐷15.9 are defined similarly to 𝐷50, that is, they correspond 

to the diameters where 84.1% and 15.9% of the volume is contained by particles smaller than 

these diameters, 

𝐺𝑆𝐷 = √
𝐷84.1

𝐷15.9 
 .                                                                                                                        (2) 

 

 

4.2.5 Statistical Methods 

An F-test was first used to examine the equality of variances and two-tailed T-tests. This t-

testing was conducted to analyse the differences in throat deposition fraction, deposition 

between NGI stages, emitted fine particle fraction (FPF), and fine particle dose (FPD),  between 

the original model and each of the other five models under two flow rate conditions. All results 

in the bar charts are represented as a mean ± standard deviation. A single asterisk in the figures 

represents p < 0.05, two asterisks represent p < 0.01, and three asterisks represent p < 0.001. 

 

4.3 Results 

4.3.1 Deposition fraction in mouth throat model  

This section discusses how specific anatomical features in the human pharynx affect particle 

deposition in the six mouth-throat model replicas with spray dried mannitol (the volumetric 
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diameters (D50) of spray dried mannitol was = 3.22 µm and the span ((D90 – D10)/D50) was 

1.90). Figure 4. 3 shows the experimental results on spray-dried mannitol under 30 LPM and 

60 LPM using the Handihaler and Osmohaler. 

Significant differences in throat deposition fraction between the original and other airway 

models with anatomical features removed (uvula, epiglottis and soft palate) can be observed.  

For the Handihaler (Figure 4. 3a), the deposition fraction is significantly (p < 0.05) lower for 

SP (22% decrease) and SP+E (25% decrease) relative to the original model at 30 LPM. A 

significant difference is also observed at 30 LPM for the Osmohaler (Figure 4. 3b), with 35% 

and 38% decreases for SP and SP+E, relative to the original model. This may be a result of the 

soft palate significantly narrowing the local airway cavity, which increases the local velocity 

and, in turn, increases deposition. At 60 LPM, no significant difference was noted for the 

Handihaler between the original model and the other models, which suggests that at a high flow 

rate, the effects of Handihaler on particle transport and deposition are likely less susceptible to 

difference/changes in airway geometries. For the Osmohaler, a statistically significant decrease 

of approximately 24% is found for both SP and SP+E compared to the original model at 60 

LPM, which is smaller than the 35% and 38% relative difference observed at 30 LPM for the 

same device. This suggests there is a reduced influence of local geometry on deposition with 

an increase in flow rate, which is consistent with other studies that compare d eposition across 

different geometries (Shaokoon Cheng et al., 2019). The presence of the soft palate reduces the 

airway cross section in that region, which increases the local Reynolds number (Re) and hence 

turbulence. While increased turbulence is likely to increase deposition through turbulent 

dispersion (as seen in the 30 LPM case), this effect need not be linear due to the complexity of 

the mechanisms behind how particles deposit on the walls. There may therefore be a local 

Reynolds number where further increases in turbulence do not significantly affect deposition, 

resulting in the less significant differences seen at 60 LPM. Further research into the precise 

mechanisms governing deposition, such as attempting to quantify the ‘turbulence contribution’, 

would help shed more light on this, and in the discussion section we discuss deposition in 

greater detail. Throat deposition fraction appears sensitive to the inhaler devices, presumably 

through their difference in resistance, sensitivity to flow rate, mouthpiece size and differences 

in their internal geometry (e.g. the presence of a swirl chamber, which could influence powder 

dispersion).  
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The trends discussed here, namely that deposition is reduced when the soft pallet is removed, 

are consistent with our previous CFD study (Z. Ma et al., 2022). However, the relative 

decreases in the CFD study were much larger (e.g. a 64% decrease for SP+E relative to O at 

70 LPM) than in the present study (24% decrease for SP+E relative to O at 60 LPM for the 

Osmohaler). There are several significant differences between the computational model and 

the experimental set-up, such as the CFD using monodisperse particles, no inhaler 

device/adapter, and different flow rates. These, along with limitations in the turbulence 

modelling could contribute to this difference, but the consistent trends lend support to the 

present observations.  

 

(a)  
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(b) 

Figure 4. 3: Different throat model (Original model: O, removed Uvula: U, removed Epiglottis: 

E, removed Soft palate: SP) deposition fraction comparison under 30 LPM and 60 LPM using 

two inhalers (a), Handihaler (b), Osmohaler. Asterisks indicate level of significance (* 

indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001). Error bars refer to standard 

deviations, n=3. 

 

4.3.2 Deposition in capsule, inhaler devices and adapter 

Figure 4. 4 shows the mean deposited mass in the capsule, inhaler devices and adapter for all 

airway models when using the Handihaler and Osmohaler and based on the 30 LPM and 60 

LPM inhalation flow conditions. Results show that there is no significant difference in mannitol 

deposition in the capsule, inhaler device and adapter, demonstrating that differences in 

anatomical features in a throat replica are unlikely to change the deposition results upstream.  

However, consistent with previous work (S. S. Y. Leung et al., 2016), flow rate appears to have 

an apparent effect on particle deposition in the capsule, device and adapter.  Another important 

observation is that while deposition in the capsule, device and adapter appears unaffected by 

pharynx anatomical features, the error bars (standard deviations) are relatively large for the 
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Handihaler at 30 LPM (low flow rate). Given that the experiments were only performed in 

triplicate, it remains a question whether more data sets would return significant results for 

deposition in the capsule, device and adapter, which merits further investigations. In general, 

for the Handihaler, the mass of powder deposited in the capsule and inhaler device is quite 

variable across different airway models at low flow rate but is much more consistent with the 

airway models at a higher flow rate.  This could be due to insufficient shear generated at lower 

flow rates to consistently evacuate and disperse powder from the capsule in the Handihaler.  

A high mass of deposited particles in the device is noted for the 30 LPM case with the 

Osmohaler, with the deposition in the Osmohaler experiencing a dramatic reduction with an 

increase in flow rate. Clearly, the total deposition within the Osmohaler (capsule and device) 

is considerably higher than the deposition in the Handihaler for all six models,  and this is 

consistent with the study conducted by Leung et al, where the higher deposition was noted in 

the Osmohaler compared to the Diskhaler (S. S. Y. Leung et al., 2016), which has a similar 

resistance to that of the Handihaler used in this current work.  Finally, deposition in the adapter 

is insensitive to the flow rate for either the Handihaler or Osmohaler. The results also show 

that the total deposition in the adapter when using the Osmohaler is less than that of the 

Handihaler under the same flow rate. 

 

4.3.3 Deposition in NGI stages  

Figure 4. 5 shows deposition results in each NGI stage for all the 6 models.  There is a 

significant difference (p < 0.05) in stage 1 (Aerodynamic Diameter (AD) > 11.72 µm) between 

the original model and the model without the soft palate for the case conducted at 30 LPM and 

with the Handihaler. The average deposition for the model that excludes the soft palate (Model 

SP and SP+E) increased in stages 3 (3.99 µm <AD < 6.4 µm) and 4 (2.3 µm < AD < 3.99 µm) 

of the NGI at 30 LPM, such that they are also higher than the original model, and this is not 

observed in the rest of the airway models. For the cases conducted at 30 LPM when the 

Osmohaler is in use,  removing the soft palate alone leads to a significant increase of drugs in 

stage 1 (p < 0.01, p < 0.01, AD > 11.72µm), stage 3 (p < 0.001, p < 0.001, 3.99µm < AD < 6.4 

µm) and stage 4 (p < 0.01, p < 0.01, 2.3 µm < AD < 3.99 µm). A general observation is that 

for all the pharynx models, stages 3 and 4 appear to have the most deposition out of the six 

stages in the NGI for cases conducted at a low flow rate of 30 LPM, and the deposition reduced 
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dramatically with the increase in flow rate, indicating the decreasing effects of airway 

anatomical features on deposition in the NGI stages.  

 

(a) 

 

(b) 

Figure 4. 4: Drug deposition in capsule, inhaler devices and adapter at 30 LPM and 60 LPM 

using (a),Handihaler (b), Osmohaler  with different throat models (Original model : O, 

removed Uvula: U, removed Epiglottis: E, removed Soft palate: SP). Error bars refer to 

standard deviations, n=3. 
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The aerodynamic cut-off diameter for each NGI stage at 30 LPM and 60 LPM flow rate 

conditions were calculated and shown in table 4.2. (Marple et al., 2003; Wallin et al., 2019).  

Table 4. 2: Cut-off diameter at 30 LPM and 60 LPM 

Stage 

Cut-off diameter at 

30 LPM (μm) 

Cut-off diameter at 

60 LPM (μm) 

1 11.72 8.06 

2 6.40 4.46 

3 3.99 2.82 

4 2.30 1.66 

5 1.36 0.94 

6 0.83 0.55 

7 0.54 0.34 

MOC 0.36 0.14 

 

 

 
(a) 
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(b) 

 

(c) 

 

 

(d) 
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Figure 4. 5: Drug deposition in seven NGI stages (stage 1-stage 7: S1-S7) and the Micro-

Orifice Collector (MOC) obtained at two flow rates using two inhalers (a),Handihaler with 30 

LPM (b), Handihaler with 60 LPM (c), Osmohaler with 60 LPM (d), Osmohaler with 60 LPM 

with different models (Original model : O, removed Uvula: U, removed Epiglottis: E, removed 

Soft palate: SP). Error bars refer to standard deviations, n=3. 

 

4.3.4 Fine particle Dose (FPD) and emitted Fine Particle Fraction 

(FPFem)  

The fine particle fraction and dose are critical measures defining a device's efficacy. The fine 

particle fraction indicates the likelihood of particles entering the lungs Figure 4.6 shows the 

results of both the fine particle dose (FPD) and emitted fine particle fraction (FPFem) in the 

different upper airway models, with several statistically significant differences observed 

between the original model and the SP and SP+E models for both inhalers. For example, a 

significant difference is found in the FPFem for the Handihaler at 30 LPM between the original 

model and both SP and SP+E models (37% and 27% increases for SP and SP+E, respectively, 

relative to O). Significant increases were also observed in both the FPFem and FPD for the 

Osmohaler between the original model and SP (34% and 28% for FPFem and FPD, respectively) 

and SP+E (34% and 29% for FPFem and FPD, respectively). Interestingly, despite the 

statistically significant difference in emitted FPF, no statistically significant difference in the 

fine particle dose is noted for the Handihaler due to the change of the emitted dose.  
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(a) 
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(b) 

Figure 4. 6: FPD and emitted FPF in different models (Original model: O, removed Uvula: U, 

removed Epiglottis: E, removed Soft palate: SP) at 30 LPM and 60 LPM using (a), Handihaler 

(b), Osmohaler. Error bars refer to standard deviations, n=3. 

 

 

4.3.5 Mass median aerodynamic diameter (MMAD) and geometric 

standard deviation (GSD) 

Figure 4. 7 shows the mass median aerodynamic diameter (MMAD) and GSD for all airway 

models at both flow rates using the two inhalers. There is a significant increase in MMAD 

when the soft palate is removed for 30 LPM with the Osmohaler, which is consistent with the 
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previous finding of upper airway deposition decreasing when this feature is removed. At 60 

LPM, the impact of anatomical features on MMAD decreases and the differences are less 

significant. This is also consistent with the previously discussed finding that  anatomical 

differences become less important at higher Reynolds numbers.  

We generally observe some decrease in MMAD with increasing flow rate across all models, 

but this is most significant for the case without the soft palate and epiglottis. There is also an 

increase in the GSD with flow rate, which could potentially be attributed to the loss of larger 

particles in the upper airway (W. H. Finlay, 2001), leading to leftward shift in the particle size 

distribution (Marple et al., 2003). 

 

(a) 
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(b) 

Figure 4. 7: MMAD and GSD in different models (Original model: O, removed Uvula: U, 

removed Epiglottis: E, removed Soft palate: SP) under 30 LPM and 60 LPM applying two 

inhalers (a), Handihaler (b), Osmohaler. Error bars refer to standard deviations, n=3. 

 

4.5 Discussion 

There is a lack of research studies focusing on the role of human extrathoracic anatomical 

features in particle deposition and downstream dose delivery. To the best of authors’ 

knowledge, this is one of few experimental works that has demonstrated the effect of 

anatomical features on drug deposition and how these features will affect the drug particle 

aerodynamic size distribution entering the lung. The main finding of this study is that the space 

where the soft palate is located is likely one of the most vital anatomical features that affect 

fine particle transport and deposition.  These results are supported by (Golshahi et al., 2013), 

who also identified the importance of this region for deposition. They found that, by using a 
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characteristic diameter based on a region defined similarly to SP as indicated in Figure 4. 1, 

they could reduce the scatter in their deposition data when considering an empirical relation 

involving Re and Stk.  

While the uvula and epiglottis are both somewhat protruding anatomical structures of the 

human airway and have been demonstrated to affect the flow dynamics and velocity field in 

the pharynx dramatically (Bingjie Ma et al., 2020; Zhao et al., 2020), it is interesting to note 

that both these features appear to have little effects on particle transport behaviour. According 

to the finding of this current work, removing the soft palate leads to very low deposition in the 

upper airway and high FPF in the NGI, which is in essence, a representation of the USP throat 

model where there is an absence of change in pharynx cross-section along the airway, and 

unlike the AIT.   

Results in this current work provide further evidence that the soft palate has a major effect on 

the overall deposition in the mouth-throat region compared to the other anatomical features, 

which is consistent with our previous computational modelling study (Z. Ma et al., 2022). A 

significant difference (p < 0.05) in throat deposition between the original model and the models 

without the soft palate was observed when the Osmohaler was used, and this was determined 

for both the 30 LPM and 60 LPM experimental cases. However, the relative difference with 

respect to the full model was lower at 60 LPM (24% decrease from O to SP) than at 30 LPM 

(35% decrease from O to SP). As for the Handihaler, while there is a significant decrease (p < 

0.05) in pharynx deposition between the original airway model and the models without the soft 

palate, the observation was only made for the 30 LPM case. It is worth noting that while the 

deposition fraction measured is different from the previous computational study (Ma et al., 

2022), which simulated the deposition fraction using a Computational Fluid Dynamics-

Discrete Phase Model (CFD-DPM) approach, without modelling the inhaler, the adapters, and 

the size band of the particles; the general trends in pharynx particle deposition as depicted by 

(Z. Ma et al., 2022) adequately captured the key behaviours in terms of the effects between 

different geometries measured here, and specifically the central role of the soft palate as 

opposed to other anatomical features. 

The deposition results in the inhaler and adapter (Figure 4. 4) show that the deposition in the 

Osmohaler is higher than in the Handihaler, which is generally consistent with previous work, 

where the higher deposition was noted in the Osmohaler compared to the Diskhaler (S. S. Y. 

Leung et al., 2016). In Leung et al. 2016, the Osmohaler has higher aerosol retention than the 
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Diskhaler. The difference in inhaler deposition is likely due to the difference in working 

mechanisms and principles between the inhaler devices (Almeida et al., 2022; Huang et al., 

2022; Singh et al., 2022). For example, the powder in the Osmohaler will first impact the wall 

before the powder leaves the device, increasing the deposition in the device (Almeida et al., 

2022). Meanwhile, the Handihaler shows a relatively higher deposition fraction downstream 

of the device. A plausible reason why deposition is higher in the adapter when using the 

Handihaler is that the Handihalers mouthpiece is much smaller than the Osmohalers 

mouthpiece, and therefore the higher velocity in the central area near the outlet of the 

Handihaler may lead to a more turbulent jet flow (Huang et al., 2022). The jet flow will lead to 

the impaction of particles on the airway wall and trap the particles, which makes the airway 

geometry less important. 

The deposition in the NGI stages shows the implications of removing various anatomical 

features of the pharynx. According to Figure 4. 5, removing the soft palate not only affects the 

throat deposition fraction but also significantly affects the particle size distribution in 

experiments conducted at 30 LPM. Removing the soft palate can considerably increase the 

deposition in stages 3 and 4 of the NGI. However, with the increase in flow rate, this 

dependence becomes weak. This is likely due to the increase in Reynolds number associated 

with the high flow rate condition. At the mouthpiece region, the Reynolds number for 

Handihaler under 30 LPM and 60 LPM are 8546 and 17093 respectively; and 3885 and 7769 

for the Osmohaler respectively. Under 60 LPM, the flow becomes more turbulent in the airway 

model, which may have led to a dominance of aerodynamic forces early in the airway model 

that encourages deposition close to the mouth. This makes the presence of unique anatomical 

features less important since there is now less powder downstream of the near-mouth region 

that may be influenced by anatomical variations. Such findings are consistent with previous 

work in more simplified geometries, which demonstrated the dominant role of aerodynamic 

forces at higher Reynolds numbers (Elserfy et al., 2020).  

In addition to the previously discussed influence of Reynolds number on deposition, the Stokes 

number, Stk, also plays a role, 

𝑆𝑡𝑘 =
𝜌𝑝𝑑𝑝

2 𝑈̂

18 𝜇𝑓𝐷̂
, (3) 

where 𝜌𝑝 is the particle density (mannitol), 𝑑𝑝 is the particle diameter (D50), 𝜇𝑓  is the fluid’s 

dynamic viscosity (air), 𝑈̂ is the fluid’s velocity and 𝐷̂ is a length scale, or ‘effective 
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diameter’, that characterises the overall airway geometry. These characteristic scales are 

defined in the same way as in (Grgic, Finlay, Burnell, et al., 2004), which are based on the 

total volume of the airway, V, and the path length of the sagittal axis, L, 

𝑉 = 𝐴̂𝐿 , (4) 

𝑈̂ =
𝑄

𝐴̂
  , (5) 

where Q is the flow rate and 𝐴̂ = 𝜋𝐷̂ 2/4.  

The Stokes and Reynolds number, 𝑅𝑒 = 𝑈̂𝐷̂/𝜈𝑓 , where 𝜈𝑓  is the kinematic viscosity of air, are 

listed in table 4.3 for each variation of the model at both flow rates. Low Stokes numbers 

(Stk<<1) imply the particles follow the fluid flow closely, while a larger Stk indicates the 

particles have more inertia and, for example, may be more likely to collide with the airway 

walls when the flow changes direction. While Stk is low in each model variation, it, like the 

Reynolds number, decreases when anatomical features are removed since this tends to increase 

the effective diameter and reduce the local velocity. (Grgic, Finlay, Burnell, et al., 2004; Grgic, 

Finlay, et al., 2004a) proposed the empirical correlation 𝑆𝑡𝑘 ⋅ 𝑅𝑒0.37 ,  to relate deposition 

efficiency (%), which was found collapsed their data well along an ‘s-shaped’ curve (on a 

logarithmic scale) in a later study (Grgic, Finlay, Burnell, et al., 2004). This empirical quantity 

has been computed for the current data and presented in Figure 4. 8, where it is shown alongside 

the best fit curve from (Grgic, Finlay, Burnell, et al., 2004), who gathered data from several 

airway models and did not use a commercial DPI (instead delivering the flow from an aerosol 

generator).   

At 60 LPM, the present data from both inhalers agrees very well with (Grgic, Finlay, Burnell, 

et al., 2004), despite the very different source conditions. Here the Reynolds number is high, 

and thus the influence of inlet conditions (such as inhaler geometry) on deposition are likely to 

be diminished. There is less agreement at lower 𝑆𝑡𝑘 ⋅ 𝑅𝑒0.37  (30 LPM), where there is a clear 

difference between the two inhalers, and both are somewhat higher than the best fit line from 

(Grgic, Finlay, Burnell, et al., 2004). Despite differences across devices (Handihaler vs 

Osmohaler in this study), and across different airway models (this study vs (Grgic, Finlay, 

Burnell, et al., 2004; Grgic, Finlay, et al., 2004a)), being more prevalent at lower 

Stokes/Reynolds numbers, a consistent trend of increasing deposition with  𝑆𝑡𝑘 ⋅ 𝑅𝑒0.37  is 

observed in the present data as airway features are modified for a given device/flow rate. This 

suggests that changes in deposition fraction due to local variation in anatomical features can 
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still be categorized using bulk quantities such as Re and Stk with respect to their influence on 

deposition, and supports the idea that these differences are less significant at higher Reynolds 

numbers when the flow is more turbulent.  

Table 4. 3: Reynolds and Stokes numbers. 

 

𝑫̂ (mm) 
Reynolds number Stokes number 

30 LPM 60 LPM 30 LPM 60 LPM 

Original model (O) 15.39 2777 5555 0.0084 0.0168 

Removed Uvula (U) 15.45 2765 5530 0.0083 0.0165 

Removed Epiglottis (E) 16.21 2636 5272 0.0072 0.0143 

Removed Uvula + Epiglottis (U+E) 16.27 2626 5252 0.0071 0.0142 

Removed Soft Palate (SP) 16.97 2518 5037 0.0063 0.0125 

Removed Soft Palate + Epiglottis 

(SP+E) 17.79 2402 4805 0.0054 0.0109 

 

Data is also shown in Figure 4. 8 from our previous CFD study using the same airway 

geometries, but without an inhaler device, at different flow rates of 40 and 70 LPM, and for 

monodisperse (3 μm) particles (Z. Ma et al., 2022). The simulation data for 40 LPM in 

reasonably good agreement with present experimental data and best fit line in (Grgic, Finlay, 

Burnell, et al., 2004). The CFD data at 70 LPM is somewhat lower than the present data and 

best fit line at lower 𝑆𝑡𝑘 ⋅ 𝑅𝑒0.37 , and vice versa at higher 𝑆𝑡𝑘 ⋅ 𝑅𝑒0.37 . However, the 

increasing trend with 𝑆𝑡𝑘 ⋅ 𝑅𝑒0.37  is still observed despite the aforementioned differences 

between the CFD conditions and experiments. 
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Figure 4. 8:  Deposition efficiency vs. the non-dimensional quantity StkRe0.37 for all model 

variations at 30 LPM and 60 LPM for the Handihaler (grey/black) and Osmohaler (blue).   

Results from the current experimental study confirmed the conclusion from a previous CFD 

study (Z. Ma et al., 2022) that the space adjacent to the soft palate plays a critical role in drug 

deposition in the upper airway and also indicate that larger space at this pharynx region will 

increase the fine particle dose significantly. These findings may provide insights into the body 

mass index (BMI) effects on aerosol delivery in the human airway. Previous work has shown 

that high BMI leads to a more constricted airway lumen, suggesting that high BMI may lead to 

more drug waste in the upper airway region due to the narrow region in the oropharynx known 

to dominate in high BMI population groups (Cai et al., 2022; Bingjie Ma et al., 2020; Mohsenin, 

2001). 

 

4.6 Limitations 

The experiment was originally designed to use the Handihaler. A mock-up of the Handihaler 

was imaged with MRI, when the patient did the scan. To mimic the real situation, a Handihaler 

was set as a reference inhaler, which has a valid flow rate from 20 LPM to 60 LPM due to the 

high resistance of the device. Since a 30 LPM condition was used for the Handihaler, we ran 

the experiment for the Osmohaler under the same flow rate for comparative purposes. The 
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Osmohaler device is not designed for treatment at 30 LPM, but for a direct comparison, the 

above condition was adopted in the current study.  

An alternative approach would be to fix the pressure drop across the two inhalers, which 

requires appropriately modifying the flow rate for each device. This, however, would change 

the Reynolds number once the flow enters the airway, and could significantly alter the flow 

dynamics. Table 4.4 shows the Reynolds numbers at the outlet of the inhalers, and a ‘bulk’ 

value for the original-model airway (based on the equivalent diameter defined by equation (4). 

For example, if the pressure drop was fixed at 1 kPa, this results in airway Reynolds numbers 

of 1815 and 4408 for the Handihaler and Osmohaler, respectively. This crosses the turbulent 

flow threshold and so results in completely different flow regimes in the airway for the two 

inhalers cases. When the flow rate is fixed, the same Reynolds number in the airway is obtained 

since the airway equivalent-diameter is unchanged. It may be noted that, for this particular pair 

of devices, the Reynolds number at the inhaler is more similar across the two devices when the 

pressure drop is fixed than when the flow rate is. However, the primary aim of the present study 

is to investigate the effect of changing anatomical features in the airway, and whether similar 

differences are observed when using the two inhaler devices. Since the influence of specific 

anatomical features on the flow is more closely related to the airway Reynolds number, as 

opposed to the inhaler Reynolds number, fixing the former by keeping the flow rate constant 

was considered more appropriate for the present investigation. 

Table 4. 4: Fixing pressure drop vs flow rate. 

 
Handihaler Osmohaler 

Resistance (kPa0.5/LPM) 0.051 0.021 

Fixing flow rate:   

Flow rate (LPM) 30 60 30 60 

Pressure drop (kPa) 2.34 9.36 0.40 1.59 

Reynolds number (inhaler) 8546 17093 3885 7769 

Reynolds number (airway) 2777 5555 2777 5555 

Fixing pressure drop:     

Flow rate (LPM) 19.61 27.73 47.62 67.34 

Pressure drop (kPa) 1 2 1 2 

Reynolds number (inhaler) 5586 7900 6166 8720 

Reynolds number (airway) 1815 2567 4408 6234 
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During the MRI scans, patients were lying down with the inhaler inserted into their mouth. 

During experiments, however, an adapter and inlet extension was necessary to link the inhaler 

device to the airway model. This is shown in Figure 4. 2, where the inhaler is inserted into the 

adapter horizontally such that the outlet is approximately 40 mm from the start of the realistic 

geometry. This presents an unphysiological feature of the experimental protocol. The impact  

of this was controlled by constructing all of the inlet/outlet extensions to be the same in the 

different airway models so that they have the same diameter as the USP induction port. This 

enables easier benchmarking between airway models.  

A fixed flow rate was adopted in the experiment to collect an accurate APSD and to simplify 

the experimental protocol to isolate the impact of anatomical features. Given that the 

physiologically realistic inhalation has a time-varying profile, the implications of such transient 

flow may reveal more insights into the effects of anatomical features on drug particle transport, 

which merits further investigations.  Nonetheless, comparing results obtained based on the two 

inhalers at similar flow rates and cross-referencing them to previous CFD and experimental 

work has suggested that the results presented in this current work are likely accurate.   

Finally, in order to keep the study feasible, we have only considered airway models based on 

a single subject, and so an obvious question is whether the conclusions will generalise to other 

subjects. Additionally, the subject had high BMI (39.5 kg/m2), and so the geometry studied is 

not necessarily representative of the average patient. However, provided the soft palate has a 

similar influence on the airway geometry between subjects (i.e. narrowing the region and 

increasing the Reynolds number), it is reasonable hypothesis that at least some results will 

generalise. However, this should not be overstated, and additional research is required to 

confirm this, presenting an opportunity for future studies into different airways (e.g. from 

subjects with a different BMI or sex).  

 

4.7 Conclusions 

The effect of certain anatomical features in the upper airway has been studied using realistic 

airway replicas. Expansion of the soft palate allows more drug particles entering the NGI and 

significantly increases the FPF. Removing/widening the soft palate also results in significantly 

reduced deposition, since it increases the local airway cross-section and reduces the Reynolds 

number, making the flow less turbulent. The effect of the soft palate is more apparent when 

using the Osmohaler than the Handihaler, potentially due to the smaller mouthpiece of the 
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Handihaler, which increases the inlet velocity leading to more turbulence at the inlet. At a 

higher flow rate, the impact of anatomical features on drug particle transport and deposition 

after the mouth-throat region is reduced. This may be due to increased deposition in the near 

mouth region at higher Re, resulting in less mass being available at the pharynx that may be 

influenced by the local geometry.  

Like the Reynolds number, the removal of these anatomical features also act to decrease the 

Stokes number, both of which influence deposition. This was shown in Figure 4. 8 through an 

empirical relationship, 𝑆𝑡𝑘 ⋅ 𝑅𝑒0.37 , where at higher Stokes and Reynolds numbers, we see 

similar deposition fractions to (Grgic, Finlay, Burnell, et al., 2004). At lower 𝑆𝑡𝑘 ⋅ 𝑅𝑒0.37 , the 

trends are consistent but there is a larger difference between the two inhalers, suggesting that 

the effect of source conditions is more significant at lower Reynolds numbers.  
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Chapter 5 Measurement of particle deposition and 

velocity in a human upper airway model using laser 

attenuation 

(This chapter will be submitted very shortly to the International Journal of Pharmaceutics) 

Building upon previous computational (CFD) and in-vitro deposition studies, this chapter 

introduces an experimental approach that provides real-time insights into aerosol transport in 

the human upper airway. While in-vitro experiments offer valuable data on deposition patterns, 

they do not capture the transient behavior of drug particles during inhalation. To bridge this 

gap, this study integrates a laser-based measurement technique to track particle motion 

dynamically, offering a more comprehensive understanding of drug aerosol behavior. 

This study aims to demonstrate a novel methodology for analyzing drug particle flow in a 

realistic model of the human upper airway. A realistic airway model was reconstructed based 

on MRI data using 3D printing techniques. Two spray dried mannitol powder types with 

volume median sizes of 3.22 µm and 6 µm, with a span of 1.90 µm and 2.12 µm, were loaded 

into an Osmohaler inhaler. The osmohaler was attached to the inlet of the airway model and 

the experiments were performed under 3 different flow rates (20 LPM, 40 LPM and 60 LPM). 

Four pairs of observation windows were installed at four different regions of the upper airway 

model (mouth, uvula, epiglottis and trachea). Laser and photodiode techniques were employed 

to investigate the transient flow behavior in a realistic human upper airway model. Signal 

analysis was utilized to examine average drug particle velocity, escape time, and regional 

deposition at various locations along the airway. Results from this study suggest that a simple 

laser attenuation method offer substantial insight into the in-airway dynamics of transient drug 

particle flow.  

 

 

5.1 Introduction 

The prevalence of respiratory disorders, such as asthma and chronic obstructive pulmonary 

disease (COPD), which are characterized by persistent airway inflammation and bronchial 

obstruction (Caramori & Adcock, 2003; Fabbri et al., 2003), remain a significant global health 
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concern. According to a 2019 estimation by the World Health Organization, COPD ranks as 

the third leading cause of mortality worldwide, resulting in an annual death toll of 3.2 million 

individuals (WHO, 2023; X. Yang et al., 2021), while asthma affects a staggering 262 million 

people globally (Vos et al., 2020). The inhalation of an aerosol formulation is the preferred 

route for treating these pulmonary diseases due to reduced drug wastage (Hoppentocht et al., 

2014), minimal systemic side effects, and higher concentration of medication at the targeted 

site of action (Nancy Renee Labiris & Myrna B Dolovich, 2003; Scichilone et al., 2015). 

Attributed to the ability to provide convenient and user-friendly formulations for patients, 

pressurized metered dose inhalers (pMDI) and dry powder inhalers (DPI) are widely used 

(Haidl et al., 2016; Khanal et al., 2020). In recent years, dry powder inhalers have been the 

subject of substantial research studies aimed towards understanding the intricate interplay 

between anatomical geometry (Shaokoon Cheng et al., 2019; Delvadia et al., 2012; Wei et al., 

2018), inhaler device, inhalation flow rate, and drug particle size (Cai et al., 2022; Chew et al., 

2000; Chew & Chan, 1999; Weers & Clark, 2017) in determining the effectiveness of dry 

powder aerosol medication delivery to the respiratory system. 

The human airway can be considered to be composed of three major anatomical sections, 

namely the extrathoracic region, the tracheobronchial region, and the alveolar region 

(Ahookhosh et al., 2020). Investigation of particle transportation mechanisms in the 

extrathoracic region is commonly analyzed separately due to the substantial deposition of 

undesired drug particles in the upper airway (W. H. Finlay, 2001; Grgic, Finlay, Burnell, et al., 

2004) and limitations associated with imaging technologies (A Kourmatzis et al., 2018). 

Standard nuclear imaging, including two-dimensional (2D) gamma scintigraphy, X-ray 

computerized tomography (CT), Positron Emission Tomography (PET), single Photon 

Emission Computed Tomography (SPECT), and magnetic resonance imaging (MRI) are 

critically important in pulmonary drug delivery by measuring anatomical features, but can only 

measure the drug deposition by using radiolabelled drug particles (Conway, 2012; Milne & 

King, 2014; Venegas et al., 2013) at relatively low resolution, and typically only post 

deposition. Details such as extrathoracic airflow mechanics or particle trajectories, cannot be 

accurately obtained during inhalation due to the lack of both temporal and spatial resolution (A 

Kourmatzis et al., 2018).  

Numerous in-vivo and in-vitro correlation (IVIVC) (Byron et al., 2010; Grgic, Finlay, Burnell, 

et al., 2004; Newman & Chan, 2020; Wei et al., 2018) studies have been conducted in 

pulmonary drug delivery to investigate the flow behavior of drug particles within the human 
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upper airway. Cascade impactors (S. S. Y. Leung et al., 2015; X. Yang et al., 2021) remain a 

standard measurement in the pharmaceutical industry for conducting in vitro testing of inhaled 

drugs and determining the aerodynamic particle size distribution under specific flow rates and 

inhalation conditions(J. P. Mitchell & Nagel, 2003). The combination of idealized mouth throat 

models with cascade impactors is commonly employed to obtain an overall deposition in the 

extrathoracic region (Shaokoon Cheng et al., 2019; Chrystyn et al., 2015), with the 

advancement of 3D printing having facilitated the utilization of realistic airway models in this 

field (A. R. Martin et al., 2018). However, despite the usefulness of impactors in measuring 

aerodynamic particle size, their limitations of are widely recognized, being poor flow rate 

sensitivity (J. P. Mitchell & Nagel, 2003) and also high labour intensity. Furthermore, similar 

to medical imaging techniques, cascade impactors cannot provide drug particle flow behavior 

and deposition information simultaneously (J. P. Mitchell & Nagel, 2003).  

In vitro laser imaging techniques, such as Particle Image Velocimetry (PIV) (Schröder & 

Willert, 2008; Soodt et al., 2012) and Laser/phase Doppler anemometry (Kakade et al., 2007), 

have been extensively employed in the field of fluid mechanics to investigate flow behavior in 

pulmonary drug delivery. However, these techniques are generally incapable of quantifying 

deposition in airway models (Schröder & Willert, 2008). Additionally, the necessary 

experimental equipment for PIV, such as a laser with a short pulse width and a high-speed 

camera, incurs significant costs (A Kourmatzis et al., 2018). The technique of laser diffraction 

is extensively used for volume particle size distribution measurement, with commonly 

recognized commercial variants being the Malvern Mastersizer (Liang et al., 2014) and 

Malvern Sparytec (Tang et al., 2023). Complementing laser based particle velocity and size 

measurements is computational fluid dynamics (CFD) which plays a vital role in the field by 

providing simulated flow field results and deposition in the human upper airway 

simultaneously where experimental methods are more challenging to implement (Bingjie Ma 

et al., 2020; Z. Ma et al., 2022). However, the validation of computational results necessitates 

the incorporation of experimental studies, and a further issue is that certain computational 

models, such as large eddy simulation (LES), require substantial computational resources (W. 

Faizal et al., 2020). Therefore, despite significant progress made in in-vitro and in-silico 

methods there still remains a need to provide quantitative measurements of particle dynamics, 

as they relate to in pulmonary drug delivery which provide insight into both particle velocity 

as well as deposition information, simultaneously.  
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The laser attenuation method is one experimental method that has been extensively employed 

in the past for investigating powders and sprays. A recent study conducted by (Mahmoudi et 

al., 2019) employed a two-beam line of sight attenuation method, and revealed fundamental 

characteristics of fluidization behavior exhibited by lactose powders within a simple channel 

flow. An earlier study by (Ju et al., 2010) investigated the characteristics of propellant mass 

fraction from pressurized metered dose inhalers using a similar method which followed from 

earlier work by (Kourmatzis, 2007). The above studies were all inspired by an earlier  low-cost 

photo-transistor-based method which was proposed to accurately measure the velocity 

distribution of suspended particles in a gas-solid flow within a vertical channel, contributing to 

advancements in the field of dilute pneumatic conveying research (Dyakowski & Williams, 

1993). Despite the wide use of laser extinction method in the existing research for studying 

powders and sprays, there remains a lack of application of this method to the study of drug 

particle dynamics within the human airways. 

In this paper, we propose a simple approach using multiple laser diodes and photodiode sensors 

to simultaneously measure regional deposition and particle cluster velocity in a realistic human 

upper airway model. This approach enables a real-time measurement of the dynamics of 

particles within realistic airway geometries non-intrusively, and we also demonstrate that the 

results obtained provide physically meaningful data that can be interpreted alongside CFD 

model data. Spray-dried pharmaceutical particles delivered through an Osmohaler are 

investigated in this research. The discussion includes analysis of the regional deposition in the 

human upper airway, particle cluster transport velocity, and evaluation of inhaler evacuation 

time using different particle sizes (D50 = 3um, 6um) under three distinct flow rate conditions 

(20 LPM, 40 LPM, and 60 LPM). 

 

5.2 Methods  

5.2.1 Airway reconstruction  

MRI images from a healthy human subject, with a body mass index (BMI) of 39.5 kg/m2 

indicating overweight but no history of respiratory diseases, were utilized for the reconstruction 

of three-dimensional (3D) models of the upper airway. The image stack (276 voxels * 448 

voxels * 468 voxels) was generated in a computer modelling program (3D Slicer 

( https://www.slicer.org/)), using a cube with a voxel size of 0.25 mm. The MRI images were 
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meticulously examined to ensure the integrity of anatomical structures, prior to being subjected 

to post-processing using the computer modelling program Rhino 7 (Rhino 7, Robert McNeel 

& Associates, Seattle, Washington). The resulting data was subsequently transformed into 

poly-surfaces and imported into 3D modelling software to generate models by subtracting the 

airway structure from the mold, thereby creating the inner lumen. The mold was then saved in 

STL file format for 3D printing. Manufacturing of the mold was done using a 3D printer (UP 

Box). PrusaSlicer software (PrusaSlicer 2.5.0, Prusa Research, Prague, Czech Republic)  was 

used for the slicing process. The airway mold was fabricated using Fused Deposition 

Manufacturing (FDM) with the 3D printer. PolyLactic Acid (PLA) based filament was used 

for the airway fabrication in a 1.75 mm filament diameter. The Extruder temperature and bed 

temperature was set as 210 °C and 60 °C, respectively. The nozzle diameter is 0.4 mm, in 

combination with a print speed of 60mm/s and an infill density of 20%. The 3D model of the 

airway is provided in the appendix.  

 

5.2.2 Mannitol powder preparation  

The administration of inhaled dry powder Mannitol enhances mucociliary clearance (Chan et 

al., 2011) and has been utilized for the diagnosis of asthma as well as the treatment of cystic 

fibrosis (S. D. Anderson et al., 2018). Due to the narrow size distribution, well characterized 

dispersion behavior through previous studies of the authors', and cost-effectiveness, spray-

dried mannitol was selected to be used in current study. The raw material mannitol powder 

(supplied by Pharmaxis Ltd, Sydney) was dissolved in deionised water to prepare mannitol 

solutions at a concentration of 100 mg/mL. A spray dryer (Buchi B-290, BUCHI Labortechnik 

AG, Flawil, Switzerland) was utilized to generate different sizes of spray-dried particles with 

a volume median diameter of 3.2 µm and 6.5 µm. The spray dry conditions employed are 

detailed in Table 5.1.  

Table 5. 1: Spray drying condition for mannitol. 

Feed 

concentration 

(mg/mL) 

Inlet 

temperature 

(°C) 

Outlet 

temperature 

(°C) 

Feed rate 

 

(mL/min) 

Aspiration 

 

(m3/h)  

Atomising 

airflow 

(L/h) 

100 140 75 4.2 35 742 

100 175 84 4.5 35 742 
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5.2.3 Particle size of dry powder 

 

The particle size distributions of spray-dried mannitol were determined using laser diffraction 

analysis (Mastersizer 3000, Malvern Instruments Ltd., UK).  The mannitol sample was loaded 

into a Scirocco 2000 dry powder feeder (Malvern Instruments, UK) and dispersed in air under 

a pressure of 0.8 bar. The refractive indices for material and absorption of mannitol were set at 

1.544 and 0.100 respectively. The refractive index (RI) of the dispersant was set to 1.0, which 

was considered accurate based on the low weighted residual values (< 0.61%) obtained from 

all measurements. These values indicate a strong correlation between the measured scattering 

data and the predicted data derived from optical properties. The volumetric diameters (D50) of 

two spray-dried mannitols were determined to be 3.22 µm and 6.5 µm, with a span ((D90 − 

D10)/D50) of 1.90 and 2.12, respectively.   

 

5.2.4 Experimental setup  

5.2.4.1 Laser integrated airway model 

A schematic of the experimental setup is shown in Figure 5. 1. Four pairs of windows were 

located at four representative positions in the human upper airway: position 1 - mouth region; 

position 2 - sub uvula; position 3 – sub-epiglottis region; position 4 - trachea region. The 

windows were created using laser cutting techniques (Epilog Fusion M2 75W CO2 Laser 

Cutter), employing acrylic material with dimensions of 3.2 × 2.8 mm to precisely match the 

size of the photodiode. The laser diodes (VLM-520-01) and Si PIN photodiodes (S1223-01) 

are positioned on opposite sides of the pair of windows on the airway model to ensure that the 

laser passes through the airway inner lumen across the transparent window and accurately hits 

the detection area of the photo diode. The laser diodes were all connected to a direct current 

(DC) power supply, while the photodiodes were connected to the data acquisition card (DAQ 

NI 9215) in parallel with an amplified circuit for photodiode signal data acquisition. The 

computer also established a connection with the DAQ card to facilitate system control, data 

collection, and visualization using a computer software Labview. The subsequent signal 

analysis and processing was conducted using MATLAB. 

The experiment utilized two different mannitol powders with a spray-dried volume median 

diameter (D50) of 3.22 ± 0.03 μm and 6.52 ± 0.02 μm, respectively. These particle sizes were 

chosen to represent typical ranges found in dry powder inhalers, balancing between those 
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capable of reaching the lower airways and those more likely to deposit in the upper airway.  

The 20 mg ± 0.20 powder was filled into a size 3 hydroxypropylmethylcellulose capsule 

(Capsugel, Sydney, Australia) prior to being loaded into a dry powder inhaler (Osmohaler). 

The low-pressure drop mass flow meter (TSI 4040 Series Mass Flowmeter) was connected to 

a vacuum source which was attached to the outlet of the airway model, allowing for the 

attainment of three distinct fixed flow rates (20 LPM, 40 LPM, and 60 LPM) at the inlet of the 

airway model when Osmohaler was used. The vacuum source is controlled by a two-way 

solenoid valve and pressure regulator. The 10s duration and data acquisition time from each 

experiment was controlled by the computer. All the experiments were done in triplicate.  

 

 

Figure 5. 1:  Schematic of the experiment.  

 

5.2.4.2 Calibration experiment 

 

A calibration experiment was designed to quantify the relationship between laser signal 

transmittance variation and regional deposition. A 3D printed United States Pharmacopeia 
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(USP) induction port (USP, 2023) with portable window on was used in the experiment. All 

experimental procedures were identical to those employed in the main experiment in terms of 

laser power and acquisition settings. 

After each experimental run, the window was weighed on a mass balance to verify changes in 

mass due to the deposition of drug particles on the window wall. Laser power measurements 

were taken before and after the experiment across the window to assess variations in 

transmittance which combined with mass change, were then plotted as a linear relationship 

relating total deposition on an imaging window vs. transmittance. This process is demonstrated 

in Figure 5. 2. 
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Figure 5. 2: Calibration experiment setup(a) and transmittance and mass relationship obtained 

from the experiment     

 

5.2.5 Signal analysis and calculation method 

The raw signal obtained from the experiment schematically shown in Figure 5. 1 was imported 

into MATLAB for analysis. Specifically, other than observations of the overall morphology of 

the signal, the frequency of the signal, the total period of the signal (i.e. escape time ‘T’) and 

the time delay between signals at different locations, were extracted. The frequency was 

computed using a standard Fast Fourier transform with a low pass filter used to eliminate 

background noise. The total escape time ‘T’, was determined by measuring the duration of the 

signal from the start-time: when the signal intensity began to drop below its background 

threshold to the end-time: when the signal intensity increased back to a value with a constant 

moving average. The time delay between two signals is computed using a standard signal cross-

correlation with the delay time being computed as the lag time with the strongest normalized 

cross-correlation coefficient. 

Throughout the results, the Reynolds number is used, where relevant, to categorize different 

flow conditions across airway models. In this study, the Reynolds number was defined and 
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calculated based on the flow rate, cross-sectional area, and airway diameter to estimate the 

average velocity. 

𝑅𝑒 =
𝑢𝐷𝑇

𝑣
 

Where 𝑢 is the mean inflow velocity in the human airway, 𝑣 is the kinematic viscosity of air 

(1.46 × 10−5 m2/s) (List, 1951), 𝐷𝑇  is the hydraulic diameter, defined as:  

𝐷𝑇 =
4𝐴

𝑃
 

In which, A is the cross-sectional area of the airway perpendicular to the inflow, and P is the 

wetted perimeter.  

5.3 Results and discussion 

In this section, signal data obtained from different locations in the human upper airway will be 

presented and analyzed, allowing for quantifying the effect of turbulent flow in the human 

upper airway on regional particle velocity, deposition, drug particle escape time, and transient 

behavior of aerosols in the human respiratory tract. Measurements which help to define the 

nature of the transient drug particle flow within realistic human airway models are rare in the 

literature.  

5.3.1 General features  

General characteristics of the measured signals at different locations in the airway at flow rates 

of 20 LPM, 40 LPM, and 60 LPM with two different sizes of spray-dried particles are presented 

in this section. The signal collection positions (four representative positions in the human upper 

airway: position 1 (P1) - mouth region; position 2 (P2) - below the uvula; position 3 (P3) - 

below epiglottis; position 4 (P4) - trachea region) are shown in Figure 5. 3. The normalized  

discrete signal fluctuation in Figure 5. 4 represents the drug particle flow related light intensity 

variation detected by the optical sensor in the time domain, which illustrates the temporal 

behavior of dry powder dynamics in the human upper airway. The signal typically originates 

from a statistically stationary voltage before entering a transient state, which is induced by the 

movement of drug particles in the human airway, and then returns to a different statistically 

stationary voltage after the drug fully evacuations following inhaler activation.   
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In Figure 5. 4, at a lower flow rate of 20 LPM, particularly for the 6um particles the signals 

show signals with a gradual decline and significant similarity across positions 1 to 4. This is 

due to the inhaler gradually releasing fewer drug particles into the airway, resulting in an 

extended-release duration behavior which is captured through the signal. However, as the flow 

rate increases, a noticeable discrepancy arises between position 1 and the remaining three 

positions.  The signals demonstrate a consistent strong attenuation followed by a recovery in 

the signal across all cases at position 1 whereas a significant and consistent decrease in signal 

transmittance is noted across positions 2 to 4 when the flow rate is increased to 40 LPM and 

60 LPM. This is due to the increased strength of the air-flow at higher flow rate, resulting in 

the formation of a denser particle cloud within a short period, leading to a significant rise in 

light obstruction which results in the signal remaining attenuated, due to wall deposition. 

Regional deposition information can be obtained by comparing the start point and end point of 

the signal at different window positions. It is worth noting that the main features of different 

signals are generally consistent between different particle sizes, especially the two different 

particles used in the current study, which will be further analyzed in section 5.3.4. 

The general features of the signals demonstrate overall temporal information regarding drug 

particle fluidization in the human upper airway, along with transient flow data and inhaler-

related information, as well as information on regional deposition. To the best of the authors’ 

knowledge, despite this method being simple, it is one of few studies demonstrating temporal 

and spatial information simultaneously in the context of drug particle fluidization and 

deposition in the human upper airway.  
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Figure 5. 3: Measurement positions in the human upper airway  

 

 

(a) 
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(b) 

 

 

 

(c) 

Figure 5. 4: Raw signal under three different flow rates with two drug particles (3 μm and 6 

μm), (a): 20 LPM, (a): 40 LPM, (a): 60 LPM 
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5.3.2 Particle velocity 

 

Figure 5. 5(a) shows the mean particle velocity magnitude, computed through the measured 

time delay from cross correlation and the distance between each sensor and shown at various 

locations under inhalation flow conditions of 20 LPM, 40 LPM, and 60 LPM using drug 

particles with sizes of 3 µm and 6 µm. The results show that the maximum particle velocity 

occurs under 60 LPM between position 1 and position 2 (soft palate region), which has the 

narrowest cross section area between the two measurement positions. In contrast, a different 

phenomenon is observed from position 1 to position 2 (soft palate region) under 20 LPM and 

40 LPM conditions, which shows that the mean particle velocity is approximately 6 m/s, which 

is significantly lower than the velocity under 60 LPM. This might relate to the sub-optimal 

flowrate use of Osmohaler and the potential for reduced aerosolization efficiency of the powder.  

Our previous simulations, shown in Figure 5.5(b), support this finding, showing a similar trend 

in airflow velocity at 60 LPM.  

The mean particle velocity from position 1 to position 4 (mouth-trachea) increases 

proportionally with the increase of flow rate from 20 LPM to 60 LPM. This observation 

validates the efficacy of our methodology in accurately capturing particle velocities across 

varying flow rates within the realistic human upper airway. The mean particle velocity is 

insensitive to the flow rate in the position 2 – position 3 region (uvula-epiglottis region) and 

the position 3 - position 4 regions (epiglottis-trachea region). This may be attributed to the 

turbulent flow generated by the complex anatomical features (uvula and epiglottis) in that 

region which results in multi-directional flow that can make cross-correlation along a line far 

less accurate. The reader is reminder that the measurement provided at a particular position 

along the airway is an integrated measurement across the lumen and therefore not spatially 

resolved.  
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(a) 
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(b) 

 

Figure 5. 5: (a) Particle velocity between different positions under different flow rate using 

two sizes of mannitol. Error bars refer to standard deviations, n=3. (b) Simulated velocity 

between different positions (normalized to 60 LPM).  

 

Figure 5. 6 demonstrates the drug particle travelling time passing one single laser beam, 

indicating the aerosol escape time for inhalers. The escape time shows a consistency using 

powder with different particle sizes. The escape time is approximately seven seconds under 20 

LPM conditions, representing a six-fold increase compared to the escape time of one second at 

60 LPM. This is due to the suboptimal utilization of the Osmohaler, resulting in a gradual 

release of powder from the inhaler.  When the flow rate increased to 40 LPM, which is the 

minimum effective working flow rate for Osmohaler, the escape time was reduced by 75%, 

from approximately 8 s to 2 s. Interestingly, the escape time for the large particle (6 µm) under 

40LPM is observed to be shorter, which could be attributed to the reduced particle numbers at 

the same mass or improved particle lift behaviour. However, when increasing the flow rate to 

60 LPM, the turbulent flow and rapid release of drug particles counteract this effect. The 

attainment of optimal therapeutic efficacy for inhalation aerosols often requires proper training 

in the correct use of inhalers(Haidl et al., 2016). The challenge faced by patients using inhalers 

lies in the difficulty of determining when the inhaler is depleted, as well as accurately 

measuring the dosage and duration required for effective airway administration. Analyzing 

escape time can offer valuable insights into inhalation duration and potentially serve as a guide 

and when combined with inhalation profile, this information can be valuable for evaluating the 

transient behavior of inhalers. 
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Figure 5. 6:  Escape time at different flow rate. Error bars refer to standard deviations, n=3.  

5.3.3 Regional deposition 

Analysis of the signals can also shed light on regional deposition at different locations in the 

realistic human airway. Regional deposition plays a crucial role in enhancing our understanding 

of particle dynamics within different geometries, and also crucially, in acting as a source of 

data for CFD model validation.  

Figure 5. 7(a) presents the results of the quantitative evaluation of regional deposition at four 

different locations in the human upper airway measured by using laser-optical sensor method 

based on 3 µm and 6 µm sized mannitol and at flow rates of 20 LPM, 40 LPM and  60 LPM.   

The deposition increases from position 1 (mouth region) to position 2 (uvula region) and 

position 3 (epiglottis region), followed by a subsequent decrease from position 3 to position 4 

(epiglottis-trachea region) under three different flow rates using two different sizes of particles. 

This is attributed to the different regional deposition affected by distinct anatomical features in 

the human upper airway. The deposition at positions 2, 3 and 4 using 3 µm particles 

significantly increases as the flow rate is increased from 20 LPM to 60 LPM. This observation 

aligns with numerous previous studies that have consistently shown a direct relationship 

between higher flow rates and increased deposition in the extrathoracic region. In contrast, the 

deposition in the mouth region (position 1) shows insensitivity to the flow rate, possibly related 

to reduced deposition in that area caused by the jet flow generated from the inhaler. 

Additionally, an interesting phenomenon was observed in the airway at four different positions. 
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The regional deposition fraction using 6 µm particles is similar to the regional deposition 

fraction using 3 µm particles, ranging from 20LPM to 40LPM. However, there is a decrease in 

deposition at different locations when the flow rate further increases f rom 40 LPM to 60 LPM. 

The reason may be attributed to the smooth surface of the acrylic window, which facilitates the 

detachment of larger particles at higher flow rates. 

5.3.3.1 Comparison to literature  

The assessment of regional deposition in the human upper airways typically involves the 

integration of medical imaging techniques and radiolabelled particles. A classic study (Grgic, 

Finlay, Burnell, et al., 2004) investigated a set of 7 representative realistic mouth throat moulds 

from 80 airway geometries obtained from MRI scans using radiolabelled drug particles and 

revealed that the motion of the tongue is crucial for the regional deposition in the upper airway. 

Compared to their planar image of regional deposition, most of their cases show less deposition 

in the middle part of the mouth region and higher deposition in the pharynx and larynx region, 

corresponding to our measurement positions 1,2 and 3, respectively. Our laser deposition data, 

which indicates a minimal deposition at position 1 (located in the central region of the oral 

cavity), are consistent with this earlier imaging study. The reduced deposition at position 1 may 

be attributed to the relatively flat morphology of the tongue in our model, which facilitates 

direct passage of aerosol jet flow through the oral region and into the deeper pharynx and larynx 

regions.  

The effect of anatomical features on deposition was also investigated by Z. Ma et al.(Z. Ma et 

al., 2022) using CFD-DPM techniques. Regional deposition was plotted and analysed in that 

study. As depicted in Figure 5. 7(b), the simulation results (as shown in Figure 5.8) of regional 

deposition represent the fraction of deposited particles compared to the total deposition in the 

human airway, thereby demonstrating a consistent trend with our study. This further validates 

the potential utility of laser techniques for assessing airway deposition in human airway models. 
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Figure 5. 7: Regional deposition between different positions under different flow rate using 

two sizes of mannitol. Error bars refer to standard deviations, n=3. 
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Figure 5. 8: Regional deposition from previous study ((Z. Ma et al., 2022) 

 

 

5.3.4 Signal fluctuation and turbulence analysis  

The aerosol signal is detected by the photodiode as a result of turbulent airflow in the human 

airway, it will impact the flow of drug aerosols within the human airway and consequently lead 

to signal fluctuations. By assessing the signal fluctuation at various locations, it facilitates 

understanding of the correlation between turbulent airflow and regional deposition within 

different segments of the human upper airway. 

 

Figure 5. 9 illustrates the process of quantifying signal fluctuations. Each collected signal is 

fitted with a seventh-order polynomial to represent the mean signal during fluctuation analysis. 

The deviation of the signal is then calculated by comparing the difference between the regional 

signal and the polynomial fit. Subsequently, the standard deviation for each signal using 3 μm 

particles is computed and presented in Figure 5.10. 
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Figure 5. 9: Signal fluctuation with polynomial fit. 

 

 

Figure 5. 10:  Standard deviation of signal fluctuation  
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The standard deviation is consistently low at P1 but increases at P2 and P3 before decreasing 

again at P4. This phenomenon is closely associated with the airway geometry. At the mouth 

region (P1), the presence of a large cavity results in a lower regional particle velocity, thereby 

causing minimal fluctuations in signal. Conversely, at positions 2 and 3, where the anatomical 

geometry becomes more complex and the soft palate region narrows, there is a significant  

increase in particle velocity leading to a more turbulent flow within that specific area. 

Subsequently, as the flow enters the trachea region (P4), it gradually becomes less turbulent 

and homogeneous. Additionally, an observable increase in signal fluctuation occurs when 

increasing the flow rate. 

Interestingly, this similar trend is observed in the regional deposition as depicted in Figure 9. 

This further implies that the regional deposition in the upper airway is closely associated with 

flow turbulence. From 20 LPM to 40 LPM, there is a notable increase in signal fluctuation, 

indicating an enhanced turbulence of regional particle flow. Comparing with Figure 9, there is 

a remarkable surge in regional deposition from 20 LPM to 40 LPM. 

5.3.5 Spectral Analysis of Signals  

The signal of drug particles collected from the photodiode in the experiment is a transient signal 

and therefore lends itself to additional analysis. The wavelet transform has been widely 

employed in various biomedical applications, such as Computer-Assisted Tomography (CAT), 

Magnetic Resonance Imaging (MRI), and Functional Image Analysis (PET and fMRI) (Unser 

& Aldroubi, 1996). In this section, the signal will be analyzed using the wavelet transform, and 

the relationship between the signal and inhalation aerosol behavior will be discussed.  

The Wavelet Transform, particularly the Morlet Wavelet Transform (MWT), surpasses the 

Fourier and Short Time Fourier Transforms (STFT) by enabling multiresolution analysis, 

which captures and localizes fine details of non-stationary, transient signals across different 

time-frequency scales. The Morlet wavelet, a Gaussian-windowed complex sinusoid, provides 

good time localization due to the second-order exponential decay of the Gaussian function and 

it is defined as follows (Bialasiewicz, 2015; Mashrur et al., 2021): 

𝑊𝑥(𝑠, 𝜏) =
1

√𝑠
∫ 𝑥(𝑡)𝜓∗(

𝑡 − 𝜏

𝑠
)𝑑𝑡  

In which 𝜓(𝑡) = 𝜋 −1/4 𝑒𝑗𝑤0𝑡𝑒−1/2𝑡2
, where 𝑥 is the analyzed signal, 𝑠 is the scale and 𝜏 is the 

position of the signal. The Wavelet coefficient, 𝑊𝑥 (𝑠, 𝜏), represents 𝑥(𝑡) , and its Fourier 

transform in the time-frequency region where the energy of the wavelet atom 𝜓(𝑡).  
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Scalograms are visual representations of wavelet transforms that are useful for analyzing 

complex signals and identifying features such as bursts, trends, and patterns in the data 

(Bialasiewicz, 2015). A wavelet scalogram is defined as the local time-frequency energy 

density, which quantifies the energy of a signal 𝑥(𝑡)   within the Heisenberg box of each 

wavelet 𝜓(𝑡). The scalogram is defined as follow:   

 

𝑃𝑤𝑥(𝑠, 𝜏) = |𝑊𝑥 (𝑠, 𝜏)|2  

Where 𝑊𝑥(𝑠, 𝜏) is Wavelet coefficient, 𝑠 is the scale and 𝜏 is the position.  

  

 

Figure 5. 11:  Signal and scalogram under 20 LPM condition using osmohaler measured at 
Position 1 within the mouth region.   
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Figure 5. 11 presents the time-domain laser signal and its corresponding scalogram, obtained 

via wavelet transform, representing aerosol particles emitted from an osmohaler under a 20 

LPM inhalation flow rate, measured at Position 1(P1) within the mouth region (as shown in 

Figure 5.3). The top panel shows the laser signal over time, demonstrating a generally stable 

pattern with minor fluctuations and a notable dip around the 3-second mark, indicating a 

transient event or interference that briefly reduces the signal intensity. This relatively stable 

signal could be due to the suboptimal performance of the osmohaler at the lower flow rate of 

20 LPM, leading to a gradual release of drug particles. Since the osmohaler is designed to 

function optimally at flow rates above 40 LPM, a lower flow rate can cause the capsule to spin 

more slowly during inhalation, which in turn leads to a slower and more extended release of 

the powder (Michael Y Yang et al., 2016). The observed fluctuations and isolated dip in the 

time-domain signal may indicate transient changes in particle concentration or size distribution 

as the aerosol exits the osmohaler, possibly due to initial aerosolization dynamics or 

interactions with the inhalation airflow. 

The scalogram in the bottom panel offers a detailed frequency analysis over time (X-axis: time 

(s), Y-axis:frequency (Hz)), revealing a predominance of low-frequency components, which 

decrease slightly in intensity during the observed dip, suggesting variations in particle 

dynamics or concentration. The color gradient in the scalogram, with blue representing lower 

intensity and yellow representing higher intensity, highlights the distribution and intensity of 

various frequency components. The predominance of blue shades indicates that the aerosol 

flow is primarily dominated by low-frequency components, most likely characteristic of larger 

particles or aggregates which have higher inertia and are less likely to respond as rapidly to the 

surrounding flow. The notable drop around 3.5 seconds (as shown in the yellow circle), as seen 

in the time-domain signal, corresponds to a reduction in the energy of these frequency 

components, suggesting a possible interruption or scattering event, likely due to the detection 

of large particles or particle clusters.  
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Figure 5. 12:  Signal and scalogram under 20 LPM condition using osmohaler measured at 

four different Positions (P1-P4) in the upper airway model.   

Figure 5. 12 indicates the time-domain signals and corresponding spectrograms of aerosol laser 

signals recorded at four different positions along the same airway during a single experimental 

run, labeled as P1, P2, P3, and P4. Each window depicts a distinct temporal and frequency 

response of the aerosol as it progresses through the airway, with a slight time delay observed 

between consecutive windows, indicating the sequential arrival of the aerosol at each detection 

point.  

In P1, the time-domain signal is relatively stable with minor fluctuations, suggesting a steady 

flow of aerosols, while the scalogram shows low-frequency components with moderate 

intensity, suggesting the presence of larger aerosol particles or clusters. Moving to P2, a 

noticeable drop in signal intensity is observed, accompanied by a shift towards higher 

frequencies in the scalogram, possibly indicating the fragmentation or dispersion of aerosol 

particles. In P3, the signals stabilize again, but the scalograms show variations in frequency 

content, reflecting the ongoing attenuation of the aerosol as it moves downstream. P4 displays 

the final stage of the aerosol's progression, with the signal stabilizing again but at a lower 

intensity than the initial windows, suggesting some aerosol loss or dispersion. 

The analysis of these scalograms across different positions provides valuable insights into the 

dynamic behavior of aerosol particles within the airway. The initial presence of low-frequency 

components suggests larger particles that may be more prone to deposition in the upper airway. 

The shift to higher frequencies and the subsequent stabilization indicates a dispersion process, 

where particle size reduces, potentially improving penetration into deeper lung regions. 

As shown in the post-processed signal in Figure 5.12, the patterns marked by the black and red 

circles can be tracked from P1 to P4. While the main trend of the signal may change, these 

small patterns maintain a consistent time delay between each position, indicating the successful 

tracking of the same group of drug particle clusters as they flow through the airway. However, 

the intensity of signal pattern diminishes from P1 to P4, suggesting the loss or dispersion of 

these particle clusters due to turbulence and impaction in the airway. Several distinct small 

patterns can be tracked in the signal from P1 to P4. Based on the signal analysis conducted at 

these positions, the combination of the scalogram and the signal provides a means to roughly 

estimate aerosol loss by examining signal dips.  
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5.4 Limitations  

The main objective of this study is to demonstrate the capabilities of laser attenuation in making 

useful comments about airway aerosol dynamics. However, it is important to acknowledge that 

the current study design has certain inherent limitations, which should be carefully considered 

when interpreting the results. Firstly, the limited size of the photodiode surface area and the 

small surface area of the laser diode restrict the measured regional deposition region, resulting 

in a small window. The results obtained from the measurements therefore do not fully represent  

the entire airway though this does not diminish the utility of the data obtained in regions where 

we could measure. To overcome this limitation, a significant number of laser diodes and 

photodiodes can be incorporated into the further study this would be rather cost effective and 

enable these diodes to be integrated within the airway wall itself. Furthermore, the signal drop 

is a result of the combined effects of particle flow and deposition, and the laser passes through 

two windows before reaching the photo diode measurement area, making it unknown which 

side has a higher drug deposition.  To solely measure particle flow behavior in the human 

airway, it is recommended to adjust the window distance from the wall in future experiments. 

By doing so, this approach can also facilitate clear identification of particle flow and regional 

deposition patterns. For instance, by controlling one side to have no deposition or ensuring 

both sides are free from deposition, it becomes possible to discern specific information 

regarding either side's deposition or particle flow characteristics.  

 

5.5 Conclusions 

 

This study introduced an innovative method using laser and optical sensors to analyze drug 

particle behavior in the human upper airway, examining two particle sizes across different flow 

rates. The technique effectively captured spatial and temporal particle dynamics, such as 

transport velocity, regional deposition, and aerosol escape time. Findings indicate that regional 

deposition varies with particle size and flow rate, with higher flow rates leading to increased 

deposition in specific airway regions. By processing signal data, this method measures aerosol 

transport time and regional deposition, aligning with previous simulations. This approach 

provides valuable insights into aerosol dynamics and holds potential for assessing different 

inhaler designs and optimizing drug delivery. Future research can extend this technique to 
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further explore aerosol behavior in diverse inhalation scenarios, enhancing our understanding 

of pulmonary drug delivery. 

 

5.6 Appendix  

 

 

 

Figure 5. A.1: 3D model of the human airway used in the experiment  
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Chapter 6 Summary and Conclusion 

This thesis explored the complexities of pulmonary drug delivery by examining the effects of 

specific anatomical features in the human upper airway and developing a novel method to 

measure the transient flow behavior and deposition mechanisms of drug particles in this region.  

Due to the intricate and variable geometry of these airways, aerosol aerodynamic performance 

and deposition mechanisms remain unclear. To fill this knowledge gap, this study 

systematically isolated different anatomical structures of the human pharynx, including the 

uvula, epiglottis, and soft palate, to assess their independent effects on airflow dynamics and 

particle deposition characteristics. Computational Fluid Dynamics (CFD) using established 

turbulence models was employed to simulate the transport of mono-dispersed particles (3 µm) 

within realistic airway geometries as a function of flow rate. Furthermore, a standard 

experimental approach using NGI and HPLC was employed to investigate how anatomical 

features influence particle deposition in the human airway. The CFD study was validated 

against these experimental results, and the impact of anatomical features on drug particles 

reaching the deep lung was also examined.  In addition, the existing experimental methods fall 

short in assessing transient drug particle flow and behavior, so this study also introduced a 

novel technique using multiple laser diodes and photodiode sensors to simultaneously measure 

regional deposition and particle cluster velocity in a realistic human upper airway model, 

enabling real-time, non-intrusive analysis of particle dynamics within complex airway 

geometries. 

A more detailed main findings are listed below:  

 

6.1 Main findings  

6.1.1 Simulation study of the impact of individual upper airway anatomical 

features on drug deposition  

Computational fluid dynamics (CFD) simulations revealed the critical role of upper airway 

anatomical structures in shaping airflow behavior and particle deposition patterns. While the 

uvula and epiglottis contribute to maintaining symmetrical airflow, their removal had 

minimal impact on the total deposition fraction within the airway. However, eliminating the 

soft palate resulted in significant changes in airflow dynamics, leading to a 33% reduction in 
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localized velocity and deposition. These findings highlight the necessity of including the soft 

palate in airway models to ensure realistic drug deposition assessments. 

Moreover, the study demonstrated that flow rate variations had a less pronounced effect on 

deposition compared to structural modifications. The removal of specific anatomical features 

primarily influenced local flow behavior and regional deposition, reinforcing the importance 

of anatomical accuracy in pulmonary drug delivery studies. 

6.1.2 Experimental study of the impact of individual upper airway anatomical 

features on drug deposition  

Experimental findings using realistic 3D-printed airway replicas confirmed the simulation 

results, showing that the expansion or removal of the soft palate led to an increased fine particle 

fraction (FPF) and reduced deposition in the upper airway. This was attributed to the increase 

in airway cross-section and reduced turbulence, as indicated by lower Reynolds numbers. 

The impact of anatomical structures was more pronounced in the Osmohaler compared to the 

Handihaler, likely due to the Handihaler's smaller mouthpiece, which generates higher inlet 

velocities and turbulence. Furthermore, at higher flow rates, anatomical features had less 

influence on downstream deposition, as increased deposition near the mouth-throat region at 

higher Reynolds numbers reduced the mass available for further airway penetration. 

The study also found that removing anatomical features reduced both the Reynolds number 

and Stokes number, key parameters governing particle deposition. An empirical relationship, 

𝑆𝑡𝑘 ⋅ 𝑅𝑒0.37 , revealed that at higher Stokes and Reynolds numbers, deposition patterns 

remained similar, while at lower values, the inhaler type significantly influenced deposition 

patterns. This highlights the importance of inhaler design and patient-specific airway 

conditions in optimizing drug delivery. 

 

6.1.3 A new method using laser attenuation measures particle deposition and 

velocity in a human upper airway model 

A new laser attenuation technique was developed to measure particle deposition and velocity 

in a realistic human upper airway model, providing real-time insights into aerosol dynamics. 

The experimental results demonstrated the following key findings: 
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• Higher flow rates (40 LPM and 60 LPM) led to increased turbulence and denser 

particle clouds, resulting in significant signal attenuation in the optical 

measurement system. 

• At lower flow rates (20 LPM), particle signals exhibited gradual declines across 

different positions, whereas higher flow rates caused distinct deposition 

variations between the mouth and deeper airway regions. 

• Escape time measurements showed that as flow rate increased, drug particles 

exited the airway more quickly, emphasizing the importance of consistent 

inhalation techniques for effective drug delivery. 

• Regional deposition analysis revealed increased deposition from the mouth 

region to the uvula and epiglottis, followed by a decrease toward the trachea, 

particularly at higher flow rates. 

• Signal fluctuation analysis indicated that greater turbulence in anatomical 

regions, such as the uvula and epiglottis, correlated with increased regional 

deposition. 

• Spectral analysis using wavelet transforms identified a shift from low-frequency 

components near the inhaler to higher-frequency fluctuations downstream, 

suggesting potential for deeper lung penetration of aerosols. 

• Scalogram analysis enabled the estimation of aerosol loss and regional 

deposition fractions, demonstrating a practical method for evaluating real-time 

flow dynamics in pulmonary drug delivery studies. 

 

 

6.2 Future work  

6.2.1 Inhalation profile simulation and experiment combined with laser 

• Different individuals have unique inhalation profiles. A future study could simulate 

inhalation profiles across different groups of people's airways and use the laser 

attenuation method to validate the results. This approach would help to better 

understand the variations in particle behavior and deposition, leading to more 

personalized and effective inhalation therapies. 
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• Further studies should focus on optimizing the laser measurement setup to capture real-

time particle dynamics across a range of flow rates and particle sizes. By doing so, we 

can enhance the accuracy of regional deposition data, ultimately leading to better 

predictions of drug delivery efficiency and therapeutic outcomes. This approach will 

bridge the gap between theoretical models and practical applications, paving the way 

for innovative inhalation technologies and personalized treatment strategies. 

6.2.2 A New Color-Labeled Drug Method to Investigate Particle Distribution in 

the Airway 

• Future research could explore the use of a novel color-labeled drug method to 

investigate drug particle distribution within the airway. By tagging drug particles with, 

it would be possible to visually track and analyze the deposition patterns throughout 

various regions of the airway. This approach could provide detailed insights into how 

different anatomical structures, airflow rates, and particle sizes affect the distribution 

and deposition of drug particles. Combining this color-labeled method with imaging 

techniques could offer a more comprehensive understanding of drug delivery 

mechanisms, allowing researchers to precisely map particle trajectories and identify 

areas of high or low deposition. Such detailed visualization would be invaluable for 

optimizing inhaler designs and developing more targeted drug delivery strategies, 

ultimately improving therapeutic outcomes for patients with respiratory conditions. 

6.2.3 New Laser Method Combined with Inhalers to Test Various Devices  

• The laser attenuation based method can be integrated with different inhalers to 

comprehensively evaluate their performance and effectiveness. By utilizing laser 

technology, this approach can accurately measure particle velocity, distribution, and 

deposition patterns in real-time, providing valuable insights into how different inhaler 

designs influence drug delivery. This method allows for the detailed analysis of how 

particles behave under various inhalation conditions, including different flow rates and 

particle sizes. By applying the laser method to a range of inhaler devices, researchers 

can directly compare their efficacy in delivering medication to targeted regions of the 

respiratory tract. This will help identify which designs optimize drug delivery, 

minimize particle loss, and ensure consistent therapeutic outcomes. 
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6.2.4 Dissolution 

• Dissolution testing for oral dosage forms can be introduced to differentiate several 

formulation types and should allow an estimate of dissolution behavior in vivo. It is 

routinely used in quality control during development, manufacturing, and storage. In 

the future, dissolution testing of inhaled powders will likely become an important aspect 

of pharmaceutical development and quality control processes. A future study could  

involve using filter paper to collect drug particles from the airway model, and 

employing either the flow-through cell method or the paddle over disc method to mimic 

how drugs dissolve in the blood and to study their dissolution rate. 

 

 

 


