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Abstract 
 

 

 

Although constant positive airway pressure therapy is currently the most effective form 

of non-invasive treatment to relieve obstructive sleep apnea symptoms, it has relatively 

low treatment compliance due to pressure related side effects. 

 

Existing commercial continuous positive airway pressure (CPAP) devices rely on the 

combined airflow characteristics of both the air delivery unit and nasal mask vent to 

regulate treatment pressure.  Fluctuation in mask pressure occurs however, due to 

patient breathing, presenting an opportunity to develop an alternative breathing therapy 

device capable of achieving dynamic control of mask pressure. 

 

Within this research, a computer model of a proposed patient breathing therapy device, 

based on characteristics of a prototype system, is developed to determine the breathing 

system air delivery requirements whilst operating under a simulated patient breathing 

load.  This model initially utilises an idealised, zero order, air delivery unit behaviour, 

since this system element is yet to be built. 

 

A review of different types of air compressors is undertaken and the diaphragm type 

compressor selected as being best suited for practical implementation within the air 

delivery unit of the breathing system, based on constraints of air quality, available 

machining resource and materials.  Thermodynamic design of the compressor is 

undertaken to determine physical dimensions and a range of actuation methods are 

reviewed, based on force and speed requirements.  A speed controlled 3 phase AC 

induction motor is selected to actuate the compressor. 

 

The diaphragm compressor is built and tested under both steady state and dynamic 

conditions and proven capable of meeting the breathing system air supply for both air 

pressure and flow requirements. 
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The air delivery unit within the model simulation, previously based on an idealised, zero 

order element, is characterised with the same dynamic behaviour as the prototype unit 

built, established during testing, and shown by simulation to meet the breathing system 

requirements under dynamic patient breathing load. 

 

Implementation of the air delivery unit within the completed prototype breathing system 

shows the mask pressure to fluctuate outside the desire pressure tolerance range; 

however, to remedy this situation, the compressor requires the development of an 

appropriate control scheme which is beyond the scope of this work. 
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Chapter 1 Introduction 
 

 

 

1.1 Background 
 

Sleep apnea, deriving its name from the Greek word apnea meaning ‘want of breath’, is 

used to describe a breathing disorder that causes interruption to breathing whilst 

sleeping [1].  This syndrome is defined as a reduction of respiratory movements by 95% 

for more over a ten seconds period, whereas, a decrease of at least 50% over the same 

time period is defined as hypopnoea [2].  Apnea can be categorised as either central 

sleep apnea, where the brain fails to send the appropriate message to the breathing 

muscles or obstructive sleep apnea (OSA) where the breathing airway is obstructed, 

restricting the air flow to and from the lungs.  Physiological problems characterising 

OSA vary; however, obesity in the patient commonly causes blocking of the airway 

opening with a relaxed throat or tongue muscle, resulting in laboured breathing or 

choking occurring [1].  During sleep, when the patient reclines, the patient’s airways 

offer multiple sites where obstruction can occur, including an elongated and enlarged 

soft palate impinging against the oropharynyx and nasopharynx, Figures 1.1 and 1.2. 

 

 
Figure 1.1 Normal patient airway [3]. 
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Figure 1.2 Obstructed patient airway [3]. 

 

Other physical attributes, apart from obesity, can contribute to the likelihood of 

suffering OSA, including an enlarged uvula resting on the base of the tongue, along 

with hypertrophied tonsils, Figure 1.3.  An elongated soft palate can also rest on the 

base of the tongue, Figure 1.4, causing an obstruction to the breathing airway.  Lower 

face abnormalities such as receding jaw as well as large tongue can also contribute to 

the likelihood of OSA occurring [1]. 

 

In the western world, approximately 4% of middle aged men and 2% of middle aged 

women suffer OSA, effecting over 20 million adult Americans [4].  This group is also 

most likely to be overweight, have high blood pressure or some abnormality in the 

upper airway. 

 

 
Figure 1.3 Enlarged Uvula resting on base of tongue [3]. 

Hypertrophied 
tonsil 

Enlarged 
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Hypertrophied 
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Figure 1.4 Elongated soft palate resting on base of tongue [3]. 

 

Pauses in breathing causes low oxygen and high carbon dioxide levels in the patient’s 

lungs, triggering an alert within the brain to urgently commence breathing; interrupting 

the normal sleeping pattern.  As many as 60 or more involuntary pauses in breathing 

can occur each hour with each ‘apneic event’ being almost always accompanied by 

snoring.  Continual interruption to the normal deep sleeping pattern causes excessive 

sleepiness whist awake and this has been associated with irregular heartbeat, high blood 

pressure, heart attack and stroke [1].  When untreated, OSA sufferers are 3 times as 

likely to have car accidents as well as suffer other symptoms such as irritability, 

depression, sexual dysfunction, learning and memory difficulty.  Falling asleep whilst at 

work or on the phone, another commonly misdiagnosed OSA symptom, cannot be 

treated by sleeping pills which, rather than improving sleep quality, increase both the 

frequency and duration of breathing pauses [3]. 

 

The diagnosis of OSA is not simple since there are many different reasons, many not 

physical, why sleep may be disturbed so a technique called nocturnal polysomnography 

is commonly utilised [3,5].  Here the patient sleeps in a controlled environment whilst 

various parameters are monitored.  Equipment and techniques typically used to identify 

OSA events, when chest movement fails to produces a corresponding airflow and 

oxyhemoglobin de-saturation occurs, include: 

• Eye movement observations, to detect rapid-eye-movement sleep. 

• Electroencephalogram, to measure arousals from sleep. 

• Chest wall monitors, to document respiratory movements. 

Elongated 
Palate Elongated 

Palate 
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• Nasal and oral air flow measurements. 

• Electrocardiogram to measure heart beat. 

• Electromyogram to measure limb movements that cause arousals. 

• Oximetry to measure oxygen saturation. 

 

The results of nocturnal polysomnography generate a respiratory disturbance index 

(RDI) which expresses the number of abnormal respiratory events per hour of sleep 

with 20 being the minimum level commonly considered as requiring some form of 

treatment [3].  The recent development of artificial neural networks [2] has enabled 

automatic diagnosis of breathing patterns from polysomnographic information and is 

now frequently used to detect the occurrence of apnea or hypopnea events. 

 

 

1.2 Treatment 
 

Treatment of OSA can vary, depending upon a range of factors; however, in all cases 

the goal is to remove the airway obstruction.  Costs play a significant part in 

determining an appropriate method of OSA treatment, with surgery to either remove 

soft tissue from the throat or open up an alternative air path through the windpipe, 

usually being avoided due to cost, even though the remedy may be permanent.  Less 

invasive forms of treatment such as the use of dental appliances to reposition the jaw 

and tongue [5] or the use of air pressure to hold the airway open, is a popular choice of 

therapy.  This is likely due to both the low costs involved and the avoidance of 

unpleasant surgery. 

 

1.2.1 Oral Appliances 

 

Although not always effective in treating patients suffering from OSA, oral 

devices provide a cheap and easy alternative to other forms of treatment.  Oral 

appliances can be divided into two main groups: 

 

a) The mandibular repositioning devices (MRD), Figure 1.5, is the largest 

group of oral treatment devices, which operate by tightly fitting over the 

patient’s teeth and pulling the bottom jaw forward, holding the teeth in the 

closed position. 
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Figure 1.5 Mandibular repositioning device [6]. 

 

 

MRD treatment is suited to OSA suffers who have normal sized tongues and 

soft palates since the jaw is pulled forward, moving soft tissue away from 

the airway opening.  Complications can occur with this form of treatment 

including loosened teeth, joint pain, muscle aches and tissue sores [6]. 

 
b) The tongue retaining device (TRD), Figure 1.6, is used in patients suffering 

from OSA who have either very large tongues, no teeth or chronic joint 

pain, making them not suited to MRD oral devices [6].  The TRD works by 

the patient’s teeth (or gums) compressing a soft polyvinyl bubble shaped 

device, creating a cavity that projects beyond the lips.  The patient then 

sticks their tongue into the bubble, displacing the air, and thus holding the 

tongue in the projected position. 

 

 

 
Figure 1.6 Tongue retaining device [6]. 
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Figure 1.7 Jaw and tongue retaining device [6]. 

 

c) A variation on the TRD, the jaw and tongue retaining device, Figure 1.7, 

utilises two separate appliance portions, each fitted to the top and bottom 

row of teeth.  The patient simply projects the jaw forward, with their tongue 

placed behind the lower teeth, until the two portions lock together, trapping 

the tongue and jaw away from the airway [6]. 

 

1.2.2 Surgery 

 

Surgery to remedy OSA is normally used in young patients or those who cannot 

tolerate using any of the non-invasive forms of treatments.  

Uvulopalatopharyngoplasty (UPPP) involves the removal of parts of the uvula, 

soft palate and any other redundant soft tissue including the tonsils, if deemed 

necessary [3].  This procedure often eliminates snoring, however, it may not 

always treat OSA since other parts of the air way may be causing the obstruction.  

Laser-assisted uvuloplataoplasty (LAUP) has become more popular than UPPP 

since it allows the surgery to be progressively completed over several sessions at a 

doctor’s surgery, eliminating the need for hospitalisation. 

 

More invasive surgical procedures, such as genioplasty where the tongue is pulled 

forward, are normally conducted when more conservative forms of OSA 

treatment have failed. In extremely severe cases, a tracheotomy, where an air pipe 

is inserted directly into the patient’s lower airway, may be considered due to the 

high rate of mortality associated with suffers of extreme OSA. 
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1.2.3 Continuous Positive Airway Pressure 

 

The use of continuous positive airway pressure (CPAP) therapy, where the patient 

breathes air pressurised slightly above atmospheric pressure, effectively prevents 

collapse or blocking from occurring by forming a pneumatic splint within the 

patient’s breathing airways and is the most common form of OSA treatment.  The 

CPAP therapy device, Figures 1.8 and 1.9 respectively, consists of an air delivery 

unit (ADU), typically a centrifugal fan, supplying low pressure air to the nasal 

mask via a 20mm internal diameter flexible plastic hose.  Frequently, an air 

reservoir containing water is utilised between the fan and mask to humidify the 

breathing air, preventing the patient’s airways becoming dry and irritated [3]. 

 

The level of air pressure required for CPAP treatment is frequently a trade-off 

between being sufficient to prevent obstruction of the airway whilst minimising 

pressure related side effects.  Typical CPAP titration air pressures range from 6 to 

20 cm water gauge (Wg) [7].  The prescribed CPAP mask air pressure is 

determined by nocturnal polysomnography testing of each patient to determine the 

minimum CPAP titration pressure required to prevent OSA from occurring. 

 

 

 
Figure 1.8 Commercially available CPAP ADU and humidification unit [8]. 
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Figure 1.9 Schematic of typical CPAP device. 

 

 

The CPAP therapy can be applied to the patient either orally (O-CPAP), Figure 

1.10, or through the nasal mask (N-CPAP), Figure 1.11, the latter having the 

advantage of avoiding drying of the patient’s throat due to the  continuous airflow.  

Despite using a nasal mask, some patients develop dry mucus membranes; 

however, this problem can be reduced by humidification of the air flowing into 

the mask [3]. 

 

To date, CPAP is the treatment preferred by most patients suffering OSA since it 

is currently the most effective form of treatment [9]; however, the method of 

management is dependant upon the patient response not including any adverse 

pressure related effects [3]. 

 

 

 

 

 
Figure 1.10 Patient oral CPAP [6]. 
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Figure 1.11 Patient wearing nasal CPAP mask [10]. 

 

The N-CPAP mask, Figure 1.12, utilises continuous vent airflow through 8 fixed 

orifices, ensuring continuous purging of the air contained within the mask.  

Unfortunately, the operational characteristics of the fixed orifice mask vents 

permit the mask pressure to fluctuate as a result of both the patient’s breathing and 

the pressure flow characteristics of the centrifugal fan used within the CPAP 

ADU. The results of testing a commercially available CPAP unit, Figure 1.13, 

shows regular fluctuations occurring in mask pressure under simulated patient 

breathing load. 

 

 
Figure 1.12 Typical nasal CPAP mask. 
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Figure 1.13 Fluctuation in CPAP nasal mask pressure;  mask air 

pressure,  patient breathing. 
 

1.2.4 Bi-Level Positive Airway Pressure 

 

Bi-level positive airway pressure (Bi-PAP) breathing therapy devices operate in a 

similar fashion to CPAP devices with the exception of offering two air output 

pressure levels from the ADU.  By utilising a flow sensor, such as a thermistor 

within the ADU outgoing air stream, the air delivery pressure can be alternated 

between preset higher and lower values during patient inhalation and exhalation, 

respectively.  This variation in supply pressure is usually achieved by altering the 

ADU fan speed and results in a relatively constant mask pressure being achieved 

despite the fluctuating patient breathing load. 

 

1.2.5 Automatic Positive Airway Pressure 

 

Developments have been made to CPAP devices to achieve an automatic positive-

pressure airway pressure (APAP) control.  These devices sense nasal mask 

pressure and appropriate control action is taken by the ADU, typically achieved 

by altering the fan speed, enabling mask pressure to be progressively reduced 

during periods of absence of apnoeic events [11]. 

 

APAP therapy systems are effectively conventional CPAP devices modified to 

include the attachment of a sensing tube to the nasal mask, the other end of which 

inhalation 

exhalation 
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is connected to a pressure sensor and micro-controller contained within the ADU 

[11].  The mask pressure transducer has two functions: 

 

1. Sensing of mask air pressure. 

 

2. Detection of pharyngeal wall vibration (PWV); signalling the onset of OSA, 

through filtering of the pressure signal to eliminate background noise. 

 

The PWV detection algorithm, used to analyse the processed pressure – time 

signal, considers both the time duration of the latest signal to the previous 10 

recorded signals.  Detection of an apnea event is achieved by the APAP micro-

processor examining the processed signal for three consecutive PWV episode 

signals with no more then 20 seconds between any two signals. If the signal 

exceeds the respective thresholds of time and magnitude then the mask air 

pressure is raised by 2 cm Wg. Conversely, when after a time period of 5 minutes, 

the area and duration of the processed signal does not exceed the two threshold 

parameters then the air pressure is lowered 1 cm Wg until a pre-set minimum 

mask pressure is reached. 

 

Unlike other forms of air pressure therapy, APAP treatment is intended to 

continuously take corrective action over a period of time and offers the advantage, 

over conventional CPAP therapy, of reduced adverse pressure related side effects 

due to lower average mask air pressures.  It does not, however, offer any remedy 

for fluctuations in mask pressure due to the fluctuating patient breathing load. 

 

 

1.3 Literature Review 
 

Extensive literature review has been undertaken on positive airway pressure therapy 

devices, methods utilised to sense patient breathing effort and treatment compliance. 

 

1.3.1 Positive Airway Pressure Devices 

 

The high efficacy of CPAP has established this form of therapy as the gold 

standard in treating OSA [9]; however, despite this effectiveness, over 40% of 
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patients using this form of treatment find it difficult to use over long periods due 

to pressure related side effects which include abdominal bloating, sore eyes and 

headaches [1].  A Comparative test between MRD type oral appliances and CPAP 

treatment methods, on study group of 20 patients suffering from OSA [12], found 

that the MRD treatment was successful in treating 55 % of the patients whilst 5 % 

were compliance failures, defined as unable or unwilling to use the treatment.  

When the same group undertook CPAP therapy it resulted in a 70 % treatment 

success rate, however, the remaining 30 % of patients were compliance failures.  

This result confirms the effectiveness of CPAP therapy; however, also highlights 

the long term acceptance by patients to this form of treatment as being poor.  

Recent research indicates that long term CPAP therapy compliance is lower than 

68% [9]. 

 

Maintaining control of CPAP treatment mask pressure must improve patient 

comfort since pressure related side effects contribute significantly to the poor 

CPAP therapy compliance.  The air flow characteristics of the small mask vent 

orifices provided within the mask, designed to ensure continuous purging of the 

mask air contribute to the fluctuation in air pressure experienced in N-CPAP 

systems.  Variation experienced in mask air pressure is predominately due to the 

mask vent air flow characteristics failing to match the fluctuating patient 

breathing load.  Testing of 8 commercial CPAP therapy devices has shown that 

mask pressure fluctuates from -1.3 to + 5.6 cm Wg around the desired set point 

during simulated patient breathing load [13].  Because of this pressure fluctuation, 

conventional CPAP therapy requires the mask to operate at a mean pressure 

higher than that prescribed to ensure the minimum air pressure is always 

maintained. 

 

Other research has confirmed that both improved patient comfort and treatment 

compliance occurs when mask pressure is stabilised, achieving this by cycling 

inspiration pressure higher than expiration pressure to produce a reduced patient 

breathing work load [14].   Bi-PAP breathing devices modify the timing of the 

nasal mask pressure fluctuations to follow the natural breathing pattern, resulting 

in a relatively stable mask pressure when the patient breathes.  These devices are 

often more comfortable for the patient to use, when compared to CPAP therapy 

devices [4].  Comparative testing of 4 commercial Bi-PAP devices, under the 
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same conditions, has shown the mask pressure to fluctuate from -1 to -0.3 cm Wg, 

significantly less than that experienced by the CPAP breathing systems [13].  

Research into other benefits of Bi-PAP therapy has shown that morbidly obese 

patients, suffering OSA, are more likely to respond to this form of treatment than 

CPAP therapy [15]. 

 

An alternative development of the CPAP breathing system is continuous 

automatic positive airway pressure (APAP) control of mask pressure, where, 

rather than switching between two pre-determined mask pressure levels to 

accommodate the fluctuating patient breathing load, as in Bi-PAP devices, APAP 

systems dynamically control mask air pressure.  Studies have shown that the 

patient’s body position also causes variation in the incidence of OSA, APAP 

attempts to accommodate this variable and achieve a lower average nasal mask air 

pressure, reducing the occurrence of pressure related side effects [11]. 

 

Early work on APAP systems utilised a controller capable of proportional integral 

and derivative (PID) action to regulate ADU fan speed.  With these systems it is 

possible to locate the mask pressure sensor at the ADU air outlet rather than at the 

mask due to the low air pressure drop experienced across the ends of the large 20 

mm diameter air transmission tube.  The objectives of this early system was to 

both produce a stable mask pressure, despite fluctuating patient breathing load and 

adjust the ADU to accommodate any mask leaks by dynamically controlling the 

air output.  Subsequent testing of this system found the response time of the fan 

was too slow, taking as much as 2.5 seconds to react to reductions in mask air 

pressure changes.  This effect was contributed to the reliance on frictional and fan 

forces to slow the fan [16]. 

 

Later APAP systems do not try to stabilise the fluctuating mask pressure, rather, 

these systems attempt to minimise the mean mask air pressure, to a pre-set level, 

during periods of absence of OSA occurring [11].  This is achieved by analysing 

the signal from a pressure transducer, mounted in the nasal mask, over a specified 

time period before appropriate control action is taken by the ADU controller.  

This method of control results in mask air pressure being reduced, by a set 

increment, if PWV is not detected during the measured time period.  With ADU 

control action being based on PWV detection, variations in fan speed occur 
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gradually so speed of response is not an issue as described with earlier APAP 

systems.  Current nasal mask design, utilised in all commercial air pressure 

therapy systems, rely on fixed vent holes to continually purge mask air, however, 

since APAP devices operate the mask at lower mean pressures than both CPAP 

and Bi-PAP systems this results in smaller fluctuations in mask pressure 

occurring. 

 

An APAP device was randomly tested on 10 patients, 5 of whom were diagnosed 

as suffering from OSA and undertaking CPAP therapy.  APAP therapy effectively 

reduced the mean air treatment pressure from 12.6 cm Wg, prescribed for 

conventional CPAP therapy, to a lower value of 6.8 cm Wg [11].  This result was 

confirmed later when APAP therapy provided a significant reduction in mask air 

pressure to successfully treat OSA in a sample of patients compared to previous 

CPAP therapy [7].  Although no testing could be found comparing patient therapy 

compliance between CPAP and APAP treatment it is obvious that a 50% 

reduction in mask pressure must improve patient comfort as well as relieve 

pressure related side effects. 

 

A problem encountered with some of the APAP devices tested was attenuation of 

the pressure signal, due to the long small diameter tube connecting the nasal mask 

to the pressure transducer, giving poor detection of PWV [11].  Another 

unavoidable factor also considered to affect the detection of PWV was the natural 

damping present within the patient upper airway.  To reduce the pressure 

attenuation effect experienced along the long thin tube, it was felt that the pressure 

transducer should be located as close as practical to the nasal mask. 

 

A variation to APAP treatment, capable of maintaining nearly constant mask 

pressure throughout the patient breathing cycle, is achieved by the use of air jet 

flow control valves connected to the mask air supply [17].  This system permits 

dynamic changes in mask air pressure to be made in phase with the patient 

breathing without the delays inherent with changing fan speed, as experienced in 

earlier APAP systems.  Here, the mask air in-flow is controlled by an inspiratory 

demand flow valve whilst the rate of air outflow is controlled by an opposing air 

jet flow.  A pressure transducer, connected via a pipe to the ADU output, sends a 

pressure signal to a microcomputer.  The computer compares the prescribed mask 
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pressure level to the signal pressure every 5 ms, when the mask pressure is below 

that desired; the inspiratory demand flow valve permits air flow from the ADU.  

When mask pressure drops below the desired level, the air jet flow from the ADU 

opposes the outflow of air from the mask, increasing the mask pressure.  Testing 

has shown that this type of APAP device has smaller mask pressure fluctuations, 

during patient breathing, compared to conventional CPAP devices. 

 

Recent research has found, however, that although improvements in patient 

compliance have been reported in random trials comparing APAP devices to 

CPAP therapy, there was no difference in objective outcome, such as subjective 

sleepiness and it was felt that the additional cost of this device was not justified 

[18]. 

 

1.3.2 Sensing Methods 

 

The sensing method used in Bi-PAP and APAP breathing therapy devices is 

different since the two systems are effectively controlling different system 

variables, the former controls the air flow whilst the latter controls air pressure.  

Within this section a review is undertaken on the different sensing methods 

utilised in Bi-PAP, APAP and mechanical ventilation devices. 

 

As previously mentioned, Bi-PAP systems try to synchronise a step change in 

ADU delivery pressure between two pre-set values of air pressure, offsetting the 

effect fluctuating patient breathing load has on mask pressure.  Typically, Bi-PAP 

systems utilise a thermistor to sense air mass-flow from the ADU since this 

parameter is in phase with the patient’s breathing.  In contrast, APAP systems 

utilise a single pressure sensor at the mask to enable both the detection of PWV 

and mask pressure to be achieved through complex signal processing.  Other 

forms of OSA detection have previously been proposed, but have not yet found 

application in commercially available Bi-PAP and APAP breathing therapy 

devices. 

 

Within Bi-PAP devices, alternatives to the use of a thermistor to sense air flow 

have been successfully implemented, including the passive acoustic sensor.  This 

device consists of two microphone elements exposed to the air flow stream and 
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connected in a bridge configuration to detect air flow as low frequency noise [19].  

This method has the advantage over remote flow sensing of being able to use long 

transmission tubes, if required, without the problem of signal delay occurring.  

Another acoustic air flow sensing method utilises two ultrasonic waves, travelling 

in opposite directions within the air flow stream.  The air flow rate is determined 

by measuring difference in transmission time between the opposing waves.  A 

range of clinical trials have shown the passive acoustic sensor capable of detecting 

between 52 – 82% of all OSA events. 

 

To help identify possible alternatives to the existing methods of sensing patient 

breathing, currently utilised in commercial Bi-PAP and APAP devices, methods 

used to trigger mechanical ventilation, where patient breathing effort is sensed, is 

also reviewed.  Typically a patient receives mechanical ventilation, controlling 

both air volume and pressure, for reasons other than to relieve OSA symptoms, 

however, in both cases the goal is to ensure efficient filling of the lungs.  

Computer modelling of a two compartment human lung system, with unequal 

time constants, has shown the volume-control ventilation to achieve a more even 

filling of the lungs compared to pressure-control ventilation, despite differing lung 

compliances, suggesting this method is superior in filling the lungs [20]. 

 

A study of both the accuracy and sensitivity of devices used to detect breathing 

effort in newborn babies, during mechanical ventilation, indicates existing trigger 

methods are prone to lacking sensitivity to detect small breathing effort and tend 

to falsely initiate mechanical breathing if the ventilator trigger sensitivity is set 

higher [21].  There are two methods commonly employed to detect patient 

breathing effort through abdominal movement during mechanical ventilation.  The 

first being a Graseby capsule, a small flat plastic capsule which is filled with foam 

and tightly taped to the abdomen of the patient.  Here, breathing effort compresses 

the capsule, causing a rise in tube pressure that is sensed [21].  An alternative to 

the Graseby capsule is an induction type sensor that detects breathing effort by 

minute variation in distance between a coil and magnet taped to the front and back 

of the abdomen respectively.  With this method, the trigger signal is initiated by 

movement of the abdomen which occurs prior to inspiratory air flow, resulting in 

a negative trigger delay since initiation of air flow is deemed to be the 

commencement of inspiration.  Testing of this trigger method shows that any 
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abdominal motion, such as random physical activity, could falsely create a trigger 

signal.  Despite this problem, recent research has found the phase relationship 

between abdominal and thoracic excursion to be an effective method of detecting 

the formation and occurrence of an apnoeic event [22]. 

 

The measurement of patient breathing tidal volume by an anemometer attached to 

the endotracheal tube, supplying air to the patient, is an alternative ventilation 

triggering method used to measure air mass flow.  This method operates in the 

same way as the thermistor sensor used in Bi-PAP therapy devices and is 

considered to be both robust and the least susceptible to false triggering due to 

body motion [21].  The signal response time for the anemometer trigger method is 

instantaneous whilst the response time of the volume flow method is considered 

satisfactory, taking approximately 135 ms to trigger after inhalation occurred. 

 

Transthoracic impedance offers an alternative method to the direct measurement 

of airflow by sensing patient breathing effort through the attachment of electrodes 

mounted in pairs on the patient’s skin.  One electrode injects current, at a known 

amplitude and frequency, whilst the other electrode, mounted across the patient’s 

chest, detects breathing through variations in electrical impedance [23].  Testing 

has shown this technique is not capable of differentiating between hypopnoea and 

OSA events and problems included the interference of cardiac activity and 

random body activity results in the greatest rate of false triggering out of all the 

ventilation triggering methods tested.  A review of commercially available home 

breathing therapy devices fails to find any of the mechanical ventilation triggering 

methods implemented within OSA air pressure therapy devices. 

 

1.3.3 Improving CPAP Compliance 

 

Many healthcare providers consider patient non-compliance to be the biggest 

problem with CPAP therapy, based on patients using the machine only a few 

hours each night or a few days each week [3].  Despite perceived discomfort 

appearing to be the main cause of treatment failure, patients suffering severe OSA 

are often more compliant than mild sufferers due to the benefits of treatment 

success. 
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Recent sleep laboratory studies, comparing patient response to CPAP and APAP 

treatment has shown all the patients benefited from air pressure therapy; however, 

variations occurred in the patients’ sleep response to either form of treatment [24].  

These results were confirmed by later studies which also indicated patient 

compliance improved when lower mean mask pressures were used and suggested 

that long-term studies could quantify the beneficial effects, such as greater 

comfort and reduction in cardiac strain, for the patient when mask pressure was 

reduced [25,26]. 

 

There is an opportunity to produce an improved CPAP (I-CPAP) breathing 

therapy device, capable of achieving a constant nasal mask pressure despite the 

fluctuating patient breathing cycle, to improve patient treatment compliance.  This 

will be achieved by combining the mask pressure sensing system used in APAP 

systems with the variable output ADU, similar to that utilised in Bi-PAP devices.  

This system will also feature the replacement of the large 20 mm internal diameter 

air transmission hose, currently utilised in all CPAP and APAP devices to supply 

the mask, with a smaller, less intrusive, 5.5 mm internal diameter PVC tube, to 

further improve patient comfort.  The I-CPAP ADU will, however, be required to 

generate greater air pressure than existing systems in order to overcome the 

additional air flow resistance offered by the small diameter air transmission tube. 

 

Earlier research work, undertaken in conjunction with Fisher & Paykel Healthcare 

[27], based on computer simulation, has proven the feasibility of implementing a 

transient breathing system, Figure 1.14.  The goal of this system was to maintain 

mask air pressure within ± 0.5 cm Wg of the desired value whilst the patient is 

breathing by utilising pressure feedback control of the ADU.  An idealised 

positive displacement variable stroke compressor, with stroke ranging from 0 mm 

to 12 mm, was simulated to identify various control scenarios; however, a 

constant compressor speed of 300 cycles per second was required to meet the 

breathing system air requirements.  It was concluded that there would be 

manufacturing and inertia difficulties associated with this type of compressor, 

leading to the requirement for an alternative ADU to that initially proposed. 
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Figure 1.14 Schematic of transient breathing system [27]. 

 

1.4 Research Objectives 
 

The objective of this research is to develop a compressor suited to operate within the 

ADU element of the I-CPAP breathing therapy system.  The compressor design 

performance specifications will be based on a breathing system model simulation, 

incorporating characteristics of gas inertia, effects of sudden contraction and expansion, 

fluctuating flow resistances and characterised mask vent behaviour, not previously 

utilised.  System design parameters will be taken from components intended for use 

within a prototype breathing system.  To achieve this goal, the following work is 

undertaken: 

 

a) Determination of physical properties and attributes of commercially available 

reservoir, air transmission tube and nasal mask identified as suited for 

application within a prototype I-CPAP system. 

 

b) Development of a breathing system model, based on the proposed prototype, 

utilising an idealised, zero order, compressor element but incorporating the 

attributes of varying air flow resistances, gas inertia and compliance of the 

flexible air transmission tube. 

 

c) Verification of computer model simulation by comparison with prototype 

system steady state and dynamic behaviour. 
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d) Determination of the air compressor performance specifications required by the 

prototype breathing system from the results of model simulation. 

 

e) Synthesis of compressor design and production of a device capable of satisfying 

the breathing system performance requirements, identified by the model 

simulation. 

 

f) Production of compressor performance calibration charts and ADU dynamic 

behaviour. 

 

g) Use of model simulation to verify compressor as being capable of meeting 

breathing system air requirements. 

 

h) Implementation of the compressor within the ADU element of the prototype I-

CPAP system and test the overall system performance. 
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Chapter 2 System Modelling 
 

 

 

2.1 Introduction 
 

To assist in the initial air compressor design, a model of the I-CPAP system is 

developed with the primary purpose of determining the minimum air requirements of 

the system.  This leads to the identification of air compressor design specifications, used 

in the compressor design, required by a prototype I-CPAP breathing system. 

 

The proposed breathing system, Figure 2.1, consists of an ADU, controlled by mask 

pressure, delivering air to a humidification reservoir before passing through an air 

transmission tube supplying the patient nasal mask. The output signal from the mask 

pressure transducer (Pm) is compared to a desired value (DV) by the ADU controller 

and appropriate action is taken to maintain a constant mask air pressure.  To simplify 

the configuration of the prototype system, the humidification reservoir and nasal mask 

of an existing CPAP breathing device, the Fisher & Paykel HC220 is utilised.  As 

proposed in Chapter 1, the air transmission tube, connecting the reservoir to the mask, 

will be reduced from 20 mm to 5.5 mm internal diameter for both patient comfort and 

convenience. 

 

A lumped dynamic breathing system model, Figure 2.1, is developed, based on a 

prototype I-CPAP system incorporating the physical parameters of a proposed prototype 

system that accounts for varying air flow resistances, gas inertia, air fluid properties and 

compliance of the flexible air transmission tube. 
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Figure 2.1 Block diagram of I-CPAP system model showing physical parameters 

considered. 
 

Conservation laws of physics combined with fluid flow equations are used to develop 

the mathematical representation of the initial simulation [28,29].  Each physical element 

making up the system is analysed as separate blocks within the model with equations 

predicting the behaviour of each block being developed. 

 

In this research, the effects of non-linear system characteristics, such as turbulent flow 

resistance and orifice discharge characteristics, are linearised over the system’s normal 

operation range [29,30].  Checks are made to ensure any deviation between predicted 

and linearised value, due to the linearisation process, are insignificant.  This is done to 

generate an overall breathing system linear model. 

 

Assumptions are made to characterise the flow process and simplify the initial model. 

The thermodynamic gas processes are assumed to be isothermal, since changes in 

pressure are sufficiently low and the system operates at room temperatures.  The effect 

of mass transfer from water contained within the humidification reservoir is also 

ignored. 

 

In the following sections the derivation of each model block is developed, then 

assembled to form the completed system model.  Since the initial purpose of the model 

is to predict the air delivery specifications of the ADU element within the breathing 

system, this block initially considered to be an ideal zero order device, with the output 

directly proportional to the input signal, with no time delay present.  Later, when the 

compressor is built, the response characteristic of this element can be tested and built 

into the model to represent the prototype breathing system. 
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2.2 Model Development 
 

Since, at this stage, neither the type of compressor nor the controller specifications are 

known for the ADU within the proposed breathing system, modelling will start from the 

reservoir and proceed through to the transmission tube and finally the nasal mask. Once 

completed, the model will give the overall air output characteristics required by the 

ADU. 

 

2.2.1 Reservoir 

 

The primary function of the reservoir is to humidify the air entering the mask, 

preventing the patient’s throat from becoming dry and irritable.  Changes in air 

properties are neglected since it is assumed that the process is isothermal, due to 

the very low pressure variation experienced.  Applying conservation of mass 

across the reservoir, Figure 2.2, in a period of time dt leads to: 

 

(2.1) 

 

Where 
⋅

cm is the air mass flow rate entering the reservoir, 
⋅

tm is the out-flowing 

tube air mass flow rate and rdm is the change of air mass within the reservoir. 

 

 

 

 
Figure 2.2 Schematic representation of reservoir. 
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To determine the rate of change of the air mass within the reservoir, one can use 

the equation of state: 

 

(2.2) 

 

Assuming constant temperature and volume results in: 

 

(2.3) 

 

 

Substituting Eq. (2.3) into Eq. (2.1) results in an expression relating the reservoir 

mass flow and pressure, namely: 

 

(2.4) 

 

where Cr = Vr/RaTr. 

 

The effect of the shock loss due to the reduction in flow area experienced by air 

passing into the tube from the reservoir is modelled as a scaling factor (ks) to keep 

the model simple. 

 

2.2.2 Transmission Tube 

 

Due to the relatively high peak air velocity experienced it is necessary to consider 

both the air inertia and shear flow resistance occurring within the 5.5mm internal 

diameter transmission tube.  To simplify the tube analysis, both the air and 

flexible tube wall are combined to determine an equivalent effective bulk 

modulus; however, due to the relatively low peak pressures involved, the 

compliance effect, given in Section 2.3, can be neglected without any significant 

effect on the dynamic behaviour of the model. 

 

The fluctuating patient breathing load experienced by the model, Figure 2.3, 

ranges from 0.7 g/s outflow to 0.3 g/s inflow, during inhalation and expiration 

respectively, and is based on an average adult patient breathing at rest. 
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Figure 2.3 Fluctuating patient breathing load. 

 

For the breathing system to achieve a constant mask pressure, the fluctuating 

breathing load requires the mask air mass inflow rate to range from 1.4 g/s down 

to 0.7 g/s during patient inhalation and exhalation, respectively.  This figure is 

based on a nasal mask air pressure of 16 cm Wg which produces a continuous 

mask vent bias flow of 0.7 g/s. 

 

During patient breathing, the air velocity within the transmission tube ranges from 

15 m/s up to 45.3 m/s, based on the fluctuating mask air mass inflow rate.  The 

maximum rate of acceleration of the tube airflow is in the order of 30.3 m/s2 

requiring the resulting inertia effect to be considered. 

 

 

 

 

 

 

 

 

 
 

Figure 2.4 Schematic representation of air transmission tube. 
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Figure 2.4 shows a control volume surrounding the air within the tube, with the 

main forces being the pressure and friction forces.  Applying Newton’s second 

law across the control volume results in: 

 

(2.5) 

 

where Ks is the reservoir contraction shock loss, Pr reservoir pressure, Pm mask 

pressure, At tube cross sectional area, dPf air shear resistance force, ρ air density, 

Lt tube length and Vt air velocity within the tube. 

 

The air flow regime within the tube is predicted as being exclusively turbulent 

with Reynold’s number (Re) exceeding 2800 for a minimum airflow through the 

tube of 0.4 g/s.  Utilising Miller equation [31] enables an initial air flow friction 

factor (ƒ1) to be estimated: 

 

 

(2.6) 

 

 

where ε is the relative surface roughness and dt the internal diameter of the tube.  

It is believed that this initial calculation will eliminate the need for an iterative 

process and enable the final friction factor (ƒ2) to be calculated by: 

 

 

(2.7) 

 

 

The pressure loss due to air-tube wall shear forces (dPƒ) can be determined by: 
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The air velocity within the tube may be written as: 

 

(2.9) 

 

Substituting this into Eq. (2.8) results in: 

 

(2.10) 

 

It is anticipated that the pressure drop characteristic of the small diameter air 

transmission tube, due to air-tube wall shear forces, will have the single most 

significant impact on both the pressure attenuation and dynamic behaviour of the 

breathing system.  To give confidence to the tube air pressure drop calculated by 

Eq. (2.10), testing on the tube was conducted and the results compared to 

calculated values.  Testing consisted of a pressure regulated air supply connected 

to a pressure transducer, supplying air to one end of the tube via a hot wire 

aneometer.  The other end of the tube was open to atmosphere, Figure 2.5.  The 

air mass flow rate through the tube was recorded over a range of supply pressures 

and the results compared to the calculated values.  The experimental air pressure 

drop characteristics compare very well with the calculated values, predicted by 

Eq. (2.10), Figure 2.6.  Tube air flow resistance based on air flow velocity is given 

in Appendix A1. 

 

As mentioned earlier, the mask air inflow rate from the supply tube varies 

between 1.4 and 0.6 g/s to achieve a constant nasal mask pressure of 16 cm Wg, 

requiring a mean operating value of 1 g/s to be used for linearization purposes.  

Using the slope at this point results in a straight line that is slightly offset to 

minimise any error over the breathing system operating range.  The percentage 

error present between the predicted linear and non-linear values, over the 

calculated system air mass flow range, varies from +4% to –11 %. 

 

 
Figure 2.5 Schematic representation of air transmission tube test setup. 
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Figure 2.6 PVC tube, 5.5 mm internal diameter, airflow pressure drop; 

measured,  predicted,  linear model. 
 

The linearised tube air flow characteristics are used to express the shear forces 

(dPƒ) in terms of the slope (R) and the intercept (Y) as: 

 

(2.11) 

 

where the subscript m refers to air mass flow basis for the tube air pressure drop. 

This pressure drop may also be represented in terms of the pressure difference 

experienced at either end of the tube, shown previously in Figure 2.4, and written 

as: 

 

(2.12) 

 

Combining Eq. (2.11) and Eq. (2.12) allows the air mass flow rate within the tube 

to be expressed in terms of the linearised resistance and air pressure experienced 

at either end of the tube, namely: 

 

(2.13) 
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Combining Eq. (2.13) with Eq. (2.4) leads to: 

 

(2.14) 

 

Rearranging Eq. (2.14) yields the expression used to model the breathing system 

reservoir pressure (Pr): 

 

 

(2.15) 

 

 

where 
dt
dD = . 

Combining Eqs. (2.5) and (2.12) leads to: 

 

(2.16) 

 

Rearranging Eq. (2.16) yields an expression for tube air velocity (Vt) to be used in 

the breathing system model. 

 

 

(2.17) 

 

2.2.3 Mask 

 

Air is supplied to the patient via a nasal mask that is continually purged through 8 

small vents, ensuring that fresh air is always available to breathe.  As with the 

reservoir, changes in air properties are neglected since it is assumed that the 

process is isothermal due to very low pressure variation occurring.  With 

reference to Figure 2.7, applying the mass continuity equation across the mask in 

a period of time dt leads to: 

 

(2.18) 

 
dt

dPC
R

)Y-PP(K
m r

r
m

mmrs
c =

−
−

⋅

 

( )1DC
K
R

K
R

R
Y

R
Pm

P

r
s

m

s

m

m

m

m

m
c

r

+
=

++
⋅

 

( )
dt

dV
ρLYRPPK t

tvvmrs =+−−

( ) 1D
R
Lρ

R
1

YPPK
V

v

t

v

vmrs

t

+
=

−−

mbpt dmdtmmm =





 −+

⋅⋅⋅



 30 

 
Figure 2.7  Schematic representation of nasal mask. 

 

where 
⋅

tm and 
⋅

bm is the air mass flow rate entering from the tube and exiting from 

the mask vents and 
⋅

pm  and mm represent the fluctuating patient breathing airflow 

rate and the mass of air contained within mask, respectively. 

 

Using the equation of state to determine the rate of change of air mass contained 

within the mask results in: 

 

(2.19) 

 

Assuming constant temperature and volume results in: 

 

(2.20) 

 

Substituting Eq. (2.20) into Eq. (2.18) results in: 

 

(2.21) 

 

where mask capacitance Cm = Vm/RaTm. 

 

Accurate determination of the nasal mask vent flow discharge coefficient (Cd) is 

difficult since the 8 vent holes are physically characterised as being a combination 
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of a sharp edged orifice and a sudden expansion into open space. The prediction 

of the airflow behaviour through the vent is based on pressure differential 

experienced between mask pressure (Pm) and atmospheric pressure (Pa) and is 

based on the governing equations for flow through an orifice plate [32], namely: 

 

(2.22) 

 

Where ρa is the density of the air contained within the mask, Ab the minimum area 

of the bias vent hole, Cd the discharge coefficient and Qb the vent volume flow 

rate.  The vent volume flow rate (Qb) may be expressed as: 

 

(2.23) 

 

where n is the number of holes venting mask air.  Substituting Eq. (2.23) into Eq. 

(2.22) results in: 

 

(2.24) 

 

Examination of the bias flow holes in the nasal mask reveals them to be of 

tapering diameter and short length. A loss coefficient Cd of 0.8 is assumed, which 

is between the coefficient for a sudden expansion, Cd = 1, and a sharp edged hole, 

Cd = 0.6.  Testing of the mask bias airflow was conducted to give confidence in 

the prediction of mask vent behaviour, made by Eq. (2.24), and the two results 

compared.  Mask vent flow testing, Figure 2.8, consists of a pressure regulated air 

supply connected to the mask via a hot wire aneometer.  Mask air pressure was 

sensed by pressure transducer, connected to the air supply, and the open end of the 

mask, normally containing the patient’s nose, was blanked off with plastic sheet.  

The air mass flow entering the mask was recorded over a range of supply 

pressures and the results compared to the calculated values.  The experimental 

mask bias flow compares very well with the calculated value, predicted by Eq. 

(2.24), over the normal mask operating pressure range of 6 – 20 cm Wg, Figure 

2.9. 
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Figure 2.8 Schematic representation of nasal mask vent flow test. 

 

Obviously the mask vent relationship is nonlinear so to linearise this behaviour, a 

reference point of 10 cm Wg is considered which is between the normal operating 

pressure range of 6 – 20 cm Wg [9], producing an error of –6 to +5%. 

 

The mask vent bias flow can now be represented by: 

 

(2.25) 

 

where Rb is the gradient of the linearised flow characteristic and Yb represents the 

y co-ordinate. 
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Figure 2.9 Comparison of predicted and measured mask vent flow 

characteristics;  measured,  predicted,  linear 
model. 
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Rearranging Eq. (2.25) yields: 

(2.26) 

 

 

Substituting Eq. (2.26) into Eq. (2.21) results in an expression that enables mask 

pressure to be expressed in terms of supply tube and patient breathing air mass 

flow rates: 

 

 

(2.27) 

 

 

where mask capacitance Cm = Vm/RaTm. 

 

Rearranging Eq. (2.27) yields the expression used to model the breathing system 

nasal mask pressure: 

 

 

(2.28) 

 

 

2.3 Justification of Neglecting Terms 

 
In the previous sections, the air and tube compliance were neglected along with changes 

in tube air density, however, in this section justification is given as to why this was 

done. 

 

2.3.1 Compliance Effects 

 

The significance of the combined effect of air and tube wall compliance within the 

system needs to be quantified since inclusion of this effect will result in 

significant complications within the lumped model due to the progressive pressure 

reduction experienced along the length of the tube.  Variation in air pressure 

causes corresponding variations in air density, however, it is anticipated that this 

effect will be insignificant due to the relatively low pressures involved.  
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Preliminary calculations, based on steady state flow conditions, indicate a 

maximum air gauge pressure difference of 12.9 kPa is experienced across the ends 

of the transmission tube.  This figure is derived from the maximum transmission 

tube air mass flow requirements, under steady state conditions, requiring a 

reservoir gauge pressure of 14.5 kPa to supply the patient mask operating at a 

constant pressure of 16 cm Wg. 

 

Utilising the characteristic gas relationship allows the air density within the tube 

to be determined, 

 

(2.29) 

 

where Pt is the absolute air pressure, Ra the gas constant and Ta the absolute 

temperature.  Based on the calculated steady state maximum pressures 

experienced at either end of the tube, Eq. (2.29) yields a maximum air density (ρ1) 

of 1.376 kg/m3 and minimum air density (ρ2) of 1.222 kg/m3 for the air contained 

within the high and the lower pressure ends of the tube respectively. 

 

By calculating an average air density (ρa,ave) of 1.299 kg/m3 it is now possible to 

determine a combined effective bulk modulus of both the air and the PVC plastic 

tube by utilising the relationship between the speed of sound in a rigid tube and 

the speed of sound in a flexible tube [33]. 

 

For the former: 

 

(2.30) 

 

and for the latter: 

 

(2.31) 

 

where C is the speed of sound, βa  the bulk modulus of the air, ρa the air density, βt 

the tube bulk modulus, dt the tube diameter and t the tube wall thickness. 
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Figure 2.10 Schematic representation of air transmission tube. 

 

Combining Eq. (2.30) and Eq. (2.31) results in: 

 

 

(2.32) 

 

 

where the combined air and tube compliance is expressed as an effective bulk 

modulus, βa,eff. 

 

Considering the bulk modulus for the PVC tube (βt), Appendix A2, and the bulk 

modulus for air (βa) as being 7.6 MPa, [34], and 145 kPa, [31], respectively, 

results in an effective bulk modulus (βa,eff) of 133.34 kPa. 

 

The influence of the combined air and flexible tube compliance effect is now 

determined by considering the percentage change in air volume within the tube.  

Dividing the tube into 10 lumps, Figure 2.11, accounts for the pressure drop 

experienced along the tube length, this is achieved using: 

 

(2.33) 

 

where dV is the variation in the lumped tube volume V based on an average 

pressure for each lump under consideration. 

 

By utilising the air shear resistance pressure drop, expressed as a function of air 

velocity within the tube, calculated using Eq. (2.10), the percentage variation in 

volume of each lump is then determined, Figure 2.12. 

 

Reservoir 

1 2 
ksPr Pm 

Mask 

Direction of air flow 

t

a
t

avea,

a

avea,

effa,

βt
β

d1

1
ρ
β

ρ
β

+
=

V
dVβdP aireff,=



 36 

 
Figure 2.11 Tube divided into 10 lumps. 

 

 

Based on steady state maximum air flow conditions occurring within the tube, the 

total variation in air volume along the tube length, due the combined compliance 

of both the air and flexible PVC tube, is 7.9%.  If this variation in volume was 

approximated to corresponding changes in air velocity and acceleration within 

each lump then the combined compliance effect of the tube and air would have an 

insignificant affect in the dynamic model behaviour.  Therefore the combined 

compliance effect of the flexible tube and air has been neglected within the model. 

 

The significance of changes in air density occurring within the tube, due to the 

high flow velocities encountered, also needs to be quantified.  Calculations, based 

on a the maximum tube air mass flow rate of 1.4 g/s, show a maximum air flow 

velocity of 45.3 m/s occurs within the tube. 
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Figure 2.12 Percentage lumped air volume reduction within tube. 
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The significance of air compressibility, due to flow velocity, can be determined by 

considering the magnitude of air flow mach number (M) occurring within the 

tube.  This is achieved by first considering: 

 

(2.34) 

 

where γ  is the ratio of specific heats given by the air specific heat capacities for 

constant pressure (Cp) and constant volume (Cv) processes respectively. 

 

The mach number can now be determined from: 

 

 

(2.35) 

 

 

where Ra is the characteristic gas constant for air and Ta the absolute air 

temperature. 

 

The effects of compressibility on air density must be considered for air flow mach 

numbers above 0.3 [35], however, calculation of the maximum air flow mach 

number occurring within the tube, using Eq. (2.35), yields a maximum value of 

0.17, indicating this effect is insignificant.  Therefore, any change in air density 

due to the high tube air flow velocities encountered has been neglected in the 

model. 

 

2.4 Closure 
 

The three main breathing I-CPAP system elements, consisting of the reservoir, 

transmission tube and nasal mask, derived in earlier sections are now brought together 

to represent the complete breathing system model. 

 

A breathing model block diagram, Figure 2.13, shows the transfer function reflecting 

the physical action controlling that element.  In Chapter 3, a computer model simulation 

is used to predict the air output specifications of the ADU required by the prototype 

breathing system.  Later, when the ADU element is built, the dynamic response 
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characteristic of this element will be tested and built into the model, completing the 

breathing system model simulation. 
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Figure 2.13 Block diagram of breathing system model. 
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Chapter 3 Model Simulation 
 

 

 

3.1 Introduction 
 

A computer simulation model of the proposed breathing system is developed, using 

SIMULINK within MATLAB environment, utilising an idealised ADU.  The 

governing equations used within the model simulation are detailed through the use of 

block diagram algebra obtained from the SIMULINK program. 

 

Confirmation that the model simulation can accurately predict the breathing system 

dynamic behaviour is required since it will subsequently be used to determine the 

breathing system ADU performance specifications.  This will be achieved by comparing 

the model and the prototype system steady state and dynamic testing mask pressure 

responses. 

 

 

3.2 SIMULINK Model 
 

Equations governing the dynamic behaviour of the breathing system model, developed 

in Chapter 2, are now used to produce a SIMULINK computer breathing model within 

MATLAB environment. 

 

The complete model, Figure 3.1, shows the breathing system is being divided into three 

main sections, the ADU, reservoir and transmission tube and the nasal mask.  Closed 

loop pressure feedback control of the ADU is utilised to control nasal mask pressure 

fluctuations during patient breathing.  Model simulation pressure and mass flow rates 

have been sensed to enable comparisons to be made with the prototype breathing 

system. 
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Figure 3.1 SIMULINK I-CPAP breathing system model. 

 
3.2.1 Air Delivery Unit 

 

The idealised zero-order ADU model simulation element, Figure 3.2, gives an 

output value directly proportional to the input signal with no adverse operational 

characteristics.  Later, once the complete prototype system has been built, 

dynamic testing of the ADU, Chapter 5, will enable its operational characteristics 

to be added, completing the model simulation. 

 

3.2.2 Reservoir and Transmission Tube 

 

The reservoir and transmission tube model elements, Figure 3.3, are combined 

into one model simulation block to simplify construction.  Provision is made to 

input the prototype breathing system physical parameters into the combined 

reservoir-transmission tube model simulation element.  To facilitate the assembly 

of the prototype breathing system, the humidification reservoir is sourced from a 

commercially available CPAP unit [8]. 

 

 
Figure 3.2 SIMULINK model of idealised air delivery unit. 
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Figure 3.3 SIMULINK model of reservoir and transmission tube. 

 

 

3.2.3 Nasal Mask 
 

The nasal mask model element simulation, Figure 3.4, contains inputs for the 

transmission tube air in-flow, patient breathing and the mask vent outflow.  

Provision is made to input the physical parameters of the prototype breathing 

system into the mask model simulation element.  To facilitate the assembly of the 

prototype breathing system, the nasal mask is sourced from a commercially 

available CPAP system [8]. 

 

 

 
Figure 3.4 SIMULINK model of nasal mask. 
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3.2.4 Patient 

 

The patient breathing load, Figure 2.3, is input into the model simulation as an 

independent variable, read from a text file breath.txt, representing the relaxed 

breathing cycle typical of a sleeping adult patient, and is supplied by Fisher & 

Paykel Healthcare.  Patient breathing air mass flow-rate (g/s) is shown as a 

function of time; inhalation and exhalation being given as a positive and negative 

quantity respectively. 

 

 

3.3 Dynamic Testing Model 
 

Within this section, the reservoir, transmission tube and nasal mask elements of the 

SIMULINK model simulation are dynamically tested by comparing the system mask 

pressure response prior to and after a disturbance occurs within the system.  Previous 

steady state testing, Chapter 2, of the two sources of pressure drop within the breathing 

system, the small diameter air transmission tube and nasal mask vent, has shown the 

predicted steady state behaviour of these two breathing system elements to closely 

follow that of the real system components.  There is also the need, however, to establish 

confidence in the model simulation accurately predicting the behaviour of the prototype 

breathing system. 

 

3.3.1 Test Setup 

 

The dynamic behaviour of the prototype system is determined by introducing an 

air flow disturbance into the reservoir, during operation of the system to produce a 

corresponding dynamic response in mask air pressure. 

 

The flow disturbance for the breathing system is achieved by utilising two air 

pressure regulators, connected in parallel, to supply air to the system reservoir, 

Figure 3.5.  Each pressure regulator is pre-set to produce a steady state mask 

pressure within the system of 8 cm Wg and 18 cm Wg for the low and high 

pressure settings respectively. 
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Figure 3.5 Schematic representation of prototype I-CPAP system test setup. 

 

Initial testing of the breathing system showed that it responded rapidly to any 

dynamic change, either in load or air supply, and that any transducers used in 

measuring this system needed to respond within 10 ms if meaningful dynamic 

information is to be recorded.  Thermal inertia experienced by the hot wire 

measurement system within the TSI 4040 air mass flow meter, initially considered 

for dynamic measurement of air entering the system, resulted in a measurement 

time delay of approximately 20 ms.  To overcome this problem, the incoming air 

mass flow was measured using an orifice plate and differential pressure (DP) 

transducer. 

 

Both low and high pressure regulator air flows pass through the orifice plate, 

enabling air mass flow onto the prototype system reservoir to be measured and 

recorded.  The low pressure regulator was constantly supplying the nasal mask 

whilst the high pressure regulator was isolated from the system by a solenoid 

valve.  Actuating the solenoid valve permitted the higher pressure supply air to 

enter the system reservoir whilst the low pressure regulator, sensing the increase 

in downstream pressure, shut off its air supply. 

 

The high pressure regulator is connected to a 6 litre air reservoir which provided 

additional high pressure air capacitance in order to minimise the fluctuation in 

supply air pressure when the solenoid valve was opened. 
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Table 3.1 Test equipment details. 

Equipment Manufacturer Model Serial Number 
    
Precision 
Pressure 
Regulators 

 
Unmarked 

 
Unmarked 

 
Unmarked 

Solenoid Valve Burkert Unmarked 136679A 
DP Transducer Motorola MPXV4006G Unmarked 
Reservoir Wolfendale Eng. 

LPG Bottle 
6 Litre SNP 001314 

Storage 
Oscilloscope 

 
TDS 

 
3034 

 
B013155 

 

The disturbing input air mass flow rate measured by means of the orifice plate and 

DP transducer was recorded to be later used as an input air disturbance within the 

model.  The system’s mask air pressure response to the incoming air disturbance 

was recorded by a pressure transducer.  Table 3.1 details the equipment used in 

the test. 

 

3.3.2 Air Mass Flow Calibration 

 

Calibration of the orifice plate and DP transducer measuring the incoming air was 

necessary prior to any dynamic testing being conducted.  This was achieved by 

using the existing test set up with the addition of a calibrated hot wire aneometer 

connected in series with the orifice plate.  Steady state calibration of the airflow 

orifice entailed incrementing the air supply mass flow rate in steps whilst 

simultaneously recording both the measured output from the calibrated hot wire 

anemometer and the output voltage from the DP transducer. 

 

As expected, the output signal from the DP transducer, Figure 3.6, had a distinct 

non-linear behaviour, characteristic of airflow through an orifice plate.  Initial 

assessment of the calibration curve showed a distinct straightening above an air 

mass flow rate of 1 g/s, possibly due to the geometry of the orifice plate.  Despite 

this effect, it was still possible to produce a calibration equation for the orifice 

plate and DP transducer, enabling accurate flow measurements to be determined.  

Calibration of the DP transducer and orifice plate was made possible by the fact 

that air mass flow within the prototype breathing system is predominantly around 

the 0.5 g/s to 0.8 g/s range, Figure 2.9, under steady state conditions. 
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Figure 3.6 Orifice plate calibration air mass flow curves;  calibration 

prediction,  DP transducer output. 
 

There is clearly a deviation, shown in Figure 3.6, between the DP transducer 

output calibration and measured air mass flow rate curves over the midrange 

output, however, this calibration error is not considered significant to the overall 

calibration of the DP transducer or the breathing system dynamic test results.  

This is justified by the air mass flow rate rising to 3.7 g/s for approximately 30 

ms, during the transition from low to high pressure air supply in subsequent 

testing of the prototype system.  Any deviation between actual and measured air 

flow, due to the transducer mid range calibration error, would simply have 

resulted in a minor variation in the gradient of the measured transient airflow 

curve.  The system steady state and maximum air inflow values would however 

have been accurately measured over the predominant flow range, as shown by 

Figure 3.7. 

 

3.3.3 Pressure Transducer Calibration. 

 

The pressure transducer sensing mask pressure was capable of responding within 

8 ms and considered sufficiently fast for testing the dynamic response of the 

prototype system. 



 47 

0

0.2

0.4

0.6

0.8

1

320 340 360 380 400 420

DP Transducer Output (mV)

A
ir 

M
as

s F
lo

w
 R

at
e 

(g
/s)

 
Figure 3.7 Orifice plate calibration prediction over normal system air mass 

flow range.  calibration prediction,  measured DP 
transducer. 

 

Since this device has an in-built calibration correction circuit combined with the 

factory calibration, it is not necessary to correct for any non-linear characteristics.  

Calibration of this transducer simply involved conversion of the voltage output 

signal to air pressure in cm Wg. 

 

The open-end of the nasal mask, normally containing the patient’s nose and face, 

was blanked off with a thin plastic diaphragm.  The pressure transducer sensing 

mask pressure was connected to the mask volume by a short length of small 

diameter plastic tube. 

 

3.3.4 System Dynamic Testing 

 

Initially the system was operating at a steady state with air being supplied by the 

low-pressure regulator producing a constant low mask pressure.  The high 

pressure air supply solenoid was then actuated, allowing high pressure air to enter 

the system reservoir, producing a mask pressure response that settled to a new 

steady state value.  During this time both the air mass flow disturbance entering 

the system reservoir and corresponding response in mask pressure were recorded 

by the storage oscilloscope. 

 

Initial dynamic testing using the DP transducer and orifice plate air mass flow 

measurement system indicated that a measurement delay of approximately 8 ms 
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was occurring.  This effect is likely due to air compliance within the pressure 

sensor tubes leading from the orifice plate, however, this time delay is not 

considered significant to warrant concern. 

 

Despite the use of the 6 litre reservoir of high pressure air within the test circuit, it 

was not physically possible to produce a step change in the system input air mass 

flow due to the compliance characteristic of the air volume contained within both 

the test apparatus hose and the breathing system reservoir.  Complicating this 

problem was the second order dynamic characteristic of both precision pressure 

regulators used to supply air to the system, responding to the changing air volume 

demand, causing additional air flow and pressure disturbances.  Despite it not 

being possible to produce a step input, it was possible to measure the system 

response to an input air flow disturbance. 

 

Upon completion of the dynamic test, both pressure and air mass flow transducer 

signals contained within the storage oscilloscope were displayed and stored to 

floppy disc.  The files containing both the time and transducer voltage values were 

transferred to Microsoft Excel where signals were converted into measured 

parameters through application of the appropriate calibration equation. 

 

To enable the measured system reservoir air mass inflow rate to be input into the 

SIMULINK model, both the time and transducer air mass flow recorded on 

spreadsheets were transferred to Microsoft Notepad, permitting the data to be 

read by the SIMULINK model. 

 

3.3.5 Model Simulation 

 

To ensure accuracy of the breathing model simulation, the physical properties of 

the prototype breathing system were carefully determined through measurement 

of the apparatus used or reference to appropriate property tables. 

 

The model simulation variable parameters, Table 3.2, are configured to match the 

prototype system elements tested. 



 49 

Table 3.2 Computer Simulation Parameters. 

Reservoir Capacitance 0.005604 g/kPa 

 Shock Factor into Tube 0.9  

 Internal Diameter 5.5 mm 

 Length 1.8 m 

 Tube Velocity Pressure Drop 
Gradient 

0.3752 kPa/ms-1 

Tube Tube Velocity Pressure Drop Y 
Coordinate 

-4.6587 kPa 

 Tube mass Flow Pressure Drop 
Gradient 

12.147 kPa/ms-1 

 Tube mass Flow Pressure Drop Y 
Coordinate 

-4.6587 kPa 

Air 
Properties 

Average Air Density 1.334 Kg/m3 

 Effective Air Bulk Modulus 136330 Pa 

 Capacitance 0.0011768 g/kPa 

Nasal Mask Bias Mass Airflow Pressure Drop 
Gradient 

3.3483 kPa/m/s 

 Bias Mass Airflow Y Coordinate -0.981 kPa 

 

Reservoir capacitance is determined for being void of water, the worst possible 

condition, and a shock factor of 0.9 is estimated to account for the sudden change 

in flow area encountered when the air discharges from the reservoir into the small, 

5.5 mm internal diameter, PVC air transmission tube, 1.8 metres long, used to 

transmit air from the reservoir to the nasal mask.  The flow resistance experienced 

by the air within the tube is expressed in a linear format in terms of both air 

velocity and mass flow.  Mask capacitance took into account the plastic plate used 

to blank off the open end normally covered by the patient’s upper face and nose.  

No change was required for the mask vent flow since the input air mass flow rates 

are pre-set to produce mask pressures within the normal operating range of 6 cm 

to 20 cm Wg. 

 

Air density throughout the breathing system is assumed to be constant and of an 

average value due to the relatively small variation in air pressure experienced.  

The effective air bulk modulus, defined in Chapter 2, is used to account for the 

elastic behaviour of both the compliant tube and air compression effect.  The 

mask vent airflow resistance, defined in Chapter 2, is expressed in a linear format 

in terms of air mass flow rate. 
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Both the measured signal disturbance and resultant mask air pressure fluctuation, 

input into the model, are delayed one second after model initiation to ensure that 

the simulation was stable prior to the measured disturbance being input into the 

system.  This ensured any transient behaviour in the model simulation, due to the 

initial starting and filling conditions, did not coincide with the time period where 

dynamic testing occurred. 

 

3.3.6 Results 

 

Operation of the model with the airflow disturbance being read from data obtained 

during testing of the prototype system resulted in a combined plot of model 

simulation and prototype system mask pressure dynamic response, Figure 3.8, to 

the same dynamic input air disturbance.  Both the steady state values and dynamic 

response behaviour of the model compare very favourably with that of the actual 

breathing system tested. 

 

 

 

 
Figure 3.8 System and model simulation dynamic test response. 

Disturbance air mass flow  

Model 
simulation 

Prototype system 
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The measured system mask pressure response is slower than the model by about 

20 ms, this time delay has most likely two causes: 

 

1. No consideration was given within the model simulation to the additional 

capacitance effect of the flow measuring equipment, installed in series prior 

to the reservoir of the prototype system. 

 

2. The response time delay of 8 ms, mentioned previously in Section 3.3.2, 

occurring within the nasal mask pressure transducer. 

 

The mask pressure transducer took samples in increments of 8 ms which 

characterises the recorded mask pressure, Figure 3.8, with step increments in 

pressure values measured at each time interval.  The mask pressure also responds 

very quickly, taking approximately 150 ms to stabilise to a new steady state value.  

The response in mask pressure, between the prototype breathing system tested and 

the model simulation, shows to be nearly identical for the same dynamic change 

in input air mass flow rate.  The steady state mask pressures on both sides of the 

system disturbance also coincide.  A signal interference spike in the input air mass 

flow is shown, Figure 3.9, at the 1.01 second interval and is believed to be due to 

electromagnetic interference from the high pressure supply solenoid air valve and 

does not represent measured air mass flow. 

 

3.3.7 Conclusions 

 

Dynamic testing of the breathing system model simulation shows it to closely 

mimic the dynamic behaviour of the prototype system, despite both minor 

calibration and measurement time delay errors being present within the measuring 

systems.  There is also an excellent correlation in steady state mask pressure 

between the simulation and prototype test data.  This result verifies the model 

simulation as being able to predict the air output specifications of the prototype 

system ADU. 
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3.4. Air Delivery Unit Specifications 
 

Within this section model simulation is now used to determine the prototype ADU 

output air pressure and mass flow specifications.  This is achieved by operating the 

model whilst measurements of ADU air mass flow and pressure are recorded. 

 

3.4.1 Controller 

 

Prior to operating the model it is necessary to create a model ADU controller, 

acting on mask pressure feedback signal, Figure 3.9. 

 

3.4.2 Model Configuration 

 

As mentioned earlier in Section 3.2.1, it is necessary to assume at this stage that 

the ADU element within the model simulation is operating as an idealised, zero 

order element, previously shown in Figure 3.2, since the dynamic characteristics 

of this model element are currently unknown.  All other system parameters, 

defined earlier for the reservoir and transmission tube, Table 3.2, are utilised 

within the model simulation. 

 

 

 

 
Figure 3.9 Model simulation controller modes. 
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3.4.3 Results 

 

Model simulation has predicted the air delivery requirements of the prototype 

breathing system ADU necessary to maintaining a stable mask pressure of 18 cm 

Wg to within a tolerance of ± 0.5 cm Wg during patient breathing, Figure 3.10.  

Both the model simulation air pressure and delivery mass flow rates are shown 

along with the patient breathing load and nasal mask pressure.  The ADU delivery 

gauge pressure fluctuates between 35-170 cm Wg (3.5kPa-17 kPa) with the mass 

flow ranging from 0.5-1.45 g/s (25 l/s to 72.5 l/s) respectively. 

 

By considering the reservoir air pressure and mass flow rates over the 2 to 8 

second time period, representing one complete patient breathing cycle, at one 

second intervals, it is then possible to establish the breathing system air supply 

pressure and mass flow requirements.  These are summarised in Table 3.3. 

 

 

 

 
Figure 3.10 Model simulation air pressure and flow results;  mask 

pressure,  patient breathing,  ADU delivery pressure, 
 ADU delivery mass flow. 
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Table 3.3 Model simulation ADU delivery pressure and mass flow 
specifications over patient breathing cycle. 

Time 

Interval 

(s) 

Pressure 

(cm wg) 

Mass Flow 

(g/s) 

2 70 0.75 

3 35 0.55 

4 42 0.60 

5 45 0.65 

6 85 0.95 

7 170 1.45 

8 70 0.75 

 

 

It must be remembered, however, that the patient breathing load utilised for the 

model simulation is typical for an adult person at rest and that no consideration is 

given to greater patient breathing demands or rapid changes in breathing pattern 

due to yawning or sneezing effects.  It is hoped that by designing the ADU with 

reserve delivery capacity for both pressure and air mass flow will enable 

additional breathing demands outside those given for a standard adult patient at 

rest to be accommodated. 

 

The model controller settings, Table 3.3, are determined empirically to produce a 

maximum fluctuation in mask pressure within the desired pressure tolerance. 

 

 

Table 3.4 Model simulation controller settings. 
Controller Domain Model 

Simulation 

Proportional Action 20 

Integral Time (s) 0.5 

Derivative Time (s) 0.5 
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3.4.4 Conclusions. 

 

The air delivery specification of an idealised ADU operating within the prototype 

breathing system have been determined by model simulation, Table 3.3, 

permitting the ADU element to now be designed.  Controller settings, Table 3.4, 

are based on an idealised ADU element and have been determined empirically to 

achieve a fluctuation in mask pressure within the desired pressure tolerance.  

These controller settings will, however, likely change once the ADU model 

behaviour has been characterised. 

 

 

3.5 Closure 
 

A model simulation of the I-CPAP breathing system has been developed and proven to 

accurately predict the behaviour of the prototype system reservoir, air transmission tube 

and mask system elements.  Configuration of the simulation to match equipment used in 

the prototype system has enabled the minimum air output requirements of the prototype 

ADU element, yet to be implemented within the prototype system, to be quantified.  

This permits the design of the compressor within the ADU element to commence. 
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Chapter 4 Air Delivery Unit 
 

 

 

4.1 Introduction 
 

The computer model simulation of the breathing system, Chapter 3, has determined the 

ADU specifications required to satisfy the prototype breathing system air requirements.  

A thorough analysis, undertaken within this chapter, indicates a small and portable 

variable speed double diaphragm compressor, implemented within the ADU, would best 

meet the air delivery requirements of the prototype breathing system whilst 

simultaneously satisfying other financial and practical constraints. 

 

Initial design synthesis of the diaphragm air compressor allows both the general 

configuration and basic geometric boundaries to be identified.  This leads to the 

determination of power and load forces necessary for compressor actuation.  Analysis of 

possible actuation methods identifies the speed controlled, 3 phase AC induction motor 

as best suited to meet the varying load and speed requirements of the ADU compressor. 

 

Final detailing of the compressor design is undertaken, based on the use of readily 

available components and materials, to determine the physical characteristics of size and 

configuration of operational elements.  Throughout this process, consideration is given 

to both minimise complexity of the compressor design and simplify the manufacturing 

process. 

 

 

4.2 Air Delivery Unit Selection 
 

Within this section the possible air delivery options available for the breathing system 

are now reviewed giving consideration to the operational advantages and constraints 

offered by each option.  Two generic types of air compressor options are considered 

suitable for practical implementation within the prototype breathing system.  These are 
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summarised in the following sections, commencing with non-positive type air 

compressors – the type utilised in most commercial CPAP breathing devices.  A 

comprehensive discussion of the ADU air supply selection is contained within 

Appendix B. 

 

Although no details of health requirements for air cleanness are available, it is 

reasonable to assume that freedom from particulate, chemical and lubricant 

contamination along with absence from odour are essential operational requirements. 

 

4.2.1 Non-Positive Type Air Compressors 

 

Commonly called fans, due to the relatively low air pressures achieved during 

operation, these utilise the rotor to add kinetic energy to the air, resulting in an 

increase in pressure when the flow is partially decelerated at the exhaust port. 

 

Centrifugal single-stage fans are ideally suited for use within CPAP therapy 

devices since they do not require any form of liquid seal or lubrication, however, 

they have relatively low air pressure output due to internal leakage and re-

circulation within the rotor and shroud.  Due to the low airflow resistance 

encountered within the large diameter tube supplying the nasal mask, the low-

pressure output is, however, not a problem for the CPAP therapy devices.  The 

model simulation, however, predicts the prototype system will require a supply air 

pressure of approximately ten times greater than that generated by the commercial 

CPAP ADU devices.  Centrifugal fan performance predictions are used to 

ascertain if this method of air supply is capable of meeting the prototype 

requirements.  Analysis, based on idealised fan equations [36], of a commercially 

available CPAP fan unit [8], indicates this ADU should produce a static pressure 

of 37 cm Wg when operating at a maximum rotational speed of 21,000 rpm.  

Subsequent testing of this CPAP fan unit confirms these predictions.  The option 

of enlarging this fan from 50mm to 130mm diameter to achieve the higher air 

pressure required by the prototype system has failed to produce the pressure 

required by the I-CPAP system, therefore this option will not be considered any 

further. 
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Higher air pressures from a centrifugal fan may still be attainable without the 

problem of utilising higher rotational speeds or enlarged diameter through the use 

of multistage compression [37].  Based on the idealised assumption that each rotor 

stage will double the static air pressure, a 5-stage compression will result in 

improving the commercial fan unit to produce 185 cm Wg pressure.  In practice, 

however, when the fan rotors are assembled in axial alignment on the same shaft, 

the airflow must turn 180° when passing between stages, resulting in lower 

efficiencies and hence lower air pressures.  Furthermore, consideration must also 

be given to the air mass flow control, since the higher mass moment of inertia 

given by a multistage rotor would also increase the delay in the ADU response to 

variation in mask pressure. 

 

A possible alternative to the multistage fan is the regenerative blower which 

produces a significantly higher static pressure when compared to the conventional 

centrifugal fan, however, this device is characterised by a lower efficiency than a 

multistage centrifugal fan and produces higher noise levels due to increased air 

turbulence [38].  A literature survey has failed to produce information detailing 

the performance prediction for these types of fans, however, basic descriptions on 

operating principles were found [39].  Lack of information and complexity of 

rotor design prevented this option of air supply from being implemented. 

 

4.2.2 Positive Type Air Compressors 

 

Positive displacement compressors, such as reciprocating and rocking piston, 

rotary vane, rotary screw and lobed rotor are a good option to achieve very high 

air pressures and mass flow rates, without the need for high operational speeds.  

However, contamination of the breathing air through oil or carbon particles is a 

significant problem encountered in most of these compressor types.  Despite 

refinement in seal quality and the use of metallic coatings to reduce friction, there 

is still a lubrication requirement and oil carry-over into the air stream is still a 

problem [40].  The Diaphragm type positive displacement compressor avoids 

these problems, however, by utilising a thin elastic diaphragm, eliminating the 

need of piston or compressor scroll lubrication, that isolates the air flow from the 

operational mechanism if desired and seems a good option for the breathing 

system under consideration. 
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4.2.3 Preliminary Considerations 

 

A variable speed multiple-diaphragm compressor is best suited for 

implementation within the ADU of the prototype breathing system.  Although this 

decision is based on being able to achieve the desired air pressure and flow 

requirements with minimal design complexity, being portable, avoiding the 

problem of lubricant air contamination and enabling a range of actuation options 

to be considered; nevertheless, it is a choice made by Fisher & Paykel Healthcare. 

 

The problem of fluctuations in mask pressure occurring due to the pulsing air 

discharge characteristic of the diaphragm compressor is considered a possible 

problem.  This effect will, however, be minimised through the use of a twin 

diaphragm assemblies, operating half a cycle out of phase with each other.  

Furthermore, the system air reservoir capacitance and the pressure attenuation 

effects experienced along the 5.5 mm diameter transmission tube will be 

beneficial in reducing this effect. 

 

The undesirable attributes of noise and vibration, inherent with these types of 

compressors, is not of primary concern in the prototype breathing system since 

these problems can be overcome by development at a later stage. 

 

To initiate the compressor thermodynamic analysis and permit actuation options 

to be considered, it is first necessary to formulate an initial concept based on the 

practical constraint of having to build the device utilising available resources.  

The following design parameters are selected, based on experience and 

availability. 

 

1. The outside diameter of the compressor is initially set at 100 mm diameter 

since a 4020 aluminium alloy billet is available and makes an ideal material 

for main housings. 

 

2. Neoprene-nylon diaphragm material, Appendix D3, is selected for its high 

flexibility and crack resistance.  A SolidWorks finite element model, 

utilising the same outside diameter as the main housing, Figure 4.1, has 
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shown that the diaphragm stroke must be limited to 10 mm in order for the 

material to be within allowable stress levels. 

 

3. The use of two diaphragm assemblies, co-axially opposed, enables a single 

actuator of either oscillating linear or rotary type to be utilised and enables 

favourable phasing to minimise air pressure fluctuations. 

 

 

4.3 Compressor Design 
 

In this section, a summary of all the necessary steps undertaken by this research to 

produce the diaphragm air compressor is presented. 

 

4.3.1 Compressor Thermodynamic Design 

 

Detailed sizing of the twin diaphragm compressor assembly is achieved by 

considering the compressor thermodynamic cycle, based on meeting the system 

maximum air pressure and flow requirements, previously given in Table 3.3. 

 

 
Figure 4.1 Finite element model of diaphragm stress at 5mm displacement. 
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Figure 4.2 Typical diaphragm compressor pressure-volume cycle. 

 

 

Since the maximum air gauge pressure required by the prototype system is 17 

kPa, this relatively low value allows us to assume constant absolute air properties 

during the compression cycle.  These are given at 101 kPa and 289 K for air 

pressure and temperature respectively. 

 

4.3.2 Swept Volume 

 

In this work an effective diaphragm diameter of 80 mm is assumed, based on the 

fact that the main casing has an outside diameter of 100 mm and allows a 10 mm 

wide sealing surface around the periphery of the diaphragm. 

 

The swept volume of each diaphragm (V1-V3), Figures 4.2 and 4.3, is determined 

by assuming the diaphragm membrane is stretched taut at the two extreme 

positions of full stroke.  Implementing an assumed maximum diaphragm stroke of 

10 mm and central rigid piston diameter of 60 mm leads to the swept volume of 

39.27 ml. 
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Figure 4.3 Diaphragm swept volume measured at extremes of stroke. 

 

4.3.3 Clearance Volume 

 

The determination of the desired compressor clearance volume (V3), Figure 4.2, is 

achieved by balancing two requirements; the desire to produce a compressor with 

a relatively high volumetric efficiency requiring a minimal clearance volume and 

the need to avoid mechanical contact between fixed and moving components.  On 

this basis, a clearance volume of 10% swept volume is assumed, giving a 

clearance volume of 3.927 ml. 

 

4.3.4 Total Volume 

 

The maximum volume of each diaphragm chamber (V1), Figure 4.2, must be 

determined for further computation.  This is found by summing the swept volume 

(V1-V3) and the clearance volume (V3).  For the present compressor the total 

chamber volume is 43.197 ml. 

 

4.3.5 Volume at Commencement of Induction 

 

The diaphragm chamber volume at the point where air enters (V4), Figure 4.2, 

must be determined for further computation and is based on the assumption of a 

pressure drop across the inlet valve of 4 kPa, resulting in an absolute inlet air 

pressure (P3) of 97 kPa.  The compressor discharge air absolute pressure (P4) must 

(V1-V3) 

Actuation 
Travel 

Diaphragm 
Piston 

Diaphragm 
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exceed 118 kPa to meet the system requirements, previously given in Table 3.5, 

determining the diaphragm chamber volume at commencement of induction.  

Assuming isothermal gas compression due to relatively low pressure ratio 

between compressor inlet and discharge results in: 

 

(4.1) 

 

 

leading to a chamber volume at the commencement of induction of 4.777 ml. 

 

4.3.6 Effective Volume 

 

It is necessary to account for the expansion of the air trapped in the clearance 

volume leading to a reduction in the swept volume since this reduces the total 

volume of air delivered.  This can be implemented by subtracting the volume at 

commencement of induction (V4) from the total volume (V1) resulting in an 

effective volume of 38.420 ml. 

 

4.3.7 Volume of Free Air Delivered 

 

The discharge air volume flow rate, corrected to atmospheric pressure and 

temperature, termed volume of free air delivered (Vf), is now determined.  For 

isothermal gas compression, the general gas equation can be written as: 

 

(4.2) 

 

where P1 and Pf represent the inlet and free air absolute pressures, respectively.  

Using the values previously obtained leads to a volume of free air delivered per 

compression cycle of 36.898 ml. 

 

4.3.8 Maximum Air Mass Discharge Rate 

 

It is undesirable to operate the compressor at high speeds, since this will result in 

increased noise, reduction in volumetric efficiency and additional forces on 

compressor actuation components.  The maximum compressor speed is based on 
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readily attainable commercial rotary and linear actuators achieving a maximum 

compressor speed of 1200 cycles per minute (cpm).  Assuming a compressor 

volumetric efficiency (ηvol) of 90%, based on losses due to the effects of valves, 

the air mass flow rate from the compressor discharge can be calculated using: 

 

(4.3) 

 

Considering the number of diaphragm assemblies, n = 2, and the compressor 

speed, C = 20 cycles per second, results in a maximum compressor air discharge 

mass flow rate of 1.59 g/s. 

 

The calculated diaphragm compressor air delivery mass flow rate of 1.59 g/s is 

slightly higher than the 1.45 g/s predicted as necessary by the model simulation, 

however as mentioned earlier, it is prudent to allow for reserve capacity in air 

supply to account for rapid and unpredicted changes in patient breathing 

requirements.  For brevity, all other details are summarised in Table 4.1. 

 

 

 

Table 4.1 Summary of diaphragm compressor thermodynamic design 
specifications. 

Swept Volume 0.00003927 m3 
Clearance Volume 0.000003927 m3 

Effective Swept Volume 0.000038365 m3 

Total Volume 0.000043197 m3 

Volume of Free Air Delivered 0.000036846 m3 

Maximum Air Mass Outflow 1.59 g/s 

Absolute Inlet Air Pressure 97 kPa 

Absolute Maximum Outflow Air 

Pressure  

118 kPa 

Maximum Compressor Speed 1200 cpm 

 

volfmaxc, ηρCnVM ××××=
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4.4 Actuation Requirements 
 

In this section, calculations are made to determine the force and power requirements for 

both linear and rotary methods to actuate the compressor diaphragm, based on a 

maximum compressor air gauge pressure of 18 kPa.  No account is made for inertia 

forces, due to reciprocating, oscillating or rotational inertia forces since at this stage the 

mass of the moving components is not yet known.  To achieve rapid speed of 

compressor response, requiring additional motor torque, it is intended that the power of 

driving motor selected will be double that necessary for maximum steady state power 

requirement [41]. 

 

Electrical diaphragm compressor actuation devices, considered to be both practical to 

implement and capable of providing oscillating linear, oscillating rotary and continuous 

rotary motion are reviewed with respect to meeting the speed and power characteristics 

necessary to drive the compressor. 

 

4.4.1 Diaphragm Gas Pressure Force 

 

Considering the normal force exerted on the diaphragm of active diameter 80 mm 

by an air gauge pressure of 18 kPa results in a pressure force of 90.48 N. 

 

4.4.2 Power Requirement 

 

Calculation has determined that 0.91 J of work (Wd) is required, per compression 

cycle, to move the diaphragm against the air pressure force over a stroke length of 

10 mm.  Preliminary compressor design synthesis, Sections 4.2.3 and 4.3.8, has 

already identified the need to have 2 compression cycles, directly out of phase, to 

minimise the discharge pressure fluctuations, and maximum actuation speed 

(nmax) should be 1200 cpm.  The maximum compressor power requirement (Wmax) 

can be determined from: 

 

(4.4) 

 

Giving due considerations to achieving rapid compressor acceleration, the 

minimum motor power requirement is estimated to be 146 W. 

60
nW2

W maxd
max

××
=
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4.5 Actuation Selection 
 

It is necessary at this stage to determine the most suitable form of compressor actuation 

since, for the ADU to be compact; the compressor main housing should contain as much 

of the actuation element as possible.  Within this section, a summarised review of 

possible compressor actuators is presented and final conclusions made.  Performance 

data for actuators considered is contained within Appendix C. 
 

The simplest method to achieve oscillating linear motion to stroke the diaphragm within 

the compressor would be by direct acting solenoid, eliminating the need for any 

secondary driving mechanism.  Electrical problems normally associated with solenoids, 

such as coil inductive load and voltage spikes, are easily resolved through rectification 

and suppression methods [42]. 
 

4.5.1 Direct Acting Solenoid 

 

These types of actuators are available with either a single push or pull action, 

requiring a return spring to return the two diaphragm assemblies, effectively 

doubling the actuation force required.  Appendix C1 gives solenoid performance 

data; however, these were not selected in this research due to the following facts: 

 

1. The force available from direct acting solenoids, over their stroke range, has 

the unfavourable characteristic of rapidly diminishing as the stroke 

increases, making them unsuited for diaphragm compressor actuation 

 

2. This type of actuation produces insufficient force to actuate the diaphragm 

assembly unless the diaphragm size is reduced.  Although this would reduce 

the gas pressure force, the compressor would then be required to operate at a 

higher speed in order to produce the same air mass flow, leading to an 

increase in inertia forces that would likely offset any benefits gained. 

 

4.5.2 Linear Motor 
 

To achieve continuous oscillating linear motion, the linear servomotor requires an 

ac inverter and positional feedback to control the speed and direction at which the 

thrust tube travels [43].  The high inertia forces generated by thrust tube mass 
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diminish the output force when operating at the maximum compressor operating 

frequency of 20 Hz.  Commercial units capable of providing sufficient force 

cannot dissipate the heat energy generated by the coil, resulting in a very short 

operational time.  Appendix C2 gives performance data for this type of actuator; 

however, it is also eliminated from consideration due to the following facts: 

 

1. A quote of approximately NZ $16,000 to build a special linear actuator 

capable of continuous actuation of the diaphragm compressor was beyond 

the financial resources available for this project [44]. 

 

2. Despite the linear induction motor being identical in construction to the 

linear servomotor this form of actuation is impractical since there is no 

feedback signal to compensate for the inherent slip present between the 

fixed coil and moving tube magnets [45]. 

 

3. Platen type linear step motors provide insufficient actuation force and are 

too slow in operation to achieve the desired compressor output [46]. 

 

4. The screw-type linear step motor displaces a threaded shaft by converting 

the motion of a rotary step motor into a linear actuation by driving a 

threaded nut [47].  This method of linear actuation offers the advantage of 

being cheaper than the platen type; however, it still requires the 

microprocessor controller to operate the stepping function which makes it 

more costly than other options.  This actuator is also likely to be incapable 

of achieving the desired oscillating speed of 20 Hz due to the mass moment 

of inertia of its rotating motor components.  Commercially available units, 

capable of meeting the desired speed of operation, utilise a coarse pitch 

screw thread and high motor step increment to achieve the required 

diaphragm displacement of 10mm.  Unfortunately, there is no information 

to support this motion being achieved at 20 cycles per second. 

 

4.5.3 Oscillating Rotary Actuation 

 

Achieving an oscillating linear motion to actuate the diaphragm compressor 

requires the simple crank system, shown in Figure 4.4. 
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Figure 4.4 Schematic representation of oscillating rotary actuator 

mechanism. 
 

The linear displacement of the diaphragm is governed by both the crank offset and 

the angle of actuator rotation.  A total rotary actuation displacement of 45° is 

chosen, requiring an actuator crank offset of 12.73 mm to achieve the desired 

diaphragm stroke.  Analysis of this actuation method determines an actuation 

torque (Ta) of 3.33 N-m is required to oppose the maximum diaphragm air 

pressure force. 

 

Several different types of rotary solenoids are assessed for use in this research; 

however, both the high torque output brushless torque actuator (BTA) [48] and 

similar alternative types of solenoids all proved incapable of providing sufficient 

torque to actuate the diaphragm compressor [49].  Appendix C3 details the 

performance data for these solenoids, however, this type of actuator is eliminated 

from consideration since the maximum rated operation is very close to the 

compressor speed of 20 Hz, preventing the reduction of diaphragm area to reduce 

the actuation torque requirement. 

 
4.5.4 Continuous Rotary Actuation 

 

A simple continuous crank mechanism, Figure 4.5, offers an alternative to the 

rotary oscillating actuators previously discussed and enables higher torques and 

speeds to be utilised.  The negative mass moment of inertia effect of the crank and 

oscillating components can easily be overcome by utilising an actuator of higher 

Ta 

Pa Pa 
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torque capability.  Calculation of torque requirement to actuate this system is 

achieved by considering a connecting rod, normal to the crank offset (Sc) of 5 

mm, acting against maximum air pressure, requiring a minimum continuous 

actuation torque of 0.634 N-m.  Considering the proposed double diaphragm 

assembly, the worst possible loading would be for both diaphragms to act together 

resulting in a minimum actuation torque of 1.27 N-m.  Based on the proposed 

operational speed of 1200 cpm, the power requirement for this type of actuation 

system is 159.6 W. 

 

The precision speed and position control offered by stepper motors lends them to 

being the most suitable form of actuation when combined with a simple crank 

mechanism, however, these motors trade off available torque for shaft speed with 

resultant desynchronising or ‘stalling’ of the motor occurring when utilising small 

step increments to achieve the desired torque at high frequencies [50]. 

 

To achieve the maximum compressor speed of 20 Hz, the motor must have a step 

size of no smaller than 7.5 degree per step for a 4 pole motor to avoid the problem 

of desynchronising occurring.  Appendix C4 details typical stepper motor 

performance data, however, despite an extensive search, no commercially 

available units were found that met the compressor requirements. 

 

 
Figure 4.5 Schematic representation of continuous rotary actuator crank 

mechanism. 
 

Ta 

Pa 
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Alternating current (AC) servomotors achieve accurate speed control, despite 

dynamic variation in loading occurring by utilising inverter frequency control and 

rotary encoder feedback of both angular position and rotational velocity [51].  

Appendix C5 contains performance data for this actuator which, although ideally 

suited to actuate the compressor, contain the unnecessary feature of positional 

control which adds significantly to the purchase cost.  To minimise cost, both the 

direct current (DC) and AC speed control motors are now considered as 

alternatives to the servomotor. 

 

Speed control of DC electric motors is achieved through voltage control, however, 

the operational characteristics of the motor needs to be consideration.  Shunt 

wound DC motors produce low torque figures during start up and at low speeds, 

Appendix C6, making them unsuited to diaphragm compressor actuation [52].  

Series wound DC motors produce maximum torque at low speeds; Appendix C6, 

however, this value diminishes rapidly as armature speed increases making them 

unsuited for compressor actuation.  There is also the undesirable tendency for 

series wound DC motors to over-speed when unloaded.  The DC compound motor 

has a combination of series and shunt windings, allowing this type to have the 

torque characteristics of the series motor combined with the speed characteristics 

of the shunt motor.  Despite the potential of DC compound motor to actuate the 

compressor all DC motors suffer a falloff in driving torque when the applied 

voltage is reduced for speed control, Appendix C6.  All these characteristics make 

DC motors unsuited to drive the compressor due to the dynamic variation in 

compressor loads experienced. 

 

AC induction motor, however, offer the advantage over the DC types by 

producing a torque output that is proportional to the applied load, due to armature 

slip, making them ideally suited to the varying speed and loading requirements of 

the compressor.  This characteristic produces a starting torque of up to 150% 

greater than the rated full load torque and a pullout torque of up to 250% greater 

than rated full load torque [52], Appendix C7.  Speed control can easily be 

achieved through the use of an AC frequency inverter, which although costly, is 

offset by the relatively inexpensive motor.  Three phase AC motors offer 

additional advantages of self starting due to the rotating field in the stator 
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producing a rotating magnetic field and an almost uniform running torque, rather 

than a pulsating torque characteristic of single phase types. 

 

4.5.5 Actuator Selection 
 

The combined speed and torque characteristics of the inverter speed controlled 3 

phase AC induction motor make it the most practical means by which to actuate 

the diaphragm compressor.  Readily available and affordable units make this type 

of compressor actuation the most practical choice.  Technical data for both motor 

and speed controller is contained within Appendices C8 and C9 respectively. 

 

 

4.6 Compressor Detailing 
 

Within this section, design detailing of the double diaphragm compressor is undertaken 

with the goal of achieving simplicity of design and minimising the number of parts 

required by providing multiple function for individual compressor components 

wherever possible. 

 

4.6.1 Design Detailing 

 

Below is a summary of the compressor design, however, a complete set of 

compressor assembly and detail drawings is given in Appendix D4. 

 

1. Reed valves are the obvious choice to minimise the pressure drop provided 

the air can act over a large area.  Plastic transparency film, Appendix D1, is 

used for the reed valves because this material is compliant in bending yet 

sufficiently rigid to avoid distortion under the action of air pressure.  Valves 

are located within the compressor to take advantage of the area over which 

the pressure acts. 

 

2. Four small meshing gear sets, Figure 4.6, double up as crankshafts, enabling 

dual connecting rods to actuate each diaphragm assembly.  This distributes 

the load carried by each gear tooth and increases the connecting rod bearing 

surface area.  The counter rotating actuation gears, actuating each 
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diaphragm, also eliminate side thrust on the diaphragm, improving 

diaphragm life and eliminate secondary mechanical imbalance.  Standard 

20° pressure angle metric gear form is determined from standard gear 

equations, however, gear tooth strength, Section 4.5.1, is based on first 

principles analysis. 

 

3. The gear main shafts are mounted on paired sealed ball bearing races, 

eliminating the possibility of oil contaminating the air whilst simultaneously 

sealing the compressor input drive shaft against air leaks.  The bearing 

radial load capacity is checked against gear radial reaction forces, Section 

4.7.4. 

 

4. The co-axial diaphragm design utilises the central compressor actuation 

housing as an air discharge manifold for the two diaphragm air streams.  

The gear sets are paired in dry lubricant impregnated nylon [53], Appendix 

D2, and aluminium alloy mesh sets to minimise any possible contamination 

of the air. 

 

 

 

 

 
Figure 4.6 Sectional view of diaphragm compressor. 
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..  

Figure 4.7 Completed diaphragm compressor. 
 

5. The short connecting rods, made from 60/40 brass, require only a wipe of 

castor oil, selected for its non-toxic nature and high shear resistance 

properties, during final assembly. 

 

 

4.7 Gear and Bearing Loads 
 

In this section, a summary of all the necessary steps undertaken by this research to 

verify gear strength and bearing load capacity is presented. 

 

4.7.1 Gear Design 

 

Gear design is based on standard spur gear design principles; however, final 

selection of gear size and number of teeth was restricted by available gear hobs.  

Initial gear sizing is based on a gear centre distance of 20 mm, Figure 4.8, 

representing the closest centre distance the bearings, available to support the 

gears, could be located. 

 

Offset teeth are utilised in the opposing diaphragm idlers gears 1 and 4, Figures 

4.8 and 4.9, preventing these two gears from meshing which avoids compounding 

tooth pitch errors causing cyclic binding of the gears. 
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Figure 4.8 Schematic representation of compressor crank-gear actuation. 

 

The smallest gear hob available, module (m) of 0.8, is utilised to minimise the 

compressor discharge volume and produce a compact prototype compressor unit. 

Each gear is determined to have 25 teeth (N) to avoid undercutting occurring at 

the root of the teeth leading to subsequent premature failure [41].  Based on these 

two requirements the gear pitch diameter (D) can be calculated [54] from: 

 

(4.5) 

 

leading to the gear pitch diameter of 20 mm, with no backlash allowance, this 

dimension also represents the gear centre distances, Figure 4.8.  With the gears 

also being utilised as crankshafts, Figure 4.10, requires the gear root diameter 

(Dmin) to exceed the compressor stroke of 10 mm.  This is calculated by initially 

calculating the gear tooth dedendum height (K), derived from: 

 

(4.6) 
 

resulting in a gear tooth dedendum height of 0.926 mm. 
 

 

Figure 4.9 Side view of offset idler half width gears. 
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Figure 4.10 Gear crankshaft dimensions. 

 

Since standard metric spur gear form is utilised, the root diameter is calculated 

from: 

 

(4.7) 

 

leading to a gear minor diameter of 18.14 mm, well clear of the offset crank pin.  

The gear major diameter (Dmax) is calculated from: 

 

(4.8) 

 

where the gear addendum height (J), equalling the gear module, gives a gear 

major diameter of 21.60 mm. 

 

The compressor is driven through the main shaft of gear 3, Figure 4.8, with the 

driving torque path alternating between gear mesh sets 3-4 and 3-2-1 due to the 

offset phasing of the diaphragm compression strokes.  Gears 2 and 3 are full 

width, nominally set at 10 mm, since they transmit the greatest force whereas the 

offset idler gears 1 and 4 carry half the force, permitting a reduction in tooth 

width.  To provide 2 mm side clearance between these two idler gears, a tooth 

width of 4 mm is required. 
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Consideration is now given to the practicality of the proposed compressor actuator 

gear geometry.  Utilising standard silver steel for both the gear main shaft of 

diameter 6 mm, determined by the available main bearings, and crank pin of 2 

mm diameter, the smallest available, Figure 4.10, results in 1 mm of gear material 

between the two shafts. 

 

4.7.2 Gear Forces 

 

Calculation of gear forces is based on the maximum constant torque available 

from the driving motor rather than using the maximum diaphragm pressure force 

since this represents the maximum operational torque available. 

 

With each diaphragm compression cycle being out of phase, the motor power (Pm) 

is assumed to be alternatively transmitted between either diaphragm gear sets, 

resulting in: 

 

(4.9) 

 

where the gear speed (n) in rev/sec produces a gear torque loading (T) of 1.43 N-

m.  Resolving gear forces onto tangential (Ft) and separating (Fs) components, 

Figure 4.11, enables both the gear stress levels and bearing reactions to be 

determined.  Assuming the motor input torque is distributed equally to gears 3 and 

4 and acts against the maximum air pressure force in diaphragm 1 (P1), gear 

tangential force (Ft) is calculated from: 

 

(4.10) 

 

resulting in a maximum tangential force of 71.5 N.  Maximum gear separating 

force, occurring between gears 3 and 4 is expressed as a function of gear 

tangential force and pressure angle (ϕ), using: 

 

(4.11) 

 

resulting in a maximum gear separation force of 26N for a pressure angle of 20°. 

nπ2
PT m=

D
TFt =

ϕ= tanFF ts
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Figure 4.11 Gear forces. 

 

The total gear radial force (Fr) is now expressed as a summation of both tangential 

and separating components, using: 

 

(4.12) 

 

resulting in a maximum gear radial force of 76.09 N. 

 

The maximum connecting rod reaction force (Fc) fluctuates with variation in 

angular position (θ), Figure 4.11, and is calculated from: 

 

(4.13) 

 

results in a maximum connecting rod reaction force of 85.30 N when considering 

the worst case loading scenario, where angle θ is 40° from the horizontal and 

maximum air pressure force (P1) equals 90.48 N, given in Section 4.4.1. 

 

4.7.3 Gear Tooth Strength 

 

Calculation is now undertaken to ascertain the gear tooth strength based on 

previously determined gear forces.  Initial gear module selection, based on design 

power, confirms the module size of 0.8 as being appropriate to transmit 180 W of 

motor power, however, this is based on the use of steel gears [41].  Normally gear 

strength calculations involve a complex series of equations, based on empirically 
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derived load and fatigue factors determined when using common gear materials 

such as steel.  The prototype compressor, however, uses crank-gear sets meshed in 

aluminium and nylon pairs to avoid lubrication contamination of the air.  Since 

these materials are not traditionally utilised in gear design it requires an analysis, 

based on first principles, utilising the strength properties of the weaker material, 

impregnated nylon 66 [53]. 

 

By considering the gear tooth to be a simple cantilever, Figure 4.12, with a 

tangential force (Ft) of 71.5 N applied at the pitch diameter results in: 

 

(4.14) 

 

giving a maximum bending moment (M) at the root of the tooth of 0.066 N-m. 

 

Conservatively assuming the tooth root thickness (t) is the same as the tooth chord 

thickness, at the pitch diameter, calculated from: 

 

(4.15) 

 

results in a tooth root thickness of a 1.26 mm 

 

 
Figure 4.12 Gear strength analysis. 
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The maximum bending stress at the tooth root (σt) is calculated by assuming only 

one tooth carries the full driving force at any one time.  By applying elementary 

beam theory, based on the second moment of area across the tooth root section (I), 

using: 

 

(4.10) 

 

results in a maximum bending stress of 31 MPa and 24.95 MPa for the 4 mm and 

10 mm width gears respectively. 

 

Gear shear stresses at the tooth root (τt) can again be calculated from elementary 

beam theory, for both tooth widths (W) using: 

 

(4.11) 

 

results in shear stress of 5.7 MPa and 14.1 MPa for the 10 mm and 4 mm wide 

gears respectively. 

 

Principal bending and shear stresses, (σmax) and (τmax) respectively, are 

determined by combining the induced bending (σt ) and shear stresses (τt) in a two 

dimensional stress analysis, given by: 

 

(4.12) 

 

 

(4.13) 

 

 

Both calculations for maximum bending and shear stresses, using the higher 

stresses induced within the thinner idler gears, results in values of 31 MPa and 15 

MPa respectively, well within the maximum values specified by the manufacturer 

of the nylon gears, Table 4.2, [53]. 
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Table 4.2 Comparison between design and manufacturer maximum stress 
levels for GS nylon 66 gears [53]. 

 Design 

Calculated 

Stress 

(Mpa) 

Manufacturer 

Maximum 

Stress 

(Mpa) 

Bending stress (σmax) 31 86 

Shear Stress (τmax) 15 72 

 

4.7.4 Bearing Loads 

 

Maximum bearing radial force (Fbr) is determined by considering the worst case 

scenario of both the maximum connecting rod force (Fc) and total gear radial force 

(Fr), Section 4.7.2, acting together on the gear crank, Figure 4.13, supported on 

double 6260XX deep grove ball bearings available for this project.  By taking 

moments about the support bearing furthermost from the gear results in a 

maximum applied bearing radial force of (Pbrg) 538 N.  This represents the 

equivalent basic dynamic bearing load, since there is no axial force applied, and is 

well within the 2.3 kN basic radial load (Cbrg) specified by the manufacturer for 

this bearing [55]. 

 

 
Figure 4.13 Bearing radial loads due to diaphragm air pressure force. 
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Basic rated bearing life (L10), for 90% reliability, calculated from: 

 

 

(4.14) 

 

 

results in a predicted  bearing life of 61.4 million revolutions, more than sufficient 

for the prototype compressor 

 

 

4.8 Closure 
 

A mechanically actuated double diaphragm compressor has been designed to meet the 

prototype breathing system requirements, identified by system modelling.  When driven 

by a variable speed 3 phase AC motor, regulated by a motor speed controller, forms the 

completed ADU element within the prototype breathing system. 
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Chapter 5 Testing Air Delivery Unit 
 

 

 

5.1 Introduction 
 

In this chapter the compressor is tested under both steady state and dynamic conditions 

to validate that it meets the I-CPAP system requirements, identified by model 

simulation. 

 

The idealised zero order ADU element, previously utilised within the model simulation, 

is replaced by the characterised behaviour of the prototype ADU.  Subsequent testing of 

the model, under simulated patient breathing load, is undertaken to verify that the ADU 

is capable of meeting the air requirements of the prototype system. 

 

A direct comparison is also made between the completed prototype breathing system 

and model simulation under simulated patient breathing load. 

 

 

5.2 Steady State Compressor Testing 
 

In this section the performance characteristics of the diaphragm compressor are 

determined and assessed against the requirements predicted by the model simulation. 

 

5.2.1 Test Setup 

 

A schematic representation of the experimental setup used to determine the 

compressor characteristics is shown in Figure 5.1 and consists of the compressor 

attached to a mounting plate, supported on four small rubber feet, and driven by a 

variable speed electric motor attached to the compressor coupling. 
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Figure 5.1 Schematic representation of steady state compressor test setup. 

 

 

Air, discharged from the compressor, passes through the reservoir into a test 

manifold containing both a Bourdon tube pressure gauge, measuring reservoir air 

pressure, and a tapered needle valve, controlling the air mass flow rate being 

discharged to atmosphere.  Connected in series to the discharge air stream is a hot 

wire anemometer used to measure the discharge air mass flow rate.  Detail of 

equipment used is given in Table 5.1. 

 

The experimental procedure consisted of operating the compressor at a constant 

speed whilst varying the air mass flow rate from the reservoir by adjusting the 

needle flow control valve to achieve increments in reservoir pressure, up to a 

maximum of 250 cm Wg.  Air mass flow rate from the reservoir was recorded 

during each pressure increment. 

 

 

 

 

Figure 5.2 Steady state testing of diaphragm compressor. 
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Table 5.1 Detail of equipment used in compressor steady state test. 
Equipment Identification 

TSI Hot Wire Anemometer TSI 4050 34221 

Pressure Gauge 0 – 100 kPa   Aschroft 8437 

 

 

5.2.2 Results 

 

Compressor air mass flow rate, Figure 5.3, is shown as a function of pressure and 

operating speed.  Also shown is the minimum air requirement of the prototype 

system, determined by model simulation.  It is worth noting that the compressor 

steady state performance meets the prototype system air requirements identified 

by model simulation. 

 

Fluctuations in reservoir pressure were noticed during steady state testing, when 

operating the compressor at low speeds of around 500 rpm and at reservoir gauge 

pressures above 20 kPa.  This behaviour is attributed to the discharge 

characteristics of the double diaphragms, however, it is not likely to give 

operational problems within the breathing system for reasons given in Section 

4.2.3.  This behaviour did, however, require a visual average pressure to be 

recorded. 
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Figure 5.3 Steady state compressor performance over range of speeds;  

model simulation operating envelope,  500 rpm, x   x 750 rpm, 
▲   ▲ 1000 rpm. 

Prototype system 
Air requirement 



 85 

5.3 Assembly of Air Delivery Unit 
 

Within this section, final assembly of the prototype ADU, incorporating the compressor, 

Figure 5.4, is undertaken.  This required the compressor to be connected to the 3-phase 

speed controlled AC electric motor by means of a keyed rigid coupling and directly 

mounted to the compressor mounting plate.  Regulation of compressor speed is 

achieved through a motor speed controller incorporating proportional, integral and 

derivative (PID) control action.  The speed controller power supply is hardwired to a 

single phase domestic 3-pin plug via a 2 amp circuit breaker, and flexible wire links the 

speed controller to the motor. 

 

 

5.4 Dynamic Testing Of Air Delivery Unit 
 

In this section the dynamic performance characteristics of the completed ADU are 

determined to allow the dynamic behaviour of this element within the model simulation 

to be predicted. 

 

Previously, the model simulation utilised an idealised, zero order, ADU behaviour, 

however, characterisation of this element is now required to permit the assessment of 

completed ADU performance. 

 

 
Figure 5.4 Completed air delivery unit. 
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Figure 5.5 Schematic representation of ADU dynamic test setup. 

 

5.4.1 Test Setup 

 

Figure 5.5 shows the schematic representation of the experimental setup used to 

determine the dynamic behaviour of the completed ADU.  The apparatus, Figure 

5.6, consisted of the complete ADU, configured for manual operation of 

compressor speed by means of external manual control, connected to a storage 

oscilloscope measuring motor speed input signal.  A 2 litre capacity reservoir was 

connected in series to the ADU discharge reservoir in order to dampen pulsating 

discharge pressure occurring at low compressor speed, identified during previous 

steady state testing.  This additional capacitance should not influence the 

compressor dynamic response since there is no downstream resistance 

experienced.  Air flow was measured by hot wire anemometer, configured to 

respond within 2 ms, the output signal of which is recorded by storage 

oscilloscope. 

 

The experimental procedure consisted of operating the compressor at a steady 

speed whilst the air mass flow output was measured by the hot wire anemometer.  

A change in compressor speed, initiated by manual rotation of the speed control 

setting, produced an air flow response. 

 

Table 5.2 Detail of equipment used in ADU dynamic test. 
Equipment Identification 

TSI Hot Wire Anemometer TSI 4050 34221 

Pressure Gauge 0 – 100 kPa   Aschroft 8437 

Storage Oscilloscope TDS 3040 B013155 
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Figure 5.6 Photo of ADU dynamic test setup. 

 

5.4.2 Results 

 

A typical result of dynamic testing of the ADU, shown by Figure 5.7, indicates 

that increasing compressor speed from 300 rev/min to1100 rev/min provides a 

corresponding increase in air mass flow from 0.45 g/s up to 1.4 g/s.  It is noted 

that the compressor speed signal contains noise, seen as random spikes, however, 

this does not distract from the measured value. 
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Figure 5.7 Dynamic response of ADU; .compressor speed signal,  

compressor air mass flow response. 
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Manual actuation of the potentiometer controlling compressor speed could not 

achieve a perfect step input, rather, the input speed signal closely resembles a 

terminated ramp, however, several tests involving these types of inputs, Appendix 

E, were conducted on the ADU and all gave a similar response. 

 

Oscillations in compressor air output massflow was recorded in all tests despite 

the damping effect provided by the additional reservoir, however, this effect can 

be seen to reduce as the compressor increases speed.  This characteristic, typical 

of a diaphragm compressor, has been minimised by offsetting the phasing of 

diaphragm air discharge.  Furthermore, the pressure attenuation of the small 

diameter air transmission tube utilised within the prototype system will eliminate 

this effect from being experienced at the mask. 

 

For the purpose of predicting the ADU model element, it is assumed the 

completed prototype ADU has a first order system behaviour of time constant 420 

ms. 

 

 

5.5 Completion of Prototype system 

 

In this section the system mask pressure transducer is selected and interfaced with the 

ADU, completing the prototype breathing system. 

 

5.5.1 Pressure Transducer Selection 

 

The prototype breathing system requires compressor speed to be regulated by a 

controller acting on the nasal mask pressure feedback signal.  Selection of the 

mask pressure sensor is based on the following criteria: 

 

• Accuracy over the low operating pressure range of 0 – 20 cm Wg being 

measured. 

• Speed of response within 20 ms. 

• Small size suitable for mask mounting. 

• Low cost. 

• Compensation for changing air pressure and temperature. 
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Figure 5.8 Pressure transducer mounted on nasal mask. 

 

 

After an exhaustive search, both from local and international suppliers, a 

MOTOROLA piezoresistive monolithic silicon pressure sensor, was found to 

meet all of the desired criteria, Appendix F1. 

 

Manufacturer’s specifications, Appendix F2, show this sensor is capable of 

reading pressures of up to 40 cm Wg, to an accuracy of ± 0.6 cm Wg, with an 

output sensitivity of 98 mV/cm Wg.  It would have been desirable to have sourced 

a pressure transducer with greater sensitivity over the mask air pressure range, 

however, none could be found. This transducer is located as close as possible to 

the nasal mask, Figure 5.8, to minimise any measurement time delays. 

 

As suggested by the manufacturer, shielded cabling is utilised to avoid excessive 

signal noise and power supply decoupling and output filtering is achieved through 

the addition of R-C low pass filter, specifications given in Appendix F3. 
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Figure 5.9 Completed prototype I-CPAP breathing system. 

 

5.5.2 Final Assembly 

 

The completed prototype breathing system, Figure 5.9, utilises a small, 5.5 mm 

internal diameter flexible PVC tube, 1.8 metres long, to transmit air from the 

ADU reservoir to the patient’s nasal mask.  Electrical cabling leading to the mask 

pressure sensor is taped to the air transmission tube to prevent entanglement with 

the patient. 

 

 

5.6 Characterisation of Model Simulation 
 

Within this section, characterisation of both the ADU and nasal mask elements within 

the simulation is undertaken, completing the model simulation and determining the 

suitability of the ADU to meet the prototype system dynamic air requirements. 

 

5.6.1 Air Delivery Unit 

 

Characterisation of the model simulation ADU element involves replacement of 

the idealised zero order behaviour previously used with a first order transfer 

function, with provision also being made for the time constant (Td), in 

milliseconds, to be manually input into the model simulation, Figure 5.10. 
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Figure 5.10 Characterised ADU element within model simulation. 

 

5.6.2 Mask Pressure Transducer 

 

Due to the absence of any dynamic response information on the mask pressure 

transducer, this device is considered to have zero order linear response, with 

output equal to input. 

 

 

5.7 Model Simulation Dynamic Testing 
 

Within this section, the complete characterised model simulation is tested under the 

dynamic patient breathing load. 

 

5.7.1 Simulation Configuration 

 

The SIMULINK model is configured in accordance with the prototype breathing 

system physical characteristics and air properties, Table 3.3, with the inclusion of 

the ADU time constant of 420 ms, and set to operate at a desired mask pressure of 

19 cm Wg. 

 

5.7.2 Simulation Results 

 

The model simulation has produced a mask pressure within the desired tolerance 

of ± 0.5 cm Wg, Figure 5.11, utilising controller settings given in Table 5.3.  This 

confirms that the prototype ADU does satisfy the breathing system air 

requirements.  During patient inhalation, the mask pressure drops slightly, 

triggering an increase in air delivery from the ADU, however, when the patient 

exhales, the mask pressure slightly overshoots the set point before a reduction in 

air delivery occurs. 
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Table 5.3 Controller settings predicted by model simulation. 
Controller Domain Model 

Simulation 

Proportional Action 30 

Integral Time (s) 0.1 

Derivative Time (s) 1 

 

 

Increasing the ADU controller proportional action reduces the mask pressure 

fluctuation around the set point, however; the minimum controller settings 

required to achieve the desired mask pressure tolerance range are given. 

 

 

 
 

 
Figure 5.11 Model simulation mask pressure under simulated patient 

breathing load. 
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5.8 ADU Implementation within Prototype 
 

Within this section, the performance of the ADU operating within the completed 

prototype breathing system is assessed. 

 

5.8.1 Test Setup 

 

A patient breathing simulator, Figure 5.12, was used to achieve a controlled load 

on the prototype system.  The simulator consisted of a 7 litre lung syringe, driven 

by a linear actuator utilising positional feedback and computer controlled to 

continually read the same patient breath simulation text file, breath.txt, as that 

used by the model simulation.  Tidal volume of the breathing simulator was 

calibrated to the patient model simulation load by measuring the volume of water 

displaced in a transparent sealed split level measuring unit. 

 

During testing, a continuous dynamic measurement of simulated patient air mass 

flow rate was made by inserting the TSI hot wire flow anemometer in series with 

the air flow from the lung syringe, Figure 5.13. 

 

 

 
Figure 5.12 Schematic representation of patient breathing simulator. 

 

 
Personal 

Computer Breath.txt 

Positional Feedback Signal 

Oscillating Piston Movement 

Simulated 
Patient 

Breathing 7 litre 
lung 

syringe 

Linear Actuator 



 94 

 
Figure 5.13 Schematic representation of simulated patient test setup. 

 
 

A moulded plastic adult head provided an ideal means to mount the nasal mask 

and was fed air from the patient simulator through a hole cut into its nose, into 

which a plastic pipe had been glued, Figure 5.14.  Nasal mask pressure was 

recorded by a pressure transducer, connected to a small tube inserted in the 

patient’s nose.  Details of measurement equipment used are given in Table 5.4. 

 

The prototype system was tested whilst both nasal mask pressure and simulated 

patient breathing air mass flow rates were recorded. 

 

 

 
Figure 5.14 Patient simulation test setup. 
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Table 5.4 Details of equipment used in test. 
Equipment Marking 

Hot Wire Anemometer TSI 
Precision Pressure Transducer Honeywell  
Lung Syringe Hans Rudolph, inc. Unmarked 
Lung Tidal Volume Calibration Box Unmarked 

 

5.8.2 Results 

 

Although the intention of the speed controller was to solely regulate compressor 

speed in response to mask pressure, it became apparent during testing of the 

prototype, Figure 5.15, that the ADU controller gain setting was limited by 

instability occurring within the system.  Exhaustive variations in controller 

settings were trialled; however, it was not possible to raise the proportional gain to 

a level where the prototype system mask pressure came within the desired 

tolerance range.  The inability of the prototype system to achieve the controller 

proportional gain settings, predicted necessary by model simulation, suggests that 

the ADU controller is unable to regulate compressor speed in response to the 

mask pressure feedback signal.  Comparison between model simulation and 

prototype breathing system controller settings achieved is shown above in Table 

5.5. 

 
Figure 5.15 Patient breathing simulator connected to prototype system. 
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Table 5.5 Variation in prototype and model simulation controller settings. 
 

Controller Domain 

Prototype 

Breathing 

System 

 

Model 

Simulation 

 

Variation 

(%) 

Proportional Action 10 30 300 

Integral Time (s) 0.1 0.1 0 

Derivative Time (s) 4.5 2 225 

 

 

Figure 5.16 shows the results of the prototype system as well as the model 

simulation with both configured to use the same controller settings achieved 

during prototype testing, Table 5.5.  It is indicated that the level of pressure 

required by the system is achievable, however, is not controllable due to the fact 

that this system needs an appropriate control scheme which is beyond the scope of 

this work. 

 

 

 

Figure 5.16 Comparison between prototype and model simulation mask 
pressures utilising lower controller gain setting. 

Model Simulation 
Mask Pressure 

Prototype 
Mask Pressure 

Mask Pressure 
Tolerance Range 

Patient Breathing 
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An observation, from Figure 5.16, was made of fluctuation in simulated patient 

breathing air mass flow, occurring during the exhalation phase.  This effect was 

noted during testing as minor sticking of the lung syringe producing a jerking 

motion in the linear actuator.  Although it could not be eliminated from the test 

simulator, it is thought that this characteristic was not responsible for the 

prototype system mask pressure exceeding the pressure tolerance range, it simply 

modified the patient breathing load, characterising the mask pressure response. 

 

 

5.9 Conclusions 
 

A variable speed double diaphragm compressor has been designed and built to meet the 

prototype breathing system air requirements, identified by the system model, and has 

been proven, under both steady state and dynamic tests, to meet the system 

requirements.  The compressor, contained within the prototype system ADU, produces 

the air pressure and mass flow output required by the prototype breathing system, 

however, the development of an appropriate mask pressure control scheme is required 

to maintain this parameter within the desired tolerance range which is beyond the scope 

of this research. 

 

This thesis has accomplished the goals set out in the first chapter and has provided both 

a direction and resource for future work.  The research has proven the feasibility of 

implementing a double diaphragm air compressor within the ADU of an I-CPAP 

breathing system, to supply air to a patient undergoing OSA therapy.  Specifically, this 

work has: 

 

a) Developed an I-CPAP breathing system model and simulation, based on prototype 

component parameters. 

 

b) Proven the model simulation to be capable of accurately predicting both the steady 

state and dynamic behaviour of the breathing system. 

 

c) Utilised the model simulation to determine the air requirements of the prototype 

breathing system. 
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d) Researched, designed and produced a variable speed air compressor capable of 

meeting the requirements identified by system modelling. 

 

e) Produced compressor performance and calibration charts through a process of 

steady and dynamic testing. 

 

f) Implemented the air compressor within the ADU element of a prototype breathing 

system. 

 

g) Conducted testing of the prototype breathing system and concluded the compressor 

and ADU meet the requirements of the I-CPAP system, despite limitations found in 

the speed control scheme. 

 

 

5.10 Further Research 
 

Having proven the feasibility of implementing a variable speed double diaphragm 

compressor within the I-CPAP system, there are many possible areas in which 

improvements can be made, including: 

 

a) Developing an improved mask pressure control scheme to enable the existing 

prototype system to meet its design goal of mask pressure tolerance. 

 

b) Design of an improved air compressor within the ADU, not limited to machining 

resources and available materials, which is quiet, compact and offers a smooth air 

pressure output. Possibilities include screw and rotor type compressors, operating 

at constant speed, utilising variable air flow control. 

 

c) Changes to nasal mask design to improve the air flow characteristics of the vent air 

flow.  These could include the use of valves to control airflow both into and vented 

from the mask. 

 

d) Improvement in nasal mask pressure transducer type and location to keep the mask 

as robust as possible whilst addressing issues of hygiene and signal time delay. 
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These brief statements are provided merely as a guide to future work, any work to 

further develop the I-CPAP breathing system will likely be undertaken with regards to 

the commercial application of the system. 
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Appendix A Air Transmission Tube 
 

 

 

Introduction 
 

Within this appendix, the physical characteristics of the 5.5 mm flexible air 

transmission tube required by model simulation, but not presented within the main 

chapters, is given. 

 

 

Appendix A1 Tube Air flow Resistance 
 

Tube air flow resistance in terms of air flow velocity is given in Figure A1 below. 
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Figure A1 5.5 mm internal diameter, airflow pressure drop;  measured, 

 predicted,  linear model. 
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Appendix A2 PVC Tube Properties 
 

The physical properties of flexible PVC tube used for air transmission within the 

prototype system is given below in Table A1. 

 

 

Table A1 Properties of flexible PVC tube [34]. 
Density 1.31 g/cc 

Ultimate Tensile Strength 13.2 MPa 

Yield Tensile Strength 5.5 MPa 

Hardness, Shore A 74.9 

Hardness, Shore D 55.2 

Tensile Modulus 7.6 MPa 

Elongation at Break 310% 

Brittleness Temperature -60 - -3°C 

Flammability, UL94 HB 

Oxygen Index 31% 

Haze 3 - 5% 

Linear Mould Shrinkage 0.0025 – 0.03 cm/cm 

Processing Temperature 165 – 185°C 

Transmission, Visible 80.7% 
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Appendix B Air Supply Options 
 

 

 

Introduction 
 

This section supplements the summary contained within Chapter 4 by presenting 

additional material on which the selection of compressor type is based. 

 

 

B1 Non-Positive Type Air Compressors 
 

Conventional CPAP devices, such as the Fisher & Paykel HC220, commonly utilise 

centrifugal fan units to generate air pressures much lower than that required by the 

prototype system, however, the option of enlarging this fan unit from 50 mm to 130 mm 

diameter to achieve the higher air pressure required by the prototype system needs 

investigation.  Calculations, based on idealised fan equation [31], predict the behaviour 

of the enlarged, Figure B1, when operating at a rotational speed of 12,000 rpm, when 

utilising the same blade geometry as the existing HC 220 fan rotor. 
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Figure B1 Fan air output characteristics . CPAP fan operating at 21,000 rpm, 

 enlarged 130 mm diameter fan operating at 12,000 rpm. 
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Figure B2 Commercial centrifugal fan performance curve [56]. 

 

This air pressure is well below the maximum air output pressure required by the 

prototype system and no consideration has been given to the mechanical forces and 

stresses within the enlarged fan rotor assembly. 

 

Figure B2 shows the performance characteristics of a commercially available 

centrifugal fan unit that meets the requirements of the prototype system.  This fan unit 

will supply an air volume flow rate that is well in excess of the 100 litres/min (3.5 

SCFM) required by the I-CPAP system, however, it would additionally require some 

means by which the mass flow rate could be dynamically controlled. There is no data 

available on either the response of the fan unit to regulated air pressure or mass flow 

control.  A possible alternative to the centrifugal fan is the regenerative blower, Figures 

B3 and B4, [38]. 

 

 
Figure B3 Pictorial view of regenerative fan [39]. 
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Figure B4 Sectional view of regenerative fan [39]. 
 

The higher air pressure, of up to 350 cm H2O is achieved by redirecting the air leaving 

the rotor back into the successive spaces between the rotor blades, resulting in the flow 

following a vortex pattern.  The air flowing within one revolution of the rotor will have 

been passed through the rotor several times, effectively increasing the air pressure for 

each cycle through the impeller. This flow cycling effectively results in multistage 

compression of the air.  Regenerative blowers are most efficient when run in the middle 

of their operating range and efficiency drops off when operating at maximum or 

minimum airflows [39].  Because of this characteristic, manufacturers avoid showing 

the fan performance characteristics for low air mass flow rates, Figure B5.  Due to the 

complex nature of both the airflow pattern and rotor/stator geometry, Figure B4, the 

prediction of the fan performance characteristics becomes a very complex and arduous 

exercise.  A literature survey failed to produce any detailed information on predicting 

performance characteristics of these types of fans however basic descriptions on 

operating principles were found [39]. 

 

Commercially available regenerative fan units can supply an air volume flow rate well 

in excess of the 100 litres/min (3.5 SCFM), Figure B5, required by the prototype 

system, however, they also require some means by which the mass flow rate could be 

dynamically controlled.  Because there is no data available on the pressure or mass flow 

response of either the centrifugal or regenerative fan units they are not considered 

suitable for implementation within the prototype system. 
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Figure B5 Regenerative fan performance graph [39]. 

 

 

B2 Positive Type Air Compressors 
 

Positive displacement compressors, such as reciprocating and rocking piston, rotary 

vane, rotary screw and lobed rotor can achieve very high air pressures and mass flow 

rates, without the need for high operational speeds, however, a significant problem 

encountered in most of these types of compressors is the likely contamination of the 

breathing air through oil or carbon particles since most require some form of lubrication 

or liquid seal. 

 

Diaphragm air compressors, Figure B6, avoid the problem of air contamination found in 

other types of positive displacement compressors, by utilising a thin elastic diaphragm 

to isolate the air flow from the operational mechanism. 
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Figure B6 Schematic of diaphragm compressor operation [57]. 

 

The main disadvantage of a diaphragm air compressor is the cyclic operation creating 

pressure pulsations within the discharge airflow, however, this effect can be minimised 

through the use of multiple diaphragms or the use of stepper motor drives [58].  

Tradition constant speed single diaphragm compressor output is characterised as 

approximately a square-wave form similar to that found in solenoid or linear magnetic 

drive powered pumps.  Commercial diaphragm compressors are available that utilise 

stepper motor drive units where less than 1% of the airflow time is lost during the 

suction cycle due to a technique called sine-wave compensation [58].  This method 

utilises stepper motor position-feedback control where each revolution is made up from 

very small steps in angular change enabling speed changes to be made within one 

revolution.  The pulsation of discharge air can also be reduced through the use of 

multiple diaphragms operating from a single eccentric shaft.  Both of these techniques 

are used to produce near pulse-less discharge air flow. 

 

There are many commercially available diaphragm compressor design options that 

range from micro-pumps flowing 0.45 litre/min through to high capacity compressors 

capable of displacing 280 litres/min [57].  A commercially available two-stage 

diaphragm air compressor, Figure B7, capable of providing 150 litre/min at an air flow 

at a pressure of 210 kPa, is suited for application within in the prototype system. 
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Figure B7 Two-stage stepper motor driven diaphragm air compressor [57]. 

 

 

B3 Regulated Air Supply 
 

Air supply valve and pressure regulator are reviewed as a potential means of providing a 

functional ADU for the prototype system, however, it does not address the requirements 

of being portable.  This option simply serves as a means to quickly implement an 

operational prototype system. 

 

Two regulating schemes, control of air mass flow and the control of air pressure into the 

prototype system reservoir are considered: 

 

1. Various electro-mechanical and piezoelectric actuated valves are commercially 

available to regulate air mass flow within the prototype system [59].  It is likely, 

however, that difficulty will be encountered due to the continual changes in 

pressure difference experienced across such a device. This problem could be 

overcome by controlling this valve through the use of a secondary control 

system that measures the air mass flow into the reservoir and that itself has a set 

point determined by the primary controller reacting to the sensed mask pressure.  

This form of air supply regulation would contribute significantly to the 

complexity in controlling the prototype system. 

 

2. A simpler alternative would be the use of a signal actuated pressure regulator to 

supply air to the prototype system reservoir, controlled by the signal from the 

mask pressure transducer [60].  This method of air supply has already been has 

implemented within the I-CPAP system, during early testing at Fisher & Paykel 
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Healthcare, however, the unfavourable dynamic characteristics of the pressure 

regulation valve resulted in uncontrolled pulsing of mask pressure.  Investigation 

revealed the specifications for the FESTO precision proportional pressure 

regulator stated a valve hysteresis value of 30 cm Wg, representing 16% of the 

required dynamic range required by the prototype system.  No specification was 

given for maximum air mass flow rate and sensitivity of the device.  The 

electronically controlled proportional pressure-regulating valve with 

peizoelectric pilot actuation offers greater sensitivity with less hysteresis than 

the electro-mechanical type pressure regulator [61].  This pressure regulator has 

hysterisis of 0.42 cm Wg and a maximum pressure output of 210 cm Wg, 

making it well suited to implementation within the prototype system. 

 

Whilst flow control valves and pressure regulators are commercially available that 

could enable the system to operate these methods still require an air supply and are 

therefore unsuited for practical implementation in a portable system and are therefore 

eliminated from consideration. 
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Appendix C Compressor Actuation 
 

 

 

Introduction 
 

This section contains actuator performance information in support of selection made 

within Chapter 4. 
 

C1 Direct Acting Solenoid 
 

 
Figure C1 LEDEX STA 1” diameter x 2” direct acting solenoid performance 

specifications [62]. 
 

 
Figure C2 LEDEX 6EC Low Profile Solenoid performance graph [62]. 
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Figure C3 LEDEX soft-shift 6EP solenoid performance graph [62]. 

 

C2 Linear Motor 
 

Table C1 Performance specifications for commercial linear servomotor [46]. 

 
 

 
Figure C4 Performance characteristics for platen-type linear actuator [63]. 
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C3 Rotary Solenoid 
 

 
Figure C5 Torque characteristics of LEDEX 6EV BTA solenoid [48]. 

 

 
Figure C6 LEDEX Ultimag 6EM rotary solenoid torque output [49]. 

 

C4 Stepper Motor 
 

 
Figure C7 Typical torque output for hybrid stepper motor [64]. 
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C5 Servomotor 
 

 
Figure C8 Moog model G412-2xx servomotor performance graph; 1 Continuous 

torque, 2 Peak torque, 3 Motor torque constant [65] 
 

C6 Speed Controlled DC Motor 
 

 
Figure C9 Shunt wound DC motor operating characteristics [52]. 

 

 
Figure C10 Series wound DC motor operating characteristics [52]. 
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C7 Speed Controlled AC Motor 

 

 
Figure C11 AC induction motor operating characteristics selected for compressor 

actuation [52]. 
 

 

C8 AC Induction Motor Specifications 
 

This section contains motor manufacturers specifications, shown in Table C1. 

 

Table C1 Compressor motor technical data [66]. 
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C9 Motor Speed Controller Specifications 
 

Manufacturer’s specifications for the electric motor speed controller are shown below in 

Table C2. 

 
Table C2 Speed controller general specifications [67]. 

Item 

 

V2 TYPE 

 
Control type V/F & vector control; space-vector PWM modulation 

Frequen
cy 
control 

Range V/F control: 0.0 ~ 400Hz  
Vector control: 3.5 magnification of motor rated 
frequency 

Accuracy Digital: 0.01% (-10 ~ 40oC); analog: 0.4% (25±10 oC) 
Setting resolution Digital: 0.01 Hz (note 1); analog: 0.06 Hz/60 Hz 
Output resolution 0.01Hz 
Keypad setting Set directly with▲▼ keys or the VR on the keypad 
External signal 
setting 

External variable resistor/ 0-5V/ 0-10V/ 4-20mA/ 5-0V/ 
10-0V/ 20-4mA 
Performs up/down controls, speed control or automatic 
procedure control with multifunctional contacts on the 
terminal base (TM2) (see descriptions of P_52) 

Other functions Respectively setting up upper/lower frequency limits, 
start frequency, and three-stage prohibited frequencies 

General 
control 

Carrier frequency 2 ~ 16 kHz 
Acc/dec control Two-stage acc/dec time (0.1 – 3,600 seconds) and two-

stage S curve (see descriptions on P_21) 
Torque control Torque up level can be set 
Multifunctional 
analog output 

5 functions (see description of P_72) 

Multifunctional 
input 

16 functions (see description of P_52~54) 

Multifunctional 
output 

7 functions (see description of P_75/76) 

Other functions Auto voltage regulation (AVR), auto slip compensation, 
auto energy saving, deceleration stop, free run stop or 
spin stop, malfunction retry, auto DC brake, spin start or 
normal start, 3-wire running control, PID function. 

Four-digit seven-section 
display and status indicators 

Frequency/speed/line speed/DC voltage/output 
voltage/current/inverter direction/inverter 
parameters/error record/program version displays 

Communication control 
1. Can be controlled through RS232 or RS485 
2.One-to-one or one-to-many (RS485 only) control 
3.Baud rate / stop bit / parity bit can be set  
 

      
Operation temperature -10 ~ 40oC 

Humidity 0 ~ 95% relative humidity (non-condensed) 

Vibration Below 0.5G 



 115 

 

 

 

 

Appendix D Design Details of Diaphragm Compressor 
 

 

 

Introduction 
 

Detailed information on compressor material specifications and manufacturing 

drawings, not included within the main chapters, is presented within these appendices. 

 

 

D1 Reed Valve Material 
 

Physical properties of the plastic film used within the compressor as the reed valve is 

given below in Table D1. 

 

Table D1 KKPC Kuhmo GP 125H high transparency GPPS specifications [68]. 
Thickness 0.35 mm 

Density 1.04 g/cc 

Water Absorption 0.03% 

Hardness, Rockwell M 75 

Ultimate Tensile Strength 49.9 MPa 

Elongation at Break 2.5% 

Flexural Modulus 2.89 GPa 

Flexural Yield Strength 89.3 MPa 

Deflection Temperature at 1.8 MPa 87°C 

Vicat Softening Point 105°C 

Flammability, UL94 HB 

Linear Mould Shrinkage 0.003 – 0.006 cm/cm 

Melt Flow 1.5 g/10 min 

Transmission, Visible 80% 
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D2 Nylon Gear–Crank Material 
 

Physical properties of the nylon gear material used in the gear – crank actuator 

mechanism within the compressor is given below in Table D2. 

 

Nylatron GS Nylon is a nylon and molybdenum disulphide (MoS2) composition 

designed to meet the mechanical, thermal and bearing properties of type 6/6 nylon while 

maintaining its basic electrical and mechanical characteristics.  The compounding of 

finely divided particles imparts extra lubricity into this nylon, permitting GS parts to 

operate with little of no lubrication. 

 

 

Table D2 Nylatron GS nylon, type 66, MoS2 filled, specifications [69]. 
Specific Gravity 1.16 

Tensile Strength 86 MPa 

Tensile Modulus 3,310 MPa 

Elongation 25% 

Flexural Strength 117 MPa 

Flexural Modulus 3,172 MPa 

Compressive Strength 110 MPa 

Compressive Modulus 2,896 MPa 

Hardness Rockwell M 85 

Hardness Rockwell R 115 

Coefficient of Friction 0.2 

Wear Factor (k) 76.2 x 10-3 mm/m⋅hr 

Deflection Temperature 93°C 

Melting Point (Crystalline) 260°C 

Continuous Service in Air 104°C 
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D3 Diaphragm Material 
 

Physical properties of the neoprene – nylon diaphragm materials used within the 

compressor is given below in Table D3. 

 

 

 

Table D3 Neoprene nylon diaphragm material [70]. 
Thickness 0.4 mm 

  

Width 1,550 mm 

  

Colour Blue 

  

Nylon Cloth Base Weight 110 gm2 

  

Finish Weight 390 gm2 ± 10 gm2 

  

Operating Temperature 100 °C to -15°C 

  

Tensile Strength Good 

  

Features • High strength to weight ratio. 

• High flexibility and crack resistance due 

to high elastomer content of over 70%. 

• Good resistance to most oils, gasoline, 

alkalis and dilute acids. 
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D4 Compressor Drawings 
 

This section contains detail and assembly drawings used to manufacture the 

compressor. 

 

 
Figure D1 Detail drawing of diaphragm outer housing. 
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Figure D2 Detail drawing of inner housing. 
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Figure D3 Detail drawing of full width gear. 
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Figure D4 Detail drawing of half width gear_1. 
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Figure D5 Detail drawing of half width gear_2. 
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Figure D6 Detail drawing of bearing, shafts and pins. 
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Figure D7 Detail drawing of diaphragm piston link. 
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Figure D8 Detail drawing of ported piston. 
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Figure D9 Detail drawing of valve small hole and countersunk washer. 
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Figure D10 Detail drawing of discharge housing. 
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Figure D11 Detail drawing of connecting rod. 
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Figure D12 Detail drawing of ported diaphragm. 
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Figure D13 Detail drawing of countersunk ported piston. 

 

 

10

60

3

44

A A

D
 W

hi
te

M
at

er
ia

l: 
60

61
 A

lu
m

in
iu

m

90°

2

Se
ct

io
n 

A
-A

13
.0

2.
03

2:
1 D
C

 1
4

1
C

ou
nt

er
su

nk
 P

or
te

d 
 P

ist
on

DR
A

W
N

Da
te

:
IS

SU
E

Ti
tl

e:

D
R

AW
N

 T
O

 A
S

 1
10

0
D

IM
E

N
S

IO
N

S
 IN

 M
IL

LI
M

ET
R

ES
  (

m
m

)
TO

LE
R

A
N

C
E 

U
.O

.S
. 

 0
.1

0

SC
AL

E
DR

G 
N

O



 131 

 

 
Figure D14 Detail drawing of air outlet adaptor. 
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Figure D15 Diaphragm compressor assembly. 
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Appendix E ADU Dynamic Test Data 
 

Introduction 
 

This appendix contains results of prototype system ADU dynamic testing. 

 

 

E1 ADU Dynamic Test Results 
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Figure E1 ADU response, test 1;  compressor speed,  compressor air mass 

flow. 
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Figure E2 ADU response, test 2;  compressor speed,  compressor air mass 

flow. 
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Appendix F Mask Pressure Transducer 
 

Introduction 
 

This appendix contains manufacturer’s information for the mask pressure transducer 

used within the prototype breathing system. 

 

F1 Application Data 
 

Configuration and features of mask pressure transducer is shown below in Table F1. 

 

 
Figure F1 Motorola mask pressure transducer configuration data [71]. 
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F2 Operating Characteristics 
 

Operational Characteristics of mask pressure transducer is shown below in Table F2. 

 

 

 

 
Figure F2 Motorola mask pressure transducer operating characteristics [71]. 
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F3 Compensation, Calibration and Signal Conditioning 
 

Temperature compensation, calibration and signal conditioning data for the mask 

pressure transducer are shown below in Table F3. 

 

 

 

 
Figure F3 Motorola mask pressure transducer compensation, calibration and 

conditioning data [71]. 
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