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ABSTRACT 
 

 

To understand how the input impedance of the respiratory system relates to pressure and 

volume airflow of the airway branched structure, this thesis focuses on developing a 

mathematical model of the branched airway including trachea and branching airways. 

The 5-Lobe lung model is developed mathematically and experimentally. A computer 

model is constructed in the MathlabTM programming environment. It accounts for the 

effects of airways with varying cross-sectional area, flexible wall properties, and the 

bronchial tree within the lung using the mathematical methods developed in previous 

researches. The terminal impedances are determined by proposed idealized lobe models. 

A range of frequencies up to 256 Hz are tested on this model. Cases of study on 

obstructions by varying lung stiffness from healthy to unhealthy conditions are 

investigated. 

Mathematical model is validated by experiment investigations on the mechanical lung 

simulator, which is built in Diagnostic & Control Research Centre at Auckland 

University of Technology. The results conclude that mathematical methods used in this 

research are capable to produce predictable results of the input impedance. 
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NOMENCLATURE 
 

 

Ai  Cross-sectional area of the airway [m2] where i=1:9 is airway number. 

Ao  Airflow cross-sectional area [m2] 

B  Damping ratio of the lobe material [N/m2] 

C  Compliance of the lung wall [m3/Pa] 

E  Elasticity of the balloon [N/m2] 

F(t)  Exciting force [N] 

H(s)  Laplace transfer function 

oρ   Initial steady-state fluid mass density [kg/m3] 

I  Inertance of the lung wall [kg/m2] 

K  Lobe stiffness [N/m2] 

Kw  Tube wall elastance [N/m2] 

L  Tube length [m] 

Li  airway length [m], where i=1:9 is airway number. 

MB  Fluid bulk modulus [N/m2] 

M  Mass of the lobe [kg] 

P(t)  Pressure change in time of one compartment model[N/m2] 

Pa  Initial steady-state pressure or atmosphere pressure [N/m2] 

po  Atmosphere pressure at room temperature [N/m2] 

PL  Output pressure [N/m2] 

Po  Input pressure [N/m2] 

Ppleural  Pressure exerted by motion of thoracic [N/m2] 

Q  Volume flow rate [m3/s] 

ro  inside radius of the airway[m] 

R  Resistance of the pipe wall[N/m2] 

s  Laplace transform variable 

tw  Tube wall thickness [m] 

V  Volume of the lung [m3] 

VL  Output velocity [m2/s] 

Vo  Input velocity [m2/s] 

x  Displacement [m] 

Z  Impedance of the lobe [Pa/m3s-1] 

ZL  Output Impedance [Pa/m3s-1] 
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oZ   Normalized Input Impedance [Pa/m3 s-1] 

sz   Characteristic impedance [Pa/m3 s-1] 
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nω   Tube wall natural frequency [rad/s] 
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CHAPTER 1 

 

1. INTRODUCTION 

 

 

1.1 Background 

Measurement of the input impedance of the lung system helps to identify the dynamic 

characteristics of the respiratory system. Based on those characteristics, scientists can 

determine whether the lung is healthy or not. An example of an unhealthy respiratory is 

asthma. It is a breathing disorder that arises from conditions where the airway passages 

are obstructed by either inflammation or allergy, which results in very large input 

impedance. The airway constriction causes airflow restriction and breathing difficulties.   

In addition to its usefulness in modelling and simulation, this research focuses on 

developing appropriate measuring techniques to determine the input impedance of the 

respiratory system. This chapter covers a brief literature review that forms the backbone 

of this paper. First, a brief overview of studies of the respiratory system is provided. 

Second, the specific modelling approaches undertaken by researchers are summarised. 

Last but not least, this chapter will also give a synthetic overview of the literature on 

acoustic impedance measurement of the respiratory system and the methods which have 

been used recently. 

1.2 Motivation 

The study of the human respiratory system has attracted a lot of attention from science 

in response to many diseases which relate to respiratory disorders. Research on the lung 

system in terms of changing airflow or pressure in and out the human body; or in terms 

of dynamic behaviours of the properties of the wall tissues and smooth muscles, have 

led researchers in several directions. For many years, researchers used different 

approaches to gain a better understanding of the acoustic impedance processes within 
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the lung system. Early research on the modelling of the respiratory system focused on 

the flow resistance and pressure drop characteristics across the airway passages but did 

not include airway narrowing into the models [1-3]. Several researchers have attempted 

to model the respiratory system as branching networks and analysed the dynamics of 

input impedance response [4-20]. Al-Jumaily and Mithraratne [4] have developed a 

theoretical acoustical model for the respiratory system based on the Weibel’s symmetric 

model [21]. They found a significant influence of the dynamic characteristics and 

response of an elastic tube on analysing occlusions in the lung system. Al-Jumaily and 

Al-Saffar [5] have also extended the model developed by Fredberg [6] to study the 

dynamic of the lung system. They included the effect of the wall inertia to study the 

dynamic response of the respiratory system measured at the trachea. In addition, Al-

Jumaily and Al-Fakhri [7, 8] have developed a mathematical model to study the 

influence of elastance variation on the respiratory system dynamics. In their paper, they 

used the acoustical approach to determine the impedance at the throat using impedance 

recursion formulas for both symmetric and asymmetric structure to consider the 

response of the lung system when wall properties vary. They cited that “the overall 

normalised input impedance frequency spectrum could be used to give a reasonable 

signature for identifying such abnormality”, [8]. Al-Jumaily and Du [9] have modelled 

and simulated the airways for identifying and detecting obstruction. The results 

demonstrated that the input impedance resonant frequencies are associated with the 

locations of the obstruction with its degree of severity in any of the airway branches. 

Previously, Fredberg and Hoenig [10] developed an efficient method for computing the 

input impedance and resonant frequency of asymmetrically branching networks. They 

computed the input impedance and resonant frequencies to simulate the dynamic 

response of the normal lung of adult humans up to 10,000 Hz. The results showed that 

in the high frequency range, there were differences between the input impedance of 

symmetric and asymmetric models. There were, however, similarities in the lower 

frequency range. Fredberg and Moore [6] presented a distributed model of the complex 

branching networks to simulate the response of asymmetric branching networks. The 

simulations were carried out to investigate the characteristic response of the airway 

models with regard to input impedance, frequency, lung pressure and volume. The 

results were later verified by Fredberg et al [11] on excised canine lungs.  

The above literature shows that it is very important to study and recognize behaviours of 

the dynamics of a tube system or in other words, the airway system. However, the 
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various models mentioned above have their own limitations. As a result, until now no 

comprehensive acoustic model of the complete respiratory system has been fully 

understood.  

In the physical aspect, airways are a series of branched tubing from the main tube or the 

trachea goes down to the bronchioles [22]. It ends with the alveolar sacs where gas 

exchange takes place. Science convinces that the airway network should act or behave 

similar to any physical system and has its own natural frequencies of vibration at which 

it responds spontaneously once excited. Therefore, it is logical to comprehend that 

identifying the natural frequency characteristics of the complex branching structure 

based on measuring the input impedance is an important speculation of perhaps utilising 

mechanical relaxation for relief airway disorders [23]. However, it is necessary to study 

the physical structure of the lung to get a better understanding of the lung during its 

operation. 

1.3 Mechanics of Breathing 

In breathing, the mechanical system energies are generated by the respiratory muscles 

movements, which in turn are controlled by the higher central nervous system via the 

intercostals and phrenic nerves [24]. Although most breathing is involuntary, it may be 

voluntarily by taking “a deep breath, hold the breath, cough, sneeze, speak, sing or use 

the chest muscles to lift heavy objects” [24]. 

During inspiration, the diaphragm contracts and the rib cage expands, these motions 

increase the volume of the thorax. By Boyle’s law, this causes pressure at the alveoli to 

fall below atmospheric pressure [25]. And since airflow occurs when there is a 

difference in pressure, air flows in through the nose or mouth. The air travels down the 

trachea into the bronchial tree filling and expanding the alveolar sacs. During 

exhalation, the opposite process occurs. Beginning with a relaxation of the inspiratory 

muscles, the volume of the thorax decreases and the alveolar pressure increases. When 

the alveolar pressure exceeds the atmospheric pressure at the mouth, expiration starts. 

1.4 General Consideration 

Impedance can be considered as the response of a specific passive system to a harmonic 

excitation [26]. In acoustics the particular impedance is defined as the ratio of the 

pressure and the particle velocity at a given point. As the particle velocity is a 

quantitative vector, the impedance depends on the direction of this vector. This quantity 
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is mainly used in a free field or in cavities. In tubes, the following definition is 

preferred: “the acoustical impedance at any cross-section of the tube is the ratio of the 

mean pressure and the volume flow rate at the cross-section.” [26]. 

V
P

Z =            (1.1) 

One may distinguish between input impedances, for which both quantities are 

considered at the same point, and transfer impedances for which the two quantities are 

considered at two different points. An example is a resonator, which can be seen as a 

one-port passive linear acoustic system. The input impedance is sufficient to describe its 

behaviour. In a passive linear N- element there is a relation between the pressure Pi on 

each side and the volume flow rate Vj, where i and j are port numbers (i,j=1 to N), 

which can be written in a matrix form: 

[ ] { }
{ }j

i
ji V

P
Z =,           (1.2) 

Where: {Pi} and {Vj} are N-vectors containing the pressures and volume flow rate at 

each point. 

1.5 Overview of Various Approaches 

Several techniques have been used to measure respiratory properties, such as the Forced 

Oscillation Technique, Acoustic Reflection technique, Dynamics of the airway 

modelling and Transmission- line method. In this section, an overall discussion of the 

various methods and applications are presented.  

1.5.1 Forced Oscillation Technique 

The Forced Oscillation Technique (FOT) is a non-invasive method which is to 

measure respiratory mechanics [27]. The technique employs low-amplitude 

pressure oscillations superimposed on the normal breathing to study the 

mechanical properties of the respiratory system [28]. Respiratory resistance and 

elastance are then computed from pressure and flow recorded at the airway 

opening under the assumption that the contribution of the patient’s respiratory 

muscles is zero, so that airway pressure coincides with transpulmonary pressure. 

This technique is again based on the application of a small pressure oscillation 
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(about 2 cmH2O) at the airway opening by means of an external generator [29]. 

Otis et al [30] use an alveolar capsule oscillation technique to measure the input 

impedance, lobe volume and trans-pulmonary pressure. Using the results, they 

were able to determine the lobe pressure and volume at the airways closure and 

reopening. 

1.5.2 Acoustic Reflection Methods 

In the acoustic study of the human respiratory system, several types of acoustic 

reflection measurements have proved practically valuable. It also is a non-invasive 

approach and is commonly known as the acoustic reflection method using either 

one or two microphones scheme [31-35]. This method is based on the principle of 

acoustic wave propagation and reflection in a duct which involves sound waves.  

This acoustic reflection method gives the longitudinal cross-sectional area profile 

along the airway. This is a useful method in understanding the structure and 

function of the airways. Jackson et al [36] used this method to conduct a research 

of area profiles of excised dog tracheas and lungs measured. They modelled the 

airway as a series of discontinuously joined cylindrical segments of equal length 

but differing cross-sectional area and hence, differing impedance. They designed a 

reflector-meter where a sound pulse created by a spark discharge was applied to 

the airway via source tube. Reflections were generated at the boundaries between 

the cylindrical segments. It then returned from the airway and reflected signals 

were recorded by a microphone which is embedded in the wall of the source tube. 

After the first reflected sound pulse passed the microphone, they carried on up the 

source tube. At this point, they were reflected by the sound source and again 

returned to the microphone. The distance between the source tube and location of 

the microphone ensured that at the microphone the airway reflections and source 

reflections did not overlap. The input impulse response of the airways was 

determined by de-convoluting the airway reflection with the input pulse shape. 

(The de-convolution was carried out by performing a frequency analysis). 

Fredberg et al [37] were believed to be the first to measure human patients. They 

used a measurement system that was more complicated compared to the system 

used by Jackson et al [36]. In this system, a sound pulse produced by a 

loudspeaker was applied to the airway via a five meter long source tube. At this 

time, the tube was filled with a gas mixture of He and O2. The reflected signals 
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returned from the airways were recorded through a microphone in the wall of the 

source tube. 

1.5.3 Dynamic of the Airway Modelling 

Simulation models have been extensively used in breathing mechanics in order to 

develop a new model or technique to study static and dynamic properties of the 

lung system. Studies of the input impedance of the complex airway networks, 

which depends on pressure change over volume flow rate, are mainly used to 

reveal dynamic characteristic of the airway system. However, since breathing is 

an unsteady process that varies in pressure, flow rate and volume due to 

inspiration and expiration, therefore, an appropriate simulation model is needed to 

study dynamic behaviour of the respiratory system. Schmid-Schoenbein and Fung 

[17, 18] developed a distributed model with multi degree of freedom to study the 

respiratory system as a continuous elastic body. The lung dynamic characteristics 

were simulated as a simple lumped mass-spring-dashpot model. This model 

consists of dynamic airways, lung parenchyma, chest wall, diaphragm and 

abdomen. They concluded from this study that a continuum model is more 

realistic and dynamic characteristics of the respiratory system could be obtained to 

interpret various pulmonary diseases. Fredberg and co workers [6, 10-15] 

investigated the dynamic characteristics of the trachea-bronchial tree under 

various conditions. Fredberg and Moore [6] presented a mathematical model to 

simulate the distributed response of asymmetric branching networks. Simulations 

were carried out on the human lung to investigate the response of pressure with 

frequency, path and position. The model included mechanical in-homogeneities 

from origin to terminations as well as parallel ways. Some other researchers have 

focused on modelling constrictions in the respiratory system. For example, Tang 

et al [38] designed a mathematical function to specify the shape of a contraction 

and developed Navier-Stokes equations for fluid flow in constricted tubes. They 

used the boundary iteration numerical method to get the dynamic response of a 

system and justified the results experimentally. Elad et al [39] developed a semi-

empirical equation of a pressure –area relationship for the bronchial airways. 

Halpern and Grotberg [40, 41] used the Navier-Stokes equations and associated 

lubrication theory to investigate the thin film of Newtonian fluid coating the inner 

surface of an elastic circular tube. They analysed the effects of initial film 

thickness, surface tension of the air-liquid interface and modulus of elasticity of 
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the wall on meniscus formation and compliant collapse. The results showed that 

the airway closure occurs more rapidly with increasing unperturbed film 

thickness, surface tension, wall flexibility and decreasing wall damping. Margolis 

and Tabrizi [42] presented a method to investigate dynamics of the lung using 

‘bond graphs’. The model included the distributed dynamics of the proximal 

airway such as trachea and main bronchi, while the distal generations are 

represented by lumping of resistance and compliance effects. The model was 

capable of simulating dynamic characteristics of the system for frequencies as 

high as 8500 Hz. They also claimed that “with some modifications the model can 

predict the input-output relation between the mouth and any desired lung segment 

location” [42]. 

1.5.4 The Electrical Transmission-line Approach 

Many researchers have chosen this method to study the airway dynamic or to 

understand how respiratory sounds relate to pulmonary anatomy and respiratory 

airflow or to determine respiratory parameter properties. For many years, speech 

researchers have used this method to have a better understanding of the acoustical 

processes within the vocal tract during speech [43]. Ginaluca Nucci and 

colleagues [44] developed the model in time domain to evaluate the impact of 

different ventilator strategies as well as constrictive pathologies on the time course 

of acinar pressures and flows. They simplified the original Horsfield structure [45] 

to model a binary tree structure including a trachea, wall compliance, laminar 

resistance, small airways and alveolar compartments. They concluded that this 

model is capable to investigate realistically the effect of homogeneous versus 

heterogeneous constrictive pathologies and the impact of different ventilatory 

patterns on pressure and flow distribution at the acinar level in the mechanically 

ventilated patient. 

1.5.5 Summary 

In summary, all these techniques discussed above have shown very positive 

signals to scientist in terms of modelling of trachea-bronchial tree. A number of 

mathematical models have been proposed to describe the airway mechanics in 

healthy airways as well as unhealthy airway networks. Experimental 

investigations also reported that simplified model of the lung can be modelled 

based on measurement of dynamic characteristics of the respiratory system such 
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as input impedance, pressure-volume relationship by either fitting data methods or 

empirical correlations between variables. Even though the airway mechanical 

properties have been included in some acoustical models to determine the 

dynamic characteristics of the airways, none of these studies have made an 

attempt to a complete simulation model that can be used to determine healthy and 

unhealthy lungs. In particular, none of the above references have modelled as a 5-

Lobe lung model, which reflects to a realistic lung. This indicates that the study of 

the respiratory system is still a potential area in the future.  

1.6 Overview of Modelling Approach Implemented in this Research 

To understand how the impedance of the respiratory system relates to pressure and 

airflow of the airway branched structure, this thesis focuses on developing a 

mathematical model of the branched airway including trachea and branching airways 

within the lung. The model accounts for the effects of airways with varying cross-

sectional area, flexible wall properties, and the bronchial tree within the lung using the 

mathematical methods that have been developed in some previous researches [4, 5, 7, 8 

and 9].The research focuses on developing a realistic 5-Lobe model of the respiratory 

system. The results are then compared with some experimental investigations on a 

mechanical lung simulator developed for the purpose of validation. 

1.7 Aims and Outline of the Thesis 

The aims of the present thesis are: 

1. To develop a mathematical 5- Lobe Model representing the actual lung. 

2. To use a mechanical 5-Lobe Lung Simulator to accurately measure the input 

impedance of a tested bronchial tree. 

3. To compare the measured values to the theoretical values to validate the lung 

simulator. 

4. To investigate the effects of changing lung properties on the input impedance 

response. 

The structure of this research is as follows. Chapter 2 contains a detailed discussion of 

the basic theory behind the techniques. The information of the input impedance 
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response of the compliant tube is described, along with various mathematical equations 

for calculating input impedance. 

A practical lung simulator is presented in Chapter 3. The experimental determination of 

impedance response of each lobe is described. An experimentally determined input 

impedance response in various parameters is also described and discussed. In Chapter 4, 

the results of input impedance calculated from the mathematical model and 

experimental investigations are presented, together with a brief discussion of the effect 

of change in lung wall parameters. Chapter 5 analyses the results obtained in Chapter 4 

in more depth. 

Finally, Chapter 6 will make the concluding remarks in light of the completed work and 

provide some ideas for future development. 
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CHAPTER 2 

 

2. MATHEMATICAL MODELLING 

 

 

2.1 Introduction 

The respiratory system can be considered as a physical model, which consists of a 

collection of physical components interacting with one another and with the 

environment. In reality, most real life systems, such as the respiratory system in this 

case, are complex and non-linear, but they can be simplified to linear models under 

certain conditions. A linear model has useful properties that make analysis easier. The 

simplest model of the complex respiratory system is assumed as a single compartment 

connected to a pipe representing the trachea [46] as shown in figure 2.1. 

The relationship between the pressure applied at the opening of the model )(tP and the 

volume in the model )(tV during emptying of this balloon can be described as a first 

order equation as follows [46]: 

)()()( tVRtEVtP
•

+=          (2.0) 

Where E is the elastance of the balloon, R is the resistance of the pipe and )(tV
•

is the 

flow rate through the opening. Using regression analysis one can calculate E and R 

from )(tP , )(tV and )(tV
•

. If this model is considered as the respiratory system, the 

values of R and E reflect the resistance of the airways and the elasticity of the 

respiratory system, whereas )(tV is the volume increase from functional residual 

capacity i.e. where )(tP at mouth opening is zero. In other words, the passive deflation 

of the respiratory system is characterised by a volume-time profile determined by E and 
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R. However, many in-vivo measurements show that modelling the respiratory system as 

a single compartment is too crude and require further improvement.  

Many investigations have modelled the lung with more than one compartment as it is 

shown in figure 2.2. This model can be found in many research papers. For example, 

Otis [47] had used this model to study the relationship between the compliance and 

frequency. Wanner et als [48] used this model to study the relationship between the 

frequency and the lung compliance. He claimed that “the non-invasive N2 washout test 

is capable of predicting the ratio of dynamic compliance and static compliance and at 

the same time gives a direct measure of gas distribution”, [48].  However, 5-Lobe lung 

model has not been found in the previous literature and seems more logical due to the 

fact that an actual lung consists of five lobes, two in the left and three in the right.  

 

Figure 2.1: Single Compartment Lung Model 

 

Figure 2.2: The two compartment Lung Model 
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In the following sections a 5-Lobe lung model is developed. The model consists of two 

important components: the airways dynamic and the lung dynamic.  

2.2 Airways Dynamic 

Figure 2.3 shows a compliant tube which resembles an airway passage conveying an 

acoustic wave travelling alongside the tube with an input pressure oP and velocity oV , 

respectively. The wave undergoes partial reflection and partial transmission at each 

change in cross-sectional area along the tube’s bore, creating a reflection sequence and 

transmission sequence. The transmission sequence picked up by measurement 

instrument at the terminal point results in a pressure LP and velocity LV . The input and 

output impedance oZ and LZ can be defined respectively as: 

oo

o
o VA

P
Z =           (2.1) 

Lo

L
L VA

P
Z =           (2.2) 

Where  A0 is the air flow cross-sectional area.  

 

Figure 2.3: A single compliant tube 

To understand how the input impedance of the system can be calculated from its 

pressure and volume flow rate, it is first necessary to understand how the pressure and 

volume flow rate transmit inside the tube. 

In studying the dynamic characteristic of each branch of the respiratory system, one is 

interested in correlating between the impedance at the inlet and outlet of the branch. 

Consider a compliant tube with the input and output impedance as defined by equation 

2.1 and 2.2. Implementing the following assumptions: 

1. One-dimension flow, since the tube radius is much less than the tube length; 

P0 

V0 

PL 
VL 
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2. The fluid is conveyed in an adiabatic environment without friction and work; 

3. The tube has constant area in sections other than that at contraction location, 

except for radial elastic deformation; 

4. The tube is not allowed to deform in the longitudinal direction except for 

perturbation; 

5. The radial deformation is very small compared to the tube dimensions. 

This will lead to the fact that an acoustic wave is propagating in a compliant tube, 

transmits to the other end. Applying conservation of mass and energy along the 

conductive tube with some mathematical manipulations lead to the following 

relationship [4] (see Appendix A for more details) 

�
�

�
�
�

�
�
�

�
�
�

�
=�

�

�
�
�

�

0

0

2221

1211

P

V

aa

aa

P

V

L

L         (2.3) 

This matrix generates two equations which correlate between the outlet pressure and 

velocity with the inlet pressure and velocity, where ija  are elements depending on the 

fluid and wall properties and given as: 

( )
( )
( )

)..cosh(

sinh

sinh

cosh

22

0
21

0
12

11

LMsa

LMs
M

a

LMs
M

a

LMsa

=

⋅⋅−=

⋅⋅−=

⋅⋅=

ρ
ρ

        (2.4) 

The value of parameter M is given by 

( )[ ]
( )22

22
0

nBw

nBww

sMK
MKsK

M
ω

ωρ
+

⋅++⋅=        (2.5) 

Where wK is the tube wall elastance which is given by [4] 

0

000

22 r
rptE

K
r

K w
w

⋅−⋅
==         (2.6) 
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Where 0ρ  is fluid initial steady-state mass density, MB is fluid bulk modulus, nω is the 

tube wall natural frequency under initial steady-state pressure, s is Laplace transform 

variable, or  is inside radius of a airway, E is wall elasticity of  tube material, wt  is wall 

thickness of the tube and op is pressure at initial steady-state boundary. 

To determine the relationship between the input and the output impedance in the tube, 

equation (2.3) can be manipulated to get: 

( ) ( )
( )

( ) ( )
( ) ( )�

�

�
�
�

�
+

+
==

LMs
M

ZALMsA

LMsZALMs
M

sVA

sP
sZ

L

L

p

p

sinhcosh

coshsinh

,0

,0
,0

0
00

0
0

0

ρ

ρ

   (2.7) 

Where ZL is output impedance measured at x=L 

Equation (2.7) can be used as a govenning  equation to determine the relationship 

between the input impedance at x=0 and the output impedance at x=L.  

2.3 5- Lobe Lung Model 

An actual human lung consists of five lobes, three to the right and two to the left. To 

fulfil this resemblance, in this thesis the lung is assumed to be made of five lobes, three 

to the right R1, R2, R3 and two to the left L1, L2 with conducting airway passage from 

1 to 9, see figure (2.4). The basic principle of derivation is based on determining the 

input impedance in terms of the output impedance for each segment using equation 

(2.6). 

 

 

 

 

 

 

Figure 2.4: 5-lobe Lung Model 



 - 15 - 

The airways model in this thesis is developed from basic principles using the input 

impedance equations (2.7). Figure 2.4 is the proposed model for the lung. To determine 

the input impedance at the throat, one has to follow the following procedure: 

1. Determine an equivalent impedance at the outlet of each lobe; 

2. Use equation (2.7) to determine the impedance at the inlet of each conducting 

segment in terms of that at the outlet of the segment; 

3. Whenever there is a junction, use the parallel law to find the equivalent 

impedance, namely 
21

21

ZZ
ZZ

Z L +
= ; 

4. Continue to use the recursion format (equation 2.7) until one can get the 

overall input impedance at the throat. 

It is worthy to note that the main reason for determining the main input impedance at 

the throat is the fact that physically this is the point where measurement is feasible. 

2.4 Idealized Lobe Model 

Consider an idealized 5-Lobe lung simulator to replicate an actual lung. Each lobe is 

simulated by an elastic balloon which can be modelled as a mass-spring-dashpot 

system. During uninterrupted mechanical ventilation, respiratory gas is moved in and 

out of the lobes. The lobe’s mechanics deal with the pressures acting on the lobe and the 

concomitant changes in pulmonary gas volume produced. The static and dynamic 

behaviour of the lobe is mathematically described by the equation of motion. Figure 2.5 

shows a mechanical system with M, B and K as the equivalent mass, damping and 

stiffness of the lobe respectively with an application force F, which generates the 

displacement x . The equation of motion for this lobe is: 

 

Figure 2.5: Idealised Mass-Spring-Dashpot Lobe Model 

F(t) 

x (t) 
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)()()()( txMtxBtKxtF
•••

++=        (2.8) 

Equation 2.8 shows that the force F has to overcome three opposition forces related to 

spring or elasticity, damping factor and inertia. Transferring this model of the linear 

mechanical system to a three-dimensional mechanical analogue of the lobe in Figure 

2.4, position x (or displacement) is expressed as volume V of the lobe gas and force as 

pressure. The pressure P∆  applied to the lobe is the net pressure exerted by the motion 

of the lung. The simulated lobe analogue changes its volume when pressure P∆ is 

applied. In analogy to the linear mechanical system, P∆ has to overcome three opposing 

pressures related to elasticity, damping and inertia according to Hook’s Law, Stoke’s 

Law and Newton’s Law respectively.  This can mathematically be described by the 

modifying equation of motion (2.8) to its general form of a lung with one degree of 

freedom as: 

2

2
2

dt
Vd

M
dt
dV

BKVPA ++=         (2.9) 

The pressure change in equation 2.9 is equal to pressure difference across the lobe’s 

wall as a driving pressure of the lobe model, it can be determined from the difference 

between the external pressure and the internal pressure as follows: 

pluerala PPP −=          (2.10) 

Where: aP  is atmosphere pressure and Ppleural is the pressure exerted by motion of 

thoracic. 

Rearranging equation 2.9, one can get 

V
Cdt

dV
R

dt
Vd

IP
1

2

2

++=          (2.11) 

Where 

• I= inertance of the lung wall= 
2A

M
  kg/m2. 
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• R= resistance of the lung wall = 2A
B

. 

• 
2

1
A
K

C
=  is elastance of the lung wall. 

Equation 2.11 can be rewritten as 

CRDIDP
V

/1
1

2 ++
=          (2.12) 

The Laplace transformation of this time domain equation (2.12) into the corresponding 

frequency domain (s = j�) expression is 

)()(
/1

)(
)( 2 sPsH

CRsIs
sP

sV =
++

=        (2.13) 

Where 
CRsIs

sH
/1

1
)( 2 ++

=  

This is second order system, with the frequency response expressed as 
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       (2.14) 

Where ω  is exiting angular frequency; nω  is natural frequency of the lobe’s wall 

properties and ζ  is damping factor of the lobe’s properties. The values of natural 

frequency and damping factor are given by 

M
C

n

/1
2
1
π

ω =          (2.15) 

nM
R
ω

ζ
2

=           (2.16) 
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The volume flow rate is defined as the volume change in time. Therefore, derivation of 

volume change can be used to determine the volume flow of the lobe as expresses in 

equation (2.17). 

dt
dV

Q =    Or  sVQ =  in Laplace Transformation    (2.17) 

s
Q

V =           (2.18) 

Substitute equation 2.18 into equation 2.13 

ssPsHsQ *)(*)()( =         (2.19) 

The Impedance is defined as a ratio between pressure and volume flow rate 

)(
)(

)(
sQ
sP

sZ =           (2.20) 

Substituting this into equation 2.19, the impedance transfer function is determined as 

Cs
RIs

ssH
sZ

1
*)(

1
)( ++==        (2.21) 

Or 
sA

KBsMs
Z 2

2 ++=         (2.22) 

Equation 2.22 is used in MatlabTM programming to calculate the terminal impedance. 

For lobes R1, R2, R3, L1 and L2, the impedances at the inlet of the lobes are defined by 

ZR1, ZR2, ZR3, ZL1 and ZL2 respectively. These input impedances are calculated in the 

following section. 

2.5 The Conducting Airway Dynamic Model 

The airway simulation system in this thesis is shown in figure 2.4, which includes a 

trachea passage (1) which is branched into two daughter bronchia tubes, one on the right 

(2) and one on the left (3). The one on the right (2) branches to conducting tubes (4) and 

(5). The conducting airway (5) then branches into termination airways, which are 

numbered (8) and (9). However, conducting passage (3) on the left of the airway, 
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branches to termination airways number (6) and (7).  The terminal impedance can be 

determined by equation 2.22. Using equation 2.7, for each individual passage at the 

termination of the airways, the input impedance may be expressed as follows: 

Input impedance of segment number 4 in terms of the impedance of lobe R1 can be 

expressed as 
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    (2.23) 

Where ZL,4 = ZR1 is  the terminal impedance according to equation 2.22. 

Similarly, Input impedances of tube number 6, 7, 8, 9 are expressed as 
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Where ZL,,6=ZL2 is terminal impedance at lobe L2; ZL,7 = ZL1 is terminal impedance at 

lobe L1, ZL,8 = ZR2 is terminal impedance at lobe R2 and ZL,9= ZR3 is terminal 

impedance at lobe R3. 

The impedance at the junction for  tube number 8 and 9 is determined by following 

equation: 

9,08,05,0
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+=   or 
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=      (2.28) 

The input impedace of tube 5 is considered using equation 2.7: 
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    (2.29) 

At the junction between tubes 4 and 5, the equivalence impedance is obtained from 

equation 2.30: 
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At the junction between tubes 6 and 7, similar approach to calculate the equivalence 

impedance to get 
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Using equation 2.7, the input impedances at tube 2 and 3 is determined by 
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The impedance at the junction for the trachea is determined by: 
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Finally, use equation 2.7 again to obtain the input impedance of the airways system 
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The frequency spectrum of equation 2.35 can be determined by replacing s with jω . For 

general applications, as for this research, the normalized input impedance is calculated 

as [4]: 

sz
Z

Z 0
0 =           (2.36) 

Where sz  is the tube characteristic impedance, which can be calculated by [4]: 
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0ω  is tube’s wall natural frequency, 1ω  is the tube’s wall natural frequency when air-

filled andω is exciting frequency. The following equations express the value of the 

tube’s wall natural frequency in terms of mechanical properties. 

w

w

M
K=2

0ω  and 
w

Bw

M
MK +=2

1ω        (2.39) 

Where Mw is the tube wall linear density (kg/m), Kw is tube wall elastance and MB is 

fluid bulk modulus. 

A MatlabTM computer program is developed to calculate the input impedance of the 5-

Lobe lung model (see Appendix B). The results are given in Chapter 4. 

2.6 Case Study - Obstruction Investigations 

Equation 2.22 shows that the impedance is depending on the material properties such as 

inertance, elastance and resistance. Any change of these properties variable will 

introduce the changes in calculating the terminal impedance. The aim of this section is 

to determine the effect of an introduced occlusion by changing the lung wall stiffness. 

The lung wall stiffness was varied from healthy value k=6 KPa to unhealthy value of 

110 MPa [49]. The results are used to compare with the experiment investigation in 

Chapter 3. 

The simulation is performed at different lobe of the mathematical 5-Lobe model. The 

effective terminal impedance is calculated in MatlabTM programming software and 

saved as M.fig file for further inspection. The results of this investigation are later 

presented in Chapter 4. The steps of setting in this investigation as follows: 

1. One-Lobe Obstruction: each lobe is set to be obstructed respectively at each 

experiment, otherwise is assumed to be at normal conditions; 

2. Two-Lobe Obstruction: by introducing obstruction at every two lobes at the 

same time, the rests are assumed to be at normal conditions; 

3. Three-Lobe Obstruction: increasing occlusion by three lobes at the same time, 

the rests are assumed to be at normal conditions; 

4. Four-Lobe Obstruction: four lobes are made to be occlusive, only one lobe is 

left at normal conditions; 
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5. Five-Lobe Obstruction: total five lobes are obstructed. 

2.7 Physical Parameters for the Mathematical Simulations 

Researches of modelling the terminal impedance have taken different approaches from 

the one described in section 2.4. They assumed that the terminal impedance is a 

combination of the lung impedance and thoracic impedance [4-9]. However, in this 

research, a simple modal analysis for each lobe described in section 2.4 is used. 

Formulas for these parameter values are summarized in section 2.4 with the material 

properties for soft tissues and airway wall given in Table 2.1. Here, in this case, 

experiment is taken the value from measurement and the fact that the lobe is made of 

rubber. Therefore, parameter’s values of the lobe are provided as follow [9]: 

• M=0.04 Kg: mass of the lobe, taken from measurement. 

• ζ =0.4: damping factor of the rubber [49] 

• R=20 Kg/s [49]. 

Table 2.1: Geometric and Mechanical Properties of the Simulated Lung Model [9]: 

Airways  
Number 

Length 
 (m) 

Radius 
(m) 

Elastance  
(kN/m^2) 

1 0.12 0.01 6000 
2 0.10  0.008 6000 
3 0.1 0.006 6000 
4 0.08  0.005 6000 
5 0.08  0.004 6000 
6 0.08  0.003 6000 
7 0.08 0.002 6000 
8 0.07 0.002 6000 
9 0.07 0.002 6000 

 

2.8 Summary 

Mathematical equations have been developed for the 5-Lobe Model. The experiment 

investigations are set up in the following chapter for 5-Lobe practical model using a 

lung simulator to determine the system dynamic behaviours at every lobe stiffness 

variation of the lung model and to study the effect of terminal impedance at different 

breathing conditions. Comparisons will be made in Chapter 4 and 5 to validate the 

results between the mathematical and experiment investigations. 
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CHAPTER 3 

 

3. EXPERIMENT INVESTIGATION 

 

 

3.1 Introduction 

The theoretical method described in Chapter 2 clearly cannot be validated in vivo. The 

use of the input impedance needs to be verified in order to support this theoretical 

model. Therefore, to measure the input impedance of the actual lung, a practical lung 

simulator is developed and built. The construction and operation of such a lung 

simulator is described in this chapter. A clear validation methodology in measuring the 

input impedance is discussed and samples of the results are presented. 

The aim of this experiment is to collate and obtain the necessary data for validation of 

the mathematical model. The lung model has been built at the Diagnostic and Control 

Research Centre of Auckland University of Technology [50]. The model is aimed to 

scrutinise the volume flow and pressure change in the airway when the lung simulator is 

operating. Therefore, the impedance at each individual branch assumed to be terminal 

impedance is calculated. The spectrum of the terminal impedances are then presented in 

this chapter. 

3.2 Lung Simulator 

In order to validate the theoretical modelling, an experimental lung simulator is needed 

to include as many realistic factors as possible. The lung simulator is designed, 

calibrated and ready to use. The system allows to measure air velocity and pressure at 

desired locations (terminal locations).The air velocity value can be used to determine 

the volume flow rate by multiply with cross-sectional area of the tube. It also allows 

measuring the compliance of the tested lung. Figure 3.1 and Picture 3.2 show a simple 
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schematic diagram and a picture of the lung simulator used in this study. The main 

components of the simulator are:  

 

Figure 3.1: Schematic Diagram of the Lung Simulator 

A personal computer is to communicate with the lung simulator and to supply the input 

breathe cycle as well as to receive the information from each individual sensor. A 

pressure control valve is used to supply the required air pressure from the air supply to 

the simulator. A pneumatic cylinder is used as the main driving force of the lung 

simulator. The simulator itself resembles the actual lung environment in pressure and 

elasticity content. 

 

 

 

 

 

 

 

Figure 3.2: A picture of the Lung Simulator 
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3.2.1 Lung Simulator Setup 

The basic principle of operation of the lung simulator (Figure 3.2) is to issue a 

breath cycle command from the computer using LabViewTM to a control valve, 

which allows air to enter a pneumatic drive in accordance with certain modes. 

Once the actuator starts, it will drive the piston inside the cylinder which 

resembles the lung. The cylinder is filled with water to replicate the lung 

environment. Figure 3.3 gives a schematic representation of the mechanical 

system together with the actuators, interface electronics, low-level position 

controllers and the controlling computer. The real-time controller of the entire 

system has been implemented in LabView 6.1(National Instrument, New Zealand) 

installed on a Personal Computer. The Computer Control (1)* with a Data 

Acquisition (2) generates the analogue output signals with a volume reference 

(Vref). The pneumatic system (3) is then driven by the output signals and its 

motion dynamically changes the volume inside the pneumatic cylinder (5). The 

piston position is measured using the encoder as a feedback to the system (4). The 

change in volume of the cylinder creates a negative pressure inside the chamber, 

which is the driving force to generate the pressure change and airflow in the 

tested-lung (6). This pressure change is measured by the pressure sensor (7). The 

flow is measured by TSI flow- meter (model 4043) (8) as pressure drops over the 

tested-lung. The accuracy of the TSI flow-meter is recorded as 2% of the reading 

or 0.05 Std l/min. It also monitors the temperature and the static pressure. In-

house designed of electrical cards (9) and pressure transducers (10) are used to 

measure air velocity and pressure drop respectively at the terminal locations inside 

the tested-lung. 

The output signals from the tested-lung, together with the signals representing the 

changes of the airways pressure are recorded via a LabViewTM program and 

stored on the computer hard disk. All the data is given in time domain and will be 

ready for analysis. 

 

 

* Numbers refer to elements in Figure 3.3
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Figure 3.3: Mechanical Lung Simulator 
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3.2.2 5-Lobe Lung Simulation 

The tested-lung is in-house custom made. It includes five balloons (Figure 3.5) are 

connected to the terminal link of the airways. The tree-like airways (figure 3.4) 

consist of a trachea (1) branches into two daughter branches to simulate the 

primary bronchi (tubes 2 and 3). The two daughters again branch into two as it 

shows in the figure (3.4).   

 

 

 

 

 

 

 

 

Figure 3.4:  A schematic of the tested-airways. 

 

 

 

 

 

 

Figure 3.5: Picture of five-lobe airways is used in the lung simulator 

A realistic lung has five lobes, three in the right side and two in the left. To 

simulate that, five balloons with the specifications given are used. These 

balloons are normally manufactured to simulate lungs and were supplied by 
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Fisher & Paykel Healthcare Ltd. They have the necessary stiffness and elasticity 

for resemblance. Each one of the balloon is connected to a tube (4, 8, 9, 6, and 7) 

which simulates a conducting airway. Each two of the airways is joined to form 

a parent (3, and 5), then parent (5) is joined with airway (4) to form a new parent 

(2). This process continues until the airway reaches to the main stem (1) which 

representing the trachea. See Figure 3.4. 

3.2.3 Equipment and Instrumentation 

The test lung simulator is equipped with in-house custom designed and built 

measurement devices. These devices measure the values of air flow and pressure 

in both directions at terminal link of the test-airways. The lung simulator is 

connected to a Personal Computer, through a control system. A pressure 

transducer is connected to the cylinder to measure the values of the lung pressure 

changes against the room pressure.  TSI Flow meter is used to measure the total 

flow in and out of the tested-lung. In-house custom designed electrical cards are 

used to capture the air velocities at five lobes as well as five pressure transducers 

are used to measure the pressure change inside each one of the lobes. A detailed 

list of the equipment used to conduct the experimental investigation is listed in 

Table 3.1. 

The pressure change is measured using a pressure transducer connecting to the 

cylinder. As the system operates, the sensor detects a change in pressure from 

inside of cylinder. This is used to calculate the total volume flow in and out of the 

cylinder. Figure 3.6 shows the pressure transducer used in this investigations and 

Figure 3.7 shows the actual setup of the actual pressure measurement in the lung 

simulator. 

 

 

Figure 3.6: Pressure transducer is used in the Lung Simulator 
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Figure 3.7: The actual setup of the Pressure Sensors in the Lung Simulator 

 

Figure 3.8 shows the in-house custom made thermal flow meter which is used to 

measure the air velocity at the terminal link.  The measurement principle is 

based on a heating wire which creates a uniform gradient temperature in the 

tube. The temperature is then detected by the two thermal resistors, which are 

placed on two sides of the heating wire. When there is no air flow, there is no 

difference in temperature between the two thermal resistors. When there is air 

flow in the tube, there is a different between the two thermal resistors. This 

difference is proportional to the air velocity. Figure 3.9 shows the actual setup in 

the lung simulator. 

 

 

Figure 3.8: The custom made Thermal Flow Meter is used in the Lung Simulator 
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Figure 3.9: Electronic Cards setup to obtain air velocity at 5-Lobe Lung Model 

 

Although there are several options to read the thermal meter output, a 

Wheatstone Bridge is chosen in order to give high sensitivity and accuracy. The 

output from the Wheatstone Bridge is connected to the instrumental different 

amplifier to amplify the signal which then is saved in the Personal Computer in 

text file format. During an operation, the Wheatstone Bridge is set to be 

balanced and no current flow in either direction. It means there is no voltage 

difference. When the flow occurs which causes the thermal resistors to change, 

the Bridge becomes unbalance. This change causes the current flow in the circuit 

leading to a voltage difference. The difference of voltage is then recorded into 

the PC representing the changes in air velocity with time. Figure 3.10 shows the 

custom made Wheatstone bridge used in the lung simulator. 

 

Figure 3.10: The in-house custom made Wheatstone Bridge is used in the Lung 
Simulator. 

Electronic Cards 
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Table 3.1: Equipment Details for the Lung Simulator 

 

Description Purpose Identification Details 

Pneumatic system To create the pressure-volume 

change  

Custom made at AUT 

Five thermal flow 

meter 

To measure the flow rate at each 

terminal link 

Custom made at AUT 

Five balloons  To act as 5 alveolar and connect to 

the terminal link 

Fisher&Paykel 

provided 

Pressure regulator To control pressure generate at the 

pneumatic system 

Festo-MPPE3-1/8-1-

010B 

Five pressure 

sensors 

To measure the pressure generated 

at terminal link 

DC005NDC4 

Electronic Cards To control the pressure regulator Custom made at AUT 

Personal Computer To process and control the data AUT Serial Number  

Matlab Software Converts text file into relevant 

format for further analysis 

Version 6.5.1 

LabView Software control program and store data  Version 6.1 
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3.3 Experimental Procedure 

The following procedure is set for each operation:  

1. The lung simulator is set to operate at normal conditions and tested-data 

results are recoded at different sampling rate up to 512 Hz. This rate is set up 

to 512 Hz to allow a Nyquist frequency up to 256 Hz upon of a Fast Fourier 

Transform (FFT); 

2. For each experiment, 60 seconds length of data is acquired and saved in the 

Personal Computer. The waveforms are then exported to an ExcelTM file and 

are stored in the computer hard-drive for further analysis in MatlabTM 

software; 

3. The recorded data is divided into short recordings depending on the sample   

rate of each file; as such each short recording had different time data points. 

For instance, if the data is recorded at 20 points per second and the system is 

operating at 6 seconds per cycle, the short recording file will contain 120 time 

points at 20 Hz sampling rate; 

4. The next step is to transform the recorded data into the frequency domain to 

obtain a frequency analysis. The M-file is given in Appendix C is created in 

MatlabTM to produce an FFT function and obtain a useful signal power against 

frequency for each experiment. The graphs are then saved as M-figure file for 

further analysis. 

3.4 Sample Results of Experiment Procedure 

The following figures are the results obtained after the pressure and air velocity 

readings were transformed into the frequency domain. The measured impedance is then 

calculated and plotted into graphs in the frequency domain. The graphs of all 

experiments are presented in this section. Although the experiments are done for several 

tests, only a typical sample is presented in this chapter. The rest of the pre-experiment 

results are shown in Appendix D. MatlabTM programming to calculate impedance is 

presented in Appendix C. 

Measurements are performed to investigate the effect of changes in the sampling rates 

on the estimate spectral amplitude of the lung simulator. The initial data collection 
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consisted of terminal impedance measurements at different sampling rates. Simulations 

are then performed to predict the input impedance of the lung simulator as a function of 

pressure and volume flow rate using the distributed lumped parameter models described 

in Chapter 2. 

Figure 3.11 shows samples of the power spectral density of the terminal impedance 

measured in lobe R1 of the tested-lung simulator. Similar results have found in lobe R2, 

R3, L1 and L2. The plots have higher magnitude in the lower frequency range than in 

the higher frequency. It shows the presence of the particular frequency that the system 

operated during the experiment; in this case the system is set to operate at 6 seconds per 

breath cycle. The experimental measured impedance at lobes R2, R3, L1 and L2 are 

shown in Appendix D. 

3.5 Effects on the Lung Simulator at Different Operation Frequencies 

In order to obtain more accurate results, the lung simulator is set to operate at different 

frequencies up to 1 Hz according to the breath cycle. Series of experiments are made to 

obtain data from the lung simulator that is set to operate at different breath cycle from 1 

second to 6 seconds respectively. Data again is recorded at 20 Hz sampling rate. The 

results are analysed and stored for further analysis. After transforming into frequency 

domain, data is used to calculate the terminal impedance and samples of the results are 

presented in Figures 3.12 to 3.16, the rest is shown in Appendix D. 

3.6 Obstruction Effects on the Lung Simulator 

The procedures are set up to study the effect of obstructed lung simulator at different 

location at terminal airways. By introducing more stiffness at each lobe of the tested 

lung, the lung simulator is then set to operate at normal breathing cycle. The steps of 

setting in this experiment are similar to that described in Chapter 2. 

The results is then recoded and stored in the computer’s hardware for further analysis. 

Data is recoded at 60 seconds length and is analysed using MatlabTM software to obtain 

the frequency analysis. Power Spectrum versus Frequency is created for each 

experiment and saved as M-figure file for later inspection. The sample results obtained 

after transforming the measurements into power spectrum in frequency domain are 

shown in Figures 3.17 to 3.20.  
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Figure 3.11: Power Spectrum of measured impedance up to 256 Hz 
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Figure 3.11(1): measured up to 10 Hz  Figure 3.11(2): measured up to 30 Hz 

Figure 3.11(3): measured up to 40 Hz  Figure 3.11(4): measured up to 50 Hz  

Figure 3.11(5): measured up to 128 Hz  Figure 3.11(6): measured up to 256 Hz  
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Figure 3.12: Power Spectrum of the impedance at lobe R1 measured at different 
exciting frequencies up to 1 Hz 

Po
w

er
 S

pe
ct

ru
m

 Im
pe

da
nc

e 
(d

B
) 

Frequency (Hz) 

Figure 3.12(1): excited frequency at 1 Hz Figure 3.12(2): excited frequency at 1/2 Hz 

Figure 3.12(3): excited frequency at 1/3 Hz Figure 3.12(4): excited frequency at 1/4 Hz 

Figure 3.12(5): excited frequency at 1/5 Hz Figure 3.12(6): excited frequency at 1/6 Hz 



 - 37 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13: Power Spectrum of the impedance at lobe R2 measured at different 
exciting frequencies up to 1 Hz 
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Figure 3.13(1): 1Hz excited frequency Figure 3.13(2): 1/2 Hz excited frequency 

Figure 3.13(3):  1/3 Hz excited frequency Figure 3.13(4): 1/4 Hz excited frequency 

Figure 3.13(5): 1/5 Hz excited frequency Figure 3.13(6): 1/6 Hz excited frequency 



 - 38 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14: Power Spectrum of the impedance at lobe R3 measured at different 
exciting frequencies up to 1 Hz 

Po
w

er
 S

pe
ct

ru
m

 M
ag

ni
tu

de
 (d

B
) 

Frequency (Hz) 

Figure 3.14(1): 1 Hz excited frequency Figure 3.14(2): 1/2 Hz excited frequency 

Figure 3.14(3): 1/3 Hz excited frequency Figure 3.14(4): 1/4 Hz excited frequency 

Figure 3.14(5): 1/5 Hz excited frequency Figure 3.14(6): 1/6 Hz excited frequency 
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Figure 3.15: Power Spectrum of the impedance at lobe L1 measured at different 
exciting frequencies up to 1 Hz 
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Figure 3.15(1): 1 Hz excited frequency Figure 3.15(2): 1/2 Hz excited frequency 

Figure 3.15(3): 1/3 Hz excited frequency Figure 3.15(4): 1/4 Hz excited frequency 

Figure 3.15(5): 1/5 Hz excited frequency Figure 3.15(6): 1/6 Hz excited frequency 
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Figure 3.16: Power Spectrum of the impedance at lobe L2 measured at different 
exciting frequencies up to 1 Hz 
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Figure 3.16(1): 1 Hz excited frequency Figure 3.16(2): 1/2 Hz excited frequency 

Figure 3.16(3): 1/3 Hz excited frequency Figure 3.16(4): 1/4 Hz excited frequency 

Figure 3.16(5): 1/5 Hz excited frequency Figure 3.16(6): 1/6 Hz excited frequency 
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Figure 3.17: Power Spectrum of the experiment impedances of the lung simulator 
measured by increasing stiffness of each lobe respectively 

Frequency (Hz) 

Figure 3.17(1):  increased stiffness at lobe R1 Figure 3.17(2): increased stiffness at lobe R2 

Figure 3.17(3): increased stiffness at lobe R3 Figure 3.17(4): increased stiffness at lobe L1 

Figure 3.17(5): increased stiffness at lobe L2 
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Figure 3.18: Power Spectrum of the Impedance of 5-lobe lung simulator when 
increasing stiffness at lobe R1 and R2 
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Figure 3.18(1): Impedance at lobe R1  Figure 3.18(2): Impedance at lobe R2  

Figure 3.18(3): Impedance at lobe R3  Figure 3.18(4): Impedance at lobe L1  

Figure 3.18(5): Impedance at lobe L2  
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Figure 3.19: Power Spectrum of the Impedance of the 5-lobe lung simulator when 
increasing stiffness at lobe R1, R2 and R3. 
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Figure 3.19(1): Impedance at lobe R1 Figure 3.19(2): Impedance at lobe R2 

Figure 3.19(3): Impedance at lobe R3 Figure 3.19(4): Impedance at lobe L1 

Figure 3.19(5): Impedance at lobe L2 
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Figure 3.20: Power Spectrum of the Impedance of the 5-lobe lung simulator when 
increasing stiffness at lobe R1, R2, R3 and L1 
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Figure 3.20(1): Impedance at lobe R1 Figure 3.20(2): Impedance at lobe R2 

Figure 3.20(3): Impedance at lobe R3 Figure 3.20(4): Impedance at lobe L1 

Figure 3.20(5): Impedance at lobe L2 
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3.7 Comments about Experimental Equipment 

The lung simulator was used to determine the terminal impedance at the alveolar of the 

tested-lung in both normal and abnormal conditions. However, there were few 

difficulties encountered during the investigations on obstruction. This could explain the 

reason for the errors occurred in the measurement system. For example, leaks occurred 

at the connection points of the bronchial when high pressure is applied. This leads to the 

fact that the pressure dropped dramatically during operation. Another issue is that in-

house custom design thermal flow meters did not provide solutions for the over heated 

to stabilize the reading of measurement system. This issue has caused DC offset 

occurred in the record files. Due to the complexity of the respiratory system, it is 

concluded that more specialised equipments are required for more accurate 

measurements. However, the experimental results obtained in this work give acceptable 

trend of variation for occlusion identification. 

3.8 Summary 

The experiment investigations were performed using the lung simulator to identify 

resonant frequencies that occurred during different operations at different conditions. 

However, in occlusion investigations, the effects of those conditions on terminal 

impedance, which is generated by the lung simulator, need to be analysed further. 

Nevertheless, the experiment results still give a good validation procedure. 
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CHAPTER 4 

 

4. INPUT IMPEDANCE RESULTS 

 

 

4.1 Introduction 

This chapter describes the results of this work on conductive airway dynamics. Both 

theoretical modelling and experimental investigations are considered. These are 

described in Chapter 2 and Chapter 3 respectively. For the mathematical model, the 

results are obtained by applying the values of the terminal impedance calculated in the 

proposed model in Chapter 2. Variation of the stiffness values that causes airway 

contraction is also investigated in this model by considering the input impedance values. 

For the experimental investigations, the measured impedances are used to calculate the 

input impedance of the entire 5-Lobe Model using mathematical methods developed in 

Chapter 2. 

Figures 4.1 to 4.8 show the frequency spectrum of the input impedance produced from 

the mathematical model and the experimental investigation including the occlusion 

scenario. Results are approached and discussed with regard to the frequency response. 

The results are first presented in their entity and thereafter discussed in Chapter 5 to 

identify the effects and relative power or strengths of the resonant frequencies generated 

in the 5-lobe model. The theoretical model is validated by comparing the results to the 

experimental investigations. This chapter presents the following: 

1. The predicted input impedance of the mathematical 5-lobe model simulated at 

normal conditions; 
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2. The experimental input impedance of the lung simulator is obtained in both 

normal and abnormal conditions and then is used to compare with the 

mathematical results; 

3. Predicted results on occlusion by changing the stiffness values of the five lobes 

model from healthy to unhealthy conditions in the mathematical modelling are 

presented and then used to compare with the experimental investigations; 

4. A brief of summary of the results of both mathematical and experimental 

investigations is presented. 

4.2 Input Impedance Results 

In this section, the results of the input impedance calculation of both mathematical and 

experiment models are presented and compared. The models are simulated up to 256 

Hz. In the mathematical model, the frequency spectrum of the 5-Lobe model is 

determined using the physical properties as described in Table 2.1, while the experiment 

investigations were done by using the mechanical lung simulator (Appendix E). Using 

the backward substitution for the model, a MatlabTM computer program (Appendix B) is 

developed to determine the frequency spectrum of the input impedance. Typical results 

of the power spectrum of the input impedance are presented in the following sections. 

4.2.1 Mathematical Input Impedance at Normal Conditions 

The results of input impedance simulation in Figure 4.1 show several dominant 

resonance frequencies of the input impedance occurred during the process. To 

further evaluate the predictive capabilities of the practical model, experiments are 

performed to alter the sampling rates while recording the pressure and volume 

flow rate using the lung simulator. The frequency spectrums of the input 

impedance are then simulated and determined at different sampling rates.  

Simulation is made at the 10 Hz frequency range in Figure 4.1(1), resonant 

frequencies of the input impedance are found in the range of 0 Hz to 10 Hz. The 

first resonant frequency occurs at approximately 4 Hz and has the greatest 

amplitude. The second resonant frequency occurs in the range of 7 Hz to 8 Hz. 

This is the second largest in amplitude. Moreover, in the range of 8 Hz to 9 Hz, 

there are also several resonant frequencies but it can be clearly seen as they are 

smaller in amplitude. 
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For the sake of accuracy, the sampling rate is increased to investigate whether 

other resonances may occur. By increasing the sampling rate to 512 Hz in Figure 

4.1 (2, 3, 4, 5and 6), similar results of the resonant frequencies are also found 

within the range of 0 to 10 Hz. However, by comparing to Figure 4.1(1), 

magnitudes of these impedances are different as can be easily seen. Moreover, 

new resonant frequencies occur within the range of 15 to 20 Hz, this resonant 

frequency is regarded as the dominant frequency because it has the greatest peak 

compared to the other resonant frequencies. 

Figure 4.1(2, 3, 4, 5 and 6) shows insignificant amplitude of the resonant 

frequencies within a range of 20 to 256 Hz. A new resonant frequency can be seen 

at 25 Hz although remains very small in amplitude. 

4.2.2 Experimental Input Impedance at Normal Conditions 

The frequency spectrum of the input impedance is performed by the MatlabTM 

computer program with the physical properties of the terminal impedance 

collected from experimental investigations using the lung simulator as it showed 

in Chapter 3. Figure 4.2 shows the spectrum of the resonant frequencies of the 

experimental input impedances up to 256 Hz. In comparison to the spectrums of 

input impedance in Figure 4.1, the results obtained in the experimental 

investigations show a good matching. 

The first resonant frequency of the input impedance is found to be the same as the 

first resonant frequency in the mathematical model. However, by comparing with 

each other graph in Figure 4.2, the first resonant frequency of the experiment 

measured at 20 Hz sampling rate seems to be the dominant frequency because it 

has the greatest amplitude. Similar result is found in the first resonant frequency 

which is obtained in mathematical model in Figure 4.1(1). 

By increasing sampling rate up to 512Hz, the magnitude of the input impedance 

over frequency is clearly reduced. The first resonant frequency is found at 4 Hz 

but has smaller magnitude compared to the first resonance at Figure 4.1(1). It can 

be clearly seen in Figure 4.2(2, 3, 4, 5 and 6). The second resonant frequency is 

found to be around 7Hz to 8Hz. The results of resonances also match the results 

that found in Figure 4.1(1). In the range of 7 Hz to 10 Hz, several resonant 

frequencies are found but remaining very small in amplitude. However, new 
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resonant frequencies are found within a range of 15 Hz to 20 Hz and can be 

regarded as the dominant frequency because they have the greatest amplitude.   

4.2.3 Experimental Input Impedance at Different Exciting Frequencies 

To be more precise with the results obtained in both mathematical model and 

experimental investigation as described in previous sections, the lung simulator is 

set to operate with different exciting frequencies as indicated in Chapter 3. The 

purpose of those experiments is to confirm that those resonant frequencies are 

attributed to the whole system and not just a conscience.  

In this section, the experimental results are presented as obtained from the 

mechanical lung simulator. Experiments performed at several breath cycles from 

approximately 0.17 Hz to 1 Hz are shown in Figure 4.3. The trends of frequencies 

in Figure 4.3 show similar results to that obtained in the mathematical 

investigation. The first resonant frequency is found around 4 Hz. By contrast, 

there are some differences when the lung simulator is set to operate at a breath 

cycle of 2 seconds. Figure 4.3(2) shows the first resonant frequency shifts to the 

left and occurs around 3 Hz. The magnitudes of the other resonant frequencies 

around 7 Hz to 9 Hz are also different compared to the mathematical results 

[Figure 4.1(1)]. It shows clearly when the lung simulator is set to operate at 3 and 

4 seconds per cycle. Nevertheless, based on the results obtained from these 

experiments, the first conclusion can be made is that the resonant frequencies 

obtained in the mathematical 5-Lobe lung model at the normal condition are 

accurately predicted. The use of this model can be expanded further to investigate 

occlusion that might occur in the unhealthy condition. 

4.2.4 Summary 

Agreements between the spectrum responses of the input impedance are found by 

comparing both mathematical and experimental results in Figure 4.1 and Figure 

4.2 respectively. It is also confirmed by the results obtained in Figure 4.3.  It 

indicates that the mathematical model is able to predict reasonably well the 

resonances of the input impedance of the five lobes lung model. 
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Figure 4.1: Normalized Input Impedance of the mathematical model determined for 
normal conditions

 Frequency (Hz) 

Figure 4.1(1): Input Impedance determined up to 10 Hz Figure 4.1(2): Input Impedance determined up to 30 Hz 

Figure 4.1(3): Input Impedance determined up to 40 Hz Figure 4.1(4): Input Impedance determined up to 50 Hz 

Figure 4.1(5): Input Impedance determined up to 128 Hz Figure 4.1(6): Input Impedance determined up to 256 Hz 
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Figure 4.2: Normalized Input Impedance of the experiment investigations 
determined for normal conditions
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Figure 4.2(1): Input Impedance determined up to 10 Hz Figure 4.2(2): Input Impedance determined up to 30 Hz 

Figure 4.2(3): Input Impedance determined up to 40 Hz Figure 4.2(4): Input Impedance determined up to 50 Hz 

Figure 4.2(5): Input Impedance determined up to 128 Hz Figure 4.2(6): Input Impedance determined up to 256 Hz 
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Figure 4.3: Normalized Input Impedance of the experiment investigations 
determined at varied exciting frequencies up to 1 Hz 

N
or

m
al

iz
ed

 In
pu

t I
m

pe
da

nc
e 

Frequency (Hz) 

Figure 4.3(3): Input Impedance measured at 1/3 
Hz exciting  

Figure 4.3(1): Input Impedance measured 
at 1 Hz exciting  

Figure 4.3(2): Input Impedance measured 
at 1/2 Hz exciting  

Figure 4.3(4): Input Impedance measured at 
1/4 Hz exciting  

Figure 4.3(5): Input Impedance measured at 
1/5 Hz exciting  

Figure 4.3(6): Input Impedance measured at 
1/6 Hz exciting  
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4.3 Obstruction Investigations 

The aim of this investigation is to study the effects of various stiffness values on the 

input impedance spectrum and to perform a closer study at the effect of obstruction 

at different locations in the lung system. The 5-Lobe mathematical model is 

modified by introducing an obstruction at each individual lobe and then run a series 

of simulations. The model is simulated up to 10 Hz in these investigations. The input 

impedance is simulated by increasing the stiffness at each lobe for every experiment. 

The stiffness of the healthy lung is around 30MPa and very unhealthy lung is up to 

100MPa according to [49]. Taking into account these values, the results from Figures 

4.4 to 4.8 show the first resonant frequency occurs between 3 to 4 Hz and there are 

also several resonant frequencies in the range of 7 Hz to 9 Hz. However, there are 

differences in magnitude as well as separation between resonant frequencies. It is a 

result of changing the stiffness of each lobe at each experiment and will be discussed 

in depth in Chapter 5. 

4.3.1 One-Lobe Obstruction 

Figure 4.4 shows how the input impedance is simulated by changing the 

stiffness values from healthy to unhealthy values at every lobe at each 

experiment respectively. To evaluate the model, a simulation is performed on 

the five-lobe model using the same mathematical model described in Chapter 2 

where each lobe is considered to have increased stiffness values to unhealthy 

values. To excite the resonances, a sinusoidal frequency is varied from 0 to 10 

Hz. 

The first simulation is made by assuming an obstruction at lobe R1. Resonant 

frequencies are found in the range of 0 to 10 Hz. There are approximately three 

resonant frequencies that are dominant in Figure 4.4(1).  The first resonance 

occurs around 3 Hz, while the second and third resonant frequencies are 

detected within the range of 7 Hz to 9 Hz. The third resonant frequency has the 

greatest amplitude. In comparison to the spectrum of the input impedance in 

Figure 4.1(1), magnitude of the first resonance is smaller. However, the 

magnitudes of the second and third resonances are increasing dramatically. 
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Separation between the first and the second resonances is getting larger as well 

as the separation between the second and the third resonances. 

In Figure 4.4(2), simulation is made by changing stiffness of lobe R2. The 

resulted spectrum is then compared with the results in Figure 4.1(1). It can be 

seen that there is almost no effect when changing the stiffness of this lobe, 

except the magnitude of the first resonance is larger. By contrast, for lobe R3 

obstruction in Figure 4.4(3), clearly different results can be seen by comparing 

with Figure 4.1(1). The first and the second resonances decrease their 

magnitudes while the third increases its magnitude in contrast. There is no 

change in separation between the first and the second resonances. However, 

there are small changes in distances between the second and the third 

resonances as well as the third and the fourth resonances. 

The last two simulations are made by increasing stiffness at lobes L1 and L2 

respectively. The results of obstruction on these lobes are similar as the results 

in Figure 4.1(1). The first resonant frequency shifts to the left. The second 

resonant frequency increases its magnitude as well as it moves closer to 7 Hz. 

The dominant frequency is the third resonant frequency with the greatest 

amplitude. There is also a fourth resonant frequency as it can be seen clearly, 

although it is in small amplitude. 

4.3.2 Two- Lobe Obstruction 

 To evaluate the input impedance of this model, every two lobes are considered 

to be obstructed separately. Simulations are performed starting with the same 

mathematical model described in Chapter 2. The input impedance is calculated 

based on the geometry of the airways system using the formulas and constants 

from Chapter 2. The resulting spectrum is shown in Figure 4.5 and used to 

compare with resulting spectrum of the input impedance at normal condition in 

Figure 4.1(1). 

The first simulation is to set lobes R1 and R2 to be obstructed. In Figure 

4.5(1), all the resonant frequencies are shifted to the left. The separation 
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between the first resonant and the second resonant frequencies is larger, while 

the distance between the third and the fourth resonant frequencies is closer. 

The second simulation is set for lobes R1 and R3 obstructed in Figure 4.5(2), 

only first resonant frequency is shifted further to the left and its magnitude 

increases dramatically. The second resonance reduces magnitude to very small 

as it is almost insignificant, while the separation between the third and the 

fourth resonant frequencies is larger. 

The next simulation is then to change stiffness for lobes R1 and L1 in Figure 

4.5(3). The first resonant frequency continues to shift to the left with very 

small amplitude. The separation between the second resonant and the third 

resonant frequencies is larger. However, in contrast the fourth resonant 

frequency is shifted to the right at around 9 Hz. Similarity in frequency 

distillation is found as lobes R1 and L2  are set to be obstructed in Figure 

4.5(4). 

In Figure 4.5(5), obstructions introduce in lobes R2 and R3. The first resonant 

frequency is shifted back to the right around 4 Hz. The separation between the 

second and third resonant frequencies is therefore closer, while the magnitude 

of the third resonance dramatically increases and remains as the dominant 

frequency. Also the distance between the third and fourth resonant frequencies 

is smaller. 

Another simulation is introduced occlusion in lobes R2 and L1. The result is 

presented in Figure 4.5(6). The first resonant frequency again shifts back to the 

left leading to larger separation between the first and the second resonant 

frequency. In this case of the study, the second and third resonant frequencies 

increase their magnitude; however, the fourth resonant frequency decreases its 

amplitude to be very small and a new fifth resonant frequency appears at 

around 9 Hz. Similar behaviour in frequency distribution is found for lobe R2 

and L1 obstruction in Figure 4.5(7). 

Figure 4.5(8) shows the frequency spectrum when lobes R3 and L1 are 

obstructed. It is clearly shown that the first resonant frequency remains the 
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same as the one in Figure 4.5(5) but smaller in amplitude. The separation 

between the second and third resonant frequencies is smaller and their 

amplitudes are also smaller. The dominant frequency occurs at 9 Hz and had 

the greatest amplitude. The similarity in frequency distribution is also found 

for lobe R3 and L2 obstruction in Figure 4.5(9). 

When lobe L1 and L2 are obstructed, Figure 4.5(10) shows that the first 

resonant frequency shifts further to the left within the range of 2 to 3 Hz. The 

separation between this frequency and the second resonant frequency is larger. 

A very small distance between the third and the fourth resonant frequency is 

also found as the fifth and the sixth decrease their magnitude to very small 

values.  

4.3.3 Three -Lobe Obstruction 

The stiffness of three lobes is increased to simulate unhealthy conditions. Six 

simulations are made by assuming obstruction occurs at every three lobes 

alternatively. Figure 4.6 shows the results of the spectrums of the input 

impedance which are simulated by changing stiffness values at every three 

lobes simultaneously. 

For the first simulation, an obstruction of three lobes occurs on the right of the 

lung (R1, R2 and R3) as it shows in Figure 4.6(1). Dominant frequency 

returned to the first resonant frequency as it shifts to the left and has the 

greatest amplitude. The second resonant frequency also shifts to the left as well 

but then decreases its magnitude to very small value. The third resonant 

frequency is found at 8 Hz while the fourth, fifth and sixth are remained 

between 8 to 9 Hz with small amplitude almost insignificant especially for the 

sixth resonant frequency. 

The second simulation is made for lobes R1, R2 and L1 obstruction, the first 

resonant frequency shifts further to the left and decreases its magnitude as it 

shows in Figure 4.6(2). The second resonant frequency is found around 7 Hz. 

A significant fourth resonant frequency is appeared to have very large 

amplitude while the rests are remained very small and could not clearly 
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observed. Similarities are found for lobes R1, R2 and L2 are set to be 

obstructed in Figure 4.6(3). 

The next simulations in Figure 4.6(4 and 5) show similar results as lobes R1, 

R3, L1 and L2 are set to be obstructed respectively. Six resonant frequencies 

are found in the range of 0 to 10 Hz and can be clearly seen. The first resonant 

frequency is found within 3 to 4 Hz. The separation between n the first and the 

second resonances is closer when compared to Figure 4.6(3). The sixth 

resonant frequency has the strongest magnitude while the others remain to be 

smaller especially for the fifth as it decreases to almost zero. 

The last simulation is shown in Figure 4.6(6), the unhealthy condition at lobes 

R3, L1 and L2 are applied. Three resonant frequencies are found to be 

dominant in magnitude even though there are other existing resonant 

frequencies but stay to be very small of powers. The first resonant frequency 

shifts to the left again leading the larger separation between it and the second 

resonant frequency. 

4.3.4 Four- Lobe Obstruction 

By increasing the obstruction to four lobes at the same time, simulations are 

made similarly as previous section. Figure 4.7 shows the results of the input 

impedance when simulated at different constriction locations respectively. 

For lobes R1, R2, R3 and L1 in constricted conditions, six resonant 

frequencies are clearly identified in the range of 0 to 10 Hz in Figure 4.7(1). 

The first resonant frequency occurs approximately at 2 Hz. The second 

resonant frequency is found in between 6 to 7 Hz. The third resonant frequency 

appears within 7 to 8 Hz while the fourth , fifth and sixth are found in the 

range of 8 to 9 Hz. Similar results are found as the constriction applied to lobes 

R1, R2, R3 and L2 as it shows in Figure 4.7 (2) for the second simulation. 

In Figure 4.7 (3), however, the results of constriction that applied to lobes R1, 

R2, L1 and L2 are clearly different. The first resonant frequency shifts to the 

left while the second resonant frequency stays the same but increases in 
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amplitude. No resonant frequency can be found in the range of 7 to 8 Hz as the 

third resonant frequency shifts to the right in the range of 8 to 9 Hz. The fourth 

resonant frequency seems to be a dominant frequency in magnitude as it has 

the strongest power. 

The next simulation is made that lobes R1, R3, L1 and L2 are set to be in 

constricted conditions, the separation between the first and second resonant 

frequencies is very large as the first resonant frequency is shifted to the left 

almost to 0 Hz as it shows in Figure 4.7(4). The second resonant frequency is 

also moved further to the left around 6 Hz while the third is stayed the same 

when compared to Figure 4.7(1). The dominant frequency in this case is the 

fourth resonant frequency with the greatest amplitude. 

Three resonant frequencies with the largest scale are found in Figure 4.7 (5) as 

obstruction occurred in lobes R2, R3, L1 and L2. In this simulation, the first 

resonant frequency occurs within 2 to 3 Hz, while the second resonant 

frequency with the largest amplitude occurs in the range of 6 to 7 Hz. The third 

one is in the range of 7 to 8 Hz but remains very small in amplitude. The fourth 

and fifth resonances are found in the range of 8 to 9 Hz.  

4.3.5 Five- Lobe Obstruction 

Figure 4.8 shows the result of the input impedance which is simulated as all of 

five lobes were set to be obstructed. The result shows that the first resonant 

frequency is shifted to the left as it is closer to 0 Hz. The second resonant is 

found around 6 Hz. The third resonant frequency is within 7 to 8 Hz while the 

fourth resonant frequency has the strongest power and stays within the range of 

8 to 9 Hz. At 9 Hz, there also are insignificant resonant frequencies. 
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Figure 4.4: Normalized Input Impedance determined by increasing stiffness to 
unhealthy condition at each lobe respectively 
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Figure 4.4(1): Unhealthy condition at lobe R1 Figure 4.4(2): Unhealthy condition at lobe R2 

Figure 4.4(3): Unhealthy condition at lobe R3 Figure 4.4(4): Unhealthy condition at lobe L1 

Figure 4.4(5): Unhealthy condition at lobe L2 
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Figure 4.5: Normalized Input Impedance determined by increasing stiffness to 
unhealthy condition at every two lobes respectively 
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Figure 4.5(1): Unhealthy Condition at lobe R1 and R2 Figure 4.5(2): Unhealthy Condition at lobe R1 and R3 

Figure 4.5(3): Unhealthy Condition at lobe R1 and L1 Figure 4.5(4): Unhealthy Condition at lobe R1 and L2 

Figure 4.5(5): Unhealthy Condition at lobe R2 and R3 Figure 4.5(6): Unhealthy Condition at lobe R2 and L1 
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Figure 4.5 (Continues): Normalized Input Impedance determined by increasing 
stiffness to unhealthy condition at every two lobes respectively 
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Figure 4.5(7): Unhealthy Condition at lobe R2 and L2 Figure 4.5(8): Unhealthy Condition at lobe R3 and L1 

Figure 4.5(9): Unhealthy Condition at lobe R3 and L2 Figure 4.5(10): Unhealthy Condition at lobe L1 and L2 
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Figure 4.6: Normalized Input Impedance determined by increasing stiffness to 
unhealthy condition at every three lobes respectively 
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Figure 4.6(1): Unhealthy Condition at 
lobes R1, R2 and R3 

Figure 4.6(2): Unhealthy Condition at lobes 
R1, R2 and L1 

Figure 4.6(3): Unhealthy Condition at 
lobes R1, R2 and L2 

Figure 4.6(4): Unhealthy Condition at 
lobes R1, R3 and L1 

Figure 4.6(5): Unhealthy Condition at 
lobes R1, R3 and L2 

Figure 4.6(6): Unhealthy Condition at 
lobes R3, L1 and L2 
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Figure 4.7: Normalized Input Impedance determined by increasing stiffness to 
unhealthy condition at every four lobes respectively
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Figure 4.7(1): Unhealthy Condition at lobes 
R1, R2, R3 and L1 

Figure 4.7(2): Unhealthy Condition at lobes 
R1, R2, R3 and L2 

Figure 4.7(3): Unhealthy Condition at lobes 
R1, R2, L1 and L2 

Figure 4.7(4): Unhealthy Condition at lobes 
R1, R3, L1 and L2 

Figure 4.7(5): Unhealthy Condition at lobes 
R2, R3, L1 and L2 
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Figure 4.8: Normalized Input Impedance determined by increasing stiffness to 
unhealthy condition at all five lobes. 

 

4.4 Experiments on Obstruction Investigation 

The stiffness of each one of the lobes was increased by adding some rubber band 

stiffness to the outer surfaces of the lobe. The data results presented in Chapter 3 are 

used to calculate the input impedance of the 5-Lobe lung model. The graphs show 

that when increasing stiffness by adding more stiffness into each lobe at each 

experiment, dominant resonant frequency occurs approximately at 4 Hz. There are 

also some harmonic frequencies at a range of 7 Hz to 9 Hz but by comparing to the 

input impedance in Figure 4.7, their magnitudes are very small. However, in 

comparison to the predicted results on obstruction in Figure 4.4(1), the trends can not 

show any similarity as the first resonant frequency is found at around 4 Hz. 

Insignificant resonant frequencies are also found in between 7 to 9 Hz but can not be 

seen clearly. It might be assumed that the change of stiffness in experiment 

investigation can not have or may have a little effect when the system operates. 

Therefore, the results show in Figure 4.9 can not be used to validate the predict 

obstruction in the mathematical model, but further improvement of the lung 

simulator is necessary for more accurate validation. 
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Figure 4.9: Normalized Input Impedance of the experiment investigations 
determined by increasing stiffness at each lobe respectively
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Figure 4.9(1): Input Impedance measured by increasing 
stiffness at lobe R1 

Figure 4.9(2): Input Impedance measured by increasing 
stiffness at lobe R2 

Figure 4.9(3): Input Impedance measured by increasing 
stiffness at lobe R3 

Figure 4.9(4): Input Impedance measured by increasing 
stiffness at lobe L1 

Figure 4.9(5): Input Impedance measured by increasing 
stiffness at lobe L2 
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4.5 Summary 

The mathematical model is validated by comparing its results with experiment 

investigation results. Interestingly, the comparison has shown a very good matching 

between mathematical and experiment investigations results. However, due to 

mechanical problems that occurred in the lung simulator, the verdict of obstruction in 

five-lobe model can not be validated as expected. The future investigation will continue 

to complete this research. Nevertheless, the detailed discussions will be made in the 

next Chapter based on the results presented so far. 
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CHAPTER 5 

 

5. OVERALL DISCUSSION 

 

 

5.1 Introduction 

Study of the dynamic behaviour of the respiratory system is not an easy task. The 

respiratory system is considered as a very complex system [4, 5]. However, many 

researchers have concluded that it is possible to model the lung system by using 

appropriate mathematical methods [4, 5, 7, 8, and 9]. To the best of our knowledge, no 

five-lobe lung model identical to the current one has been found in the present literature. 

This study investigates the frequency response of the input impedance and the basic 

dynamic characteristics of the five lobes lung model. The mathematical model is 

developed with five-lobes representing to the lung in this thesis as well as the practical 

model. Since the exact solutions are not available, experimental investigations are used 

to confirm and validate the mathematical model under certain conditions. Although the 

investigations may not give exact answers, it is believed that the mathematical methods 

can be used to predict or model the complex lung system in practice. This study is 

considered to have potential contribution to modelling dynamic respiratory system in 

the future. 

This chapter provides detailed discussions for the mathematical results and experimental 

results presented in Chapter 4. The results documented in Tables 5.1 to 5.9 are 

summarised. Comparisons are also made to provide a better insight in the effects of 

obstruction on the input impedance of the five lobes model. Explanations of why there 

are some differences between the predicted model and practical model are proposed. 
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5.2 Comparison at healthy condition  

Comparison between the spectrums of the input impedance in mathematical 5-Lobe 

lung model and experiment investigation in Figure 4.1 and Figure 4.2 has shown 

accurately results as many similarities can be observed. Tables 5.1 and 5.2 summarise 

the resonances found during simulation in both mathematical and experimental models, 

respectively. Six identical resonant frequencies have been found within the range of 

interest from 0 to 10 Hz. Similar results have been found by simulating the models up to 

256 Hz. However, due to the setup in practical lung simulator, oscillating force signals 

were varied from 1/6 Hz up to 1 Hz; therefore, this thesis focuses on the frequency 

range up to 10 Hz and overlooks the resonant frequencies found in the range of 10 to 20 

Hz. Overall, the model is consistent with the measured data, except the slight decrease 

in measured input impedance in the range of 7 to 9 Hz. Presumably, it might be a result 

of volume flow distortions or shunt effects in the airway system, or even the different 

equipment resistance that led to the systematic calculation errors. Although, the 

compared results between the mathematical and the experimental investigations have 

shown good agreement, there are still essential differences between these models. For 

instance, the difference between the magnitudes of the mathematical and experiment 

spectrum can be clearly seen in Figure 4.1 and Figure 4.2. This may be corresponded to 

the equipment resistance’s differences or a lack of agreement between physical 

parameters used on this study. 

In tables 5.1 to 5.2, six identical resonant frequencies are comparable in the frequency 

range of 0 to 10 Hz. It is observed that all of the experimental variables are correlated 

with the mathematical empirical equations. However, by comparing the normalised 

input impedance as shown in Figures 4.1 to 4.3, the results indicate there are some 

differences in magnitudes and separations. It indicates that physical parameters that 

used in both mathematical and experimental models need to be considered in this study 

such as elasticity of the airways in this case. There are several possible explanations for 

the differences that might be considered in this case. Firstly, it may be possible that 

there are differences between the damping ratio and stiffness of the balloon over the 

damping ratio and stiffness values that used in terminal impedance calculation, but due 

to the experimental setup we can not detect this possible difference. Secondly, there 

may be some measurement errors in the lung simulator elements which affect the 

correlations between pressure and volume flow rate due to the handling of the practical 

lung simulator when assembling them together. Thirdly, it may indicate that the 
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magnitude of the exciting force applied do not play an active role in this simulation, 

rather there are other more dominant factors influence the simulation process such as 

tension, tissue damping and tissue elastance. By contrast, most of the resonances seem 

to be highly correlated with the parameter properties variables of the lung tissues and 

airway smooth muscles, which may suggest that these factors have more dominant 

influences in these models. However, a more likely explanation for the lack of expected 

relationships may be that the practical lung simulator cannot deliver expectations due to 

some problems found during experimental trials. For example, a DC offset was found in 

experiment records of air velocity of five lobes, a possible reason may be explained that 

the heat produced from heating wire circuits has caused to this problem. Another 

problem is that there were some leaks inside the chamber of the lung simulator that may 

explain the reason why the pressure measurements were unstable during operations. 

Those errors may be the factors that lead to errors in calculation. 

Table 5.1: Comparison between the predicted resonances for the mathematical model 
simulated by different range of frequencies 

Range of 
Frequency 

0 - 10 Hz 0-30 Hz 0-40 Hz 0-50 Hz 0-128 Hz 0-256 Hz 

Resonance 
 Number 

Resonance 

1 4 Hz   4.8 Hz  4 Hz  4 Hz 4 Hz   4 Hz 

2  7.5 Hz  7.1 Hz  7 Hz  7 Hz  7 Hz  7 Hz 

3  8.3 Hz  8 Hz  8 Hz  8 Hz  8 Hz  8Hz 

4  8.4 Hz  14 Hz  14 Hz  14 Hz  14 Hz  14 Hz 

5  8.8 Hz  18 Hz  18 Hz  18 Hz  18 Hz  18 Hz 

6  9 Hz 25 Hz   25 Hz  25 Hz  25 Hz  25 Hz 

 

Table 5.2: Comparison between measured resonances for the experiment five-lobe 
model recorded by different sampling rates 

Sampling Rate 20 Hz 60 Hz 80 Hz 100 Hz 256 Hz 512 Hz 
Resonance 

 Number Resonance 
1 4 Hz   4.25 Hz  3.8 Hz  4 Hz 4 Hz   4 Hz 

2  7.5 Hz  7.5 Hz  7.5 Hz  7 Hz  7 Hz  7 Hz 

3  8.3 Hz  8.5 Hz  9 Hz  8 Hz  8 Hz  8Hz 

4 -  14.5Hz  14.5 Hz  14 Hz  14 Hz  14 Hz 

5  8.8 Hz  18.2 Hz  19 Hz  18 Hz  18 Hz  18 Hz 

6  9.2 Hz 25.2 Hz   25 Hz  25 Hz  25 Hz  25 Hz 
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Furthermore, experiment investigations on the lung simulator are performed at different 

exciting frequencies to validate the results of the mathematical investigation. 

Interestingly, the spectrums of the input impedance in Figure 4.3 of Chapter 4 still show 

very good agreement in comparison to the spectrum of mathematical investigations, 

except there is a difference when the lung simulator is set to simulate at 0.5 Hz as the 

whole spectrum shifts to the left. Differences are found in the range of 7 to 10 Hz as the 

measured data seems to oscillate in larger scale when the lung simulator is set to operate 

at 3 and 4 seconds per breath cycle. Summary of the resonances of the experiment 

investigation with different exciting frequencies is shown in Table 5.3. 

Table 5.3: Comparison between resonances of the lung simulator measured at 
different exciting frequency. 

Exciting 
Frequency  1/6 Hz 1/5 Hz 1/4 Hz 1/3 Hz 1/2 Hz 1 Hz 
Resonance 
Number Resonance 

1 4.1 Hz 4.2 Hz 4 Hz 4.1 Hz 3 Hz 4 Hz 

2 7..5 Hz 7.5 Hz 7.5 Hz 7.5 Hz 7.3 Hz 7.5 Hz 

3 8.2 Hz 8.2 Hz 8.2 Hz 8.2 Hz 8.3 Hz 8.2 Hz 

4 8.8 Hz 8.8 Hz 8.9 Hz 8.8 Hz 8.8 Hz 8.8 Hz 

5 9.2 Hz 9.2 Hz 9 Hz 9.1 Hz 9.2 Hz 9.2 Hz 

6 - - - - - - 

Due to the interesting feature of low frequency up to 10 Hz as indicated previously, 

analysis only focuses on all the simulation and experiments within this range. Tables 5.4 

and 5.5 are summaries of the results resonances observed from data collected in Chapter 

4. It shows a good agreement between resonances of predicted and measured models 

even though there are still slight differences due to the errors in calculations. 

Table 5.4: Comparison between predicted and measured resonances of the five-lobe 
models as measured at normal breath cycle. 

Range of Determine Frequency 0-10 Hz 

Resonance Number Predicted Model Measured Model 
1 4 Hz 4.1 Hz 
2 7.5 Hz 7.5 Hz 
3 8.3 Hz 8.2 Hz 
4 8.4 Hz 8.8 Hz 
5 8.8 Hz 9.2  Hz 
6 9 Hz - 
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Table 5.5: Comparison between predicted and measured resonances of the 5-Lobe 
models as measured at different exciting frequencies 

Exciting Frequency 1/6 Hz 1/5 Hz 1/4 Hz 1/3 Hz 1/2 Hz 1 Hz 

Resonance 
Number 

Predicted  
Model Experiment Model 

1 4 Hz 4 Hz 4 Hz 4 Hz 4 Hz 3 Hz 4 Hz 

2 7.5 Hz 7.4 Hz 7.5 Hz 7.8 Hz 7.5 Hz 7.3 Hz 7.5 Hz 

3 8.3 Hz 8.2 Hz 8.2 Hz 8.3 Hz 8.3 Hz 8.3 Hz 8.3 Hz 

4 8.4 Hz 8.8 Hz 8.7 Hz 8.8 Hz 8.9 Hz 8.8 Hz 8.8 Hz 

5 8.8 Hz - - - - - - 

6 9 Hz 9 Hz 9.1 Hz 9.1 Hz 9.2 Hz 9.1 Hz 9.1 Hz 

Overall, the similar spectrum of the input impedance obtained in both mathematical and 

experiment investigations have proven that the characteristics of the five-lobe model 

can be predicted in the low frequency range up to 10 Hz. By comparing between Tables 

5.1 to 5.4, the six resonant frequencies have shown a good matching. It may be 

concluded that the mathematical model can be used for the future investigation in 

modelling the dynamic airway system. 

5.3 Obstruction Investigation 

Inspired by the results obtained in both mathematical and experiment investigations in 

normal conditions, the research is expanded to investigate the effect of various stiffness 

values on input impedance determination. Due to difficult experiences in mechanical 

lung simulator as described in Chapter 3, experimental investigations on obstruction are 

not fully achieved. Therefore, validation is based on qualitative rather than quantitative 

measurement. Theoretically, with the encouraging of the results obtained in previous 

section, predictably the experiment five-lobe model should behave as the mathematical 

model. The results produced a qualitative trend of variation rather than quantitative. 

This indicates that further work has to be made on the lung simulator to improve it for 

the future investigation. 

Figure 4.4 in Chapter 4 shows the results that are obtained by varying the stiffness 

values of the proposed lung model from healthy to unhealthy condition at each lobe 

respectively. Overall, the first resonant frequency changes in the range of 3 to 4 Hz 

while the others remained within the range of 7 to 10 Hz. Specifically, the change in 

stiffness parameter has an impact in the results of resonant frequencies, mostly in the 

first three resonant frequencies. Figure 4.4 indicates that the second and third resonant 
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frequencies are affected the most by the change of stiffness as they dramatically 

increased their magnitudes. 

Table 5.6 summarized and compared the resonances for this model and predicted model. 

The results show that the resonances are slightly affected when constrictions occurs in 

each lobe respectively. This is attributed to the fact that not only stiffness but also other 

factors such as tension, tissue damping have an impact in the results of spectrum of the 

input impedance. 

Table 5.6: Summary and Comparison between the resonances for One-Lobe 
Obstruction and predicted models 

Number of Simulation Resonance 
 Number 

Predicted  
Model 1 2 3 4 5 

1  4 Hz 3 Hz 4 Hz 4 Hz 3.5 Hz 3.5 Hz 

2  7.5 Hz 7.2 Hz 7.5 Hz 7.1 Hz 7.1 Hz 7.2 Hz 

3  8.3 Hz 8.2 Hz 8.3 Hz 8 Hz 8.3 Hz 8.3 Hz 

4  8.4 Hz 8.4 Hz 8.4 Hz 8.3 Hz 8.5 Hz 8.4 Hz 

5  8.8 Hz 8.7 Hz 8.8 Hz 8.7 Hz 8.8 Hz 8.8 Hz 

6  9 Hz - 9 Hz - 9 Hz 9 Hz 

 

For Two-Lobe obstruction, ten simulations are made to investigate the effects of 

changing stiffness values on the mathematical model. Figure 4.5 in Chapter 4 shows all 

of resonant frequencies are varied by increasing either their magnitude or the distance 

between them. For example, the separation between the first and the second resonant 

frequency is larger as the first frequency shifted to the left. This indicates that the 

impact on the entire system is significant, when increased stiffness at every two lobes. 

Table 5.7 shows the results. 

Table 5.7 clearly indicate that the frequencies affected the most in this simulation are 

the first and the second resonances. The results show that the constriction in every two 

lobes did affect the value of the first resonant frequency. It suggests there are 

relationships between the first resonance and tissue elasticity. 
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Table 5.7: Summary and Comparison between the resonances for the Two-Lobe 
Obstruction and predicted simulations 

Resonance Number  1 2 3 4 5 6 

Predicted Model 4Hz 7.5 Hz 8.3 Hz 8.4 Hz 8.8 Hz 9 Hz 

1 3 Hz 7.2 Hz 8.2 Hz 8.3 Hz 8.8 Hz - 

2 2.9 Hz 6.8 Hz 8 Hz 8.3 Hz 8.8 Hz - 

3 2.4 Hz 6.8 Hz 8.3 Hz 8.4 Hz 9 Hz 9.2 Hz 

4 2.4 Hz 6.8 Hz 8.3 Hz 8.4 Hz 9 Hz 9.2 Hz 

5 4 Hz 7.2 Hz 8 Hz 8.3 Hz 8.8 Hz 8.9 Hz 

6 3.5 Hz 7.2 Hz 8.3 Hz 8.5 Hz 8.8 Hz 9 Hz 

7 3.4 Hz 7.1 Hz 8.2 Hz 8.4 Hz 8.8 Hz 9 Hz 

8 3.4 Hz 6.8 Hz 7.6 Hz 8.4 Hz 8.8 Hz 9 Hz 

9 3.4 Hz 6.9 Hz 7.5 Hz 8.3 Hz 8.8 Hz 9 Hz 

N
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10 2.6 Hz 6.9 Hz 8.3 Hz 8.5 Hz 8.8 Hz 9 Hz 

For three-lobe obstruction, Figure 4.6 in Chapter 4 shows the entire spectrum affected. 

It is clear that higher resonant frequencies are affected by changing stiffness variables. 

However, the first resonant frequency is also influenced by shifting to the left, it results 

in the separation between it and the seconds is larger. Table 5.8 shows the summary for 

comparison. 

Table 5.8: Summary and Comparison between the resonances for Three-Lobe 
Obstruction and predicted simulations 

Resonance Number 1 2 *3 *4 *5 6 

Predicted Model 4 Hz 7.5 Hz 8.3 Hz 8.4 Hz 8.8 Hz 9 Hz 

1 3 Hz 6.8 Hz 8 Hz 8.3 Hz 8.8 Hz - 

2 2.4 Hz 6.8 Hz 8.3 Hz 8.5 Hz - 9 Hz 

3 2.4 Hz 6.8 Hz 8.3 Hz 8.5 Hz - 9 Hz 

4 3.4 Hz 6.9 Hz 7.5 Hz 8.4 Hz 8.8 Hz 9 Hz 

5 3.4 Hz 6.9 Hz 7.5 Hz 8.4 Hz 8.8 Hz 9 Hz 

N
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6 2.5 Hz 6.8 Hz 7.5 Hz 8.4 Hz 8.6 Hz 8.9 Hz 

 * Very close that could be attributed to the same resonance 

Figure 4.7 in Chapter 4, varied stiffness was applied to four lobes at the same time. The 

results show that by increasing the number of obstruction location, the impact has strong 

influence on the whole spectrum in their magnitudes and separations. Especially the 

first and second resonances shift to the left, separation between them and the others 

becomes larger. Table 5.9 shows the result of summary for comparison. 
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Table 5.9: Summary and Comparison between the resonances for Four-Lobe 
Obstruction and predicted models 

Resonance Number 1 2 3 4 5 6 

Predicted Model 4 Hz 7.5 Hz 8.3 Hz 8.4 Hz 8.8 Hz 9 Hz 

1 2 Hz 6.5 Hz 7.5 Hz 8.3 Hz 8.8 Hz 9 Hz 

2 2 Hz 6.5 Hz 7.5 Hz 8.4 Hz 8.8 Hz 9 Hz 

3 1 Hz 6.5 Hz 8.4 Hz 8.5 Hz 8.8 Hz - 

4 0.2 Hz 6.2 Hz 7.5 Hz 8.4 Hz 8.5 Hz 9 Hz N
um
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5 2.5 Hz 6.8 Hz 7.5 Hz 8.4 Hz 8.5 Hz - 

In Table 5.10, the results of resonances of the input impedance when five -lobe model is 

obstructed. It shows that the first resonance shifts almost to zero. The second and the 

third resonant frequencies also shift further to the left. The other resonances stay the 

same but change their magnitudes as well as their separations. 

Table 5.10: Summary and Comparison between the resonances for Five-Lobe 
Obstruction and predicted models 

Resonance 
Number Predicted Results Simulation 

1 4 Hz   0.2 Hz 

2  7.5 Hz  6.3 Hz 

3  8.3 Hz  7.5 Hz 

4  8.4 Hz  8.4 Hz 

5  8.8 Hz  8.5 Hz 

6 9 Hz 9 Hz 

 

5.4 Summary 

The mathematical and experimental models have been simulated. The discussions have 

shown that the impact of changing stiffness value of the lung parameters on the 

spectrum of the input impedance. Even though the study needs further improvement of 

the experimental side on the effect of occlusion on the input impedance determination, 

however, the major finding of this present study is that strong contribution of stiffness 

parameter on the resonant frequencies of the input impedance. More importantly, the 

mathematical methods used in this research have proved to be appropriate in modelling 

dynamic airway system. 

Another observation in this study of obstruction is that large stiffness significantly 

affects the impedance magnitude of the spectrum of the resonances occurs during 

simulations.  
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CHAPTER 6 

 

6. CONCLUSIONS AND FUTURE WORK 

 

6.1 Conclusion 

The objective of this thesis is to develop and investigate five lobes lung simulation 

model in both mathematical and experimental aspects in order to study the 

characteristics of the input impedance of the lung system. This study represents the first 

use of a dynamic and distributed-parameter acoustic model of the respiratory system to 

predict the characteristics of the 5-Lobe lung model. Despite the fact that the study is 

unable to perform some of the work due to the practical difficulties mentioned 

previously, mathematical model is consistent with a number of trends observed from 

measurements performed on normal conditions. The initial research aims set out in 

Chapter 1 have been achieved as the following. 

Mathematical model of the dynamic acoustic five-lobe model representing to the actual 

lung system developed. This model extends previous research on conductive tubes [9] 

and includes two important components which are built as the airway dynamic 

component and the lung component. Mathematical equations of the dynamic of the 

airways component include complex parameters such as elastance, resistance and 

inertance of the airway properties. The lung component is proposed by a simple 

idealized lobe model that allows the terminal impedance at each lobe of the tested-lung 

is determined. In general, this model enables the input impedance of the actual lung to 

be simulated in different conditions such as healthy and unhealthy scenarios by 

changing its parameter properties.  

Measurements of five terminal impedances at the five lobes model are performed using 

the existing lung simulator. Terminal impedances are measured at different pressure 

exciting frequencies as well as different sampling rates to determine resonant 
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frequencies occur during its operations. The results conclude that measured impedances 

are dependant on exciting frequencies. 

The experiment input impedance of the five lobes model is determined using the 

measured results of the terminal impedances. This result is then compared with the 

result of the mathematical input impedance. Comparison allows us to conclude that the 

mathematical model can be used to predict the characteristics of the input impedance of 

the lung system. It also concludes that parameter properties used in the model are 

correlated. Therefore, validation of the mathematical model is gained. 

Cases of study include numbers of obstruction on the mathematical model are 

investigated. The results identified numbers of resonant frequencies and are dependant 

on the change of stiffness of the lung’s properties. 

Despite encouraging results of this study, however, there are numbers of limitation 

identified in this research. First, the experiment terminal impedances are found to 

contain a DC offset. This problem can not be prevented but can be removed 

computationally. Second, pressure distortions are found due to the leaks of the pleural 

compartment and the tested-airways. As the results, the lung simulator can not produce 

some of experiment obstructions. Therefore, validation of obstructions needs further 

research.  

6.2 Future Work 

In the future, it is necessary to produce both a mechanical lung simulator and a 

computer lung simulation with a complex control system that is capable of accurately 

measuring the input impedance at different conditions. A more complex and accurate 

model, validated by experimental investigations on animals or humans would be useful 

for further studies. Also, an improvement in the electronics might enable to observe 

correctly measured data. 

In the long term, the models might be developed into both a diagnostic aid model for 

researchers and a learning tool where the model is used to generate input impedance 

associated with specific diseases and/or obstructions.  
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APPENDIX A  MATHEMATICAL EQUATIONS 

 

Al-Jumaily and Du [9] developed these equations by studying a distributed-parameter of 

a hydraulic tube. They used Newton’s second law of motion, which consider wall 

inertance and elastance. Further mathematical manipulation and linearized methods 

applied, results obtained as: 
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Where: pp is perturbation of fluid pressure, pv is perturbation of fluid velocity, oρ  is 

initial steady-state fluid mass density, cK is tube total compliance. 

 

Total compliance is given by: 
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Where: wK  is tube wall elastance and is given by: 
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Using Laplace transform with zero initial condition, equations (A1) and (A2) reduce to: 
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Equation (A4) can be differentiated with x to be: 
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Rearranged this equation to be: 
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Substituting equation (A6) into equation A1 resulted in: 
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Equation A7 can be rewritten as: 
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In equation A10, solution for ( )sxV p ,  is given: 
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If considering the boundary conditions ( )sV p ,0  and ( )sLV p , , respectively for 0=x  

and Lx = , to obtain for the constants 1C and 2C , this gives: 
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Manipulating and implementing the boundary condition at x=0 and x=L. Relationships 

between inlet pressure and volume flowrate with outlet pressure and volume flowrate 

can be written as: 
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Using matrix notation, equation A15 and A16 may be written as: 
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APPENDIX B   MATLAB PROGRAM 

 

Matlab computer program for calculating input impedance of the 

mathematical 5-lobe model 
 
System Geometry 
 
MB=142355.2900;   air bulk modulus kg/(m.s2) 
pa=1.21;    air mass density kg/m3 
p0=980;    10 cmH20, initial steady-state pressure pa 
m=0.005;    mass of lobe material (kg); 
f=0:1/20:10;    exciting frequency (Hz) 
 
Airway inside radius (m) 
 
r0=1e-2;    main tube inside radius in initial steady-state m 
 
r11=8e-3; right primary tube inside radius in initial steady-

state m 
r12=6e-3; left primary  tube inside radius in initial steady-

state m 
r1=5e-3; secondary branch number 1 tube inside radius in 

initial steady-state m 
r2=3e-3; secondary branch number 2 tube inside radius in 

initial steady-state m 
r3=3e-3; second branch 3 tube inside radius in initial 

steady-state m 
r4=3e-3; second branch 4 tube inside radius in initial 

steady-state m 
r5=2e-3;                   first and second branches  
 
Cross-Sectional Area: 
 
A0=pi*r0^2;    main tube area in initial steady-state m2 
A11=pi*r11^2;   first branch 1 tube area in initial steady-state m2 
A12=pi*r12^2;   first branch 2 tube area in initial steady-state m2 
A1=pi*r1^2;    second branch 1 tube area in initial steady-state 
m2 
A2=pi*r2^2;    second branch 2 tube area in initial steady-state 
m2 
A3=pi*r3^2;    second branch 3 tube area in initial steady-state 
m2 
A4=pi*r4^2;    second branch 4 tube area in initial steady-state 
m2 
A5=pi*r5^2; 
 
Airway length(m) 
 
L0=12e-2;    total length of main tube 
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L1=10e-2;    total length of first branch tube  
l=8e-2;     total length of second branch tube 
l1=7e-2; 
 
 
Airway wall thickness (m) 
 
tw=3e-3;    main tube wall thickness m 
tw1=1e-3;    first branch tube wall thickness m 
tw2=5e-4;    second branch tube wall thickness m 
tw3=4e-4;                  third branch tube wall thickness (m) 
 
Linear density of material (kg/m) 
 
pw=1000;    kg/m3 
       
Elastance of material wall 
 
E=6e3;     Elastance of the airway wall material N/m2 
……………………………………………………………………………………. 

PROGRAMING 
……………………………………………………………………………………. 
Inertance of the tube wall equations 
 
Kn0=2*r0/(E*tw-p0*r0); 
Kn11=2*r11/(E*tw1-p0*r11); 
Kn12=2*r12/(E*tw1-p0*r12); 
Kn1=2*r1/(E*tw2-p0*r1); 
Kn2=2*r2/(E*tw2-p0*r2); 
Kn3=2*r3/(E*tw2-p0*r3); 
Kn4=2*r4/(E*tw2-p0*r4); 
Kn31=2*r5/(E*tw3-p0*r5); 
Kn32=2*r5/(E*tw3-p0*r5); 
%-------------------------------------------------------------------------- 
%                   Parameters Calculation 
%-------------------------------------------------------------------------- 
% ….Calculation of natural frequency of the airways: 
%-------------------------------------------------------------------------- 
wn0=sqrt((E*tw-p0*r0)/(r0^2*pw*tw)); 
wn11=sqrt((E*tw1-p0*r11)/(r11^2*pw*tw1)); 
wn12=sqrt((E*tw1-p0*r12)/(r12^2*pw*tw1)); 
wn1=sqrt((E*tw2-p0*r1)/(r1^2*pw*tw2)); 
wn2=sqrt((E*tw2-p0*r2)/(r2^2*pw*tw2)); 
wn3=sqrt((E*tw2-p0*r3)/(r3^2*pw*tw2)); 
wn4=sqrt((E*tw2-p0*r4)/(r4^2*pw*tw2)); 
wn31=sqrt((E*tw3-p0*r5)/(r5^2*pw*tw3)); 
wn32=sqrt((E*tw3-p0*r5)/(r5^2*pw*tw3)); 
%-------------------------------------------------------------------------- 
% ……….Calulation M parameter:Equation 
%-------------------------------------------------------------------------- 
M0=(pa*((1+Kn0*MB)*wn0^2-(2*pi*f).^2))./(MB*(wn0^2-(2*pi*f).^2));  
M11=(pa*((1+Kn11*MB)*wn11^2-(2*pi*f).^2))./(MB*(wn11^2-(2*pi*f).^2));  
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M12=(pa*((1+Kn12*MB)*wn12^2-(2*pi*f).^2))./(MB*(wn12^2-(2*pi*f).^2));  
M1=(pa*((1+Kn1*MB)*wn1^2-(2*pi*f).^2))./(MB*(wn1^2-(2*pi*f).^2));  
M2=(pa*((1+Kn2*MB)*wn2^2-(2*pi*f).^2))./(MB*(wn2^2-(2*pi*f).^2));  
M3=(pa*((1+Kn3*MB)*wn3^2-(2*pi*f).^2))./(MB*(wn3^2-(2*pi*f).^2));  
M4=(pa*((1+Kn4*MB)*wn4^2-(2*pi*f).^2))./(MB*(wn4^2-(2*pi*f).^2)); 
M31=(pa*((1+Kn31*MB)*wn31^2-(2*pi*f).^2))./(MB*(wn31^2-(2*pi*f).^2));  
M32=(pa*((1+Kn32*MB)*wn32^2-(2*pi*f).^2))./(MB*(wn32^2-(2*pi*f).^2));  
%-------------------------------------------------------------------------- 
%                       termination Impedance Calculation 
%-------------------------------------------------------------------------- 
k=6e3;                                % lung stiffness at normal conditions 
k1=10e9;                              % Lung stiffness at abnormal conditions 
B=20;                                 % lung damping coefficient  
B1=20;                               % Lung damping coefficient at obnormal 
A=0.5;                               % lung cross-sectionnal area 
wn=(1/2*pi)*sqrt(k/m);               % lung natural frequency 
w=2*pi*f;                             % frequency exciting 
s=j*w;                                % Laplace transform s 
Ze=(m.*s.^2+B.*s+k)./(A.^2*s);       % Terminal Impedance calculated at normal 
conditions 
Ze1=(m.*s.^2+B.*s+k1)./(A.^2*s);    % Terminal Impedance calcualted at abnormal 
conditons 
ZL31=Ze1;                              % terminal Impedance at lobe R2 
ZL32=Ze1;                              % terminal impedance at lobe R3 
ZL1=Ze1;                               % terminal impedance at lobe R1 
ZL3=Ze1;                               % terminal impedance at lobe L1             
ZL4=Ze1;                               % terminal impedance at lobe L2 
 
%---------------------------------------------------------------------- 
%               Calculation of Input Impedance at 5- lobe model 
%---------------------------------------------------------------------- 
%Zo31=((pa./sqrt(M31)).*sinh(i*2*pi*l1*sqrt(M31).*f))./(A5*(cosh(i*2*pi*l1*sqrt(M
31).*f))); 
 
 Zo31=((pa./sqrt(M31)).*sinh(i*2*pi*l1*sqrt(M31).*f)+A5*ZL31.*cosh(i*2*pi*l1... 
   *sqrt(M31).*f))./(A5*(cosh(i*2*pi*l1*sqrt(M31).*f)+A5*ZL31.*(sqrt(M31)/pa).*... 
   sinh(i*2*pi*l1*sqrt(M31).*f))); 
 
%Zo32=((pa./sqrt(M32)).*sinh(i*2*pi*l1*sqrt(M32).*f))./(A5*(cosh(i*2*pi*l1*sqrt(M
32).*f))); 
     
Zo32=((pa./sqrt(M32)).*sinh(i*2*pi*l1*sqrt(M32).*f)+A5*ZL32.*cosh(i*2*pi*l1... 
   *sqrt(M32).*f))./(A5*(cosh(i*2*pi*l1*sqrt(M32).*f)+A5*ZL32.*(sqrt(M32)/pa).*... 
   sinh(i*2*pi*l1*sqrt(M32).*f))); 
      
    ZL2=Zo31.*Zo32./Zo31+Zo32; 
     
%Z1=((pa./sqrt(M1)).*sinh(i*2*pi*l*sqrt(M1).*f))./(A1*(cosh(i*2*pi*l*sqrt(M1).*f))); 
     
Z1=((pa./sqrt(M1)).*sinh(i*2*pi*l*sqrt(M1).*f)+A1*ZL1.*cosh(i*2*pi*l... 
   *sqrt(M1).*f))./(A1*(cosh(i*2*pi*l*sqrt(M1).*f)+A1*ZL1.*(sqrt(M1)/pa).*... 
   sinh(i*2*pi*l*sqrt(M1).*f))); 
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%Z2=((pa./sqrt(M2)).*sinh(i*2*pi*l*sqrt(M2).*f))./(A2*(cosh(i*2*pi*l*sqrt(M2).*f))); 
 
Z2=((pa./sqrt(M2)).*sinh(i*2*pi*l*sqrt(M2).*f)+A2*ZL2.*cosh(i*2*pi*l... 
   *sqrt(M2).*f))./(A2*(cosh(i*2*pi*l*sqrt(M2).*f)+A2*ZL2.*(sqrt(M2)/pa).*... 
   sinh(i*2*pi*l*sqrt(M2).*f))); 
 
%Z3=((pa./sqrt(M3)).*sinh(i*2*pi*l*sqrt(M3).*f))./(A3*(cosh(i*2*pi*l*sqrt(M3).*f))); 
 
Z3=((pa./sqrt(M3)).*sinh(i*2*pi*l*sqrt(M3).*f)+A3*ZL3.*cosh(i*2*pi*l... 
   *sqrt(M3).*f))./(A3*(cosh(i*2*pi*l*sqrt(M3).*f)+A3*ZL3.*(sqrt(M3)/pa).*... 
   sinh(i*2*pi*l*sqrt(M3).*f))); 
 
%Z4=((pa./sqrt(M4)).*sinh(i*2*pi*l*sqrt(M4).*f))./(A4*(cosh(i*2*pi*l*sqrt(M4).*f))); 
 
Z4=((pa./sqrt(M4)).*sinh(i*2*pi*l*sqrt(M4).*f)+A4*ZL4.*cosh(i*2*pi*l... 
   *sqrt(M4).*f))./(A4*(cosh(i*2*pi*l*sqrt(M4).*f)+A4*ZL4.*(sqrt(M4)/pa).*... 
   sinh(i*2*pi*l*sqrt(M4).*f))); 
 
%Zo31=((pa./sqrt(M31)).*sinh(i*2*pi*l1*sqrt(M31).*f))./(A5*(cosh(i*2*pi*l1*sqrt(M
31).*f))); 
 
Z11=(Z1.*Z2)./(Z1+Z2); 
Z12=(Z3.*Z4)./(Z3+Z4); 
Z110=((pa./sqrt(M11)).*sinh(i*2*pi*L1*sqrt(M11).*f)+A11*Z11.*cosh(i*2*pi*L1... 
   *sqrt(M11).*f))./(A11*(cosh(i*2*pi*L1*sqrt(M11).*f)+A11*Z11.*(sqrt(M11)/pa).*... 
   sinh(i*2*pi*L1*sqrt(M11).*f))); 
Z120=((pa./sqrt(M12)).*sinh(i*2*pi*L1*sqrt(M12).*f)+A12*Z12.*cosh(i*2*pi*L1... 
   *sqrt(M12).*f))./(A12*(cosh(i*2*pi*L1*sqrt(M12).*f)+A12*Z12.*(sqrt(M12)/pa).*... 
   sinh(i*2*pi*L1*sqrt(M12).*f))); 
ZL=(Z110.*Z120)./(Z110+Z120); 
Z0=((pa./sqrt(M0)).*sinh(i*2*pi*L0*sqrt(M0).*f)+A0*ZL.*cosh(i*2*pi*L0... 
   *sqrt(M0).*f))./(A0*(cosh(i*2*pi*L0*sqrt(M0).*f)+A0*ZL.*(sqrt(M0)/pa).*... 
   sinh(i*2*pi*L0*sqrt(M0).*f))); 
z=abs(Z0); 
% Normalized Input Impedance: 
Mw=0.1508; 
Kw0=(E*tw-p0*r0)/(2*r0); 
w0=sqrt(Kw0/Mw); 
w1=sqrt((Kw0+MB)/Mw); 
H=(w1^2-(2*pi*f).^2)./(w0^2-(2*pi*f).^2); 
Zs=(1/A0)*sqrt((MB*pa)./abs(H));         % Characteristic Impedance 
NII=abs(Z0)./abs(Zs); 
figure(1); 
plot(f,NII); 
xlabel('Frequency(Hz)'); 
ylabel('Normalized Input Impedance'); 
title('Input Impedance'); 
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Matlab Computer program for calculating the experiment input 

impedance of the 5-lobe model 
%     ************************************************************** 

%     SYSTEM GEOMETRY 
 
MB=142355.2900;           % air bulk modulus kg/ (m*s2) 
Pa=1.21;    % air mass density kg/m3 
p0=980;                   % 10 cmH20, initial steady-state pressure pa 
[a1, b1]=xlsread('Z1'); 
[a2, b2]=xlsread('Z2'); 
[a3, b3]=xlsread('Z3'); 
[a4, b4]=xlsread('Z4'); 
[a5, b5]=xlsread('Z5'); 
[f, f1]=xlsread('frequency'); 
Z1=a1(:,1); 
Z2=a2(:,1); 
Z3=a3(:,1); 
Z4=a4(:,1); 
Z5=a5(:,1); 
f=f(:,1); 
 
%     Airway inside radius (m) 
 
r0=1e-2;    % main tube inside radius in initial steady-state m 
r11=8e-3; % right primary tube inside radius in initial 

steady-state m 
r12=6e-3; % left primary tube inside radius in initial steady-

state m 
r1=5e-3; % secondary branch number 1 tube inside radius 

in initial steady-state m 
r2=3e-3; % secondary branch number 2 tube inside radius 

in initial steady-state m 
r3=3e-3; % second branch 3 tube inside radius in initial 

steady-state m 
r4=3e-3; % second branch 4 tube inside radius in initial 

steady-state m 
r5=2e-3;                   % first and second branches  
       
       
% Cross-Sectional Area:               
              
A0=pi*r0^2;        % main tube area in initial steady-state m2 
A11=pi*r11^2;       % first branch 1 tube area in initial steady-state m2 
A12=pi*r12^2;       % first branch 2 tube area in initial steady-state m2 
A1=pi*r1^2;        % second branch 1 tube area in initial steady-state 
m2 
A2=pi*r2^2;        % second branch 2 tube area in initial steady-state 
m2 
A3=pi*r3^2;        % second branch 3 tube area in initial steady-state 
m2 
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A4=pi*r4^2;        % second branch 4 tube area in initial steady-state 
m2 
A5=pi*r5^2; 
       
      
      
%     Airway length (m) 
                         
L0=12e-2;        % total length of main tube 
L1=10e-2;        % total length of first branch tube  
l=8e-2;         % total length of second branch tube 
l1=7e-2; 
       
%     Airway wall thickness (m) 
 
tw=3e-3;    % main tube wall thickness m 
tw1=1e-3;       % first branch tube wall thickness m 
tw2=5e-4;        % second branch tube wall thickness m 
tw3=4e-4;                  % third branch tube wall thickness (m) 
       
%     Linear density of material (kg/m) 
             
pw=1000;    %  kg/m3 
       
%     Elastance of material wall 
 
E=6e3;     % Elastance of the airway wall  N/m2 
    
   
% Inertance of the tube wall equations 
%-------------------------------------------------------------------------- 
Kn0=2*r0/(E*tw-p0*r0); 
Kn11=2*r11/(E*tw1-p0*r11); 
Kn12=2*r12/(E*tw1-p0*r12); 
Kn1=2*r1/(E*tw2-p0*r1); 
Kn2=2*r2/(E*tw2-p0*r2); 
Kn3=2*r3/(E*tw2-p0*r3); 
Kn4=2*r4/(E*tw2-p0*r4); 
Kn31=2*r5/(E*tw3-p0*r5); 
Kn32=2*r5/(E*tw3-p0*r5); 
%-------------------------------------------------------------------------- 
%                   Parameters Calculation 
%-------------------------------------------------------------------------- 
% Calculation of natural frequency of the airways: 
%-------------------------------------------------------------------------- 
wn0=sqrt((E*tw-p0*r0)/(r0^2*pw*tw)); 
wn11=sqrt((E*tw1-p0*r11)/(r11^2*pw*tw1)); 
wn12=sqrt((E*tw1-p0*r12)/(r12^2*pw*tw1)); 
wn1=sqrt((E*tw2-p0*r1)/(r1^2*pw*tw2)); 
wn2=sqrt((E*tw2-p0*r2)/(r2^2*pw*tw2)); 
wn3=sqrt((E*tw2-p0*r3)/(r3^2*pw*tw2)); 
wn4=sqrt((E*tw2-p0*r4)/(r4^2*pw*tw2)); 



 - 91 - 

wn31=sqrt((E*tw3-p0*r5)/(r5^2*pw*tw3)); 
wn32=sqrt((E*tw3-p0*r5)/(r5^2*pw*tw3)); 
%-------------------------------------------------------------------------- 
% Calulation M parameter:Equation: M=rho*[(1+Kn*MB)*wn^2-w^2]/MB*(wn^2-
w^2) 
%-------------------------------------------------------------------------- 
M0=(pa*((1+Kn0*MB)*wn0^2-(2*pi*f).^2))./(MB*(wn0^2-(2*pi*f).^2));  
M11=(pa*((1+Kn11*MB)*wn11^2-(2*pi*f).^2))./(MB*(wn11^2-(2*pi*f).^2));  
M12=(pa*((1+Kn12*MB)*wn12^2-(2*pi*f).^2))./(MB*(wn12^2-(2*pi*f).^2));  
M1=(pa*((1+Kn1*MB)*wn1^2-(2*pi*f).^2))./(MB*(wn1^2-(2*pi*f).^2));  
M2=(pa*((1+Kn2*MB)*wn2^2-(2*pi*f).^2))./(MB*(wn2^2-(2*pi*f).^2));  
M3=(pa*((1+Kn3*MB)*wn3^2-(2*pi*f).^2))./(MB*(wn3^2-(2*pi*f).^2));  
M4=(pa*((1+Kn4*MB)*wn4^2-(2*pi*f).^2))./(MB*(wn4^2-(2*pi*f).^2)); 
M31=(pa*((1+Kn31*MB)*wn31^2-(2*pi*f).^2))./(MB*(wn31^2-(2*pi*f).^2));  
M32=(pa*((1+Kn32*MB)*wn32^2-(2*pi*f).^2))./(MB*(wn32^2-(2*pi*f).^2));  
%-------------------------------------------------------------------------- 
%                       termination Impedance Calculation 
%-------------------------------------------------------------------------- 
 
ZL31=Z2;                              % Terminal impedance at R2                
ZL32=Z3;                             % Terminal Impedance at R3 
ZL1=Z1;                              % Terminal Impedance at R1 
ZL3=Z4;                              % Terminal Impedance at L1 
ZL4=Z5;                              % Terminal Impedance at L2 
%---------------------------------------------------------------------- 
%               Calculation of Impedance at 5 lobes 
%---------------------------------------------------------------------- 
%Zo31=((pa./sqrt(M31)).*sinh(i*2*pi*l1*sqrt(M31).*f))./(A5*(cosh(i*2*pi*l1*sqrt(M
31).*f))); 
 
 Zo31=((pa./sqrt(M31)).*sinh(i*2*pi*l1*sqrt(M31).*f)+A5*ZL31.*cosh(i*2*pi*l1... 
   *sqrt(M31).*f))./(A5*(cosh(i*2*pi*l1*sqrt(M31).*f)+A5*ZL31.*(sqrt(M31)/pa).*... 
   sinh(i*2*pi*l1*sqrt(M31).*f))); 
 
%Zo32=((pa./sqrt(M32)).*sinh(i*2*pi*l1*sqrt(M32).*f))./(A5*(cosh(i*2*pi*l1*sqrt(M
32).*f))); 
     
Zo32=((pa./sqrt(M32)).*sinh(i*2*pi*l1*sqrt(M32).*f)+A5*ZL32.*cosh(i*2*pi*l1... 
   *sqrt(M32).*f))./(A5*(cosh(i*2*pi*l1*sqrt(M32).*f)+A5*ZL32.*(sqrt(M32)/pa).*... 
   sinh(i*2*pi*l1*sqrt(M32).*f))); 
      
    ZL2=Zo31.*Zo32./Zo31+Zo32; 
     
%Z1=((pa./sqrt(M1)).*sinh(i*2*pi*l*sqrt(M1).*f))./(A1*(cosh(i*2*pi*l*sqrt(M1).*f))); 
     
Z1=((pa./sqrt(M1)).*sinh(i*2*pi*l*sqrt(M1).*f)+A1*ZL1.*cosh(i*2*pi*l... 
   *sqrt(M1).*f))./(A1*(cosh(i*2*pi*l*sqrt(M1).*f)+A1*ZL1.*(sqrt(M1)/pa).*... 
   sinh(i*2*pi*l*sqrt(M1).*f))); 
 
%Z2=((pa./sqrt(M2)).*sinh(i*2*pi*l*sqrt(M2).*f))./(A2*(cosh(i*2*pi*l*sqrt(M2).*f))); 
 
Z2=((pa./sqrt(M2)).*sinh(i*2*pi*l*sqrt(M2).*f)+A2*ZL2.*cosh(i*2*pi*l... 
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   *sqrt(M2).*f))./(A2*(cosh(i*2*pi*l*sqrt(M2).*f)+A2*ZL2.*(sqrt(M2)/pa).*... 
   sinh(i*2*pi*l*sqrt(M2).*f))); 
 
%Z3=((pa./sqrt(M3)).*sinh(i*2*pi*l*sqrt(M3).*f))./(A3*(cosh(i*2*pi*l*sqrt(M3).*f))); 
 
Z3=((pa./sqrt(M3)).*sinh(i*2*pi*l*sqrt(M3).*f)+A3*ZL3.*cosh(i*2*pi*l... 
   *sqrt(M3).*f))./(A3*(cosh(i*2*pi*l*sqrt(M3).*f)+A3*ZL3.*(sqrt(M3)/pa).*... 
   sinh(i*2*pi*l*sqrt(M3).*f))); 
 
%Z4=((pa./sqrt(M4)).*sinh(i*2*pi*l*sqrt(M4).*f))./(A4*(cosh(i*2*pi*l*sqrt(M4).*f))); 
 
Z4=((pa./sqrt(M4)).*sinh(i*2*pi*l*sqrt(M4).*f)+A4*ZL4.*cosh(i*2*pi*l... 
   *sqrt(M4).*f))./(A4*(cosh(i*2*pi*l*sqrt(M4).*f)+A4*ZL4.*(sqrt(M4)/pa).*... 
   sinh(i*2*pi*l*sqrt(M4).*f))); 
 
%Zo31=((pa./sqrt(M31)).*sinh(i*2*pi*l1*sqrt(M31).*f))./(A5*(cosh(i*2*pi*l1*sqrt(M
31).*f))); 
 
Z11=(Z1.*Z2)./(Z1+Z2); 
Z12=(Z3.*Z4)./(Z3+Z4); 
Z110=((pa./sqrt(M11)).*sinh(i*2*pi*L1*sqrt(M11).*f)+A11*Z11.*cosh(i*2*pi*L1... 
   *sqrt(M11).*f))./(A11*(cosh(i*2*pi*L1*sqrt(M11).*f)+A11*Z11.*(sqrt(M11)/pa).*... 
   sinh(i*2*pi*L1*sqrt(M11).*f))); 
Z120=((pa./sqrt(M12)).*sinh(i*2*pi*L1*sqrt(M12).*f)+A12*Z12.*cosh(i*2*pi*L1... 
   *sqrt(M12).*f))./(A12*(cosh(i*2*pi*L1*sqrt(M12).*f)+A12*Z12.*(sqrt(M12)/pa).*... 
   sinh(i*2*pi*L1*sqrt(M12).*f))); 
ZL=(Z110.*Z120)./(Z110+Z120); 
Z0=((pa./sqrt(M0)).*sinh(i*2*pi*L0*sqrt(M0).*f)+A0*ZL.*cosh(i*2*pi*L0... 
   *sqrt(M0).*f))./(A0*(cosh(i*2*pi*L0*sqrt(M0).*f)+A0*ZL.*(sqrt(M0)/pa).*... 
   sinh(i*2*pi*L0*sqrt(M0).*f))); 
z=abs(Z0); 
% Normalized Input Impedance: 
Mw=0.1508; 
Kw0=(E*tw-p0*r0)/(2*r0); 
w0=sqrt(Kw0/Mw); 
w1=sqrt((Kw0+MB)/Mw); 
H=(w1^2-(2*pi*f).^2)./(w0^2-(2*pi*f).^2); 
Zs=(1/A0)*sqrt((MB*pa)./abs(H));        % Characteristic Impedance 
NII=abs(Z0)./abs(Zs); 
figure(1); 
plot(f,NII); 
xlabel('Frequency(Hz)'); 
ylabel('Normalized Input Impedance'); 
title('Input Impedance'); 
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APPENDIX C   FFT TRANSFORM 

Matlab File of FFT Transform and Terminal Impedance Calculation 

----------------------------------------------------------------------------------------------- 
clear all; 
[A, B]=xlsread('Breathingcycle1seconds'); 
n=1:21; 
Vcontrol=A(n,1); 
Pchamp=A(n,2); 
Position=A(n,3); 
Flowrate=A(n,4)-0.05; 
VR1=(A(n,5)+1.98)*pi*0.02^2;                      % time domain 
VR2=A(n,6)+4.322*pi*0.02^2; 
VR3=A(n,7)+0.338*pi*0.02^2; 
VL1=A(n,8)+3.48*pi*0.02^2; 
VL2=A(n,9)-6.13*pi*0.02^2; 
PR1=A(n,10)-2.26; 
PR2=A(n,11)-2.27; 
PR3=A(n,12)-2.25; 
PL1=A(n,13)-2.26; 
PL2=A(n,14)-2.221; 
SP=20;                                              % Sampling Rate 
nfft=128; 
window=hanning(nfft);     
figure(1); 
[Z1,f]=psd(PR1./VR1,nfft,SP,window,'mean');     % Impedance calculation at lobe R1    
psd(PR1./VR1,nfft,SP,window,'mean'); 
title('Impedance at lobe R1'); 
xlabel('Frequency(Hz)'); 
dlmwrite('Z1.xls',Z1,'\t '); 
saveas(gcf,'Z1.fig') 
%PSD(X,NFFT,Fs,WINDOW); 
figure(2); 
[Z2,f]=psd(PR2./VR2,nfft,SP,window,'mean');     % Impedance calculation at lobe R2 
psd(PR2./VR2,nfft,SP,window,'mean'); 
title('Impedance at lobe R2'); 
xlabel('Frequency(Hz)'); 
dlmwrite('Z2.xls',Z2,' \t'); 
saveas(gcf,'Z2.fig') 
figure(3); 
[Z3,f]=psd(PR3./VR3,nfft,SP,window,'mean');     % Impedance calculation at lobe R3 
psd(PR3./VR3,nfft,SP,window,'mean'); 
title('Impedance at lobe R3'); 
xlabel('Frequency(Hz)'); 
dlmwrite('Z3.xls',Z3,'\t '); 
saveas(gcf,'Z3.fig') 
figure(4); 
[Z4,f]=psd(PL1./VL1,nfft,SP,window,'mean');      % Impedance calculation at lobe L1 
psd(PL1./VL1,nfft,SP,window,'mean'); 
title('Impedance at lobe L1'); 
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xlabel('Frequency(Hz)'); 
dlmwrite('Z4.xls',Z4,' \t'); 
saveas(gcf,'Z4.fig') 
figure(5); 
[Z5,f]=psd(PL2./VL2,nfft,SP,window,'mean');       % Impedance calculation at lobe L2 
psd(PL2./VL2,nfft,SP,window,'mean');  % Power Spectrum  
title('Impedance at lobe L2'); 
xlabel('Frequency(Hz)'); 
dlmwrite('Z5.xls',Z5,'\t '); 
saveas(gcf,'Z5.fig') 
dlmwrite('frequency.xls',f,' '); 
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APPENDIX D   EXPERIMENT RESULTS 

 

The results of all experiment investigation for the lung simulator are presented. Data 

recorded and divided into 10 short recordings to analyse as discussed in Chapter 3. 

Measured impedance at each lobe is presented as the lung simulator operates in 

different frequencies.  

• Part 1: Results of Terminal Impedance at lobe R2, R3, L1 and L2 recorded at 

different sampling rate (Figures D1 –D 4). 

• Part 2: Results of Terminal Impedance recorded at different exciting frequencies 

( Figures D5-D34) 
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Figure D1: Power Spectrum of Impedance at lobe R2 recorded at different sampling 

rates
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Figure D 2: Power Spectrum of Impedance at lobe R3 recorded at different sampling 

rates
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Figure D 3: Power Spectrum of Impedance at lobe L1 recorded at different sampling 

rates 
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Figure D 4: Power Spectrum of Impedance at lobe L2 recorded at different sampling 

rates 
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Figure D 5: Power Spectrum of Impedance at lobe R1 when the lung simulator 
operates at 1 second per cycle
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Figure D 6: Power Spectrum of Impedance at lobe R2 when the lung simulator 
operates at 1 second per cycle 
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Figure D 7: Power Spectrum of Impedance at lobe R3 when the lung simulator 
operates at 1 second per cycle 
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Figure D 8: Power Spectrum of Impedance at lobe L1 when the lung simulator 
operates at 1 second per cycle 
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Figure D 9: Power Spectrum of Impedance at lobe L2 when the lung simulator 
operates at 1 second per cycle 
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Figure D 10: Power Spectrum of Impedance at lobe R1 when lung simulator operates 

at 2 seconds per cycle 
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Figure D 11: Power Spectrum of Impedance at lobe R2 when the lung simulator 
operates at 2 seconds per cycle 
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Figure D 12: Power Spectrum of Impedance at lobe R3 when the lung simulator 
operates at 2 seconds per cycle 
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Figure D 13: Power Spectrum of Impedance at lobe L1 when the lung simulator 
operates at 2 seconds per cycles 
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Figure D 14: Power Spectrum of Impedance at lobe L2 when the lung simulator 
operates at 2 seconds per cycle 
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Figure D 15: Power Spectrum of Impedance at lobe R1 when the lung simulator 
operates at 3 seconds per cycle 
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Figure D 16: Power Spectrum of Impedance at lobe R2 when the lung simulator 

operates at 3 seconds per cycle 
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Figure D 17: Power Spectrum of Impedance at lobe R3 when the lung simulator 
operates at 3 seconds per cycle 
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Figure D 18: Power Spectrum of Impedance at lobe L1 when the lung simulator 
operates at 3 seconds per cycle 
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Figure D 19: Power Spectrum of Impedance at lobe L2 when the lung simulator 
operates at 3 seconds per cycle 
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Figure D 20: Power Spectrum of Impedance at lobe R1 when the lung simulator 
operates at 4 seconds per cycle 
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Figure D 21: Power Spectrum of Impedance at lobe R2 when the lung simulator 
operates at 4 seconds per cycle 
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Figure D 22: Power Spectrum of Impedance at lobe R3 when the lung simulator 
operates at 4 seconds per cycle 
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Figure D 23: Power Spectrum of Impedance at lobe L1 when the lung simulator 
operates at 4 seconds per cycle 
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Figure D 24: Power Spectrum of Impedance at lobe L2 when the lung simulator 
operates at 4 seconds per cycle 
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Figure D 25: Power Spectrum of Impedance at lobe R1 when the lung simulator 
operates at 5 seconds per cycle 
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Figure D 26: Power Spectrum of Impedance at lobe R2 when the lung simulator 
operates at 5 seconds per cycle 
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Figure D 27: Power Spectrum of Impedance at lobe R3 when the lung simulator 
operates at 5 seconds per cycle
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Figure D 28: Power Spectrum of Impedance at lobe L1 when the lung simulator 
operates at 5 seconds per cycle
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Figure D 29: Power Spectrum of Impedance at lobe L2 when the lung simulator 
operates at 5 seconds per cycle 
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Figure D 30: Power Spectrum of Impedance at lobe R1 when the lung simulator 
operates at 6 seconds per cycle 
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Figure D 31: Power Spectrum of Impedance at lobe R2 when the lung simulator 
operates at 6 seconds per cycle 
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Figure D 32: Power Spectrum of Impedance at lobe R3 when the lung simulator 
operates at 6 seconds per cycle 
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Figure D 33: Power Spectrum of Impedance at lobe L1 when the lung simulator 
operates at 6 seconds per cycle 
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Figure D 34: Power Spectrum of Impedance at lobe L2 when the lung simulator 
operates at 6 seconds per cycle 
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APPENDIX E EXPERIMENT INPUT IMPEDANCE RESULTS 

 

For the experiment input impedance of the 5-lobe model, 10 short records for each 

experiment were done, as discussed in Chapter 3. The results are presented in this 

Appendix E.  
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Figure E 1: Input Impedance determined when the lung simulator operates at 1 

second per cycle 
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Figure E 2: Experiment Input Impedance determined when the lung simulator 

operates at 2 seconds per cycle 
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Figure E 3: Experiment Input Impedance determined when the lung simulator 

operates at 3 seconds per cycle 

N
or

m
al

iz
ed

 In
pu

t I
m

pe
da

nc
e 

Frequency (Hz) 

Record 1 Record 2 

Record 3 Record 4 

Record 5 Record 6 

Record 7 Record 8 

Record 9 Record 10 



 - 134 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure E 4: Experiment Input Impedance determined when the lung simulator 

operates at 4 seconds per cycle 
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Figure E 5: Experiment Input Impedance determined when the lung simulator 

operates   at 5 seconds per cycle 
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Figure E 6: Experiment Input Impedance determined when the lung simulator 

operates at 6 seconds per cycle 
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