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Synopsis 

In modern times, preventative medicine has become a major 

international focus. Body composition analysis and in particular the 

estimation of the percentage of body fat is an important tool for disease 

management. The percentage of body fat has the potential to be a tool 

health practitioners can use to suggest lifestyle and dietary changes that 

can help prevent disease. 

The approach taken in devising a low cost body composition measuring 

device is the principle of plethysmography. This approach measures the 

density of an object by measuring the volume of air the object displaces 

as well as the objects mass. 

A principle assumption of this approach is the validity of the lwo 

Component Model of body composition (2C Model). The model states that 

the human body can be split into two components of constant density: 

Fat (which has a measured density of 0.9 glcni3) and Non-fat tissue 

(which has a measured density of 1.1 g I cm3
). The validity of the 2C model 

allows an Individual's body fat percentage to be determined foHowing the 

calculation of that Individual's body density. According to the 2C model, a 

person who has a density of 1.06 g/cm3 (according to the 2C Model) has 

15% of body fat. 
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This dissertation investigates other methods of body fat determination 

and suggests why air displacement plethysmography (ADP) is the best 

solution for the alms of the project. A theoretical analysis of ADP has 

indicated that the volume needs to be determined to an accuracy of 

within 200 ml for a ± 2% precision in body fat estimation. 

This model also demonstrates how this Initial goal can be achieved with in 

vivo studies. The various parameters of the model are examined to 

determine the sensitivity of % body fat estimation to various errors of 

measurement in each respective parameter. 

A low cost ADP device that measures the volume of an unknown test 

object has been constructed based on the theoretical model. This device 

consists of a measuring chamber and a reference chamber. Each 

connects to a motor driven piston pump. The pressure difference 

between the chambers is sensed and calibrated with known test volumes 

in the measuring chamber. After calibration the volume of unknown 

objects can be determined from the pressure differential using the 

correlation equation. The constructed ADP device provides repeatable 

± 300ml precision on Inanimate objects. Using the 2C model, this 

accuracy in volume measurement results in a 3% inaccuracy in the 

determination of body fat percentage. 
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Although this error is not low enough for a biologically meaningful result 

in body composition analysis, the major factors that cause error have 

been identified and Investigated. In particular, it has been found that the 

piston pump frequency must be stable and constant within 0.06rpm. The 

recommendation for further development therefore is that a stepper 

motor driven piston or a precision loud speaker system be used to 

compress the air in the chambers, at a precise and constant frequency. 

Theoretical investigations reveal that these will allow accuracy of the 

volume measurement to be within 200 ml. 

A solid foundation has been established for a low cost device. The total 

cost of this device including future development Is estimated to be less 

than 10% of the existing commercial devices. This will provide a practical 

tool for medical practitioners involved in preventative medicine, and will 

also allow interventional procedures to be monitored and assessed. 
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1. Introduction 

1.1 . What is body composition 

The term Is o~en used to descrlbe t he oroportion of total body m~ss 

t hat is composed of adipose t issue. Body composition is t he lrue 

definit ion of an lndlvfdual's weight status. 

ihe body can be represented by the molecules thac constitute the 

whole. A broader definition is to specify the components of the human 

body In terms of: 

• Total body fat 

• Total body water 

• Total body m1ne1·al 

• Total body protein 

As such, the hmnan body can be seen as a rnulti component model Dy 

defining the compo~ltlon 1n terms of the various components. 

/\ /\ 'I 
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Figure J. , 1. Different compartment models of the human body 
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1.2. How to determine body composition 

Body composition analysis is the process of estimating the composition 

of the human body. Researchers often use models comprising two, 

three or four compartments to represent the human body, abbreviated 

as 2C, 3C, 4C respectively. 

With each additional measurement It may possible to extend the 

number of compartments in the body composition model. Each 

measurement must be compositionally independent of the other 

measurements. The assumption has to be made that these 

compartments have well defined properties. 

However, some of the approaches are costly, time consuming and often 

not practical. Therefore many researchers and clinicians continue to 

rely on a basic two-compartment (2C) model to assess body 

composition. The classic 2C model of body composition divides body 

weight into fat mass (FM) and fat free mass (FFM). These two 

components have well defined properties which can be measured. In 

particular, the density of FM and the density of FFM can each be taken 

as constant. A limitation of the 2C model Is that the FFM and FM 

densities are not universally constant and exhibit small variations. 
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1.3. The Importance of understanding body composition 

Statistics indicate that obesity in both children and adults have 

increased in the past 20 years. There is a strong relationship between 

obesity in children and adult obesity. Using the body mass index (BMI) 

as a reference, readings above 25 in males and above 32 In females 

are associated with higher levels of cardiovascular disease (Williams et 

al 1992). 

The link between excess body fat and conditions such as: 

• coronary heart disease 

• hypertension 

• hyperlipidemia 

• hypercholesterolemia 

• myocardial infarction 

• type II diabetes 

has been observed in studies where subjects are obese and blood lipld 

levels and blood pressure are high, and glucose tolerance Is low 

compared with an Individual with less body fat (Arlstimuno et al 1984; 

Berenson et al 1980). 

The above motivates the use of the knowledge of fat mass as an 

important tool for doctors in health assessment. 
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It is important to note that a lack of fat can also be an important Issue. 

Adolescents, elderly patrons and malnourished infants can suffer 

vascular conditions related to a low level of fat mass (Evans et al 1993). 

There is an increased awareness of the role that fat plays In the body, 

with a widespread understanding that a level of fat is required in order 

to live healthlly and can decrease the incidence of eating disorders 

such as Binge and Bulimia in adolescents (Fairburn et al 1993). While 

prevalence of anorexia nervosa has been relatively stable in the past 

decade, (Fairburn, et al 1993) a high prevalence of body weight 

dissatisfaction is observed, especially in female adolescents. It is 

important to educate people to avoid the emphasis on low weight that 

is strongly pervasive In western culture. The aim is that society places 

less emphasis on body weight and more on body fat, which is more 

important in body perception. This is to stop people from loslng body 

water and lean muscle mass in an attempt to weigh less (Imagining 

they are shedding fat) which has the ultimate effect of slowing down 

metabolism and retarding the body from natural fat burning. 

Body composition analysis can also help sport science researchers to 

optimize the training programs of their athletes. It provides useful 

information such as basal metabolic rate (BMR) for athletes to make 

necessary adjustments to their training programs. BMR Is defined as 

the total calories burnt in 24 hours when at complete rest. A person's 

total caloric energy requirement can be estimated from the results of 

body composition analysis. 
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1.3.1. The Wellness Principle 

The advantages of a healthy range of body fat percentage are well 

documented. However few people are able to or have measured their 

own body composition to estimate their own percentage body fat. 

Wellness is a collective term for adequate nutrition, sleep, low alcohol 

intake, stress management and exercise. The collective effect of these 

elements Is to keep the body In harmony, which can greatly reduce the 

chances of disease occurring. 

Wellness is the principle that prevention Is cheaper and quicker than 

treatment and that this prevention is achieved from following a 

wellness strategy. 

Professor Tim Noakes of the Sports Science Institute South Africa 

(SSISA) has long been a proponent of the Wellness Principle for many 

years. He concluded "Exercise is the cheapest and the most effective 

preventive medicine yet discovered." Exercise brings down the 

percentage of body fat and hence that reduces the risk of stroke as 

well as other peripheral arterial disease (Noakes 2001). 

Scale weight alone does not necessarily mean an individual is lean or 

fat. Only body composition analysis can determine how much musde 

and fat are lost or gained as a result of any nutritional, exercise or 

pharmaceutical program. 
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The knowledge of one's body fat will help to promote permanent 

successful fat loss. Focusing on losing fat and maintaining or Increasing 

lean muscle is a much healthier way to increase longevity and fat loss. 

This leads to my mantra catch phrase: Get people to talk about the fat 

content rather than weight! 

1.4. Alma of the thesis 

• Review the principal findings related to body composition analysis 

• Investigate potential field methods 

• Develop a low cost body composition analysis system 

• Determine the accuracy of this device 

• Identify the sources of error and quantify these errors 

1.5. Method 

This thesis is divided into the following parts: 

Background studies 

• History of body composition analysis 

• Literature review on different body composition methods 

• Comparison between these methods 

• Discussing the cost and practical constraints of these methods 
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. Determining the most appropriate body composition analysis method 

for use in the field 

• Selecting a method of analysis for the project and a global 

standard with which it can be compared 

• Theoretical analysis of these methods 

• Identifying and commenting on the Impact of assumptions made in 

these methods. 

Design and Construction of the system 

• Design of the device 

• Evaluation of the design based on the available materials before 

construction 

• Construction of the device 

Trial Studies 

• Studies on Inanimate subjects 

• Comments on the trial studies using the constructed system 

• Evaluation of the device 

Discussion, conclusions and further recommendations 

7 



2. Literature Review 

2.1. Introduction 

The literature review covers the background study of the development 

of body composition analysis. The various methods to measure body 

composition are briefly reviewed and compared with one another. The 

comparison shows why air displacement plethysmography {ADP) is the 

most suitable method and why the DEXA method is the best available 

reference method for this project. 

The DEXA method of body composition is then reviewed in greater 

detail in the following chapter. 

2.2. Historical review of body composition 

At the turn of the twentieth century the study of gross body 

composition was pioneered by agriculture. Physlologlsts and scientists 

would take samples of the body's components directly from living 

subjects. Dissections on human cadavers were also performed 

(Haecker 1920, Moultion et al 1922, Pitts 1963). These researches 

focused mainly on the weight of the organs. The research showed that 

the chemical composition of humans is constant among individuals. 

Data obtained from the direct dissection of the cadaver has served as a 

refere·nce for human body composition. 
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The method of dissection allows for direct measurement of the density, 

mass and size of tissues and organs. However, the inherent difficulties 

in retrieving samples are that the environment is not hygienic and 

dissection is not practically straightforward. Assumptions are made 

when only part of the tissue from an organ can be obtained. It is 

difficult to extrapolate from a sample of tissue to a complete organ, 

and more so to the whole body (Ellis 2000). 

The difficulties mentioned above result in measurement error and 

hence the difficulty in drawing conclusions about the density of tissue 

in the human body. 

Keys and Brozek (1953) measured the density of fat at 0.9007g/cc and 

the density of other fat-free mass at about 1.l00g/cc. They observed 

that the density of fat Is constant between individuals and that there Is 

a significant difference In the density of fat mass and fat free mass. 

This observation resulted In the two component model (2C Model) to 

analyze body fat percentage. 
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Densitometric formulas have been developed by Slri (1961) and Keys 

and Brozek (1963). The densitometric formulas are: 

Slri: Body Fat = 495 / Db - 450 

Brozek: Body Fat = 457 /Db - 414.2 

(2.1) 

(2.2) 

Db is the total body density; see section 9.4 for the discussion of these 

derived formulas and appendix Al for the derivation of the two 

compartment model. 

The fundamental difference between FM (Fat mass) and FFM (Fat-free 

mass) and the consistency of the density of both FM and FFM have led 

to the widespread acceptance of these formulas. This methodology has 

been recognized as the "gold standard" for 2C non-invasive body 

composition assessment. The determination of the percentage of body 

fat (%BF) follows from the measurement of body density. 

Body density (Db) is the ratio of total body mass to body volume. Body 

mass can be obtained from a calibrated mass scale. Hence Db and %BF 

can be derived from measurement of the total body volume. 

2.3. Body composition methods 

The review covers most of the practical body composition methods. 

Other methods such as Helium Dilution (Edelman et al 1952) to 

measure body volume have not been Included as they do not have the 

potential to be practical field methods and can only be used as 

reference methods. 
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The following methods are reviewed: 

• Anthropometry-Based models 

Body mass index (BMI) 

Skinfold calliper 

• Bioelectrical and conductance methods 

Bioelectrical impedance analysis (BIA) 

Near Infrared Interactance (NII) 

• Body Volumetry 

Hydrodensitometry (HW) 

Air displacement plethysmography (ADP) 

Three dimensional Photonlc scanning 

• Body imaging model 

Dual -energy X-Ray absorptiometry (DEXA) 

Computer Tomography (CT) and Magnetic Resonance 

imaging (MRI) 

2.4. Anthropometry-based models 

2.4.1. Body mass index (BMI) 

Body mass Index is the ratio of mass to the height squared (kg/m2
). It 

is one of the most common ways to give an indication of the body 

status. 
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The main weakness of the model is that it makes inference about body 

fat without taking fat into consideration. Different organizations 

suggest different standards of BMI although this subjectivity can 

confuse the Interpretation of body status. See appendix A2 for the 

interpretation from the World health Organization (WHO). 

2.4.2. Skinfold calliper 

Skinfold calliper Is one of the most widely used field methods in body 

composition measurement due to its cost and availability. 

Skinfold calliper assumes that 50% of an individual's body fat is under 

the skin and 50% Is Inside the muscle. This is the major assumption 

and source of error In this method. It measures the thickness of skin 

and fat at various points on the body (bicep, triceps, scapula, and hip) 

and with the knowledge of anthropometric data; the body composition 

is predicted using equations derived for each age group. 

Some shortcomings are: 

• A true skinfold assessment requires trained experts 

• Results can vary between different experts doing the assessment 

• Different types of callipers use different formulas to interpret their 

results 
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2.5. Bloelectrlcal and conductance methods 

2.5.1. Bioelectrical impedance analysis (BIA) 

The basic principle of BIA is that fat has high impedance (which refers 

to the degree to which the passage of charged particles is obstructed) 

compared to muscle. Therefore charge flows with less resistance 

through muscle than it does through fat. This is because lean tissue is 

¾ water, and water is a good conductor (National Institutes of health 

1996). 

BIA measures the impedance of the body using small electrical 

currents. The method assumes that the body is approximately 

cylindrical and of uniform cross section. In this case body volume can 

be calculated, since it is proportional to body length squared divided by 

impedance. This measurement is performed using four electrodes: 

usually two are attached at the wrist and two at the ankle. A constant 

current is injected between the wrist and ankle, and the resultant 

voltage between these sites is measured, with Z=V/1. The leaner and 

shorter the individual, the lower the observed voltage. Body 

composition Is then estimated from the impedance and the height. 

BIA is probably the most frequently used laboratory method (Ellis 2000) 

due to the relatively inexpensive cost of the basic instruments, its ease 

of operation, and its portability. There are no risks or side effects with 

this procedure (Ellis 2000). 
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The downside of the BIA includes the following points: 

• Hydration level 

• Distribution of water in the body 

• Tissue orientation 

• Body temperature 

The results are very sensitive to hydration levels. High levels of 

hydration reduce the impedance and lower the body fat reading. 

Exercise can cause such a problem. An Individual's exercise level, 

alcohol intake and hydration levels will vary during the day and over 

time. (National Institutes of health 1996, Ellis 1999 et al, Body 

composition Lab. Univ. of Vermont) reducing the validity of BIA. 

The distribution of water through the body varies when the subject lies 

down for more than a few minutes. The fluids tend to settle and this 

changes the distribution of the body water, hence results are 

unpredictable due to the change in impedance. The end result is a 

volatile body composition result. (Body composition Lab. Univ. of 

Vermont) 

If the tissue is oriented perpendicular to the current flow, the current is 

slowed by the increased number of membranes. If the tissue is 

oriented parallel to the current flow, the impedance is reduced. 
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Variations in body temperature also have an effect on the precision of 

the result. As a warm tube of solution has a higher conductivity than a 

cold tube, an increase in body temperature can underestimate the 

body fat. 

The accuracy of the result should be used with caution ( (National 

institutes of health 1996, Ellis et al 1999) considering the complications 

discussed above. 

2.5.2. Near infrared interactance (NII) 

Near Infrared Interactance measures the subcutaneous fat at a single 

site only e.g. the dominant arm's bicep (Schreiner et al 1995). 

The method Is considered relatively easy and convenient with good 

repeatablllty. Testing consists of a fibre optic probe positioned over the 

bicep. Two Infrared beams of slightly different frequency are 

transmitted Into the bicep and the reflections monitored (Schreiner et 

al 1995). The proportion of the reflections determines the percentage 

of the body fat, since the reflections from muscle are different from 

those from fat. 

The biggest weakness is that It can measure subcutaneous fat at a 

single point only and does not take the whole body Into consideration. 

This Is similar to BMI where individuals with varying fat distribution on 

the body will have large errors of measurement. 
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The results are sensitive to skin colour and hydration levels, which are 

sources of measurement error. The method also requires careful 

instruction as the readings can be distorted by incorrect bicep 

positioning. 

This method tends to overestimate body fat in lean individuals and 

underestimate body fat In obese individuals. 

2.6. Body volumetry 

2.6.1. Hydrodensitometry (HW) 

Hydrodensitometry (HW) is an established method for measuring body 

volume based on Archimedes' principle (see appendix A3). The 

accuracy, Its early development and consistency have resulted In HW 

being the most commonly used method for determining total body 

volume. 

HW requires the subject to be completely submerged in temperature 

controlled water and then weighed (Behnke, et al 1942). As the density 

of water Is known, the person's loss of weight in the water (due to 

buoyancy) Is equal to the weight of the volume of water displaced. 

The lung volume Is measured by helium dllutlon while the subject Is In 

water. The size of the lung varies from person to person so it Is 

necessary to know the lung volume. Body volume can be calculated by 

subtracting the lung volume from the total volume. 
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Some shortcomings of this traditional approach: 

• The approach is cumbersome (figure 2.1.) 

• Not practical 

• Requires cooperation 

• Time consuming (usually over 30minutes) 

• Requires a well trained field worker 

• This task is more complex for the handicapped 

• Not suitable for elderly or unwell individuals. 

In modern medicine, this method has been considered as a reference 

method rather than a practical field method. 

Figure 2.1 Photograph o' underwater weighing apparatus 

(Behnke, etaf1942) 
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2.6.2. Air displacement plethysmography {ADP) 

Plethysmography refers to the measurement of volume. In air 

displacement plethysmography, the subject is placed In a 

plethysmograph. The human body will displace a volume of air that is 

equal his or her body volume. The volume of the subject can therefore 

be measured indirectly by measuring the volume of the remaining air 

in the plethysmograph. 

This can be calculated by applying Boyle's law which states pressure (P) 

and volume (V) are inversely related when the temperature Is constant 

(i.e. isothermal condition). 

P x V = constant (2.3) 

The advantages of ADP are: 

• The patient will not need to be submerged into water, which will 

increase the acceptability of the method by subjects. 

• The air In the cavities is compressed with the rest of the air In the 

chamber and therefore does not contribute to the apparent body 

volume (laylor et al 1985). 

The weakness of the method is caused by distorting effects such as 

humidity, temperature and breathing, which are all related and have a 

sizeable impact on the accuracy of body volume estimations. 
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Development of Air Displacement Plethysmography 

The principle of air displacement plethysmography was first described 

by Jaeger around 1878 (quoted in Wedgewood 1953). In the early 

1900's research focused on measuring the volume of infants, (Murlin et 

al 1913, pfaundler 1916) where child cadavers and reference materials 

of known volume were used in the studies. 

Studies have been performed on living dogs by Kohlrausch (1929) 

where the following issues were Identified: 

• Humidity effect 

• Temperature effect 

• Respiratory effect 

The humidity affects the Boyle's constant in a closed system. The 

chamber of the plethysmograph was filled with saturated water vapour 

to counter the effect of changing humidity. Other researchers such as 

Bohnenkamp and Schmah, (1931) used similar techniques to address 

the humidity issue. In addition they used fans and a cooling system to 

maintain a constant temperature. To date, however, the respiratory 

effect has not been solved. 
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Noyons (1935) and Jongbloed (1938) had a different approach to 

measure volume. They altered the ambient pressure in their 

plethysmograph. As air density varied, the body weight was obtained 

from the variation in the density of air. No further studies have been 

done in this direction because of the discomfort claimed by subjects 

during the procedure. It was also difficult to seal the chamber. This 

approach did not address the issues raised by Kohlrausch. 

New Generation Development in ADP 

In a later development, a sinusoidal displacement volume was 

proposed by Wedgewood (1963). The volume in the chamber was 

altered by a displacement tool, which changed the volume In a pre­

determined manner serving to overcome the difficulty of changing 

variables with In vivo studies (the temperature, humidity and breathing 

effect). 

A stable system (with more robust results) was only developed around 

1960 (Friis-Hansen 1963). This system required one to two hours of 

calibration and an additional two to three hours of measuring time due 

to rapid fluctuations in temperature, humidity and pressure. 

Gnaedinger (1963) concluded that the error In volume measurement 

was due to these three terms. 

The systems would be considered Impractical and not suitable for body 

composition analysis if these errors could not be removed (Gnaedinger 

1963). 
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Developments in the last 20 years 

Modern and quick improvements In technology developed during the 

1980's, such as the advent of a motor driven pump (Petty et al, 1984) 

and a two chambered dynamic pressure differential system, improved 

the use of plethysmographs (Taylor et al 1985). 

A sinusoidal moving piston was placed between the two chambers (a 

reference chamber and a test chamber). This allowed for the pressure 

in the test chamber to be compared with the pressure In the reference 

chamber and this reduced the effects of temperature and humidity. 

Harmonic analysis was used to process the pressure signals In order to 

measure body volume. 

Another advancement in the method of ADP was the compensation for 

the effect of the body surface area and isothermal heat emission. In 

particular, Gundlach and Visscher (1986) had subjects wrapped in 

blankets and instructed to hold their breath during the measurement, 

in order to maintain isothermal conditions. 

Their system also used the pump and the pressure drive mentioned 

above. They added consideration of Isothermal air. It provides a better 

result than underwater weighing but the difficult preparation makes 

this method impractical for daily use. 
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Development in the last 10 years 

In the mid 1990's BOD POD (life measurement, Inc. Concord, CA} was 

the first commercial product to use air displacement plethysmography 

(ADP). 

Description of BOD POD 

It consists of a single structure containing two chambers. A fiberglass 

seat Is placed In one of the chilmbers. A diaphragm 1s placed between 

the two chamb@.rs which generates pressure changes (figure 2,2). 

Fourier coefficients arc used to calculate pressure .:1mplltude ilt the 

frequency of osci llation. Ten1per.1 ture changes during the measurement 

period are monitored and taken Into account. (Dempster and Aitkens 

1995) 

1.-.Jfl? \/1",J,,. 
),l1J"i!'llr~l\te1Jt 

Figure 2.2 BodPod (www.bodpod.com) 
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Many studies compared the differences between BOD POD and HW. 

Some studies showed no significant differences between the two 

methods (%BF< 0.5) (McCrory et al 1995, Biaggl et al 1999, Collins et 

al 1999, Levenhagen et al 1999, Field et al 2002); whlle others showed 

a mean difference from -4.0% to 1.9% ( Iwaoka et al 1998, Dewit et 

al 2000, Wells et al 2000, Millard-Stafford et al 2001). 

The largest difference (-4.0% and 3.3%) occurred In the 2 studies 

(Iwaoka et al 1998, Dewit et al 2000) with the fewest subjects (n < 10). 

ADP has been suggested by many studies as the gold standard in body 

composition analysis. 

2.6.3. Three dimensional photonic scanning 

Three dimensional photonic scanning is an innovative approach to 

determine body volume. This technique Is relatively fast (12 second 

scan period) and Is of low cost. Originally used In the clothing Industry, 

the system is made of eight Imaging units, with each unit measuring 

the reflection from 32 Infra-red LED's. This means that 256 points on 

the body can be obtained (left part of figure 2.3). The body surface 

(skin) can be reconstructed using a curve fitting algorithm from the 

data points obtained (right part of figure 2.3) 
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Figure 2.3 Scan configuration (le~) and quadmesh representation for 
skin surface (right) (Wells et al 2000) 

The precision for measuring body volume is N3% which 1s too high to 

use in determining body cornpos1t1on. The main source of the error Is in 

standardizing the tl1oracic volume during the scan (Wells et al 2000). 

The thoracic volume is not part of the volume of the subject while the 

scan Includes thoracic volume, so will need to be subtracted. 

2.7. Body imaging model 

2.7 .1. Dual energy X-Ray absorptiometry (DEXA) 

Dual photon absorptiometry (DPA) became cli nically available in the 

early 1980s. Photon absorptiometry required a photon source and a 

detector. The subject was placed between the photon source and the 

detector; and an image of the body was acquired. Radionuclide 

elements such as I, Am. Cd and Gd were used as the photon source_ 
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Over the past decade, the radionuclide source photons was replaced by 

an X-ray source (hence DEXA.); it is a great advantage due to its low 

radiation. 

Figure 2.4 A clinically used DEXA machine 

The primary application of DEXA tias been the measurement of the 

bone mineral content (BMC). DEXA has been suggested to be the best 

clinicat d iagnosis tool to measure bone loss in Osteopenia and 

osteoporosis. 

More recently, DEXA techniques have been applied to body composition 

analysis (including In vivo studies). Many reviews (Brunton et al 1993, 

Svendsen et al 1993, Tothall et al 1994, Prior et al 1997, Kohrt 1998) 

have examined the valfdity of DEXA and these suggest it to be the 

latest gold standard in body composition, Such ., device is also 

available In the Sport Science Institute South Africa (SSJSA). lt is felt 

that this is the best reference method available at present. Hence the 

theory and the assumptions of this method are discussed in more 

detail in the following chapter. 
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2. 7 .2. Computer Tomography (CT) & Magnetic resonance Imaging (MRI) 

Both CT and MRI can provide the basic anatomical image of the human 

body using reconstruction algorithms. Studies show both methods have 

excellent accuracy and precision ( < 1 % error in body fat measurement). 

However, the cost of the studies is high for both of the methods. For 

MRI the measuring time is in excess of 30 minutes. In CT, the scan 

time is much shorter. The radiation doses required for a CT scan make 

this method unsuitable for daily use. These methods have good 

potential In determining body composition If the practical constraints 

can be overcome. 

2.8. Comparison table of different measuring Methods 

The methods reviewed above are compared In terms of 

• Theoretical assumptions 

• Pros 
• Cons 
• Accuracy 
• Cost 

Methods of body composition analysis can be inaccurate due to model 

error and/or parameter error. The theoretical assumptions bear the 

most importance as the results are largely influenced by model error, 

which is described by the theoretical assumptions. Cost, mentioned last, 

is important as It can llmlt the extent of usage, as low cost is a major 

aim of this project. 
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Table 2.1 
Comparison of various methods for body composition analysis 

Method Pr1nclple Advantage Disadvantage Accuracy Cost Assumption foro/oBF 

BMI Over welght=Fat Simple 
Not directly 

Low Inexpensive 
related to %BF 

Sklnfold 
½ Body fat Is Inaccurate, 

under the skin Fast, cheap require trained Low Inexpensive 
caliper 

surface operator 

Relative fast 

BIA 
Water Is 3/4 of 

and Hydration effect <5% Inexpensive 
the total body 

portable 

Body 
Not a whole 

composition can Fast and 
NIR body <10% Inexpensive 

be determined at portable 
measurement 

one point 

HW Accurate Cumbersome <4% Inexpensive 

Fat and fat free 
Fast and 

ADP mass are Avallablllty <3% Inexpensive 
constant among 

accurate 

race groups. Prediction of the 

3D scan Fast lung volume <15% Medium 

required 

Body hydration Fast 
DEXA Avallablllty <3% Expensive 

Is constant accuracy 

CT& Time Very 
Precision <1% 

MRI consumption Expensive 

The table shows that the DEXA model has the advantage of being fast 

and accurate but expensive; the Skinfold calliper Is fast and cheap 

(with good availability), however inaccurate. Likewise the ADP scores 

highly on cost, relative accuracy, and practical use. 
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As far as assumptions go, the assumption of constant density involves 

model errors which may limit their use for accurate measurement (i.e. 

ADP is better suited to measure changes in body fat from day to day, 

than as an accurate measurement at any given time). 

2.9. Concluslon 

Hydrodensitometry (HW), Air displacement plethysmography (ADP) 

and Dual energy X-ray absorptiometry (DEXA) have all been rated as 

gold standards at different times. 

There are assumptions and uncertainty In all three methods. Thus none 

of these methods can be regarded as a perfect measure of body 

composition. ADP and DEXA are discussed In more detail because they 

have the following common advantages over HW: good repeatability, 

fast, convenient, high acceptance and relatively good accuracy. 

Because of these advantages and its low cost; ADP has been chosen as 

the method most suitable for implementation in this project. DEXA has 

been chosen as a reference method because DEXA Is available for cross 

referencing at the Sports Science Institute South Africa (SSISA) and It 

is a significantly different method from ADP. 

A detailed investigation of the theory of DEXA and ADP follow in the 3rd 

and 4th chapter. The errors (model and parameter) are Identified and 

quantified. 
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3. Concept of dual energy X-Ray absorptlometry (DEXA) 

3.1. Introduction 

The human body can be regarded as a form with several different 

compartments. This chapter describes how DEXA can determine the 

mass of each of these compartments. Firstly, the concept of the x-ray 

and how it works is covered as it Is a fundamental precursor to DEXA. 

We will see how x-ray can be used to determine the mass of a 

homogenous absorber; (such as a single element, or compound 

solution) then see how x-ray works on a heterogeneous absorber (such 

as the human body). 

The aim of this chapter Is to explain the fundamentals of DEXA to 

support its use as a reference method. As a reference method It will be 

used to validate the results of ADP analysis in future research. 

The Intention of having this chapter Is not to discuss the details of 

DEXA or to clearly understand its methodology. It Is sufficient for the 

aims of the project to identify the assumptions and Its practical 

constraints. 

3.2. Obtaining medlcal Images using X-ray 

It Is essential to understand the basics of X-ray as it Is a critical 

developmental factor in DEXA. 
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All )(-ray systems consist of an X-ray source, a Collimator and an X-ray 

detector. X-rays are produced by a cathode ray tube that generates a 

beam of X-rays when excited by a high voltage power supply. Thfs 

bflam Is shaped by a Collimator and passed though the patfent, 

creating an image on the image detectors. 

Figure 3.1 lllustration of the basic principle of an X-ray system 

3.3, Basic concept of X-ray absorptiometry 

3.3.1. Determining the mass of a ltiree dimensional subject 

DEXA determines the total mass of a three dimensional (3D) subJect by 

scanning the 3D subject onto a two dimensional ( 2D) image using x­

ray. 

From the scan point of view, the higher the resolution the l1igher the 

accuracy. The 2D image is divided Into small unit areas known as pixels. 

Using the plxel as the unit area, the total mass of a 3D subject can be 

expressed by the followlng form · 
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(3.1) 

Where 

MtoaJ = the total mass for the subject 

M,1:r.,, = the mass per pixel 

The mass obtained in each pixel, Is referred to as "mass per unit area." 

Therefore the total mass of the subject can be determined by adding 

up the masses in each pixel. 

3.3.2. Determining the mass per unit area (M) 

The mass per unit area (M) is linearly proportional to the thickness and 

the density of the 3-D subject. It can be expressed In the following 

form: 

M=uxL 

Where: 

M Is the mass per unit area 

u is the density 

L is the thickness 

3.3.3. Mass per unit area with X-ray absorptiometry 

(3.2) 

When the X-ray beam travels through an absorptive material, the mass 

per unit area is determined by measuring the amount of the X-Ray that 

is absorbed by the subject. 
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The X-ray beam is composed of photons that are projected In a straight 

line. When the photons travel though an absorptive material, they may 

be partially absorbed or scattered. The level of absorption is inversely 

proportional to the intensity (I) of the beam. The absorption also varies 

with the thickness, density, and chemical composition of the absorptive 

material. 

The physical interaction between the intensity of the beam and the 

absorption is referred to as attenuation. The higher the energy of the 

Incident photon, the larger the attenuation would be. More specifically, 

the physical Interaction of the photon with the orbital electrons of the 

absorber material is mainly effected by the Photoelectric Effect and 

Compton Scattering 

Photoelectric collision refers to the photons that give up their energy 

and therefore cease to exist (and do not pass through the absorber 

material), because they collides with more tightly bound Inner orbit 

electrons in the absorber. 

Compton scattering refers to the photons that are deflected from their 

path due to colliding with the weakly bound outer orbital electrons In 

the absorber, which knock the electrons from their original positions. 

Thus, as a result of these Interactions of the x-ray photons with the 

absorber, the Incident photon energy Is exponentially reduced or 

attenuated, as It passes though the absorber (figure 3.2). 
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Figure 3.2 The attenuation phenomenon 

Due to the nonlinearity of the attenuation, the response of the intensity 

of the photons can be expressed by the following exponential equation: 

(Coulam and Erickson 1981) 

Where: 

/ 0 is the incident intensity 

µ is the linear attenuation coefficient 

L is the absorber's thickness 
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3.3.4. The use of a mass attenuation coefficient(µ.) 

Linear attenuation coefficient ( µ) is a density ( u) dependent variable, 

therefore if we extract this density element, a new constant coefficient 

can be derived. This element is named "mass attenuation coefficient" 

( µ. ). µ. Is a constant for the particular absorber material at any given 

photon energy. (Hubbell, 1969, Rao and Gregg 1975, Roubenoff et al 

1993)) 

The following table shows some homogenous absorbers and their 

corresponding µ. values at the two photon energy levels: 

Table 3.1 
Typlcal homogenous absorbers contained In the body 

µ_ 
Component 40 keV 70 keV 

Water 1.7920 0.5059 

Protein 0.2363 0.1831 

Bone Mineral 0.9039 0.3159 

Fat (Oleic Acid) 0.2273 0.1872 

Glycogen 0.2375 0.1825 

Calcium 1.792 0.5059 

(complied from Pletrobelli et al 1996) 

Using M = uL (equation 3.2), the following equation can be obtained 

after rearranging: 

(3.4) 
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By further rearranging the formula, mass of the unit area can be 

interpreted as: 

M = -ln(l I 10 ) 

µ., 

Where 

I = incident x-ray beam intensity 

10 =emerging x-ray beam Intensity 

µ. = Mass attenuation coefficient of the absorber material 

M =mass per unit area which equals to uL 

3.3.5. Mass per unit area for heterogeneous absorbers 

(3.5) 

The above equation holds for the case where the absorber is a 

homogenous material. 

A homogenous absorber Is defined as any single material for which 

µ. Is known for a specific Incident x-ray photon energy. This can be a 

single element, compound or solution (Write et al 1980). 

A signal energy beam can be used in determining the mass of a 

homogenous absorber. However, to determine the mass of a 

heterogeneous absorber, such as the human body, (which consists of 

several different homogeneous absorbers) , a dual energy x-ray beam 

must be used to distinguish between the different compartments. 
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3.4. DEXA In a 2C model 

While a mono-energetic x-ray source Is capable of measuring the real 

density of homogenous absorbers, a dual- energy x-ray source is 

required to determine the real densities of up to two components in a 

multi component absorber. Most of the DEXA systems have their two 

energy levels set at 40keV and 70keV. 

Although stated above that a dual energy x-ray source can only 

measure two components, the DEXA methodology can measure the 

masses of 3 body components of interest. 

The 3 body components of Interest: 

1. Bone mineral mass 

2. Fat mass 

3. Lean soft tissue mass 

These 3 components are not all heterogeneous and are made up of the 

body's 6 main components; namely Fat, Water, Protein, Glycogen, 

Minerals and Bone Minerals. Their masses cannot be measured 

individually as DEXA can only measure the mass of 2 components or 

component groupings at any one measurement, so it combines these 6 

main components of the body into component groups. 
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The 6 main components can be combined In several ways Into distinct 

two-component groups, such as Fat and Lean tissue (Water, Glycogen, 

Minerals, Bone Minerals and Protein). According to their characteristics, 

the 6 main components are grouped into two component groupings in 

the following way (flgure3.3): 

1. Fat and lean 

2. Soft tissue and bone mineral mass 

3. Soft tissue can be divided into fat and lean soft tissue 

Body 
Welpt 

1.Aa■ 

Fat 

Water 

Pronl■1 

Soft-Tissue 

Lea■ 
Soft 

Tlll■e 

Figure 3.3 Illustration of the DEXA 2C model (Pletrobelll et al 1996) 
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In figure 3.3, fat is compositionally different from lean (fat free) body 

mass, as is bone minerals compositionally different from soft tissue. 

Since Lean soft tissue is different from fat and bone minerals, we can 

group these components together to determine the mass of each 

component using DEXA. A dual energy X-ray determines the real 

densities of two components simultaneously, hence the masses of the 

two components. It is now straightforward to derive the mass of an 

individual component of interest I.e. fat. 

For each pixel of the image, DEXA will obtain a mass attenuation 

coefficient at high energy level and one at low energy level. The ratio 

of the low energy attenuation to the high energy attenuation is known 

as the "R value" (Mazess et al 1970, Preuss et al 1972, Peppler et al 

1981, Gotfredsen et al 1986). The R value is used as it can Identify the 

masses of the unknown components. (Pietrobelli et al 1996) 

The R value can be interpreted In the following equation: 

Or 

R= ln(µ,..)L 
Jn(µ,..)H 

Where: 

L stands for Low energy beam 

H stands for high energy beam 
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The R value measured by DEXA can be used to determine the 

composition of any of the two compartment models. In clinical trials; 

DEXA is often applied In 2 different types: 

1. Fat vs. lean mass 

2. Bone minerals vs. soft tissue 

For this discussion the way in which the model works is discussed using 

Fat vs. Lean mass. We use fraction of the fat mass ( FM 1 ) against 

fraction of the fat free mass ( FFM 1 ). 

Since 

By rearranging 

FM _ (R-RFJI) 
1 - (R-RFFJI) 

and 

FFM = (R-Rn ) 
1 (R-Rnt) 

Where: 

R = the measured value of heterogeneous absorber 

FM 1 = Fraction of the fat mass 

FFM 1 = Fraction of the Fat free mass 

Rn1 and RFFJI represent the R values respectively 

39 

(3.6) 

(3.7) 

(3.8) 

(3.9) 



3.5. Theoretlcal concerns and assumptions of the DEXA system 

3.5.1 Theoretical R value VS Measured R value 

In DEXA the body composition is determined from the R value of each 

of the components. Therefore it is important to know how the R value 

Is determined. 

R can be determined theoretically from chemical composition. 

The theoretical R value for fat is about 1.21 which is determined from 

the R values of different triglycerides (Gurr and Harwood 1991). 

The range of R values for different trlglycerides is small mainly because 

the proportions of H CO (Hydrogen, Carbon and Oxygen) are stable for 

varying fatty acid chains. From the literature the R value Is measured 

( ~1.2) which correlates well with the theoretical value (Folch et al 

1957, Heymsfleld et al 1989). 

Simllarly, using Neutron activation analysis the theoretical R value for 

lean soft tissue Is determined to be 1.369. In the literature, 

experiments show the R value to be 1.364 (Snyder et al 1975). The 

measured and theoretical values are very close for both Fat and lean 

soft tissues allke. This proves that DEXA stands on a strong theoretical 

basis. 
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3.5.2 Scan area with bone and non-bone present 

During a DEXA Scan, a 2D subject Image of the body Is produced. 

Generally about 40-45 % of the pixels of the image contain bone. (Ellis 

2000). The pixels which contain bone are excluded from the 

measurement. The residual area is measured using the above 2C 

model (refer to equation 3.8 &3.9) This means that DEXA measures 

about 55% of the body in two components (fat and lean tissue) and 

then needs to determine the fat and lean composition of the remaining 

45% of the pixels that contain bone. 

It is assumed that the composition of the soft tissue layer overlying 

bone has the same fat to lean ratio as that for non bone plxels, In the 

same scan vicinity (Kelly et al 1998, Pletrobelll et al 1996). Figure 3.4 

indicates how the bone area is separated when scanning to reduce the 

number of components. When the dual energy X-ray beams passes 

through a portion of the body that does not contain bone, DEXA can 

analyze the area for soft tissue mass and bone mineral mass. 

This means that nearly half of the body In a DEXA measurement is 

assumed. This concern has been tested and Michael et al (1998) and 

Pietrobelli et al (1998) have proved that this assumption does not 

produce significant errors on the measurement of body composition. 
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Figure 3.4 Whole body DEXA scan (left) and an area that contains bone 

(right) (wwvv.gernedicalsysternseurope .com} 

3.5.3. Hydration effects 

When flufd levels in the tissue increase or decrease, there are 

quantitative and predicable changes in the tissue's R value. Studies 

also show that uncertainty in an individual 's hydration could also lead 

to errors in the measurement (Pietrobelli et al 1996). Pietrobelli et al 

(1998) concluded that the change in R value is in fact very small if the 

fluid balance is altered by - 1Kg. Hence when DEXA is used as a gold 

standard, the hydration status of subjects must be carefully controlled . 
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3.6. Practlcal constraints of DEXA 

The entire scan takes between 15 and 45 minutes. During scanning the 

subject must be absolutely still. It Is not recommended for young 

people who find it difficult to keep stlll. Different versions of software 

also lead to different results (Vozarova et al 2001). Different 

manufacturers of the DEXA device also have different interpretations of 

the fat and lean tissue compartments. 

In using DEXA for validation, the same system and software version 

must be used for all subjects so that the relationship between DEXA 

and the ADP system can be compared. 

3. 7. Concluslon 

This chapter only covers the basic overview of the principles of the 

DEXA system. The detail of how the clinical system works Is much 

more complex. DEXA provides an accurate whole assessment of body 

composition and shows consistent results. 

It Is concluded that despite the assumptions, DEXA Is an adequate 

reference method for valldatlng ADP results. 
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4. Principle of air displacement plethysmography and its 

theoretical concerns during in vivo studies 

4.1. Introduction 

This chapter is split into two pa,ts. Firstly, the principle of Air 

Drsplacement Plethysmography {ADP) i;; cle!>cribed; thereafter the 

impacts of the complexities intronuced durfng In vivo measurements 

are described. Each complexity is identified and solutions for each 

effect are proposed . Notice that this chapter only covers the best 

suggestion to determine body volume. Other concerns in terms o( 

determining fat mass will be covered in chapter 5. 

4.2. Principle of Air Displacement Plethysmography 

!f 

Ffgure 4, 1 Theoretical representation of ADP analysis 
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The air displacement plethysmography concept Is based on Boyle's law 

as mentioned before. Plethysmograph refers to a closed rig id ch-amber; 

in which the subject is placed during measurement. When compressing 

the air in the plethysmograph, the temperature within i1; Will not be 

constant but energy will be conserved hence Poisson's Law will be 

applied under these conditions (this is known as ttie adiabatic 

condition). 

(4.1) 

Where; 

p is the atmospheric pressure at the place of measurement. 

/I is the volume of the plethysmograph 

•, is the ratio of the specific heat of the gas, normally equal to 

1.4 for air (Danlels et al 1967) 

/See first p;irt of Figure 4.1) 

From here, v is referred as the volume of the chamber CV~)-, 

l', as the volume of the body (within the chamber or plethysmograph) 

Within such a closed system; if the volume ls reduced f>Y a known 

amount of volume (AV), a corresponding increase in pressure (AP) will 

take place due to energy conservation law. lience the equation can be 

rewritten as 

(See the second part of figure 4.1) 
t\5 

(4.2) 



Placing a subjec~ with volume F, into the plethysmograph; with the 

same volume ,\ V displaced, the equation can be further re;;irranged to : 

(4,3) 

(See the third part of figure 4.1) 

Because lt is a closed system, from the energy conservation law, the 

energy inside th1s closed system will be conserved before and after the 

measurement hellce the following equat1on can be obtained from (4. 1) 

and ( 4.3) : 

Where Ve - VII is the volume of the remaining air in the 

plethysmograph when V H is placed in the chamber· 

The equation has to be re<;1rranged, in order to ob:ain VH 
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With further rearranging; the equation can be present in the following 

form: 

(4.6) 

After canceling the common factors and expressing the formula in 

terms of v
8

; the final equation can be obtained as follows: 

Where 

v. "' Volume of the air displaced by the test subject 

Ve = Volume of the air in the empty chamber 

t.V = change in volume of the chamber 

.1p = change in pressure ln the test chamber 

= atmospheric pressure 

r= Ratio of specific heats, which equals 1.4 for air 

See appendix A4 for the full derivation of the ADP theory 
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4.3. Essential components of a ADP system 

A basic ADP system consists of a single. measuring chamber which is 

essential by a ch.ange ih vofume ( 6 /1 ). The resulting pressure in the 

chamber can be determined using c1 difforentic1I pressure transducer. 

One side of the differential pressure transducer is placed in the 

measuring chamber while the other end is referenced to atmospheric 

pressure using a reference chatnber (see figure 4 .2) 

Flgure 4.2 Essential components of an ADP system 

The differential pressure transducer measures ;\/'; hence by knowing 

the absolute atmospheric pressure (~, ... ), the volume of the subject .( v.) 

can be calculated. 

Further design and analysis of the device is covered in the 5th chapter 

(Design of the device). Note that this theory is only applied during 

calibration of the device, (using inanimate objects) because there are 

more complexities involved for in vivo studies . 
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4.4. Complexities introduced by In vivo measurements for ADP 

Although an inanimate object can be measured (by equation 4 . 7), 

there are some major issues existing during in vivo studies (Which 

we.re Jdentified in section 2.6.2). Temperature, humidity, respiration 

effects and the temperature in the chamber~ are major issues that vary 

the outcome of the result. 

4.4 .1. Temperature effect 

Temperature inside the chamber rises during human tri<1ls. This is 

caused by two major factors namely: breathing and body temperature. 

The temperature in the chamber will increase from the ambient 

temperature to a saturation point (close to body temperature}. 

Breathing increases the temperature as cooler air 1s drawn into the 

lungs and warmed with each breath. It ls important to understand and 

monitor the temperature inside the chamber to obtain accurate results. 

The following diagram illustrates th.e temperature behavior for in vivo 

studies: 

R~s11ir-1tio11 

- -- -- Ave1,1Ue-;ki11ternv. - - ( 37~c) -
- -- - - (n·c) ·- ---

---------------·---'7 
Time 

Figure 4.3 Temperature change iri the chamber 
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In f igure 4 .3, average body skin temperature is --31 'C and the body 

core temperature which is "'37 'C. 

Temperature changes in the chamber can be seen as a form of eneFgy. 

In a closed environment, the first law of thermodynamics { law of 

conservation of energy) fs applied; which states that the energy of a 

system remains constant if the system is isolated from its surroundings 

as regards heat transfer and work. Human subjects can be regarded as 

heat generators. With the increase In temperature, the constant in 

equation 4 ,1 increases proportionally. In another words, with the same 

volume displacement the higher temperature will cause a larger change 

in pressure. 

We can measure the changing temperature in the chamber, and then 

correct the constant in the equation from the temperature 

measurement. 

Alternatfvely if more air is present, (the larger the,plethysmograph) the 

slower the temperature of the chamber will rise. In this, way we can 

treat the temperature effect as a part of a slow rising sinusoidal wave 

{i.e. the temperature Is changing at low frequency). Therefore we can 

exclude this effect (temperature) by filtering its s\gnal out. 
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4.4.2. Humidity effect 

The test subject will be breathing into the chamber during the process; 

which wfll change the relative concentrations of 0 ) , CO, and the 

relative humidity. This will afFect the accuracy of the measurement as 

lncreasing the water vapor content causes a marginal increase in air 

density (Cronje 1992). This directly impacts on the volume of the 

chamber, as ratio of specific heats of the afr ( 1 ) changes with level of 

CO> increase and the amount of water vapor content. 

Accordlng to the universal gas law, all gases, including the humidity 

will behave equally, as long as the air inside the plethysmograph 

remains unsaturated. 

4.5. Adiabatic air vs. isothermal air 

In the literature. review, most of the ADP measurement procedures 

assumed an isothermal condition but failed to keep the chamber in the 

isothermal condition. A treatment for th1s is to assume adiabatic 

condition for the chamber and atternpt to identify the isothermal 

factors and eliminate their effects (Effectively convert the isothermal 

effects into adiabatic readings). This can be done because air is 40% 

more compressible under isothermal conditions than it is under 

adiabatic conditions, (Dempster and Aitkens 1995) and this relation 

can be used to correct for the volume of the air which is under 

isothermal conditions. 
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When Air Displacement Plethysmography is applied during in vivo 

studies, some of the air will be exposed to a arge surface (of the 

human body) at constant temperature. This air will exhibit isothermal 

conditions as it can excI1ange heat with the human body easily. The 

Isothermal air is identified as: 

• Thoracic gas ( r;, ) 

• fsothern1a( air around the skin 

• Gastrointestinal tract gas ( Va:i- ) 

• Air trapped by the clothing and hair 

4.5.1. Thoracic gas volume ( / 1,. } 

The thoracic gas volume ( V,,; ) is defined as the volume of air in the 

lung at the time of measurement at mid-tidal exhalation. The key 

assumption for this me<1surement is that the subject is breathing 

normally during the measurement (Dempster and Aitkens 1995) . 

The air in t l1e Jung is under isothermal conditf::>n and therefore its 

volume will be underestimated by 40% if adiabatic conditions are 

assumed. v;" is estimated by the following equation: 
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1·m = FRC + 0.5 l', 

Where : 

FRC is flJnct ,onal residual capacity 

(4.8) 

r, is tne lldal vol ume which can be measured during normal 

breathing using a splrometer. 

rRC consists of residual volume (, ., ) and explratory reserve volume 

(ERV) . FRC can be determined In two main ways, namely by 

measurement or by prediction . 

ln traditional pulmonary plethysrnography; ERV can be measured at 

end-tidal exhalation (Dubois et al 1956) while v, can be predicted by 

the following formulae. (Crapo et al 1982) 

r~, = 0.1970Ht + 0. 1910A - 2.421 ( for Women) 

r, = 0.2160Ht + o.0207A - 2.840 ( for Men) 

(4 ,9) 

(4.10) 

Notice that Ht ,s rhe subjects' height in centimeters and A ls the age. 

Vu can also be determined from the 0 2 dilution N2 wash out method 

(Forsyth and Shephard 1988) 
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Alternatively thoracic gas volume can be predicted by estimating FRC 

directly (Crapo eta/ 1982): 

FRC = 0.0472Ht + 0.0090A-5.920 {for Men and Women} (4.11) 

Many authors (Latin and Ruhling 1986, McCrory et c1I l998, Forsyth et 

al 1988, Hackney et al 1985) have reported that there are 110 

significant differences between measured ~~G and predicated V:,; 

however, there is research to the contrary (Wilmore 1969, Morrow et al 

1986, Withers and Ball 1988) showing that the predicted metnod 

cannot be used to determined body de115ity. 

The d1ssident faction:. have notably all performed body volume 

measurements using the underwater weighing method where the 

estimation of lung volume Is critical in the ADP method, however there 

is far less sensitlvity to inaccuracies in the rneasurement of lung 

volume. 

4.5.2. Isothermal air around the skin ( fl,,,,) 

There is a volume of air above the surface of the skin that is Isothermal. 

Isotnermal air around the skin ( v .. ,, ) is referred to as a surface area 

art.ifact {SAA) in other studies (Dempster and Aitkens 1995, Field et al 

2001). 
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Vm•: is proportiom1J to body surface area (BSA). Taking an estimate of 

body surf<'lce area (BSA) by the formula derived from Dubois: (Dubois 

et al 1916) 

BSA ( cm2
) = 71 .84 X Weight (kg) "·~2" x Ht ( cm) o.72>- (4.12) 

Currently there is no accepted range for Vs,n,v- and no other establlshed 

functfon for BSA . In this project , a first order value (K) Is used to 

estimate the Y,.1" through measurement (see equation 4.13). 

V, ~ Kx BSA .... ,.. (4 . 13) 

Wl1ere K will be determined empirically 

see section 6.6.2 for the suggested empirical method to determine K. 

4.5. 3. Gastro lntestinal tract Gas Volume { /11;,,. ) 

The average volume of the Gas In the Gastro Intestinal Tract (V,w-) is 

reported t o be 115ml with a standard deviation (SD) + 127ml and 

116ml with SD+ 125ml for patients wi th lung disease (Bedell et a/ 

1955) .The absolute effect of GlT gas volume on the overall body 

volume is negligible due to the relatively low volume of air in the GIT. 
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4.5.4, Afr t,·apped by the cfolhing and hair 

It is worthwhile to mention that there may be other minor factors 

affecting body volume. An example fs the effect of clothing and hai,­

Which can be handled by wearing a minimum of clothing and a 

swimming cap (to cover the hair). This can reduce a difficult to 

measure factor to a level which is not expected to have a sizeable 

impact ot, body volume. (Higgins et al 2001). 

Once the GIT gas volume, Surface Area Artifact and 'Thoracic. volume 

have been determined, the original body volumP. measurement can be 

adjusted as followr,; 

(4,14) 

Where v &c,• is the corrected body volume 

4.6. Comparison between the solutions for each of the complicating factors 

The temperature effect should be removed rather than corrected by 

continuous measurement. This is principally because accurate 

correction reties on the precise capture of the temperature and requires 

a sophisticated system. 
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Measurement of these variables will rntroduce errors and may make 

day to day results more difficult to interpret. By using the predfctlon 

method for v,,, and v,,,, ; constant results can be obtained ,n repeated 

measurements. This Is in line wlth the aims of the project to provide a 

body compos,tton measurement system that provTdes consistent 

results with relative accuracy. 

I n order to avoid l he build up of humldlt y, the period of time between 

measurements should not be below one minute. This will also al low rhe 

temperature to return to room temperature. The exact time is 

determined empiric.ally, The table below summarizes the marn effects. 

on volume and the t reatment of t liern rn this project: 

Table~ l 

Effects on volu':'e measurement and sugge_sted solution~ 
Effects Decistg_n Common Advanrage 

Temperature 
&humidity 

J ~G 

Jl\".o.t, 

1';;.;-

Filter out with • 

low pass filter • 
Low cost 

Fast 

Predicted with • Creating a constant offsel 

formulae rather than a variable 

4.7. Effects on Volu1ne Measurement 

The common advantage of predicting these effects lowers the total cost 

of the project and also shortens the trial time for each ">UbJect. (This 

means the devrce can measure more subjects ,n the same period of 

t ime) . 



More importantly the s.unc individual will have the same value for 

thoracic and gastrointestinc1J air volume between measurements. Th1s 

approach introduces a constant offset, which improves the 

interpretation of results from day to d.iy, as the only variable that will 

be changing is body fat, not the value of isothermal alr for exa,nple. 

See section 6.6- for further discussion of this apprnach. 

Note that the decision to change the volume of the chamber in a 

sinusoidal manner was made so that the signal can be differentiated 

from Temperature, Humidity .ind Respiration effects. The signals for 

Temperature, Humidity and Respiration occur at far lower frequencfes 

than those for the changing pressure. Fourier analysis is used to filter 

out the complexities and their effects using a high pass filter. From now 

on, all the diagrams that represent changing pressure ( Af') is shown in 

the sinusoidal waveform format. 

4.8. Conclusion 

The volume. of an inanimate object can be determ1ned using Poisson's 

law. 

Complexities during the measurement of in vivo studles can be 

overcome by filtering out and by assuining adiabatic conditions, The 

isothermal effect can be compensated fdr by .issuming that the 

isothermal volume is known. This Is achieved by predicting the values 

of the isothermal factors. 
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5. Design of the Device 

5.1. Introduction 

The theory of ADP has been covered in the previous chapter. The 

prevfous chapter highlighted that in vivo measurement requires a high 

degree of precision. It is important to plan the design process to 

consider what might affect the precision of the measurement. There rs 

two fold meaning here : 

l. A systematic process can be followed to determine the most suftable 

parameter for each component of the device. 

2 The assumption and the error that might come with the 

interpretation of its parameter can be identified and addressed . 

With any body composition technology, it is lmportant to establish its 

validity, reliability, and practicality. Garrow and Webster (1985) 

proposed that initial cost, training of the operator, maintenance and 

operating i;;osts, precision, and accuracy are the five factors t l1at should 

be considered when defining an ideal method for field studies. 

Ellis (2001) added that the measured parameters should be able to be 

translated into useful biologically meaningful results, 
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As tf1is is a l1ealth monitoring device r<1ther than a life supporting 

device, the level of acc.eptance among its target audience also needs to 

be considered. 

These factors serve as guide.lines for this project . Based on these 

guidelines and the principle find ings in chapter 2 and 4, this chapter is 

dfvided into the following divisions: 

1. Goal setting for the measurement. 

2. Theoretical interpretation; body fat % is de1iyed as a function of 

other measurable parameters. 

3. Practical interpretation; this determines instrument preclsion 

required for this project. 

( See figure 5. 1 for the theoretical and practical interpretation) 

4 . Introduction to the theoretical model ; which illustrates the 

assumptions and errors in the whole estimation process. 

5. ldentlfying the errors and optimizing design using the model. 

6. Additional relevant design issues. 
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Figure S .1 Relationship between the parameters 

lt Is Imperative for the des1gh to accommodate the minimizing of errors 

in the practical interpretatlon . The design of the chamber is done in 

such a way to theoretically opt(mize t he result. 
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5.2. Goal setting for the measurement of body fat 

The design of the device cannot accommodate measurement of the 

whole range of body fat and height and weight. There 1s a range for 

each of these parameters for which the accuracy can be optimized . 

That is why I have set a limit on who we can measure and the degree 

of the accuracy we want to obtain . From the liter;;iture review, I feel 

that measuring within ± 2% of body fat is a reasonable initial goal. 

Since the equation predicting lung volume is limited to individuals 

between 17 and 91 years old, this project will be restricted to that 

range. Following the principle finding of DEXA in section 3 .7 , test 

subjects were further limited to between 20 to 70 years. 

The volume of the subJect is directly related to the air displaced in the 

test chamber. This influences the accuracy; hence the volumes of the 

subjects are l imi ted to be fron1 50 11tres to 100 litres which translated 

to about 50 kg to 100 kg. 

Table 5.1 
____ _ __ G_ o_a_l s~!ting of body fat measureme_nt:_ _ _ _ _ 

Accuracy 

Age of the subjects 

Weight of the 
subjects 

Lower limit Upper limit 
------.. -- .,. .. -· ---------

::2% of body fat 

20 70 

50Kg 100Kg 

Shows the t;;irget groups ;;ind the accuracy 
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5.3, Theoretic·al interpretation 

To measure body fat percentage we interpret body composition to 

consist of fat mass and fat free mass. The 2C model determines body 

fat by knowing the density of the human subject. By knowing the body 

weight and its volume, we have the Body Density (f'1<1ss / Volume). We 

are now able to interpret% body fat from body volume. Body volume 

is the output from the plethysmograph. 

Determining the corrected body volume ( I~'"'' ) requires the 

measurement of height, lung tidal volume and personal information 

regarding the person's age and gender: This is for the theoretical 

determination of the total isothermal air (see section 4.4). 

5.4. Practical interpretation 

The theory of ADP measures body volume by essentially measuring 

pressure and the piactical interpretation revolves mainly around the 

consideratior1s in measuring the change in pressure that occurs in the 

plethysmograph (M'). 

The change in pressure is determl11ed from the difference between the 

peaks of the pressure sinusoidal wave, which is measured by the 

pressure sensor. The focus is in determining the amplitudes of the true 

peaks. 
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The instrument used to determine pressure is a tr,;1qsducer whose 

output is voltage. 

The model is theoretically sound; however in practice many variables 

(induding instrument error) are not perfect. The practical concerns are 

outlined below. 

5.4.1. Problems If the measured pressure is too large 

If the pressure is too big it is going to cause discomfort for the subjects. 

More importantly, it makes the true peak of the pressure impossible to 

determine (Figure 5.2) because of the accuracy of the pressure sensor. 

Therefore i t is important to determine a dynamic range of the pressure 

expected in the chamber. 

"' 5 
" " "' ;,_ 

Figure 5.2 Typical wrong design! 

(Source of error in the figure 5.2: instrument sensor error and noise) 
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5.4.2. 1f the measured pressure is too small 

In tf1is case, it is fmpossible to tell the difference between subjects as 

the pressure waves are too similar (figure 5.3) , The pressure n,ust be 

big enough to tell the difference between subjects. 

ffgurc 5 .3 Typical wrong desrgn2 

5.4.3. Precision factor on pressure measurement 

The four components tl1at determine precision of the ADP device are 

• Precision of the pressure sensor 

• Precision of the Data acqufsition (DAQ) device 

• Size of the chamber 

• Consistency of the stroke volume 

(Sec figure 5.1) 

All four factors irterlink with each other. It is not possible to suggest 

the best solution :or each of the parameters independently. 
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5.5. Optimized Plethysmograph and Stroke volume 

The optimized relationship between the plethysmograph and stroke 

volume means: minimizing the size of the sinuseida l pressure when no 

test subject is present, at the s1lme time; maximizing the dynamic 

range when the 100L test subject is present in the plethysmograph 

(see figure 5.4) , 

l o; 
I 

6.i I 
~li 

V .I 

Figure 5.4 Optimized design of the ADP system 

Where: The smaller sinusoidal W1lVe refers to the measurement when 

the chamber is empty. 

The bigger sinusoidal wave refers to the measurement wllen 

testing a 100 litre subject. 

D.R. = dynamic range. This is the difference in reading 

between an empty chamber and a 100 litre subject. 

Optimizing the relationship between the stroke volumes and volume of 

the plethysmograph can only be done to a limited extent bec1luse 

practically, these devices are onl}" available in certain physical size. 
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rhe first step of the design 1s (o Identify the biggest !imitat ion, which ,s 

a combinatron of the accuracy of the pressure sensor and the precision 

of the DAQ device 

5.5.1. Lc1rgest limitation of the device 

The most important fimltallon of this design ls the precislon of the 

pressure sensor and the DAQ device, because there 1s no way to 

compensate the random errors thal boch of these carry. 

Honeywell DC series sensor ts the most economfc low pressure sensor 

(see dal-asheel In appendix CL) due to its accuracy, stabllllY and 

availability. The smallest dynarn,c range of available sensors Is 5 mBar 

with 2.25V offset and 2V output span , The accuracy of this sensor 

is i 0.25% and the typical error is 3 % (This information Is obtained 

directly from the data sheet ). 

NI PCl6013 from national Instrument Is the only affordable 16 b,ts DAQ 

card for this project. (See appendix C2 for the data sheet of this device ) 

the absolute accuracy for lhls card is 41.211. V at 5V full scale. 

Table 5.2. 
_____ T~ypicat precision of the measurernent i_nstrument 

Description Unit Size Accuracy Description 

Dynamic range of t he 2.5m6ar 0.25% Of the size of 
pressure sensor the signal 
Precision of the Data l6bit o,01% Wrth 5V full 
acq uisition devic~ ----- ------- ra~nc:.:g:,.;e:._ __ 
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5.5.2 Size of the chamber 

Size of the testing chamber should be between 350 and 550 litres due 

to the following reasons: 

lf it is bigger than 550 litres, it will be difficult to dlstinguish the 

difference between the subjects, (The difference between people wiU 

only be a small portion of the chamber. ) 

If the size of the chamber fs smaller than 350 litres, then the 

isothermal air in the chamber will be proportionately too large. (See 

appendix BS for the explanation). This will make our assumption of a 

predominately adiabatic condition wrong and discredit the results. In 

addition the air in the chamber would become saturated much faster 

(See section 4.4,2.). 

The stroke volume is dependant on the size of the chamber and the 

largest expected pressure. 
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5.6. Introduction ta the theoretlcal model 

There are three generations of model that have. been developed over 

the course of this project. Each generation gives input to different 

stages of this project. The first generation model is: in this chapter; tJ1e 

second generation is in the 6th chapter and the final generation of the 

model is In the 9th chapter. Note that the calculation of parameter 

values rn these chapters is based on the theoretical model. 

The final version of the model Includes all three generations and is 

included in the CD. (See appendix BJ. for instructions and appendix 82 

for an explanation of 1,ow it was derived). Notieoe that design routine 

and development of the model is also included in appendlx B2. 

5,6 .L First generation of the model 

The theoretical model is establisfied based on the initial goc1I and the 

limitations mentioned in sections 5,2 and 5.5 , This model is built using 

the EJ<cel spreadsheet model. This allows the user to change any of the 

parameters to see the effect on the % BF. If a better instrument is 

obtained for future development, this model allows us to predict the 

improvement in measuring precision easily. 
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S.6.2. Analysis of the design 

The optimized system in figure 5.4 has been derived by the theoretical 

model. 

Theoretical optimlzed system: 

Table 5,3 

Results for the optlmlzed sin~l':_chamber model 

Size of t he chamber 

Stroke volume 

Expect pressure on 
100L subjects 

Expected pressure on 
SOL subjects 

Error i n % body fat ori 
1001itre subjects.-

Error in % body fat on 
50 litre sUbJects ~ 

Optimized system 

400Litre 

o.s 

2.3684029mBar 

2.029488mBar 

±3.4M% 

~Note tllat errors indicated here are only those generated from the 

Instruments. see appendix B3 on how to obtain this result , 

The level of t he error ,s dearly unacceptable. This has beeri addressed 

~refully In successive chapters 
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5.7. Dynamic dual chamber system 

The Dynamic range can be increased by providing a sinusoidal pressure 

s1multaneousty rnto the reference chamber. The amplitude of this 

reference sinusoidal pressure should be the same as the pressure in 

the empty chamber. (See figure 5.5) 

Time 

T..:!JW~YPfol :YI =- p .. e33,,;.cecM~ :'? ~/lel~•a.;f:emtw• 
---------------- tli..:d r,,w,jwfo:m =- ~,·~wi? ,:tr~,)'JrJ,,.rt;.;:'1il:>in,:~,::,;r,.•1.o& 

fir,ltoffl "f\'~'t!f..:.IIT' ~ fwaJf:!) W, lt.>tr p~~VJ,- ~\),I ( af') : 

Tirne 

figure 5.5 Concept of the dynamic dual charnber system 

When no subject is present In the measuring chamber, the pressure 

amplitude in both chambers should be eq1Jal at al l times. The reading 

on the differential should be zero. (See the top half of figure 5.5) 



When a subject. Is present in Lhe measuring chamber, the reading on 

the differential pressure sensor Is equd l to the difference between the 

two chambers. (See to the bottom half of figure 5.5) 

5.7.1 , Advantage.of lhe dynamic dual chamber system 

The two-chamber dymimic system successfully decreases t11e size of 

the expected pressure reading on the drfferentjal pressure sensor. This 

means the dynamic range can be lncreased to the desired level. 

Hence the expected pressure in the test chamber can be increased 

without losing any accuracy. 

5.7 .2. Method of operation 

A second chamber together 'Nith a secona stroke volume ls required for 

this purpose. The size of the second stroke is dependant or, the ratio of 

lhe volume of the two chambers. The raUo between the size of the 

chamber and the stroke volume should be the same for the two 

systems. 

Both stroke volumes should be linked so that the changing stroke can 

happen simu ltaneously. 

The reference chamber In section 4.3 Is used as the second chamber; 
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5.7 .3. Theoretical optimized duat ch.irnber l;lynamic system 

The new optimi7ed system (table 5.4) has been derived by the 

tl1eoretical model. 

Table 5.4 
Result~ for the optimized dynamic dual char_nber model 

Size of both chambers 

Size of both Stroke volumes 

Expect pressure on 100L 

subjects 

Expected pressure on SOL 

subjects 

Error in % body fat on l00liLre 

subjects"' 

Error in % body fat on 50 litre 

subjects* 

Optimized system 

400lltre 

111tre 

11901mBar 

0. 5097mBar 

J 1.02% 

*-Note that this is only includes errors that might be generated from 

instruments. See appendix B4 on how to obtain this result. 

The formula in section 4.7 ,;;an be rearranged, using the above design, 

to the following formula: 

(5 ,1) 



5.8. Other relevant issues to this design 

The basic structure of the chamber has been discussed above. There 

are otl1er relevant issues to consider in the design of the device, such 

as: shape of the chamber, frequency of the changing stroke volume, 

Length of the trial period <1nd air behav1or in a mu!t1-cycle environment. 

5.8.1. Shape of the chamber 

A round chamber allows the pressure to be distributed more evenly, 

compared to a rectangular shaped chamber. 1t can also be seated 

better. 

5.8.2. Frequency of the changing stroke volume 

The frequency of the stroke volume should be smaller than 5 Hz, due 

to the rigidity of the chest wall (Peslin and Fredberg 1'986) and larger 

than the breathing frequency (whlc.h is smaller than 0.5 Hz); Higher 

frequency also causes discomfort to the ear drum of the subject, The 

stroke frequency is determined to be between 1.5 and 3 Hz. It is 

important it notice that the wavelength { ,. ) should be large in 

comparison with the box dimensions at 5 Hz. Fo1· example at 5 Hz, 

). 11 66m (330/5), while at 1.6 Hz 7'-U 206m. 

5.8. 3. length of the trial period 

The length of the trial period 1s determined by the number of the 

samples needed as well as the amount of cot, humid1ty and heat 

generated by respiration in the test chamber. 

The length of the trial period cannot be too long as the hum1dlty 
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bLJllding will affect '! (section 4.4.2) and the assumption for adiabatic 

conditions wilf not t1old. The number of samples in the trial period is 

directly related to stroke frequency, A sufficient number of observations 

are required to reduce random error of the instruments (A typical 

normal distribution should have more than 30 samples). Ttiese two 

factor5 are both t;;ken into account for a trial period length of between 

20 and 30 seconds, 

5.8.4. More about isothennal and adii"lbatic air beh;,vior in the chamber 

Jn section 4.2, the principle of ADP is described in terms of one cycle of 

the stroke at a t:rne. For statistical reasons, many samples will be 

taken which means multiple cyd-es, Ma (2001j describes how air 

behaves in the chamber usil19 figure 5.6 

Pressure 

adiabatc conditJ.on 
~ 

> 
isothermal condition 

Time 

Flgure 5.6 Air behavior in a dosed system 

In a multiple cycle environment, (See figure 5.7) when air gets 
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compressed Inside a closed system, if nol enough time fs allowed for 

the air to get back to its isothermal stage the l'V' constant rises. This 

effect Will make ft impossible to determine the differences between the 

peaks and troughs ( e.g. in figure 5. 7 the le~ side of any sinusoidal 

wave is never equal to its right hand side). 

<I) ,_ 
:, 
,1/1 
Ill 
Q} ... 

(L 

Time 

Figure 5. 7 Air behc vlor dlmng multi-cycle environment ( diagram 

obtained from experiments) 

The following two methods can be applied to address this issue; either 

filtering it out digitally or creating a known leakage to the chamber. 

The second method was adopted because the Increasing of amplitude 

due to the slow gradient is much larger than the size of the pressure 

difference. Tnis makes digital filtering impossible. See appendix B7 for 

more detail about the air leakage analysis. 

In order to maintain the closed system assumption of tl1e ADP theory 
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(in section 4.2) the leakage effect needs to be determined. See section 

8.5.1 for how this js done. 

Equation 5.1 is further developed to the following equation by including 

leakage effect on the ch<1nging pressure ( ilP,,,,,.,,,
0

) 

(5.2) 

5.9. Design steps for the final design 

The following component's parameters need to be determined: 

1. Diameter of the two plungers 

2. The two stroke volumes 

J. The size of the two chambers 

As all t hese factors are interlinked and it is important to establish the 

priority of which components to acquire first {e.g. the diameter of an 

available plunger will influence our clloice of strok~ volume) (See figure 

S.·8) .The priority ::>f the components is mainly decided by cost and 

availability. 
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I Components Interpretation Requirement I 
Diameter ot the 
two plungers 

Motor and a ! <'- Stroke length ~ suitable ge.tr 

Stroke volume box 
(ti 11) Ratio between 

j, ~ ti.V and V 

Size of each of 
the chambers (V) 

t ~ 
Combining the 
chambers 

Total size of 
the chamber 

Figure 5.8 Flow chart showing the priority of obtaining each component 

5, 10. Materials for the prototype 

The following materials were obtained in order of priority (as above). 

Due to budget constraint, two plungers were borrowed from Groote 

Schuur hospital RSA (One from the resprratory clinic and one from the 

respiratory ICU). The accuracy of these pl1,1ngers is up to 0 .01 mm in 

diameter. Their radii are 57.1 mm and 32.25mm respectively. The 

accuracy is necessary as if the radlus is out by a small fraction, then 

the stroke volume becomes unknown. The length of the stroke is set to 

60, 80, or 120mm to accommodate different sizes of the chambers (as 

yet unknown) . 

78 



A DC shunt motor from Parvalex Pty. Ltd. (Bournemouth England) is 

used which allows us to set the frequency from Oto 1.67HZ (100RPM) 

(see table El in appendix Bl for the spec of this motor). The motor 

drives the plunger by means of a scotch yoke type mechanism. The 

scotch yoke moves in a sinusoidal like pattern hence delivering a 

sinusoidal pressure waveform. 

According to the design in section 5.7 and the size of the two stroke 

volumes, the size ·of the two chambers (test and reference) should be 

"'450 cJnd 150 litres respectively. Hence the total size of the chamber 

should be ~600L. Two fiberglass baths have been donated from Libra 

Bathware Pty Ltd (see appendix D.1). Both baths have approximate 

inner height 1860 mm, 960 mm width and 400 mm depth. The design 

is to put the two baths together and build a reference chamber inside 

the test chamber. 

5.11. Conclusion 

An inltial goal for the design of this project has been set. Relationships 

between the paraneters and employing the theory of ADP to determine 

the percentage of fat mass are illustrated . The practical limftatJons are 

identified and addressed using an excel model. An optimized system is 

suggested based on this excel rnodel , and relevant issues regarding to 

the system have been discussed. Selections of building materials for 

this deV1ce are based on the <;:onclusions of this chapter; which were 

constrained by both availability and cost. The physical size of each 

element is determined by the availabflity of the components. 
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6. Evaluation of the device using the theoretical model 

6.1. Introduction 

The main aim of this project is to investigate a low <;ost body 

composition analysis tool based on ADP analysis_ This chapter is 

divided into the following steps to achieve this .iirn: 

• Expand the theoretical model for the additiona components 

• Evaluate the device 

• Provide a shor: note on the construction of the device 

6.2. Second generation of the theoretical model 

The second gene1·ation of the model is expanded from the fi rst 

generation . A mathematical model has been created based on the 

physical parameters of the acquired components. 

When one inc;:ludes additional components the level of uncertainty is 

increased . This is why t he theoretical model has been developed to 

consider the assumptions Introduced with additional 1.:omponents. 

The following has been added t,o this mo~el: 

• Component·s of the device 

• Accuracy of the weight scale 

• Assumption of lsothermal air (which includes Thoracic air, GIT air 

and isothermal air around the skin) 

• Determination of the surrounding atmospheric pressure 
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This evaluation is done using the model due to the following reasons: 

1. The Impact of each factor on the total accu·acv in %BF can be 

estimated . A practfcal corollary of this is that the limited budget 

(~USDl,000) can be used wisely consfdering the importance of other 

factors. 

2. The overall ef<ect of the summation of fa·ctor errors on the total 

accuracy can be determined. This is important to deeide whether 

the project is feasible under the current design . 

.3. If any of the components. carry an unacceptable error; which affects 

the total accuracy, the deslgn must be altered be.fore construction 

of the dev1ce. 

See relative information of the model in Section 5. 6.1 

Some hldden factors m<-1y impact the whole system; such <-1s the 

compatibllity of the PC and the suitability of the motor. These are not 

included rn the discussion as the present set up represents the best 

available equipment for this project. 
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6.3. Evalualion of the final design 

6.3.1 Worst case scenario analysis 

The error introduced by each assumpt1on on the total ac:curacy {of 

percentage of body Fat), can be interpreted independently or in 

combination. Each assumption's error impacts the overall accuracy 

independently. The m<1ximum error {worst case) for each assumption 

can be summed to see the worst case scen<'lrio on tl1e total result . 

The worst case scenario analysrs is appl1ed to the extreme case of our 

target subject. This happens to be the 50 litre person, hence "reference 

man". The physical attributes of the reference man is given in the 

following table: 

Table 6.1 
Information on the Reference man 

Gender 

Age 

Fat percentage 

Volume 

mass 

lung volume 

Isothermal air around the skih 

Information 

Male 

35 

15°/o 

501itres 

53.225KG 

3.177l 

0.77l 
----------·- ·--··-------
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Table 6.2 is compiled using the reference man which lists the 

assumptions, typical errors and how each error affects the overall 

accuracy. Notice these typical errors are only the initial step of 

estimations. Further adjustment should be made once the volume of 

the inanimate subjects is successfully determrned. 

Table 6.2 
Estimation of the worst possfble errors In body fat percentage from 

theoretical analysis 
Typical Errors in term 
errors of %BF 

Element 
-------- , .. "' 
Weight 0 .03 kg = 0.26% 

lsothermal air 10% 

Atmospheric o.05m6ar 
pressur-e __ . __ _ _ 
Overall accur;,3cy 

=1.65% 

-0. 182% 

= 2.10% 

CalcuJated worse case 
%BF for reference man 

14.8-15.3% 

13.4-16.7% 

14.9-15.3% 

13.02-17.23% 

See appendix B6 for how these results are determined. 

6.4. Discussion of significant factors that affect total accuracy 

6.4 .1. Weight 

It fs rec.ommended to measure within 0 .03kg. Any less precision wlll 

lead to a gross error in determining bocly composition . 

6.4,2. Isothermal arr 

The toti:1I volume of isothermal air is made up of the thoracic gas 

volume, G,,stro Intestinal Tract gas volume and Isothermal air around 

the sk1n. Handling these three items in turn : 
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Thoracic Gas Volume ( v.,.,, ) 

Tne lung volume is determined using equations to predict the value. 

The equations are based on height and age (see formula 4.8 & 4.11}. 

Reiterating section 4 .5.2, the literature supports that lung volume 

pre<Jlction by these equations has Httle effect in determining %BF 

compared to lung volume obtained though measurements, The 

theoretical model shows that using the prediction method will not have 

a major impact -011 the total accwacy for differences bet ween V,., 

andV.... is s 10%. 
I~,' .. ,..,\ 

For discussion, we must not exclude the possibility '()f extreme cases. 

The difference between v,,_, and Vn •. "; can be more that 1 0%, if say we 

use prediction to determine th'e volume of pediatric rungs or abnormal 

cases. I stress that the determination of isothermal arr is necessarily 

approximate as there is no existing research that accurately specifies 

the calculation of Isothermal air around the skin. The effect of less 

precise isothermal volume is less significant than say the lack of 

precision in atmospheric pressure as the volume of isothermal air In 

relation to the. chamber is small . In order to check the effect of 

predicting lung volume, a first order test can be applied. The BMI 

should be calculated and compared with the calculated % body fat 

after a successful trial. If there is a discrepancy In this comparison the 

subject should undergo a lung function test. (See method of operation 

in 7.4.8) 
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Tidal volurne ( v,} and v,,,. 

TI1e typical size of Tidal lung volume is S00rnl. This measurement 1s 

done using a sp,rometer. The typical resolution of the spirometer is 

i 0ml . Typical V,:;n is not more than 300ml (see section 4.5.3.). 

Since J-S., is determined by measuring mid-tidal exhalation, thti total 

effect of the tidal volume and the V,,i ; is small { ~0.5 litres) compared 

to the size of air in the chamber (350 to 550 litres). According to the 

calculat,on by the theoretical model; the error is considered to be 

negligible, 

Isothermal air around skin 

In the literature, the typkal amount of isothermal air around the skin is 

~llitre (Fields 2002) For an average adult subject, There is no 

literature on their method of calculation apart from the figure be.lng 

empirically determined. 

In this project, a first order estimation of the isothermal air around the 

skin ,s attempted (see equation 4 .13). This w111 be compared to 

different estimations in trial studies. The rest1lts wi ll be cross 

referenced with the reference method (DEXA). (Method of operation is 

discussed in section 8.2.3}. More specifically a large sample of subjects 

can be measured for body volume and body surface area and a 

regression performed to 1dentffy the random error which includes the 

effect of V si:,,v 



6.4.3. Pr;ictical interpretation 

Here we have considered some of the most important factors that 

affect the result in the practical interpretation (table S .4). This in dudes 

the instruments that determine the air in the plethysmograph suth as 

the pressure sensor and the DAQ card. 

The best solution (i.e. to improve accuracy) for these practical issues is 

to get better equipmeht. The model is used to show where better 

practical Instruments are needed in order to obtain better results. In 

this project, the total cost on the materials and instruments is within 

budget ( ~USD 800). 

In the process of finding a balance between cost and quality, 

assun1P.tions have to be made, such as the motor is moving at constant 

speed. Every assumption cc1rries potential error with it, Although there 

are. so many sources of ertors that impact the result; each of these 

errors are independent of one another. A short note is provided to 

address these signifrcant factors that affect total accuracy. 

6..5. Short note on construction of the device 

The true volume of the chamber is difficult to measure since it is 

necessary to achieve a 1ml precision. It is not possible to determine 

the size of the chamber to the desired. accuracy when constructing the 

chamber, 
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The size of the chamber is estimated as closely as possible, by filling it 

with water. Wher, conducting practical experiments, inanimate objects 

of known volume should be used to calibrate the chamber, The model 

described in this ch<!pter covers most of the errors that could occur. 

There are still hidden factors that could impact on the measurement, 

such as the environment. These types of error <an only be quantified 

empirically (See section 8.3 for tile method of cperatlon) . The device 

should be constructed in such a way t:h.;it each component is interlinked 

but independent. This facilitates future improvements. See appendix l 

for t;he irnplementation of these ideas 

6.6. Conclusion 

The second generation of the theoretical model h::is been used to show 

that the lung vol..1me can be estimated rather than measured in ADP 

analysis. The mass of the test subject and thE;? atmospheric pressure 

must be known to high precision. The mode also shows that a 

combination of 10% error in lung volume, a 30£ error in mass and a 

0 .05 mBar error on atmospheric pressure determination could also lead 

to > 2% error i, determining %BF. This will happen even with an 

absolutely correct. measurement in determine the amount of the air in 

the plethysmogr-a:.lh. Bearing the above discussion in mind, a prototype 

of the device was constructed and this is described in tile following 

chapter. 



7. Construction of the device 

7.1. Introduction 

Construction of the device was performed by implementing the 

concepts ancl design described in the last few chapters. The chapter is 

divided into the following sections tQ illustrate both the hardware and 

software development: 

1. Basic components of the hardware 

2 . Orientation of the hardware 

3.. Introduction of the softw.are 

4 . Concept of the software construction 

Note that this chapter only covers the basfc principle of the 

construction of tl1is device. The detail of the construction of the 

hardware and the software are in appendix E. 

7.2. Basic components of the hardware 

This section is divided according to the theoretical and practical 

interpretation. The testing chamber, reference chamber, the dual piston 

mechanism with the stroke volume, differential pressure sensor and 

associated circu·,try, barometer, data acquisition device ( DAQ), 

computer, calibration tool, pre.ssure rele-ase valves and leakage pipe are 

used to determine the amount of the air in the plethysmograph for 

practical interpretation. 
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Height meter, weight scale and spirometer are used to measure the 

factors necessary for the calculations in the theoretical interpretations. 

See figure 7.1 for a photo of the device. More photos and basic 

features of the elements are contained in appendix E1 and I1 . 

Figure 7.1 The ADP Device 

7.3. Organization of the hardware 

The hardware construction is based on the short note in section 6.5. 

Each element is designed in such a way that it can be removed and 

replaced very quickly. The elements describe::! fn the theoretical 

interpretations are arranged in the same order as described in the 

testing steps. The practical interpretation is explained by fo llowing the 

energy transfer from one element to the next (see Figure 7.2). 
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DC mc,tor with 
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Figure 7.2 The block diagrarn representation of r11e hardvvare 

A DC motor is used to drive a SGotch yoke which in turn drives the 

pistons in a sinusoidal motion. This creates the sinusoidal changJng 

volume in both o.f the chambers simultaneously. See Appendix H2 for 

t.he engineering draw;ng of the dual piston mechanism. 

The pressure change in each of the chambers is proportional to the 

respective changing volumes. The plungers are connected to the 

chambers via circumferentially reinforced pipes. 5 mm diameter PVC 

pfpe- is used to connect tt,e dlfferenlia! pressure transducer to each of 

the chambers. This allows the differential pressure sensor to detect the 

pressure difference between the two chambers. The differential 

pressure sensor and the barometer are located in the control box which 

in turn is located outside the chambers. See appendix El for the layout 

the control box. 
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A signal cable (SH6868-E-P from n<1tiona1 instrument) connects the 

signal from the control box to the DAQ device (see appenclii< C2 for the 

description of this cable) . The DAQ device (NT 6013) is located in the 

computer; signals are collected and transferred to the digital signals by 

the DAQ device. The data is t hen sent to the software. The acquired 

data is ready for -processing. 

7.4. Introduction to the software. 

The software serves as a bridge (interface) between hardware and 

operators. A successful software design should be user friendly, easy to 

understand, and allow expandability for future development. 

Three software packages namely: NI DAQ6.9.3, MeasL1rement & 

Automatoion Explorer2 ,2, and Labview6i are used to perform the 

following task (figure 7.3.): 

• 10 recognize the h<1rdware (using NI DAQ 6.9.3) . 

• To allow the operator to communicate with the hardware (Using 

rneaswrement & automation Explorer 2.2) 

• To get the data and process it according to the conclusions from 

the last few ch<1pters (Using Labview 6i) 

• To analyse and evaluate of the results (using LabvieW6i), 

See appendix £3 for the introduction and the historical review of these 

software packages. 
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Figure 7.3 Flow chart of the software concept 

7 .4.1. Concept of the software 

Data flow from on.e stage to the next is the main aim of this software. 

Only one task is completed in each of the stage at a time. These tasks 

are broken into smaller tasks which are performed by these three 

software packages. In this way the software can be improved easily. 

The software cont ains the fol lowing main tasks (figure 7 .3.), 
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• Data acquisition 

• Filtering 

• J nterfacing 

• Analysis 

• Basic i nformation 

• Evaluotion of the trial 

• Final Result 

7.4.2. lntrodllction to Labview 

Labview programs are called v irtual instruments (Vis) . VI s ar.e 

composed of two windows, namely Front panel and Block dic1gram. The 

fron t panels serves as the graphical user interfa t:e and cont ains the 

user ,nput (also known as contro ls) and outpulS (also known as 

indicators) . They are displayed on the front panel in various forms 

required . See the arrangement on the front panel on page 208 for 

these controls and indicators. 

Vls cou1d be transferred into a Sub-VI which can be joined and placed 

into a higher order VI. This chapter only covers the basic principle of 

the first layer sub-VI; the second layers of the sub -V[s are covered 

from page 195 to 207 of appendix E3. 



7.4.3 . Data acquisition 

Before the data can ·now between the PC and the DAQ system, we 

must make sure that the pc can recognize the DAQ device (NI 6013). 

DAQ 6.9.3 creates the link between the DAQ card and the operating 

system (Microsoft, Window )(P} 

Once the PC detects the DAQ c:ard, we must make sure the signal can 

be successfully transferred to the Labview program fo1· further 

processing. The Measurement & Automation Explorer 2. 2 is used to set 

up these virtual channels. Measurement & Automation E~plorer2.2 also 

serves to convert the signal from voltage to pressure. i.e. from voltage 

to mBar. 

After the data is captured successful ly and transferred to Labview 6 .i. A 

VJ ''ADV-DAQ" is used to set the sampling rate, duration of the trial and 

the desired sampling channels. The obtained from "ADV-DAQ" flows to 

the filtering section of the software. See table 7 .1 for the default 

settings of the DAQ card. 

Tabte 7.1 

Default settings for the DAQ card 
Controls Physical amount and its unit 

Sampling Rate 

Trial duration 

Total sample 

Sample channel 

100,000Hz 

20 seconds 

2,000,000 

Differential pressure sensor 
· -··- --
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7.4.4. FHtering 

Two Vls are included in this section namely "Averaging filter" and 

"Fourier analysis" 

The data obtained is first sent to the "Averaging filter" for processing . 

Average fil ter divides the data stream into sets of 100 points and 

calculates the median of each set. This is done jn order to minimize the 

random error cre-ated by the DAQ device. This procedure provides the 

desired sampling rate (1000 Hz) . The signal ls then processed further 

by using Fourier analysis to remove signals outside the frequency band 

of interest. 

In the Fourier analysis, two mode of filter are available for selection: 

namely "Ideal filter'' and "Butterworth band pass filter". Butterworth 

band filter is the default. Ideal filter mode is included for the possible 

further devek,pment proposed, as it is more suit<1ble for an absolutely 

constant frequen::;y input (.e.g. precise electrical power driven loud 

speaker). Before anlllysis of the data, the filtered Signal passes through 

an interfacing stage. 
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7.4.5. [nterfacing 

Three Vis are included in this task. Namely "Extracting Peaks", "2D to 

1D" and "R.emove Zeros", The peaks of the filtered waveform are firstly 

extracted by the "extracting peaks'' VI, these peaks determine the 

changing pressure ( tlP ). This result 1s in two dimensional (2D) matrix 

format. This data is rearranged into a one dimensional {1D) array by 

"2D to 1D" VI. The data then flows to the "Remove zero" VI. This 

removes any zero data due t o distortions during the trial period or in 

the first and the last array. 

This interfacing stage transforms the filtered data to a series of the 

changing pressures ( j.p). The size of this array ( ,bt.sm.,r ) is used for 

feedback proposes (see section 7.4.8}. 

7.4.6. Analysis of the cf1anging pressure ( M') 

Two Vis are included in this process namely "Threshold'' and "Mean and 

SD". Threshold VI excludes any ~\P that are out of the acceptable 

range, Some reasons why these erroneous j.,P 's occur are: 

• Movement of the subjecl in the chamber during the trial period 

• Noise generated from the environment 

• Accidentally opening and closing the door 

• Shaking of the chamber 
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The size of the remaining data in the array ( ,;b !,,,.,., ) is used for 

feedback proposes (see section 7.4.8) . The mean and the standard 

deviations of the changing pressure are calculated and fed into the 

Basic information VI. 

7.4 .7 . Basic information 

Two sets (measurements obtained from theoretical and practical 

interpretation} of data are entered into the basic information VI. ;\/' is 

coming frorn ''Mean and lhe SD" VI in the analysis section and the 

Height, weight, age, sex, tidal volume, atmospheric pressure value are. 

entered manually. v.,,u, and BMf are determined by these two sets of 

the data hence %BF of the subject. 

7 .4 .8. Evaluat ion of the trial 

This section is named ''warning" in the software. Two type of the 

evaluation is applied here : firstly, size,.,,. .. ,, and .<i'7.E)"'' will be compared, 

If more than 25% of the ~P values from the trial are outside of the 

threshold values, an error warning will be generated and the. test will 

be reported . This type of error will occur If artifacts are generated 

during the trial. It is recommend the te.st to be repeated again. As .an 

additional test, the calc.ulated % BF is compared to BMI. If the result 

shows an unexpected disagreement for a particular test subject, It is 

recommended that the test be repeated and lung function be 

preformed , More detail is covered in the Warning section on page 205, 
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7.4 .9. Final Resull 

lf the trial passes two checks mentioned in the last section, the result 

is accepted. Tf the t riaf is reported to be unsuccessful, a new trial will 

need to be conducted. 

7 .5. Conclusion 

The hardware and the software are constructed according the principle 

finding in the last few chapters. The whole package is constructed in a 

way that ·1.s user friendly and can be upgraded easily. 

For both softw<1re and hardware, the components link to one another 

and are independent to allov>' the further development to be achieved 

from component point of view. 
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8. Test process and Results 

8.1. Introduction 

Previous chapters have outlined the theory of ADP and critical factors 

for obtaining accurate estimation for % body fat. A two chamber 

system has been designed and constructed based on these insights. As 

mentioned, the air in the chambers needs to be compressed Tn order to 

measure the resulting pressure <;ha nge ( M'). This chapter presents the 

results of chamber air <::ornpress1on using 4 different methods, of Whi<::h 

t he 4th method was chosen in the final implementation of the device; 

namely a dynamic dual chamber system. The re~ults using this system 

to measure the volume of inanimate objects are presented and 

discussed . The chapter is divided in to tl1e following sections: 

1. Method used ln the testing procedure for the validation study 

2. Investigation of three possible ADP designs 

3, Dynamic dual chamber system 

4. Identification of the errors in the practical interpretation 

5. Evaluation of the design 



8.2. Method of device validation 

As previously statec!, body composition analysis requires high precision. 

An er~or at any step of the testing procedure can have a large fmpact 

on the result. This means that studies have to be performed to fdentify 

SOl!rces of error, and these need to be minimized by suitable hardware 

and software design. Part of this is achieved through theoretical 

analysis (described in pervious ch<1pters), howe11er the final product 

need to be- tested practically. Results of these tests are then used to 

redesign the device using the following chart: 

Design tl1e 

:7 pro·cedure f<>r 
the tri3ls 

el 
' 

Testtrliil f◊r 
inanimated 
objects 

--i ... ±✓ 0. 
' 

Test trial for Identify the error 
living subj~ct and Justify the 

sy:;;tem to address 

01 A 
. ' 

Cross reference 
with DEXA 

<:T.:1 T.:1sk 
e Ci) = completed 

r 
successfully 

Present the fln,il 
A = unsuccessful $.yste111 
' · results 

Figure 8 .1 Flow chart of the devite validation 
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In figure 8 . 1 the positive sign means that the result of the volume 

measurement is good enougI·, and hence that we can move to the next 

step. A negative s,gn means that the result of the volume 

measurement is unacceptable or that there is disagreement between 

results. A poor result i111pl ies that some aspect of the set up has to be 

reviewed. Tl1ese aspects coulcJ eit£1er be in t he design stage or testing 

stage, either way the system must be adjusted to address this issue, 

Tric1ls can be divided into three main parts: those 0 11 inanimate objects 

(by Using the calibration tool), huinan subjects and cross referencing 

with DEXA. See appendix F9 for the detail of operation of the ADP 

device. 

8.2, 1. Testing using i nanimate ol)jccts 

Styrofoc1m bricks, with known volumes were used to test the device; 

the bricks were added sequentially in multiple tests to achieve test 

volumes between 50 and 100 litres. In each test, the volume was 

co1flp<1r~tl Lu Lin~ u ue volun~e. A successful rneasurement means 

reaching the initial goal of this project at different points. in time. 
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8.2 .2. Testing using livlng subjects 

Once the testing of inanimate subJects is completed, trials on human 

subjects can be p.erforrned. The rneasure of success is that different 

individual's results should be consistent and 111 agreement with the 

results from DEXA. 

Test procedure for test subjects (see figure 8.2): 

1. Trial subjects are required to sign their consent form (see appendix: 

F2). 

2- Trial subje'Cts then do anthropometry measurements as well as fill 

in the personal inrormation form (see appendix F3). This step 

provides the height, weight, sex and tidal volume of the test 

subject. 

3. A calibration trial uslng a known volume inanimate object is done 

immediately prior to the measurement. This step happens at the 

same time while the test subject is busy fillirg their consent form 

and personal infonnation form. 

4. Inputting of the personal data to the software 

5. Performing the trial according to the test procedure. See the 

detailed instructions in appendix f 4 (for the test subject) and FlO 

(for the operator) 

6. Results ;,re pr·esented in terms cf % body fat, !\ ,,,,, (corrected body 

volume) and Body Mass Index (BM[) 
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Operator New Test 
subject 

1 L 
Calibration Consent form 
stage 

Tidal volume 
measuremen1 

Personal 
data ini,ut 

Personal 
inf.::irmcation 
form 

Trial starre 

I Obtain result j 

Time 

Figure 8.2 Flow charl of Lhc lesl procedure 

8.2 .3. Cross referencing with DEXA 

Once consistent results are achieved wilt1 body composllion analysis 

using ADP, tt can be compared with Lile reference method for this 

project, i.e. DEXA. 

Using DEX/\ to detarmina Lha body composllfon will allow the 

assumplions of Lhe ADP device to be refined. rn particular, it is 

essential Lo eslimale Lhe volume of lhe isolhermal air around lhe skin 

and so this will ha,ve to be dt!Lcrmincd ernpirlcally in a Lria I using DEXA. 
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A total number of not more than 10 subjects are appropriate for initial 

cross referencing .. The subjects w111 not be per·nitted food or water 

between measurement of body composition with ADP ;rnd w1th DEXA, 

and these measurements wil l be performed as :losely as possible in 

time. 

The results of the Lwo methods will then t:e compured, If the 

correlatron between them agrees with the literature studies, the ADP 

device will be determined to have bceh successfully developed. On the 

other hand if umicccptablr c1,rrelal:1ons are obtained; tt~c ass11mpt1ons 

such as isotherinal air volume will be refined and the steps of the test 

procedure repeated unt.il an 11cceptable result is achieved. 

8.3·. Investigation of three possible ADP designs 

Three designs were investrgated : 

1. Using the lung diaphragm as the volume displacement generator. 

2. Using a commerciat ventilatcr u;; the volume displacement 

generator 

3. Using a single chamber system with motor driven piston pump as 

the volume dlsplac:ement generator 

See Critical reasontng of the!5e attempts in ilppendix FS and details of 

these methods and related Issues in appendix FS to F8 . 



8.3 , l. Using lhe lung diaphragm as the volume displacement generator 

In this design, lhe o:;sumplion is Lhal lhe stroke volume (a1V) can be 

caused and quantified IJY l)reoth1ng and the resulting change in 

pressure ( M ' ) measured. Ttie body volume is calculated using the 

following equation : 

v . = v ,, r .::, v. 
1 .Ol:>!t',;r \ -tlfll l j,_p . . , 

(8 ,1) 

Figure 8 .3 shows lhe rest1 lls obluined L1sing lhis design , This graph is 

offset by the aver;;;ge value for 2 1 tri,;11s on the s,;1me subject, and only 

shows the variation of each separate trial ( this also applies lo figure 

8.4 and 8 .5). The differences In calculated body volume can be as large 

as approximalely 20 lilres from sample to s-ample. 

2ii 

!!:I Body vdume differcut:e £;om mc,,n 

6 i 8 9 :t: I. !2 13 ~A I' lCl I'/ .8 19 '20 ~ I 

Tri~l 1111mJers 

Figure 8, 3 Calculated body volume for 21 tr i,;1ls on the same subject 
using breathing as an air dlspl.;ccment gener,;1tor 
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8.3.2. Using a comnierci11I ventilator as volunie displacement generator 

Tl1e main assumption is thal the ventilator delivers a constant stroke 

volume at a constant frequency. Two stroke volumes (0.75 litres and 

1.S litres) were used. Figure 8.4 shows the differences in calculated 

volume can be as large as S litres from the mean . 

6 

s-
2 ;_ 
C, 
> 
>. 

] !) 

g 

: 
.4 ! 

I 
I 

-f:. ._ 

□ O.'i5 liter of ai~ displaced 
Iii I .5 !i'.c: o:· air di,pl~ccd 

7 3 4 .I 5 , ~ \l Ill . I J? •. , 14 JI . 6 I: 18 19 70 ' \ 22 7.3 ~4 ?.3 

Figure 8.4 calculated body volume for 25 t r ials on the same object 
using a con~mercial ventilator as tl1e air displacement generator 

8.3.3. Single chamber system using a motor driven pump 

The biggest advantage of usrng a motor driven piston ·ype pump Is 

that the pump delivers an absolutely constant volume displacement. 

This reducr,;; the variation on bocy volume calculated from ,\V i M' , 

since ,~v is a<;curately known anc absolutely constant. Fi.gure 8.5 

shows a maximum difference of 2.5 litres from the volurni.} between 15 

trials in a single subject us,ng a motor dr,ven pi;ton pu, p to drive a 

single chamber. 
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figure 8. S calculated body volume for IS trials on the s, ~ne subject 
using <l single chalnber driven by a motor driven pump 

8.3.4. Discussion of these three designs 

None of these three design is able to measure the body volume to the 

necessary level of accuracy (200ml) requlred for body ·.omposition 

analysis. The best design of the three is the motor driven piston pump 

as the stroke volume Is known accurately and ls constant. This reduces 

the error in calculating body volume considerably. See further 

discussion 1n Appendix PS 

The empirical results serve to val idate the theoretical model, as 

empirical studies for the single chamber analysis agree with the 

predfc.ted results from the theoreticiJI model in table 5.3 (wi1ere in the 

theoretical model 2°/oBf' ac<.uracy is interpreted as 200 ml vari<ltion in 

volume. Similarly 1 litre represents more or less 10% of Bf-). 
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8 .4 . Dual chamber dynamic system 

This design uses two chambers, namely i:l test charnt)cr arid a 

referen<;e chamber, eac;h driven by a piston pump. The d iffe.re11c;:e Tn 

pressure! bntwcen the, chambnrs is monitor~d. Th\? idea here Is that the 

pressure difference between the two chambers that is due to 

extraneous effects will be reduced while those di.le to the object being 

measured are enhanced. 

8.4.1. Method of operation 

The sizes of the test chamber and the reference chamber are 

determiric.,1 u:si 119 Llie single 1..hil 111btr 11 ,etl ,uJ dS desc.r i~ed i11 the 

previous 3ection. It is the most readil y available method to determine 

the sizes of the charnber as wel l as the effect of the air leakage. By 

using the same method, constant variable!; 1 are generalcd (because 

the size o; tho two chambers docs not change ever time) u;;:ng formula 

5.2. whict i 1s used to determine body volume (1·~ ). See mor0 discussion 

about these constant vanables in section 8. 5. 

With the es::r.1blishod cl1arnbcr sizes, the volurnGs of the test objects 

were measured . Tho absolute difference between the true and the 

empirical values for the inanimate obj ects are determined and 

discussec Based on these findings, the deviation between empirical 

values for the inanimate cbjects c.ir,d tl,e average vall.le i'i re used to 

calibrate th •:, , ;evice. Sec the rectification process in appendix F9. 

' Corrsran~ vari2t••e refers ro ri,_,, parilnierers thilr ;ire regci·:jecJ as con<~<1nt {)Ver t11e 

duration o ,J 1 • e;.Lperirnent. 
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8.4.2 Results 

After m{,,e than 5,000 samples of st1,Jdy, the pressure chz:nge in the 

test cha,·1ber in respon5e to the known changing volume ( j,V ), was 

consistent with. a chamber size of N588 litres, and reference chamber 

~174 litres. These volumes are larger than those ·Jbtained Ly filling the 

chambers with water, e.g. flling the Lest chamber with water yield a 

volume r•t N520 litr es. The disagreement betwe::n the two results is 

due to c0n~rolted air leakage into the chamber. The leakage makes the 

experieflL~r.i pressure seem smaller hence the chamber size looks 

greater. ·: his result agrees with tl1e theoretical test cham::ier (585.2 

liters). See appendix B7 for t[1e detail of lhe simulation. 

More th -:i n 20,000 sets of data 1;>,ere obtained using the dynamic 

chambe1 system . Most of the data follows a similar pattern. Typlcal 

data wer<= selected to represent the problems encountered during the 

developn,~nt oftl1is device . 

The fol lu,ving result compares t l1e difference between the measured 

volume and true volume of i nan,male test objects. The averJge of 15· 

successft I t rials is used here to represent each point. 
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The rela: 0t1ship between the volumes of inanimate test objects to their 

correspc.'dir'g experienced pres;;ure has also been investigated. A 

second c, 1-de~ curve has been fitted to these empirical results. These 

results a:-e r:>Jmpared with two theoretical curves: One generated with 

no air le ~l<age from the chamber 1.111d the second generated from the 

case of :, c-..rntrolled c1ir leakage from the chambers using 1.5 m long 

pipes of ·ad1 ,1s of 3mm (figure 8.8) , 
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Figure t. 'I i'';easured anc theorctlct:il pressure difference for inanimate 
objects ,: a dual chamber system 

8.4.3. DL.cu:;sion of the results 

The the1,re tical anatysis (in figure 8 .8) shows the pressure c1fference 

between t h, two chambers to be almost constant for the test objects 

betwee1 10 ?nd 60 litres. In this range it is dlfficult to determine a 

unique v,tue of the volume sfnce the experienced pressure curve in 

this rang•~ is almost flat. These measured resL1lts are very si:"" \lar to the 
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theoret : al result in this regarcl, reinforcing thot this vo:u me rahge 

should b~ avoided when performing volume. The empiric0I results do 

not clos _ .y match either of the theoretical values. There ar-e , .,,.,o major 

reasons for this. Firstly, since pressure is almost the same for the two 

chambers the relative amplitude of the surrounding noise becomes 

more sI· ,-1ificant. Secondly the true volume of the test anu reference 

chamber is roughly estirnated in the air leakage analysis. Du,.; to these 

obs.ervo ons, any furtl1er experiments for· subJects between ..;c, and 60 

litres aI e excluded at this stage . For this discussion, the rest..lts are 

grouped nto two divisions: 0-40 litres and 60-100 litres. Result 

obtaine.:. rrom both groups are investigated and compared Sc:f-'.arately. 

This serves to he.Ip aid fur ther development by determining ,•,h.,;Cher to 

decrea::.-- the size of the test or referencf:: chamber. This ;;pproach 

shows t h.it for furthP.r develorimen t, i:hP. test r.lvimber si7e sh,~uld be 

reduceu t.;y at least 60 litres or alternatively the reference ct1u111ber by 

at least _o li ters to circuinvent the problet11. In figure 8.8, ;; <-unstant 

offset b tllso observed between the empirical resull and the Lh.:(,retica1 

value ~ :tn the air leakage effect. Tl1is could result from the .::s~.., ;nption 

concerni. 19 the constar1L vc1rfables. Jndividual tric1J results ~huuld be 

investi~a,ed to verify th1c; presumption. 

8.4.4. 1 ,lividual trial results 

Two gr_ J ps of results are evaluated ( see figure 8 g & figure .: ~CJ). 1.5 

trials v,c, e performed 1Nith 4 objects of different volumes. Thi:: c. ,erage 

value ( i "1e 15 successful trials is used as the zero and the svread is 

shown L / the difference between ea.ch Lrial and the average val, •e. 
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The sam~ 60 lilre ol.Jjecl was me,1s1.1 reel on t l1ree different dJys Figure 

8.11 shov,s the resul t of Lhe L11ree measurements. Simila r tc above, 
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Figure , , 1 Comparfson of the measured volumes for the f :) 11 .-e test 
object r ._r three days 

8.4.5. i , lysis of the individual resu lts 

In flgur-1 b .9 & 8.1:) indivicual trial resulls an~ found to be re!J~atable. 

This ve , •i % lhe earlier presumes in section 8 .. 4 . 3. Figure P. .11 shows 

consisL . results on any given day-. Tl1e siinilar t r -:!nd bt, _ slight 

variatk 

differei. 

between the three different .days could therefore be due to 

atmospheric con<:itions , ft.lthoug 11 the varia~i:::ns are 

camper .z, =d for in the soft·-:vare, :naccuracies in the baro;i-1,. - r can 

cause ,.· r,. rs from day Lo day as iGenlified fn uppendix E2. 



Due to budget constraints of this project; It is not applicable to acquire 

a more precise barometer. To accomplish this Issue, the absofute 

atmospheric pressure is assumed to remain constant for a short period 

of time (within one hour); hence the atmospheric pressure becomes 

another constant variable in the project. 

8.5. Critical reasoning about the constant variables 

The following variables are assumed constant in the calculations. 

• Size of the test chamber 

• Size of the reference chamber 

• Leakage air from the test chamber 

• Leakage air from reference chamber 

• Atmospheric pressure at the time of the trial 

• Frequency of motor which c;lrives the piston pump 

Unless one can be certain about the absplute value of each of the 

components, a calibration stage is needed . It is unavoidable to make 

the assumptions that the above mentioned variables are constant 

during the meastJrement time. Subject to these assumptions; the ADP 

device can be calibrated by objects of known volume, For each known 

calibration volume, the relationship between the change volume due to 

the pump ( AV ) and differential pressure ( M' ) is measured. This 

relationship is constant, and allows us to deter mine an unknov,·n 

volume from i\P alone. See appendlx F9 for the detailed calibration 

procedure . The calibration is performed separately for objects below 40 

litres and above 60 liters (see figure 8 .12 ai1d 8. 1-3). 
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A second order curve fitting was fitted to t he empirical resulls. The 

coefficient of the equation is used to calculated Lhe volume ( 1',, ) from 

measured differential pressure ( ,\!' ) . The relationship allows us to 

calculate lhe volume of any lest object from the ( \i> ) . Figure 8 .14 

shows the calculated volume of the test subjects, using the empirical 

equations. 
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8.6. Analysis of the calibrated results 

I n figure 8.15, t1e measured volumes closely riatch the true values 

after cal ibration of the system . However the results stil l contain 

unaci;:eptably large errors ( i.e. not within 200ml). 

One of the assumptions for t t1is project is that the motor whicn clrlves 

the piston pumps Is moving at a constant frequency (section 6.7). I f 

the assumption is made that motor frequency is constant, then the 

calculated volume of the test object wil l contain an error if the motor 

frequency varies. 
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A linec1r relationship has been found between the speed of the motor 

and the calibrated volume of the test objects (figure 8.16). Description 

of this. llnear relationship ~vould be: the higher the average motor 

speed, the larger the subject appears to be. 

An explanation for this is that when the motor is revolving at a higher 

frequency, the AC leakage becomes relatively smaller in comparison to 

the stroke volume; (see the description of the AC leakage in appen(liX 

B7) leakage volume from tile chamber is proportional to the amount of 

time over which Lhe leakage occurs, so for a higher frequency, (period 

of cycle is shorter), there is a lower leakage from the chamber. When 

the AC leakage is small, the experienced p1·essu.re ( !\/ ' ) is lc1rge, due to 

this effe ct the size of the subject 1s over esti mated vice versa for low 

frequency. 

The result of an experimental study is shown on the following Figure 

8.16. The relationship between the motor frequency and the calculated 

volume seems to be fairly linear. Variations in motor frequency 

therefore have a direct bearing on the calculatecl volume. 
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The fact is that figure 8 .16 i's not a perfectly linear relationst1ip, covld 

be caused by the following: 

• The random error from the barometer 

• The random error from the differential pressure sensor 

• The random error of the DAQ card 

These errors are cJlways present and result in corresponding errors in 

body volume estimation. BeCcJuse of these errors, it is inadvisable to 

correct the calculated volumes from motor frequency using the linear 

relationship determined earlfer. The solution to this problem is to 

acquire an absolutely constant frequency stroke volume generator. 
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Witl1 the present set up. Tne size of an inanimate object can be 

determined within 1300ml accuracy. (or 1% full scale) although this is 

precise in determining the remaining air in ch2mber, it is not good 

enough to provide a promisi11g result for body composition analysfs, 

where 200ml accuracy is required for a less than 2% error in body fat 

estimation . Although, with the present set up, the ini tial goal of 200ml 

accuracy has not been attained, the source of error has been identified 

and its effect quantified 1n determining the volume of the subjects. The 

next chapters give recommendations to overcome these problems, 

which if implemented, should result is an appropriate system for body 

composition analysis. 

8.7 , Conclusion 

The procedure for measurement and the cal ibration steps are proposed 

in this chapter. By using a stable frequency motor to drive the air 

displacement into two chambers (reference and test chamber) and by 

measuring the pressure differential, good correlations have been 

obtained between the true volume and the rnlculated volume of 

inanimate test objects. 

It is concluded tllat consistency of the motor frequency is the major 

key in ADP analysis for body composition analysis (beside the accuracy 

of the pressure sensor and the volume precjsion cf the DAQ system). A 

further deve.lopment system is .suggested in the rext chapter based on 

these conclusions. 
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9. Discussion and Recommendations 

9.1. lnfroduction 

This c1·1apter is divided into two parts : discussion and recommendations 

of the ADP device and the 2C model. Recommendations for the device 

inGlude suggestions to improve the present set up. A detailed plan and 

cost to implement this is also fncludcd. 

Even if the measurement of the subject's body volume can be as 

precise as necessary, thls would not circumvent the rnafn limitation of 

this project, which is the assumption of a 2C moclel. ln the second part 

of this chapter, the major factors that influence the assumption or a 2C 

model arc discussed. The t11eoretical model has been extended to 

understand the impact of body composition assumptions in the 2C 

model. This model has also been extended to quantify the hydration 

effect in body composition analysis. The primorY motivation is that 

hydr;;ition hos a major impact on other body composition methods (BIA 

and DEXA). 
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9.2. Discussion on the ADP device 

Various methods of body composition analysis have been described. 

ADP was chosen as the best available method. The lheory of the ADP 

device was described in det;iil. A theoret\cal model based on all the 

parameters was used to calcuJale the oplimal value for e;ich parameter 

in the device. As one of the aims was for this device to be developed at 

low cost; great care was taken to optimize the performance within lhe 

budgeted constraints. Various rnetl1od to c.ompress the air in the 

chamber were attempted . These included using a standard ventilator, 

where the change in volume, and lhe frequency could be set on the 

front panel, as well as using the natural breathing rhythms of the 

subject to compress the gas in the chamber. Allhough lhese methods 

are attractive in term of ease of use and cost , none of them proved 

accurate enough fo1· tl1e purpose of body composition analysis. For the 

best ;iccurac;y, it is necess;iry to utilize <'l compression device with ;i 

constant stroke volume such as a piston. Even so, a single chamber 

device with the resultant change In pressure referenced to atmospheric 

pressure was not accurate enough . The final design was for a dual 

chamber system, each with its own arr compress-ion piston. The 

difference in pressure between the chambers Is monitored; this set up 

optimized the change in pressure that occurs when an unknown 

volume is placed within the test chamber. A plethysmography device 

was carefully designed and constructed from the acquired materfi:lls . 
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This final design successfully achieves the aim in term of the cost. In 

terms of performance, the device was able to measure the volume of 

inanimate test objects to within ± 0.3litre in 500 litres. Although this is 

remarkably high accuracy, it is not sufficient to produce a meaningful 

result in term of % BF fat. 

The major sources of errors have been identified. In particular the 

consistency of the mechanism to change the chamber volume, the 

precision of the pressure sensor and the DAQ device are the key 

components which influence the precision of the ADP device. The 

solution to overcome these problems is included in further 

recommendations which include the plan as well as the budgeting for 

this. 

9.3. Recommendations for the ADP Device 

The main focus of this project was to measure the volume of air in the 

plethysmograph. The following two factors were identified In Chapter 5: 

1. To generate a change of known volume at an absolute constant 

frequency in the chamber. 

2. To pick up the resultant pressure signal that is generated accurately. 

The following system (see figure 9.1) is suggested based on the 

shortcomings of the present device: 
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( DAQ Device) 
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I 
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Figure 9.1 Suggested further development 

The requirement for an improved pressure sensor and DAQ card can be 

developed where the device relies on two loud speakers that replace 

the pistons. The speakers will provide a clearer volume displacement -

with lower noise. 

9.3.1. Required elements and their cost 

1. A dynamic signal acquisition and generation system (USD3,295) 

2. A ultra low pressure sensor with 0-0.254 mBar full scale (USDS20) 

3. Two Speakers which are able to develop ~240ml and 76ml 

changing volume 

4. A more precise atmospheric sensor should be obtained. See 

appendix Gl for the data sheet of the suggested device. 
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9.3.2. Basic description of the suggested device 

The operator will use the software to set the amplitude at the desired 

frequency. This digital signal will be converted to an analogue signal by 

the digital to analog converter. This analogue signal then passes 

though a signal amplifier. This is an advantage as we will know the 

amplitude of the signal as well as its frequency. The signal will be used 

to drive the two loud speakers and at the same time this signal will be 

fed back to the Fourier transform analysis. 

Instead of the present set up, the two loud speakers will create a 

volume change in the chambers. The output of the loud speaker must 

deliver the required change in volume regardless of the change in 

pressure in the chamber. The rest of the system will be the same. 

9.3.3. Advantages of the suggested system 

Advantages of the suggested system would be: 

1. Higher accuracy of the overall system. 

2. It is just one button control. 

3. The frequency and the size of the signal is known and can be fed 

back to ensure consistency. 

4. The motor does not need to be reset before the start of each trial . 
.. 

5. An ideal filter can be applied. This is because the signal is 

generated at an absolutely constant frequency. 
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9.3.4. Additional concerns 

A lot of noise is coming from the environment. In order to minimize 

this effect, a level of sound proofing should be constructed, as this 

provides an alternative way of blocking out all the other signals that 

interfere with the change In pressure signal and the absolute pressure 

readings. 

9.3.5. Alternative suggested design 

With the present design, an alternative approach would be to replace 

the DC motor by a precision stepper motor. This will ensure a precise 

constant volume output. The motor, its gear box, and controller cost 

roughly about ZARlS,000. See appendix G2 for the specs of the 

alternative suggested system. 

Even if the volume of the test subject can be determined as precisely 

as necessary, this only solves part of the problem. The density of the 

FM and FFM mass is the other major issue that needs to be addressed. 

The following section discusses the Inconsistency of the density of FFM. 

9.4. Discussion on the 2C model 

The biggest assumption for the two compartment model Is that the 

density of the lean mass remains constant among individuals. This 

assumption relies mainly on two components in the body: The level of 

the bone marrow density and the muscle fibre density. 
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Due to the variability of these two components; many studies 

(Scholler1989, Burke et al 1986, Wang et al 1996, Lim 1963 ,Borkan et 

al 1983, Wedgwood 1963, Schutte et al 1984) show that the density of 

an individual changes with growth, sexual maturation, ageing, physical 

activity and a number of diseases. Hence there are fundamental errors 

in the assumptions of the 2C model. It is essential to understand how 

each of these factors could affect the 2C model assumptions. 

9.4.1. Differences amongst racial groups 

In general, African origin groups have a denser and heavier skeletal 

mass, (Merz et al1956, Seale 1959, Trotter and Hixon 1974, Schutte et 

al 1984, Ortiz et al 1992), hence the assumption that the density of 

lean tissue is equal to 1. lg/cc amongst all races is not correct. Bone 

mineral has three times the density of other lean body tissues. Hence 

there is fundamental error in the assumptions of the 2C model. 

Schutte, 1984 proposed that lean body density for African origin 

groups be adjusted to 1.13g/cc. If this value is used instead of the 

value suggested by Brozek; percentage of body fat for the reference 

man (in table 6.1) would be 18.09 % instead of 15%. 

9.4.2. Difference in age 

Ageing people lose their bone mineral content as well as muscle. (Bunt 

et al 1990, Pollitzer et al 1989, Forbe et al 1987) 
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9.4.3. Gender difference 

With people of the same age, the bone marrow content Is dependent 

on the gender type. This phenomenon is especially true after 

menopause. Also the types of the muscle fibres are fundamentally 

different between the sexes (Withers et al 1998, Baumgartner et al 

1991). 

9.4.4. Overall evaluation 

There are many sources of error in measuring body fat percentage. 

Many are avoidable; however these are certain fundamental limitations 

using ADP analysis. Even if the measurement is perfect, it does not 

solve the problem of the 2C model. Different 2C model prediction 

equations (Schoeller et al 1989, Ortiz et al 1992) have been suggested 

to accommodate different group of subjects but there is no agreed 

standard among all researchers. It is important to understand and 

quantify the influences of these factors as they directly impact the 

principle assumption of using ADP analysis to determine %body fat. 

9.5. Final generation of the theoretical model 

9.5.1. Two component (2C) model 

The theoretical model has been expanded to illustrate the impact of 

Incorrect density assumptions based on the available three 

assumptions of the 2C model. The effect of this error can be 

determined in the final generation of the theoretical model. See next 

section for the recommendation on the research direction. 
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9.5.2. Hydration effect 

The hydration effect has been included in the theoretical model. If a 

known amount of water is added and the impact on our % BF 

measured, (based on the 2C model), the following were observed: 

1. If a SO litre subject is over-hydrated by 2 litres, body fat will be 

over estimated by ~1%. 

2. The same effect will happen to the 100 litre person when the 

person is over hydrated by ~4 litres. 

(See appendix BS on how to obtain these results) 

Based on the above discussion, the hydration effect is concluded to be 

negligible when the subject is within 2 litres of its hydration level. 

9.5.3 Further recommendation on the research direction 

Once we can measure the body volume to acceptable accuracy (at 

least to 100ml accuracy), then Random trial studies should be done on 

a large scale, among the samples, bone mineral content should be 

included in this analysis (from DEXA) and the differences between 

races and sex can also be recorded. 

Once these results are obtained, statistical analysis can be applied to 

reveal any correlations among the factors. If factors are statistically 

significant, a more precise 2C model equation can be created. This 

model could contain factors such as age, gender type as well as the 

race type. This formula can be developed in the future and evaluated 

by other groups in ongoing research. 
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10. Conclusions 

Determining the fat mass is an important tool for doctors in health 

assessment. The aim of this project is to design a low cost field method 

that can be used in the gym or shopping mall. Most of the common 

methods of body composition analysis are reviewed. Based on this 

review, ADP has the potential to achieve this aim. DEXA is used as a 

reference method for this project. 

The theory of ADP was successfully implemented to determine the 

volume of air remaining In the plethysmograph to within 300 ml. 

Although this is not accurate enough to produce a meaningful result in 

term of% BF, the major sources of error were identified. The solution 

to overcome the problem is included in further recommendations. 

Anticipating future development, the design has been chosen so that 

each component of the device can be Independently replaced by a 

better component. A change to the hardware or software can be made 

in a short time period. 

To conclude this project, I state that in all of the approaches to 

determine percentage body fat, limiting assumptions are present. The 

best solution of determining body fat mass should be a low cost 

approach, with reasonable assumptions, and which is easy and 

convenient to use. 
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Appendix A Formula related 

Appendix A1 Derivation of the two-component (2C) 

model: 

The body is assumed to be composed of two compartments, fat and fat 

free. The total mass of the body is equal to the sum of the fat mass and 

the fat free mass. 

. mass 
Density (D) = ---. 

volume 

Densities of the "2 components": 

fat mass + fat-free Mass 
Density = --------­

volume 

fat mass + fat-free Mass 
Density = --------­

f volume + ffm volume 
FM +FFM 

D = (FM/fd)+(FFM/ffd) 

Where: 

FM = mass of the fat compartment 

FFM = mass of the fat free compartment 

fd = fat density (grams per cc) 

ffd = density of fat-free mass (grams per cc) 

body mass (BM) = fat mass + fat-free mass 

:.D = FM+ FFM 
(FM/fd) + (FFM/ffd) 

FM+ (BM- FM) 
D = (FM/fd) + (FFM/ffd) 
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D = FM + (BM- FM) 
(FM/fd)+((BM- FM)/ffd) 

D = BM 
(FM/fd)+((BM- FM)/ffd) 

Bi = (FM/fd) + ((BM- FM)/ffd) 

BM x ~ = {(FM/fd) +[(BM-FM)/ffd) x fd 

fd fd fd 
BMx D= FM +BM>t ffd- ffd xFM 

Rearranging 

fd fd fd 
BM X ( D - ffd )= FM - ffd X FM 

BM x ( fd - ~) = FM x ( 1- fd ) 
D ffd ffd 

FM fd fd/ffd 
BM= (1-(fd/ffd)) x D 1-(fd/ffd) 

( 
fd fd/ffd J 

% BF= 100 x (1-(fd/ffd)) x D - 1-(fd/ffd) 

Siri assumed that fd= 0.9 and ffd =1.1 (gram/cc) 

495 
:. % Body fat = d d . - 450 

Bo y ensIty 

Brozek assumed that fd=0.9007 and ffd=l.l(gram/cc) 

497.1 
:. % Body fat= d d . -451.9 

Bo y ensIty 

For African origin groups, Schutte assumed that fd=0. 9007 and 

ffd= 1.113 (gram/cc) 

437.4 
:. % Body fat = d d . - 392.8 

Bo y ensIty 
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Appendix A2 - World health Organization's (WHO) 

interpretation for Body mass index (BMI) 

Body Mass Index (BMI) = Weight (kg)/ Height 2 (m) 

For Males 

Classification 

0:s;BMI<17.5 Anorexic 

7.5::;;BMI< 19.1 Underweight 

19.1:s;BMI < 25.8 Normal range 

25.8::;;BMI< 27.3 Marginally overweight 

27.3:s;BMI< 32.3 Overweight 

BMI~32.3 Very overweight or obese 

For Female 

Classification 
' 

0::;;BMI<17.5 Anorexic 

7,5:s;BMI< 20.7 Underweight 

20.7:s;BMI < 26.4 Normal range 

26.4::;;BMI< 27.8 Marginally overweight 

27.8::;;BMI< 31.1 Overweight 

BMI ~ 31.1 Very overweight or obese 
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Appendix A3 ... Archimedes' Principle 

The object's loss of weight in water is equal to the weight of the displaced 

volume of water. 

Since density = mass/volume, knowing the density of water, the volume 

of water displaced can be calculated. The crown* could then be weighed 

underwater to find the difference between its weight in the air and in the 

water. This is equal to the volume of water displaced by the crown ( dm3 
), 

since density of water is lkg/dm3
• 

*In the first century BC the Roman architect WnlYi.u..s related a story of 

how Archimedes uncovered a fraud in the manufacture of a golden crown 

commissioned by Hiero II, the king of Syracuse. The crown (corona in 

Latin) was suspected to have some of the gold replaced by an equal 

weight of silver, Hiero asked Archimedes to determine whether the 

wreath was pure gold. Archimedes' solution to the problem was to see 

the displacement of water by placing the crown into a bath filled with 

water. 
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Appendix A4 - Full derivation of the ADP theory 

In a closed system such as the plethysmograph 

P x V' = constant (1) 

When the volume of a closed system is decreased by a volumedV, the 

pressure goes up by Af' : 

(P+M')x(V -6V)' = constant (2) 

Due to the energy conservation law, the constant should remain the 

same though out the trial period. 

By equating (1) and (2) 

(P+M')x(V-6V)' =PxV' (3) 

Rearranging we get the following equation: 

[ J P+M' V (4) 
-p-= (V-6V

8
) 

Giving 

I 

(P+M'y V 
-p- = (V,, - 6V

8
) 

(5) 

I 

( P+M'y V =(V-LlV)x -p- (6) 
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Since ~ = V + VB the equation can be express in term of VB 

Hence 
I 

(P+M>F 
VB= V., +Li.Vx t i 

p; -(P+M>F 

Where 

J". = Volume of the air displaced by the test subject 
B 

= Volume of the air in the empty system v_ 

(7) 

(8) 

(9) 

v = Volume of the air left in the close system which equal to~ -VB 

LiV =the change volume of the chamber 

= the corresponding changing pressure in the test chamber 

= the atmospheric pressure of the present place 

r = ratio specific heat = 1.4 
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Appendix B: Theoretical model 

Appendix B1 Instructions for using the theoretical 

model 

Introduction 

This theoretic model is derived from figure 5.1 (Relationship between the 

parameters) as the assumptions and their interpretations are included 

into the model. The model is in an excel spreadsheet format and consists 

of the following 6 sheets: 

1. Precision & analysis 

2. Weight 

3. Isothermal gas 

4. Practical 1 

5. Practical 2 

6. Results 

Each of the parameters that influence the result is modeled 

independently. 

Instructions for using this model 

All the variables are included in the results sheet. By changing any of the 

variables; the impact on the "regional" parameter as well as the "global" 

accuracy can be seen. Here "regional" parameter refers to the parameter 

itself, "global" accuracy refers to the result. (% Body fat) 
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For each parameter there is a corresponding error. In the sheet "Practical 

1" the Data acquisition card (DAQ), atmospheric pressure and pressure 

sensor errors can be manipulated in order to determine how accurately 

they need to be known in order to achieve a given degree of accuracy for 

the estimation of the body fat. See table Bl for list of errors and its 

corresponding sheet and errors. 

Sheet 

Precision & analysis 

Weight 

Isothermal air 

Practical 1 

Table Bl 
Information of the errors 

Errors Corresponding cell 

fat free mass error 

typical scale error 

isothermal air error 

atmospheric pressure, 
sensor, DAQ device error 

J3 

Bll 

B10 

O6,Bl0,Bll 

The model mentioned in chapter S targets subjects between SO and 100 

litres. Analysis is done for the target subjects. Since extreme case errors 

occur at SO litres and 100 litres, the total accuracy and the minimum and 

maximum reading for the %BF for these two cases are provided in the 

result sheet. 

Total accuracy is shown in terms of percentage, where 100% would be an 

accurate measurement. (Refer to result sheet from cell F13 to F18) 
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The readings are shown in terms of body fat; where minimum reading is 

the lowest possible reading in body fat and vice versa. (Refer to results 

sheet from cell F20 to F22) 

See the corresponding page for the effect of the error on regional 

parameters, as well as how the errors are derived. On the right end of the 

sheet, a color code and unit key is included for the parameters. 

Information relates to appendix B3, B4, B6 and BS 

Table format is used in these listed appendices, Follow the instructions 

indicated below to obtain the result for these appendices. 

1. Open the indicated sheet 

2. Follow numeric order of the operations by changing the corresponding 

cell 

3. See the reason of the operation for the explanation of the operation 

4. Obtain the results in the relative table in the test 

Close the program without saving 
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Appendix 82 Investigation using the theoretical model 

The formulas in this model are based on the formulas covered in the 

relevant chapters in the text. 

Precision & 2C analysis 

This is the first developed section in the whole model; it contains the 

Precision analysis and the 2C model analysis. These analyses are 

allocated to the same page because they share the same variables. 

2C model analysis 

This section compares the differences between Siri, Brozek and Schutte' 

equations as the different assumptions used by these investigators result 

in different values for the calculated %BF. This is because of the different 

assumptions in terms of FD and FFD. Fat free mass error can be added 

into the model (from Result page cell Bl 1). It enables the user to see how 

the 2C model assumption effects the interpretation of the %BF. 

Precision analysis 

The mode of body fat for healthy males is 15% (Noakes T 2001). The 

model defaults to this value. In order to reach the initial goal ( ± 2% 

accuracy); the system should be able to obtain values of between 13% 

( cell CS) to 17% ( cell c4) body fat percentage for the average healthy 

male. 
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The next step is to understand how 2% BF can be interpreted in terms of 

body volume. This is done for all the three formulas (Siri, Brozek, and 

Schutte). See the derivation of the 2C model formula in appendix Al. As 

this is an independent study, the mass scale error is ignored for this 

moment. 

In order to estimate body fat percentage to within 2% accuracy, we need 

to obtain an accuracy of 0.2 liters for body volume (see Cell C9, Cell C14 

Cell C19). This result (which appears in cell C14) is done by assuming the 

subject is S0litre while using Siri equation. 

The required volume precision is determined to be 0.2 liters as the 

increment in volume prediction is incremented. This concept is applied 

through the whole model as this is highest precision required in volume 

measurement. 

Weight 

This sheet is colored in purple; as are the other weight related figures. 

This page allows the user to calculate the precision needed in terms of 

weight measurement. In the other words, it allows the user to show the 

relationship between an error in the measured weight and its impact on 

body composition analysis. A scale error can be added in this page ( cell 

Bll) as well as the result page (cell Cll). 
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Isothermal air 

This sheet is colored in orange; as are the other isothermal air related 

issues. Isothermal air includes VT0 , V0rr and the air around the skin 

surface vSkm. A total isothermal air error can be created in this page ( cell 

B10) as well as in the results page (cell D11).A total error is calculated 

due to the following reasons: 

• If Vro and Vm combined in less that 1 litre, the corresponding 

errors can be neglected. 

• The volume of the isothermal air on the skin V8t1i1 error is not 

reported in the literature, and so is determined empirically. 

Practlcal parameters 

Stroke volume, chamber volume, sensor accuracy, DAQ card accuracy, 

and atmospheric pressure are the five parameters covered in this sheet. 

Errors can be included in each of the parameters to be investigated 

during the calculation of body fat percentage. In which Cell E3 allows the 

user to generate errors in measuring the atmospheric pressure. Cell E7 

and Ell are figures that were directly obtained from the datasheets in 

appendix Cl and C2. 

Practical one 

The user is able to change the stroke length ( cell F2, F3 and F4) or the 

radius of the plungers (cell FS and F6). This enables the user to 

determine the stroke volume of the two chambers separately. 
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Practical two 

This sheet shows the predicted error in volume (column D and E) and in 

%BF (column G and H). 

Hydration effects 

Hydration effects are covered in the results sheet. The assumption of this 

section is that the density of the water is equal to 1 g I cm3 
• When the 

subject drinks 1 litre of water, the sheet is programmed to add one litre to 

the subject's volume as well as one kg to the subject's weight. The new 

density is then calculated and this new density is used to determine the 

new % BF (see 28th to 35th row from column A to E) 

Results 

This page contains all the parameters (from cell 13 to 117) in the design. 

On this page the user is able to investigate the impact of any of the 

parameters on the calculated percentage body fat (see cell J3 to J17) 
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Appendix B3 Single chamber system Model 

Open the "practical 1" sheet 

Table B2 
Instructions to determine the accuracy of the single chamber system 

Experiment Operation 
Correspond Reason of the 
ing cell operation 

1. Change the 
test chamber Cell B2 

The optimized 

size to 400L 
chamber size 

Determine the 
2. Change to 

stroke 
Since we are 

behavior of 
volumel to 

Cell B4 evaluating the effect 

single chamber 
0.SL 

of the single chamber 

3. Change the 
system so no volume 

is displaced in the 
stroke volume Cell BS 

reference chamber. 
2 to 0 L 

4. See expected pressure on SO 
Cell ElS 

Results in 
litre subject tableS.3 

5. See expected pressure on 100 
Cell E26S 

Results in 
litre subject tableS.3 

Open sheet "results" 

6. Change Fat 
free error to Cel1B11 

This is done because 
zero 

Determine the 7. Change the 
we are considering 

the effect on the 
behavior of scale error to CellCll 

practical 
single chamber zero 

8. Change the 
interpretation 

independently 
isothermal air CellD11 
errors zero 

9. Error in % body fat on S0litre (cellF22- Results in 
subjects cellF21)/2 tableS.3 

10. Error in % body fat on 100litre (cellF2S- Results in 
subjects cellF24)/2 tableS.3 
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Appendix B4 Dual chamber dynamic system model 

Open the "practical 1" sheet 

Table B3 
Instructions to determine the accuracy of the dual dynamic system 

Experiment Operation 
Correspond Reason of the 

ing cell operation 
1. Change the test 

chamber size to Cell B2 
400L The optimized 

Determine 2. Change the chamber size 
the behavior reference chamber cell B3 

of dual size to 400L 
chamber 3. Change the stroke 

Cell B4 
Ideally the condition of 

volume! to 1L the two chamber should 

4. Change the stroke 
Cell BS 

be the same at starting 

volume 2 to 1L point 

5. See the expected pressure on SO 
Cell E15 Results in tableS.4 

litre subject 
6. See the expected pressure on 100 

Cell E265 Results in tableS.4 
litre subject 

Open "results" sheet 

7. Change the fat free 
Ce11B11 

error to zero 
Determine 

8. Change the scale Since we consider the 
the behavior CellCll 

of single error to zero practical interpretations 

chamber 9. Change the independently 

isothermal air CellDll 
errors zero 

10. See error in% body fat on (cellF22-
Results in tableS.4 

S0litre subjects cellF21)/2 

11. See error in % body fat on (cellF25-
Results in tableS.4 

100lltre subjects cellF24)/2 
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Appendix BS Determining the minimum size of the test 

chamber 

Volume occupied by the subject 

The initial goal for this project was to measure subjects of not more than 

100 litres. For further development as well as from the design point of 

view; subjects of 150 litres should also be accommodated. 

Maximum volume of the isothermal air in the chamber 

The isothermal air in the lung could be as large as 4 litres and the 

isothermal air around the body could be as much as 1.5 litres. 

Gaseous exchange in the lung is happening all the time. Assuming that 

the tidal volume of the subject is not more than 600 ml. (average tidal 

volume is 500ml) and that the subject takes no more than 20 breaths 

during the course of the measurement. Ten litres of warmed humidified 

air is fed into the chamber. This has the effect of increasing the density of 

the air in the chamber as well as the temperature. In addition during 

respiration, about 5ml of 0 2 are inhaled for each 4ml of CO2 exhaled for 

each 100ml of blood, so the effect is that the volume of the chamber is 

decreased slightly. 
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Apart from the breathing effect, the body temperature effect and the 

respiration effect also causes the PV constant to vary. The rate at which it 

changes depends on metabolic rate, which varies from individual to 

individual. 

Due to its small size, Vo/T is not taken into consideration. Hence the total 

isothermal air could be as much as 10litre in the test chamber. 

Minimising the errors due to isothermal air in the chamber 

The total isothermal air should not be more than 10% of the total 

chamber size at any time or the validity of the result can be compromised. 

This means that the minimum volume of air should be 150 litres at all 

times. 

Given that 150 litres of space should be reserved for the subject, the 

minimum size of the chamber should be approximately 350 litres. 
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Appendix B6 Worst case scenario analysis results 

Open the "result" sheet. 

Table B4 
Instruction to determine the effects of scale errors in measuring mass on 

%BF using the model 

Experiment Operation 

1. Set Atmospheric 

Determine the pressure error ,DAQ 

effects of errors card error and the 

in measuring differential pressure 

mass on %BF sensor errors to zero 

using the model 2. Set 2C model error 

and the isothermal 

air error to zero 

3. See error in term of %BF expected 

for weight parameter 

4. See how the reference man looks 

Open the "result" sheet. 

Corresponding 

cell 

E3, 

E7 

&Ell 

B11 & 011 

J21 

F21 

Table BS 

Reason of the operation 

Since these are the 

practical constraints of the 

ADP analysis 

since this is an independent 

study for weight parameter 

Results in table 6.2 

Results in table 6.2 

Determination the impact of errors in estimating the volume of 

isothermal air on %BF 

Experiment Operation 

Determine 1. Set Atmospheric 

the impact of pressure error ,DAQ 

errors in card error and the 

estimating differential pressure 

the volume of sensor errors to zero 

isothermal air 2. Set 2C model error 
on °/oBF and the weight scale 

error to zero 

3. See error in term of %BF for 

isothermal air parameter 

4. See how the reference man looks 

Corresponding 

cell 

E3, 

E7 

&Ell 

B11&C11 

]21 

F21 
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Reason of the operation 

Since these are the 

practical constraints on ADP 

analysis 

since this is an independent 

study for isothermal air 

parameter 

Results in table 6.2 

Results in table 6.2 



Open the "result" sheet. 

Table B6 
Instruction to determine the effect of errors in measuring atmospheric 

pressure on %BF 

Experiment 

Determine 

the effect of 

errors in 

measuring 

atmospheric 

pressure on 

%BF 

Operation 

1. Set DAQ card error and the 

differential pressure sensor 

errors to zero 

2. Set 2C model error, the 

weight scale error the 

isothermal air error to zero 

3. See the result of error in %BF for 

atmospheric pressure error 

4. See how the reference man looks 

Open the "result" sheet. 
Table B7 

Correspond 

ing cell 

E7 & EU 

B11,CU & 

011 

Reason of the 

operation 

Since these are the 

practical constraints 

on ADP analysis 

since this is an 

independent study 

for atmospheric 

pressure parameter 

J21 Results in table 6.2 

F21 Results in table 6.2 

Instructions to determine the over all impact of these three errors to %BF 
Correspond Reason of the 

Experiment Operation 
Ing cell operation 

1. Set weight scale error to 

0.03kg, Atmospheric error CU,011 & Since these are the 

to 0.0SmBar Isothermal air E3 basic assumption of 

Determine error to 10% using ADP analysis 

the impact of to determine %BF 
2. Set 2C model error to zero B11 

these three 

errors on 3. Set 2C model error the 

%BF weight scale error to the since this is an 

isothermal air error to zero B11,Cll & independent study 

DAQ card error and the 011 for atmospheric 

differential pressure sensor pressure parameter 

errors to zero 

4. See the result of error in %BF for 
J21 Results in table 6.2 

atmospheric pressure error 

5. See how the reference man looks F21 &F22 Results in table 6.2 
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Appendix 87 Air leakage Analysis 

The effect of a controlled air leakage from the chambers 

The PV constant increases as described in chapter 5 due to the 

multi-cycle displacement of the air. Experiments show that the pressure 

reading builds up in a very rapid fashion, since the size of this effect is 

much larger than the experienced signal in the chamber (known from 

experience). This effect has to be extracted before converting to digital 

signal. The best way to eliminate this effect is to create an air leakage in 

the chamber. 

Electrical model representation of the device 

The device can be presented by an electrical model (see figure Bl) 

Piston 
L 

R 

If there were Y. = .!_ f / dt 
no leakage .. c o 

leakage 

Figure Bl. Electrical representation of the device 

In this electrical model, if the resistor (R) is small, the DC current (I,..) 

will flow through the resistor (R) causing a slight variance D 1 ... x R . The 

AC current at the motor moving frequency (1.6HZ) will experience 

impedance (Z), where z = jmL + R which can be neglected if L is large or 
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compensated for. cc._._ represents the volume of the chamber. These 

elements can be expressed by the following equations 

zlotal = j:Ct!(jmL+R) 

C - V 
cliairm - p - X K 

AC = M' 
1emae R+ jml 

Af> 
DC1emp =-

R 

Where 

m = 2nf 

R= 8µ1 
nxr4 

In the equation, 

Vis the volume of the chamber, 

P 11m is the atmospheric pressure, 

K is the absolute temperature, 

µ is the viscosity of the air, 

r is the radius of the pipe, 

/ is the length of the pipe, 

pis the air density, 

f is the speed of the motor. 

A low value for R will reduce the pressure build up in the chamber to an 

acceptable level, a trade off being that a small but non-negligible AC flow 

from the chamber. This can be calculated and compensated. 
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Determining the leakage effects 

In the last section the theoretical interpretation showed that the leakage 

can be treated as a constant variable subject to the motor moving at a 

constant frequency. After computing these equations into a program (see 

air leakage analysis.xis in the CD), leakage effect is determined and 

introduced to both of the chambers via plastic tubes. These plastic pipes 

are 1.5 meters in length and 0.6 mm in diameter. 

Quantifying the leakage effect 

The leakage effect can be quantified by the equations in the last section. 

The advantage of compensating for this AC flow (leakage) from the 

chamber is that the chamber size will be able to be determined more 

accurately. However the disadvantage of this is that the motor speed 

must be absolutely constant at all times. Otherwise frequency ( f) can 

not be determined and this leads to AC leakage that cannot be 

determined. The motor used in the project does not rotate at a constant 

rate at all times. Although the variation in rotational speed is low, it 

causes errors in calculating the percentage body fat. 

Calibrating the leakage 

In calibration (which is discussed in appendix F9), it is assumed that the 

DC motor is moving at a constant frequency. From this assumption the 

leakage effect can be determined by applying the parameters and the 

variables to the equations. Table B8 contains the variables and the 

parameters applied to determine the leakage effect. 
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Table 88 

Parameter and variable that determine the leakage effect 

Parameters & variables Value unit 

Motor frequency 1.6 Hz 

Diameter 6 mm 

Density of air 1.2 Kg/m3 

Viscosity of air l.76xl05 Ns/m2 

Length 1.5 meter 

Atmospheric pressure 1013 mBar 

Test chamber 520 Litre 

Reference chamber 156 Litre 

Based on these parameters and variables, the chamber volume is 

determine to be 585.2 litres (using leakage effect analysis.m in the CD) 

The relationship between the pressure difference and volume of the 

inanimate objects is plotted in Figures.a. 

Assuming that the de motor moves at constant frequency, the leakage 

effect can be determined and treated as a constant variable1
• It was 

decided to calibrate the device in order to take this constant variable, as 

well as the other constant variables, into account (see section 8.6). 

Compared to quantifying the leakage alone, calibration of the device 

makes fewer assumptions. The error results (in volume) generated from 

the inconsistency of the motor speed is accommodated by the software 

(see Threshold section in Appendix E3). 

1 It refers to the variable that occurs constantly. Eg. Pressure sensor noise. 
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Appendix BS Determining the hydration effect in ADP 

analysis 

Open the "result" page. 

Table B9 
Instruction to determine the hydration effect in ADP analysis 

Experiment 

Determine 
the 
hydration 
effects on 
ADP analysis 

Operation 

1. Change the 
hydration 
effect to 2 
litre 

Correspond 
ing cell 

A29 

Reason of the 
operation 

Since these are the 

basic assumption of 

using ADP analysis to 

determine %BF 

2. See the corresponding %BF E
32 

on SO litre subjects Result in 10_3_1 -----------------
3. See the corresponding %BF 

on SO litre subjects 

Determine 
the 
hydration 
effects on 
ADP analysis 

1. Change the 
hydration 
effect to 4 
litre 

E35 

A29 
Since these are the 

basic assumption of 

using ADP analysis to 

determine %BF 

2. See the corresponding %BF E
32 

on SO litre subjects Result in 10_3_1 -----------------
3. See the corresponding %BF 

on SO litre subjects 
E3S 
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Appendix D letters 

Appendix 01 Letter to Libra Bathware 

UNIVERSITY Of CAPE TOWN 

Department ol Human Biology 
:,·,vlr\••Y -1"'-;11 '>:0:: ~ l•$ 

~ •'i'e:!!Sfy.(:1 '-.'.cN :v,:, 
"t.:' IWf,<':lrr; t;,;pr, f?,:1 

':,.;.,l•N ·'.<l 
l1:, + ;,J -11 ,,-.:,,, 1.,J:;>:­

f .J , + :~, :r, ◄.i+• nn 

;; .:1 111 :1 \ l~~-3: <Jr Sd~,'.~C $1uJ.en~ in 11\C" J~pa,:tmrnl ol' Onn1:Ji:::il ~ i.;tiru:W-11:H 1:-~lhc 
f;.,;l•lty cf lk11lll1 Sc.•c),cc. Cn,·11;-::-\f.y vr C1p..: Toi 11. I a111 cum:ntly pe:t1)~11,i::s:;. 
1111.:,li.,,.1 :c-:;,~:)t.'U 1h:11 rcqliite,, :he l'l•~os~:c,11..:••• vi' l.tud_t t·nmro):tiui:, 1 l·h 
r,~:i.:..>xmcn1 ~wi, . .-~.,~1! 11 ~rll!.'d d 1r,:~1ticf i,ll.) whiyli-::. :;.1,1•~•.1111 >1•bJ~c• 1;::.11 !1c 1falccJ . 
Al: !d'!.1, ','(hich I mu 1;-,i•..::--u ~alln!,!, :s tll: 1..1:c ,i1 IWO t"inlhf. 10 c ,~nsU'.,l't 1h\; \': ::.:t,11t-,,~: 

1:':t: ).ie~tUW{" t l'l•nt-:iJO+I ,s;, h:1tt •,1,h;clt i::. .-.1J11:1bli: I~, 1,J..:I, :, to1,,r,.,1,:1io:,. 111, , 

l~;o.Ci l:l,;;11wJ·,s- ·,, 11·,c lr.d,,, Ufr l1._, p-c: 1(,m)ti.l .;.1 tl·(' Ui. ··1 w..:.rk;;l~••:.l 11l the I ,Kt·l :t \l 
t:ca.,tt• !;i::.i!;'.n1.ic M, t>::.r,.,)n 11'.I;.. I; :·u1!y ~11.i~t,:, :it.l'li uwr I ·iJlq·, ~ 1:·,J h•; :,; ,1 ; ,u,, :11n11 ~I.> 
c.~11:;u~ ti"<'• bJ!l\,i l\,r thi,, r,:se:.::~h. r:i~:a. wouhJ b: , i:r; :W,1<-h -:1rr ;n •1:;,tc:,I Al~ .,d)' I:,~ 
,1~,sr::.nr.~ .,,.,I 1c+:h1f,l:d I'.,!, 11·~ b ::i h..:,~r -01' ii•ul!l'"""· hd µ II..' ,nc 
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Appendix 02 letter to borrow the ventilator 

UNIVeRSITY OF CAPE TOWN 

C>epartment of Human Biology 
fv,,U~ d t-1~-. SC"-.rcw. 

1ff\l\~•Y'1 ;t>.a.f\' ie,,.,, 
~~S,....;t(/ 1•(..'.qPI' ;,i1{~ . .,,..,t~, ~ 

· '"i· .:at, ~:~s-,-;;t-> 
f7(.; 'J1 7 · •Hflr.,'1 

19!0~/ZOO! 

t p:n.a :naHe.;.•&l!.!tfo:ut m 1h-;.~ ll5~1-mc:QKal Fn,Nir,c;r.1i:\t; div:skrn v! tl\c d.tl!3J1!1tOJJi nJ 
11:Joan Hiolv.1,->'· Univ~r.-.1~y oft·~~ 'tO'wi., : rJn ClUWl·I~, doing f(:-::l'r~:,, ~ n 
:':te.!5Uf:C_g_ ':,ody c.o:..:,fXISil/.01\ vi;:. J!r dlS:,):i:.,;~in~nt plC'l~;vs·rol,~'.T"?l-iy, wk<,:h ~) :tr.r·ym: 
Dr,)1ft' :. hi\\• 1-:.,.d1.M,i:1iut1 :h-: ~(lb•ni: ,;j th:: tt"·t.•ll~\ :.'.!.l-JccJ, l•'I Jt•t~rr,111.: Hie rnt:c, 
l,ch~tc-:t"n l},,: !t..:".: .,_:,-J !.hr: f.JJ n1.!ss- nf t:,(~ 1c..,;1in~ !1'- hJCCL 

A cl.;sec c.:':::i.mb::r fl")t.::.h)c;rri:>g~;,ll) a:i~I i.1 ret'c:entc l:~r.nH,tt lcg~;h~• Vtilh ctht: 
:;.1.1u,,:Jrt'ft!.:r.l :rs~!'rlur..!;rft hawi l1(~il cons-..r.!.;:ej Jn o:tet 10 .'\•tl :t:e t.-.per:mect 
(\t!tlic.1~1y, ,C 1s rcq:iucC t..:,{,ha,n.3t. a kro•,vr-. amot.r,L of gti v::>lu::,::- a! & :c:qi;Ue:J :a1e. 
At ihc :Y\OlllelYI, r, ·L)iJ:~ ~lu(1gcr h,B bt<1) ustd l!M:\:.::1.lly lfowc:·..-1:1 r,h.£> !:> ih~ i'i;!<'>: .\tOf 
~Jro1 ,efter.,. il .t.ot:~· 11~: 1l'"1~h ~l!l' :Jc.iii d accu:ccy 

l)t, r Joi.:b~r~-: 1,is 1: ,1,:Jb· $t1ift::.tld th~r -~ 111\J,;Jit \; 1;1 p:i-s11'.b1i:.: 10 httmw an cl'd l1t.>otil.11ol 
from your d~fJ;)J't::,etJL That Wlll !Jdp me lo ,~~ll\l:.: t,la.• rn~Jor pmNerri :ri my re,t:ir.,;b, 
11.} a rcntil.ahJ1 w:1UlJ be -=.11)1c. tr. t,;.rncru:- -:t i:.lf,Ma11.1 ,;~h•i~,e dt:>.rige lit .ni te.QuUd 
:.":t'.Lj,Ut''cl~_y. 

P'°lCrM-a 
$eo~O! Mas:c, Studc~i! 1:1 E1wnc:d:c.il 'l?:1!,t1.m·er,r~ 
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Appendix E Construction related information 

Appendix E1 Basic features of the hardware 

The basic features, design, construction and orientation of the devlce are 

described below. As mentioned In chapter 7, it is important to ensure the 

safety, convenience and the expandability of the device. The features of 

each of the components of the system is de:;cribed thereafter the 

orientation of the system. 

Figure El. Set up of the test and reference chamber 

The detailed engireering drawing of the whole device is rncluded in 

Appendix Hi, more photos are included in Appendix I. 
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Test chamber 

The lest chamber~ ri\JLSe E 1) huS l)ee11 desiij11ed lo prov'cle a comforlable 

airtight environment for the human st..bject during trials. Libra 13otlwvare 

l1as donated two idcnticill bath tUb made from f iberglass. Both bath tubs 

have Dpproxi,nate inner lieiyhts or l86C rr1m, width or 96C rnm a11d 

deptl1s Qf 4CO m111 . One of the bath tt..bs function as a base in which the 

sub;ecl si ls while t111i other acls os a door and i;lso contu ·ns a reference 

chambe1·. 

Fiberglass and resin ha$ t>een applied on tl1e 0L,ts1de st..rfuce of botl1 pa!'ts 

of lhe cho rnb!,r for reinforcement. 

-he testing chamber l1as bet~n designccl to stund L,pr::ghl with a 5 deCJree 

slope rearwards, so that the ,..-might of the door h i:>lps to lean on to the 

chamber and st;;iy closed all lhe t irr1e . The slight re;;r,,•;ard lean also ;;idds 

to the subj!,Cls co,nrort while sittrnCJ inside the cl1ambe1: 

Both b;;i,!1s come 1:,lth two 'NOOden blocks; hoies hove been made In these 

:, locks in order co connect tho slcel rn:irn~s (so ·, ~Ornm tt..bes with Smrn 

thickness) whfct1 sL.ppor: t!1e b;;it !1. rwo addilio11al woode1\ b locks have 

t)een p!acr:d on the base of the chamber lo i11cr0ase slabllity. The s teel 

frames have been designed to be adJJstalllc and c~ 11 be rnassernl)lcd . A 

fibreC)lass seat has been built inside l110 cbamber, wl1icl1 hos been 

s1.,pport0d bY an extra steel frarnn w 1de.r the seat ·or st..pport. 



/\ k!yer of se2 i rubber ha5 been glcied to [10th the· "·b,,!-.e" c1 nd the '•' door· .. 

pcll'l 0' the cha 1r r.er,; (figure F. I ) in order to c 1;;tJr C: "n ,ll(tig:,t seal . Two 

adjc1sr.,:,h;e hinges 'fse,, f'igVt; l·1 11 c!ppen-::i ;x 11; have t:l'!e11 clesig1~ed to 

cn~~d<C th21r the ':.>eal 1s t:'•Je~11y corip:-e5sed. An acrylic v-.•indo· .. v \"'/~~ 

rnsE:rtcc:J , nto L:ie -::i oor i;o t l1a·t the test suc:f ect ,ma op1,!r?.ror t ,! n So::'e tl'1e 

c1nothe1·. 

Two elt:!Cl rorr,Jgiiet s are c1:,ed to cl,,se the chmnter ar;a corrpre ..,.:, t 110 

! ui:Jber seal . [act· m agr,et drc:ws 0 .5A current, ,ina :;rov:des 3000N of 

'orce. Tw,J safety .:c·,•1itches, one ,,-,~idc till, ch.,mber <!'1d 0·1e 01.:tsidG th,,, 

ch2mi::o::( .;! llow t:ie o~erAor or t'le tes t <; l.hj ec.t t o ·Opell the door 0t m1y 

<; t,~ ge. This s,1 'ely featcire ensdn~s t!'le SL,i~Jt1cls can nntgct. trc1ppeC1 i r; I.li e 

chc11rber Th,,, E! lr,!ctrorm:gnels wrll 011 1-y 1101(1 th<c' Cloor shul ntK 0 tl1ere is 

co·1tuct bd·•Nee1~ 'J1e p!ates. A de! mp togelhe, wi th a t2•; i:e0r• ng { sea:! 

lig-ire (5 i,i appena lx I) h,,'Je tec:n Cie5igne•:J to close the door 'irrnly, 2fter 

·w:iich Lhe rr.aqnets hold it shut This cio::'s'gn c1llows the- cr:irr p to f,11 : bc1ck 

to its o(gin0I po<:1tion c!1'lc:c br•nginr; t 'le,;,, e:lectrom.;;gnets ,ir1d plates 

togelhi::r so th:it t l1e sut:jects i15i:je tile ch,,mber ·,v H ·1ol be trcppea (o;ee 

fig L.n,: J:, i·1 t1ppenci i x 1; . Tile: b2se of the chc:rnber :s fc1rnir,l1ed ·,t.i;tl1 

'i•KJo d ,, 1 11 lock,; <! 1d c:i r pE.·Ls . 

The refi,:rence cllc1mber ( 'igt.:r,, El~ is loc:ited on Lhe door ~2rt of the 

cha 1r ber insk1e t!li: testing ch;:;n1i,ec A , Ornrn thick ,einforced 2c:-yli c: ·•N<'ill 

e1~sures it s :-igiclitv. H :ivi 1g t 'l ,, rekrence cha rr. t:er i•15iae: the te.:.t' ng 

chamber re-::! u::es tl1e s1,e o• the test chc! rr ber unci prnv 1de~ the :::los0.:,t 
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proxirnil y to Lhe te~t r:hamlK:r ; 1:nvIron111erit wil l be the same for both) . 

Fcur add;tional rcctarigular ucrylic blocks were added inside lhe 

reference chamber for reinforcement. Tl1e chamber is sr,olecl With res,n 

and Fiberglas,; tape. 

Pislon mechani~;n 

T ile piston 111echa11 :srn ( figu;e E2) is made ot;t of· a DC motor-, scot ell 

systE: in is altached in appendix H?. 

Figure 1::2. The dual piston mech;,qism ;:incl 1ts po·,ver supply 

A geared DC motor (See table F.1 for the spec or lhe motor) is ~upplied 

witil a consla n: DC vo tage (figure E:?). l 11 pul voltage is direr.Uy 

propo;tiona•. to the rotalional freqL:ency of the motoI; Adjus·,:ng the input 

vo!Lage allows us to run :he rno:or at t11e dei;i red freq ue11r.y. Running lhe 

rno:or ill il conslanl irequency ensures tha~ tl1e pre<;~ure rr:odings eon be 

processed by digi ta l filters . An ;,ss1;mption Is ~hill bre;:ithin9 will no: affec 

:he rnotor speed. 

181 



Tc?ble C! 

Sp!"'rlhr,1t1nn<-. of rhc meter 

I yr,,, DC ':-hL•r1 L moLo l 

ro1 q ,H:1 471b;;.'ns (5 .3 l SN/;n ) 

Max Vol:aqe .'15 

Max spccd I 00 rprri 

Tht ::am 1·as three hole.<. of diffe:re:nt rnd11 wnicn fac1lilate rhree r11ffe,,n, 

rn:oke volu;n cs. lwo pl:1 11 <JC: r s wt::r1:: connecterl ta t he con11cc:tIng rou rn1: 

I I·<': Sc:otr:h yoke n1ec.:lw1•isrn ha!. been ct,osen beccusc Ir allows ll·e 

,notor Tc c1rlvc the r,lunrJc;r In,, s1nu;;o1du1 like> pallern . r1,.,.,, 1,-,•1l1 <lc·lrvc.r a 

S'fll'so1dul pressl.!re wcveonn 117•!. mcdv1111s:-n consisls ol l:.is1:111ent. 

yok-e, rod, d isc, connecting pin h<1tweerr ,nc· yo~e and lhe disc, 

conner.t,i19 p;n bet·,'llecri the motor 1md IJid disc and st..!ppornng blc;cl- for 

• Br.Sc' !t 11ccrls.H-' b(• w:rk: e1 ovgl1 .ind 101·<] enough fo1· tl~e piston .arrl 

the moto, (tnom1,ng ilh romponC!nts) lo fil. Th-= Ieng~ of the l!a<.e 

w,11 l)r ,lie lcn9tr. of ~he· plu1,g,~, .i1.kled '.O Lt·e ltnl)~h of th: SCO~I· 

yol..c Tt'i~ t;~se was r.onstn11:L~ll lrom a l 2rnrn trick re·rrorced 



• Tl1e yoke: Tl1e inside surface was caref.1l ly :-Pil led and the smoo~h 

inner surface s ensured . This allows the pin to rm:at~, inside ;:he yoke 

freely. The- yoke v•1u s cons~n.ic--~ed frorr slainle,s steel. 

• The rod : The er .Ix is rn ensure that ;:he rod is l 00% in line 1Ni tl1 t.l1e 

pIswn . 

• Disc; ·1 hrce differenl radii represenc 3 different s;:roke volumes. a 

con nectI ng pin, connects tl1e yoke anc -:he cisc 

DWere<1~ial pressure sensor and I-:s c1rcuic 

A Honeywell DC :rodel ultra low differenU-al presELire sensor ,s .1sed in 

chis project. IL huE been des;~ned co maximize sensitivity al low pressure 

:evels . This ccvic;c gives a voltage ou~pqt thal is direc;:ly proportional lo 

;:I1e di'ference in pressure ~e;:ween the two a:r i<1l1::ls. 

Tl1is sensor is inlernally cali~rated and leinpcralL,re compensaled , Tl1e 

des is n provides :ln ac-cu rate and slab le ou:put over s 0°C to 50'C 

leinperuLL,re raqge. Tl11s low-press.ire circ.Iit provices :1 ,5 Lo 4 • .5 I/ outpd 

for -5 to SmBar pIessure inpul. rhe sensor is- powered ~v a 12 '-✓ l)a-:tery, 

'Nl1kl1 is regulated to 51/ and fil :erec to cnsur,, noise rree supply. See tl1e 

data sheet in lhe :1ppend ix Cl for further details of ~his pressL,re-sensor. 

[xperirnents showed a 20 mV sinuso:dal 0.I;:p.K from che press:.ire 

transducer. This n-::>ise is fi ltered out Jsi11g a fourth order Butterworth IO'.•'J 

pass fi lter with a cut off rrequency of 1 :)Hz. Tl1e follo-.,v ln,; ciag, arr shows 

the response of ;:11~ fil,er. 

i R:i 
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F1gure E:- 3. Frequency resrionse of a fourtl, order Buttcrvvorth IO'N µass 

filter (toµ) nnd ,ts circuit represcntc1lion (bollom) 

Ths fi1le r ; s conslrucled will1 a Microchip de·Jice; MCP(,007 ( See 

Ari pend ix C4 for he dalasl,eet of the device) 

AnalogL:e lo digilal ccnverler (ADC) & Data acquisition (DAQ) 

!='CJ6013 fron· Nalicmil Instrumenls ·•Nas used to sarrple and ccnvert the 

ana iogue signals inlo digital sign a .s This devke featL: rcs 1 !i signal inµ~it 

channel at 200,0C0 sarrples per second, its 16 bits resolution enab le L:s 

to detect cl,anges of as I ittle as 1 5,IV (wl1icl1 is I , 2''· ) , A connector block 

witl1 68 screw lenrincJls and shielded IiO cables served as a tenrlniltlon 

ilccessory lo conned Lile signal le lhe PC. 

Sec append, x C? ror l ,e diltil sheet of tl1is device. 



Computer 

A PC with Jntet ::>entiurn Ill 450MHL CPU and 258M!3 Ral'dom Access 

"1emory ( R/\M) i5 u sed. '.See appendix E3 for the jetail of t!1e sofl·,,.,are) 

Ca,ibr2tion tool 

A !:!lock of Styrofoam v,ith 300 X 400X 500 mm !60 litres) I~ used ns a . , 

reference too'. The low cost, lighl we,ght and low C()tnpcessi l)i!:l y were 

considerations wh·en choosirsg the block. An 2ccurcle calibration must be 

preformed using U1is block before ead·. tri2I . 

Six adclilional cyli1".ders made from Sl yrofoam wer·e also used. These 

Styrofoam t y linclers 2re 200mm ir diameter ard 1 00mni i r·. height; 

givir'.g each u volume of 3.14 litres. 

Spirometer 

f1 5pirorneter (from C r Palmer Ply Ltd ) is used to rneosure the t ida l 

volume of the sut-ject. The measureme11t rs used to precl icl u,e thoracic 

ga5 volume. 

Tl1e spirorneler is al,m usecl ir·. tile study where the lung is used as a 

diaphragm Lo displace ti1e air. The resolution of th,, spirorneter is 10ml in 

vo!urne. 

H!S 



Control F\ox 

A meta! box w::r. dimc:1;s1ons 220 210"'1 lOmm ,5 usc,d as u F,iwc:ay 

u.19e 111 order ~o i~ulate the CJ f C;Jit,y frnm $Lrnng eleclrical a:1d m,1;;:nc,:ic 

field. Tl·. e: co,~trol :>ox ii; mountc:d outside L'1e le!;ti:1g chamber for safety 

and easy a:cess. Two !iok:s v,lth 5 rn:n diumeler en tl·,e sidt: of tlH' i)OX 

1:on~rol box . 

i h,, Box conL,1 ins on-? 1 2\/ se,iled r-?ch,irgeable battery, th,, '-ioneywe:I 

block, shic:!dcd 1/0, c:ahlc:s and Lwo p;pe~ which con ,~ect tt·.e d. fft:rc:n:i,J i 
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Appendix E2 Development of a method to measure 

atn,ospheric pressure 

Background 

P.ir 5tJrrour:cl1'1CJ Lh,~ e,~rth is tie,,Led by the su·1 :Jnd cooled by the rad iation 

lnlo spac"'· This cc1u;,e Lh,:> c!1an~e fn the ;1ir densit'f and he1:cc in ,h!; air 

pre~;;ure over ger;,;;raphic regions . Air pres,;ur,; in ,he chamber <'l iter ,he 

correspondins air pn,s~urc uf Uw c1;cl:.>snd s,,s, ,he· idore it i;, es;;entfal to 

rne,,sure al To;:;pheric pre~;,ure accuri.ltel'y, 

[XOJeC£ 

L Meast.:rement. with 111erCL1ry co!utnns 

2 . f'n;eliclion usln~ "c,,libralion Louis'' 

3. f'rediclion rrom lhe UCT wealher station . 

4. Di:-ec, measurement using a,~ aneroi(J barometer: 

Determining the atmospheric pressure using mercury column 

The rne,cu ry col.irnn is Lhe rn0s, Jccu rJu; rn~Lhod in determining 

JLT;ispheric [)ressve. '!'his is hnw atmospheric pre;;suro;:: is denned. 

(SL1bjecl L:.> knowi1y ,!7,; re·.:iuv,; n;Tpcr0Lurc o( Lt e Tercury) 

Mctho,J: LiSC a clo,cd tube filled ,._0 th the n,ertury ar:d ,hen i •1verted i•1to 

o rcservoit or cistc;rn of l'quid . The liq t.:id wi ll fall; a VilCLHffn v-111' l)C forrnc,J 

on Lhe WP uf r~1c ·nercury coluTn . 

/\dva nLJCJe' prec1~ 0. 
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:Jisadvanlage ; 1 :ic,unvc:iie11r, ,wai1ability. 
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Figure ='i . MC'rct.:ry column Saro·r.r:ter 

T:ie atmuspl'eric p!·cssurc can be calculatC'd using the fol low I :ig equ,iti011: 

()m is tl'>e density of ti,e Mercury, 

Hm is t'1e 'leigl'>t of tl1e I:1ercury a:1d 

Predicting the atmospheric pressure with "calibration tools" 

T :ie Idea Is to pi.it two known calibrat'10:1 vo lunw.s into thci ch,1111::ier ,md to 

l"M!.asure t:112 resul-cing \ // rclations'1 ips. 1-Nc '1ave ,wo ,rnknown ,;ar·abl(!$ 
'· !::. /' 

(the size of t:ir, c:iam::ier a.id lhe pre~er:t all'lvsp1enc pressLJrf.') and two 



By perfonni119 t.hree measurements, the result of the first N,o lriais will 

g;ve LIS two equc1tilrn,, to so••1e for tile 8Ice of lhe charnbe1· as well as f0r 

U1e ,,Lmospheric pressuI-.~. A tllir:-J trial can be performed to val idate the 

p·evious tr<als. h~o calibi'at1on slages u ,n be perforr'ned br:fore t.ht~ tr1?1I. 

I hi,: Is assurni ng Lnat the environmenta I focto·,: rem El in consto1 nt during 

tl1e calibr;it1011 perio:i . Sec the theoretic mo:iel in ''Palm u,:ir19 calibration 

tool" VJ !h Lne CD. 

Problems us1ng lhis method 

Tl1c theoretical rnorlcl shows lha tin order tu reach the desired accuracy 

in aLrnospheric pressure mcasurc'rnent (0 O5rn5ar) , we n~cd to 

successfully predicl Iu~ rnBar accur11ey in expencncerl pres:,LJrC (.;)J> ). 

This is impossible. JL Is not considered to be a practical solution for day Lu 

day u,:e of tile pl.ethysmogrnph. For future development; Lhis method 

' ·emains a potential vaildaU.nn rnelnnd for lhe precision of barnmNcr 

devices 

Prediction from UCT weather station 

UCl Departrnenl of Environrnent<1 I Stucl ie!., 111e<1surcs atmospheric 

pressure conlinuously. There are wealher slaliuns oi :I over the \:'-!cstern 

Cape munILortng wcalr1er change,: . Tnc 'nforrnatiun from the weather 

sl'atlon can be obtained from Lhc fo ! owing vveb address. 

(hllp:i/www .. csag.ucl.ac. ,:a imyvvealhcr/) ( Last access 2004/07/19 ) 
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As t hey have one ot the most accurate devices in terms of meascr1ng 

atrnospt1er;c pressure, a porlabie welllher slalion hus been borrowed and 

sel up in tl1e flow studies Jaboratory near the ADP oevicc T!1e results 

v,ere recorded 'or two weeks (samplrng 'NllS taken every ':lO seconds). 

Results 

Tl1ere v-:as no obvious relations•11p between tt1e ucr reoci;ngs and Lr,e Lob 

readings. rtlere was insufficient p:·ecision. This could be due to the 

following reason : 

• Differenl air densily between the indoor and outdoor. 

• Ti1e two places are not close enougt1 to have Lt1e same readings. 

Hence t his is not a suitable nwtl,ocl fo r this projE:cL 

Aneroid Barometer 

'-'lotorola MPX180AP (see appendix C':l Data st1eE:L of Lhis device) is a 

sensor w1·, ict1 rneasu res pressure from 0- L0J0nda r. T!11s device Is based 

on mi 1\neroid bat·ometer 

Principle of the Aneroid Barometer 

/1s in figure E6, the flneroid l)aror11eter consists of a sealed chamber. 

Wr1en t he atmospheric pressure changes, air in the chllmber wi I increase 

or dec1·ease in volume. This ef:ect mechanic:t1lly moves l he flexib le 

mernb:·ane and hence, the poinler. 
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This I7ir:thod has the advantage that it i,; prac:tlca I ;:rnd easily avalla bie , 

bIIt t11e dis~idv.:intil<Je i:; that it hc1s li lnited accuracy. 

~ c .1 '.<eel 
(: l:ai:f.io:":. 

':,t::11.:· 
~,;-- - ./-..__ I 

6 

r 19,1re E6 . 3asic prInc; ip e or l he i:1nt,roid naromet<::T 

Determi r:e the interface for lhis pressure barometer 

Tl1e at1:1ospheric pre.:,,;LJr.e is re;ated to t.llc .-ilt.ilude tmd tr:n,perat,.nc , 

Tvpic.a l ,1trn0spheric pres::;Jre equals 1 Ol 31~1P..ar ,it ,;ea level. Locat1or: or 

th<= AC·? device is 81 m above sea le:ve! ( dc!lc1 abta ined 'rom s0ti::!llik 

sI91~c1 ls; . 

The '.Vorld"s l1ighest recorded atr:1osr,h,~r c; pressure al s ea le·✓e l is JCS]. 3 

rncar mid lo,vest recorded arr:iospl1crIc pressJre .i t sea ievel : B76.4m3Jr 

dderrnins:d lo oe rn:Jtn 95G to ! G50 mBar. The c;orn,spu1:dir1<J voltage 

output rnnge is determined from 1.5 V to 3.~ Volh (see ii<Jllre E,: ). 
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Figure ~ 7, Re.presentation of tne relationsi1I p between voltuge;, to 

p!·essw·e ( bottom; and circu,t diagram (or the pressure sensor (top) 

Thi~ sensor i~ located in tne control box and it~ output is digitized via a 

cnannel on tile DAQ device. See appendix C:4 for tne datu ~heet of the 

LMC660CN 

Conclusion 

Four potential method~ to detei-n1ine the Atrnosphenc p,essure we, e 

compa:·ed. Eacho( l11e metl1ods nas advantages and disadvantuges. Tne 

Motorola pressure Lrunsducer wa;, selected as the rnost approp,iute for 

t l1is project. 
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Appendix E3 Soft ware Design 

Tnf•; ·,eclion c;ove:·s lhe c eta iled func.tionality of me Mc,asu r,:; rnenl & 

.~utomation Explorer;:,2 and ... 0bvfe·w6i , [ach ':.L1b -,ection c1 the ti,VO 

prngm•n•; cove:r ll1<' algo,·ithrr, develope~ fro•r, the cc,, ign or l11e devi::e as 

v,e 'I , ,s ti1e current· ,-ettinq,; and nie re:nson behind it. Appenvix [11 give 

steµ by step instnKtions to operate: I t1,, ·,oflwa:-e 

Measurem ent & Automation Explorer 2. 2 

Dev,ce ::onfigu:·ation 

fv; easurc:nwnl & /\u lomat:on Explo,e,2 .2 f,o,n Nat;,:,n,,: : nst,uments L11c. 

i ':, L,,;ed to ::onf:g L:re t ile DAQ cc1rd. The PC! GO 13 ca,d and it·; insi.ru rnen t 

driver ,,,.,as lnsta 11ed \,u::.::essfully. Th's device t·,.)s been ,;een under 

" Devi,:es an('] Tnter1aces" 1::011. The r0110win9 r,ror,e•ti<::s arc \,et in order 

fo;- tl1e .,oitv,;a,e Lo iclenti fy the ::clrd . 

• Device nu rr,be:·: 'IJumber " 1 ·" :s ,1ssign to i>C[ 6013ca, d 

• Polarity of thie Ca,d nas been set Lo 10\/ to .- 10'✓ and diffc:-renUal 

mode t1as been ,;elected in order to reduce LIK ::o •nrn0n moce rafal 

rejection ratio (Cfv;RR) . 

Configurati0n of the data type 

Virtua, ch,, r·rwls 011liCr '•'Dal o '.~c'ighbod100-:::•" pr0v;C<! a g;,teway for Lhe 

s;gnil ls to !low bi:;twc(:n Lhe DAQ ca,-:: a:id Labview6 .i. Two •/rtual 

cr1ar111e;s, :1aq,cd "Pressure'' an-:: "Terr,perature" have bec :1 crealed 

according to ti1e m1tL:r,, of ,tc; <::1 gnal t ype. 



After settlr.g 1Jp t.1c Device a 1d cseatng t'1c- virtual c-hc11 ·1!:!I, tt-e analogue 

s;<;,r.lll rc11 :k c•Jnve,tec 111to a rJu;,,t.il s19·1a -eacy for ;1nalys1-; 

Labvlew6i 

:·listorv and trc ccnccpl of" L.1bv' t:w6i" 

I 1bvi,e'.V prognn~s a:·e callee vl1t\J,1I ,n::;Vu111ents CVIs;. \/[s a·c C<'l11pv~I:('. 

·f rwo w1nr.cws, 1arnt>lv f- -,_,ril 1><1·1el a1d Elo..:k d;ag"3-r. Th,:1 rror.! p.:,,el 

,;1~r11es us Lne graprical use- [nrn-raco \\lh1c:1 contuins t:le u,;er input; ilbv 

> ,-.wm as .:-or,rrcls, unt1 ~~ul PlltS: t1ls1., Known as , nc;cal~"·s. rt'eY a "e 

displayed en t :,c frcnl pant>I in v,111ous fo r-r.s ' <:(;L:ircc. Vls can be­

t:ani::fc~mc :nto a Sub-Vl wl11cl· ca:, be jcincd a:1d placed ( i:itegrated) 

111Lo ,1 l1i1Jhe r on::e;- VJ. (Th1-; , <; ;i Ii c~cy ccvered i 1~ chapter? but cl ,1r1rlei> 

the addrt·c:1;il i1 fo:-.1~<1tion 1:i rl•1s <;r.cr1on) 

-.,,. hlock ciagram wincow ,s w'lc:rc t'1c snu-cc cede is develcpcc Al r?f 

!he contr<.;ls unc !he nd1cator,; from thr, rn,nt punel huve ,111 asc;ucl~tcd 

tc:••111 lna !t'at ·eprcsenl::; thtlni ~,n ll•e b:ock diag,;i-r. Op.;'i.ilio1% are 

gr;nr.rarcd by w;•ing up Ll:e Ler'ini1; c1 I<; t o fL1nct1cns . "lost of Lhe t1perat1or.s 

,11'1(: 11:iulysis o:i tl1e d,1til I· ave bee,~ precessed in Ll:;s inilnne·. ; See f gun:~ 

:7 l·,,r ari exa mple of· i1loco< d1c1g .. ,111, ii; Labvicw5.i } 

I ahvinw Is tc<"'lnically a 11,1,.1 fc-w pro9raT.1~ing 1u1guage. Tl's nc,111s 

l rnt ~ht> <--att1 iio;•,s frc·r. ti ralu ,-otr-::e ie.g. a DAQ ccvicc· :t--:;,11gh lhe 

pn1yr,1111. See /;gure E5 hi- lh~ c<Jncept cf data flov, diagram 
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.?tJt wtu cur·texL uy Lhe dic19nin~. Tl1is 1s 0·1.'>' l it e : ir~ t level ot rhc: suh -VJ::.; 

but 1s s ;n1I:ar In form tu other levels ot th,, s11c,-V l s , Tl1e ::leta·1s :i' t i,,~ 

(tli:Jgnn: ire q:.ilte ler gthy 311d h3\'I: ,wt lit?er included ·1 lw 111,,111 1 ci:Jsun 

(tJr tht- .:ragrclm is for the rci,01:1 Ito IJ..,. ,1w::1rE o' Lhe sut, VI'<; .;ncl lheu 

toc!lttnn, 0.sp1:c\3 ity ro , the r ... ad~r who is goi·1g n, cunlinu1n9 011 th<' 

(IC'VC:l.1p r1:e11t u l lhi~ µruj ec.l. ! I Is Sllf 'lcli;,nt to know l! lcll t',Kh blnck In 1·11e 

Ov erview of the dataflow 

1':,rrranor dat a dcra,ts ·1 h <' serond Set •.;ii Oill.1 ;s c:iptured f·o01 the D,\Q 

ca·d 111 vo.tJg~. Jc contJ1';<; 1nf:inna1.10, uf t!k volume or tltl' 51,1.;j<?cl ;i,, 



tvalL.ation or U1e tri,;, on page 205 for l1ow a sucr:E;ssful t rl,1I is classified: , 

1:1for111utio:1. The a1~aly:sis of hody fat J;ercenlage ·•Ni 'I be calculated 

accorrJingly. 

Data ,;cqt.:\sit:on 

"Igure E9. &lock diagrn:r of ADV-l)AQ 

Data acqcIisitior'. opernle~ J:1der tt1e " .A.OV-OAQ" V:. Four of the :sLb-Vl:s 

are snc!l.ded Lnder this v L na :re!y f\J-Conf1g, AI-Sla rt. r,.J-Re,1cl and 

"i\l config" Is ci:sed a:s a r.o /lecting po11~t for the data, i .e to tukt': in tilt': 

read ings fro 1r the pressure and te111pera tc1re r.l1ant)el from t he 1-'Cl6C13. 

BcIffer size l1as also been set to 3CCCC i1' order to al lov, the prog•·ZJ:r to 

r,.I11 s:roothly <=or each of the tria I:s "Al Config" generates a task :Das well 

as an error clt.::s te r. Al ! the st.:b -\/l s in ''ADV-') AQ'' ca· ried the same rask ll) 

to ens,.I re its identity. 



"./\1- St21rl'' sets the scan ra~e to be ,I 00,000 :)er second. T~1al dwation 

a;J:Jeared as a contro ' and Lhe lolal nurnbe~ of <::"rn,le::; obla1ned is equci l 

to Lhe s0 111pling (i.e . Tot<1I sample multf::>lied by the Sam::>le ra~e) . .. ~ctual 

scan rate is shown cl!; an 1ndica~o;·, This i,s usecl to c:irnpare w1Lh the scan 

1-ale Lu en.su:·e L11t1: no er'o;· occurs during ttTe Su rn:), Ing- pro Ce!:>!:> , 

"AI-Read '' sets the t irne I m it for lhe l~ir-i!. as •,.,ell as giving a 9:·upli 

;nd :cator for ~he waveform cap!.u red from lhe ca ·ci. :t is named ·1':·aw 

s1911al '·. Culpu! 1s p;·esented in a 2D array form (con'.a;ning the ;·a,,' dat.a 

and i!.s core$:)ond1ng !.ime;. The !.ask ID will be currled into ··'A[ clear'' VI 

and il t!ears Ll1e bu(fer a, ea ,n U1e PC memory so that ~he sof:ware is 

:--eady fo r Lhe nexl set of datu . 

See "tlie arrangement of Lhe front panel'' 1n page 208 for these cont~ols 

I t·,is section 1s made out of tl·,ree Sub-VIs named: 1>.verage filte1; 

Butter•,North bund pass n i~e:· and ideal fiite;·. Filte:·ing is one uf t 11e most 

:mpo~ant parts in t 11c w>iole sof:ware des1gn. lt d1fferen:ia tes tile wur1:ed 

r;1gnal from ~h<c> unwanted ,;ign,1ls. fly looking ~: -:.he s,igm11 ;n lhe 

frequency domain, Lwo major peJks J!:> wel l as sorne .smaller :)eJks can 

be 1den:if:ed 



displucemenl C)l:'nerated fmm the molur. ,:1e s!r ,aller peak:. ,3re a 

com bi1·.ed effects of ;ioise:1 1·<>:)m b,,:r:p,:,n)t,,r<-< fluctuation and h,1 midity 

qenernll:'d lrom the subJec.t. rhr: S!r;a .l peuk~ could also be due to 

1m;tru rneniation errors V's in l:1is ::;edior,s wHe t)u1lt to ider.tify t.1e 

,HfHe1:ce betwee,~ t.1e :=.i,:.11,,,ls ar'.d to exlmcl the wanted signal ('.r:. 

ex perit0 ;1cecl prr::.sure frow: L:1e <lir dbplace!r,,,nt <.;e.1erator). 

;\vi:' rage (i '. ler 

f-.,5';: 
~ -· : l;,-lw.d-· ~ 

[-rt::. 
Ji:_ 

J i 
-----------,_=-.J 

Fi£ure [10. Giock diagram of Avr,raqe Fi iler 

i\verng<' filter t,;l<es the i.-1pL1t signal fro:r: "A:..l'.f -l)AQ''. For ead, 100 point\: 

poir'.LS . This ,s dun<' i ri order Lu reduct' he ranflom r:rror of the L)A.C). d;,vice. 

cr iterion). This procl:'dure does not lake out t:ir: lrrriurtan irJonnalior~ 

(san ,p!I:' mle = 100,000 and divided by lO:J ,s eq u,;I to 1000 H7) 



[•1 this p··ojec:t after the average ldte:·, the s:gna : s tile!'. sent to a 

Butterworth har·.d pass filte :~ /\n ideal filler is abo i ·1clu::ied in the software 

de:,ign fer further devek>prient , Tl1is wi :i be uo;ed if furthc ;· funding ca ·1 be 

Kutterv•:orth band pass filter 

CITi1 
f:V:J•.""fnhri ~;.:r'11 ~fJi':--. -i •J-1 ,~·fJ c, • •.:irrler 

tGa 
D 

,igure E: 1. lllock ~li,1grnri of L3utterwortl1 band pass filter 

Thi.s Kutterworth filter is ,..,,,de f I·oni the co,nbim1lion of a Gutten-vorth low 

pass filler and a Gulterv;ortl·, h igh pass filter As our present Ir,otor ;Sa DC 

rioter, it is r.ot ru r:r:ir.g at a·1 exact freque1·.cy at a. I t imes Io ind ude al! 

lhe f requencies thal are h the :·equired ra'l(Je, a Butterwortl1 filter is tl1e 

r 1ost app··opnat~ for th is app '. ication ' he pass band is ~et to be frvrn 1 Hl 

to 3H7 a·1rJ this cuts off the ,~::-ise arrl the sigr:al above 3Hz, si •1c:e lhe 

•'7vtor Is ru-ni"l(J betweer: 1. S and < H7 



Ideal fi lter 

!}) 

~

. . !!:!•JS&iiil l•it+.:"~fft'i 
+ · · - - · --··· 

' 

Figure E12. Block diagram of 1deal filter 

In fu t ure developments, a pure sinusoidal displacement in volume 

w,weform signal sl1ould be generated. When data flows to the idea filtei; 

the signal Wil l be Fourier transformed (Ff). By tra.nsforrning the signal to 

the frequency domain, the absolute frequency that the volume generator 

is rnovlng at can be determined, hence excluding ::i ll the other signals. 

Then an inverse Fourier transform ( lFT) is applied ro this s1gnal . A pure 

sinusoidal signal is then presented as the filtered signals. The outcome of 

the filtered signal is presented on the front panel in _graphic form 

Interfacing 

It is important to convert the signal to a series of numbers (subsequently 

referred to as an array). These arrays e;:ontain the changi·ng pressure 

( M' ). Three VJs display are Included ln this section namely : Finding 

Peaks, 2D to iD and Erase the zeros. 
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Finding Pec1ks 

,­
' 1--

[~> - I 
I> l prn 

~ ~ 

____Ji!!!!!;. :----J 
-l-- " ~ .~ td;,I r,:;iffl, .... 

Figure E13. Block diagram of Finding peaks 

The filtered signal will be fillered by the "Finding peaks" VJ . It wrn be fed 

into twG of the peak detectors. One is for picking up the all the maximum 

pressure values and tt~e other is to pick up the rnfnfnum pressure values. 

The peak has been defined as a value which is bigger than the 100 

samples ahead and l 00 samples behind it, as this allows the program not 

to mistakenly determini ng the noise in between . 

Thresholds (in the amplitude) have been set for both the maximum and 

minimum peaks to ensure lhat only the correct values are returned, 

acting as another layer to block noise or distortior . Both minimum and 

maximum peaks are sent into tv\/o separate arrays 
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After determining the peaks in the pressure waveiorrn, the software is 

programmed to calcu!ate the difference between the nth maximum peaks 

and the n'h minimum peak. Then the software compares t.he peak 

location of the first maximum and minimum peaks. H the first minimum 

peak is detected before the first maximum peak, the software will work 

out the difference b,,tv,ccn. nth maximum and the (n+ l l" minimum, if the 

fi rst maximum pe.ak occurs before Lhe first minimum peak, it calculates 

the different between first n°' minimum and the (nt 1 f" maximum. This 

step is to ensure tha t both sides of the curve (the increasing and the 

decreasing part of the sinusoidal pressure signal) ere included 

2D to 1D 

:-!:lt ,ge in 20! !!Ii 
1 - •-•J y 

" . , , .. ___ __, 

Figure El 4 . Block diagram of 2D to1D 

Output of the difference between peaks is presented in a 2D array form . 

In order to operate on the entire signal, il is essential to transform the 

signal i nlo a 1D array. This is to append each row ef the array one o;1fter 

another. A 1D array v';as treated according tc th,, size of the 2D array. 

This 2D array is Lhen reshaped in to an 1 D array, The size of this 1 D arrc1y 

is displayed in the fronl panel as inftial size. 
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Remove zeros 

,,, : 

I , 

figure E15. Block d iagrnm of Remove Zeros 

During the trials as well as interfacing tile data; some of the signal might 

appear to be zer os. This step is to remove ;;ill the , l?ro data so lhat it does 

not affect the mean of the di fferentia l signals. Any zeros wll l be removed, 

a~er which the median number of the doto is identif ied . 

Analysis 

Threshold 

: - 01 o',.;,: or 
U ~rsl1pld~ 
:T~ . 
tt<r~» 

~ biiicir:E~~I 

Flgure E16. Block diagram of Threshold 
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Two sub-Vls -are incl uJed in th is section, nJmely : Thresholds, Means & 

SD. The threshold is required because of the following two main reasons. 

1. When applying a li lter to almost any data, the first few and the last 

few numbers do not always produce a smooth output, due to its 

non-continuous IH'lture. 

2., During the mevsur~ment in the trial, anv environmental factor or 

dislorUon of the motor could va1y the measurement in any single 

sinusoidal me.isw·e. This creates an overall measurement error. 

A threshold is set iii o-n;ler to incll,ide only the data that Is within so;., of the 

median. (We use the median number because the differential pressures 

a,·e riindom wiriabk's) The median n.u rnbe.r ls used here inste11(J of the 

111Ei)n, because mean is not a lrLie reffection of the true range of datd 

when t here is so111ec unwanted data in the array. M·edian number will give 

a better r,eflection of whc1t is the true range of the data. This threshold is 

acting as another [(':vcl of filter that excludes these error data out of the 

array. 

Mean & SD 

I~ 

., ... J;-_ 
\/ot:5e ,:ift.?r re1~;;;; O::j ;-

Figure El 7. Bfock dia9ram of Mean & SD 
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After excluding those unwanted signuls ( experienced pressure drfference) 

which are not in the t hreshold thot we set, the mean and standard 

deviation of the dqta will be calculated. The number of the data that is left 

in the array are shown in the front penal (n;:imed fin;:il size) . 

Warning 

..... -·--··- ·· - · 
;11.e w11·11., ,t ,.,.,,, rn:(1.11>f•.: 

_u;:·J": 

EE] 1> [?> - ~ , .~1 
r.:, I . 
t::I 0.7~, 

Figure E18. Block diagram of Warning 

The purpose of this VI is to give a fe~dback to examine ·,vhether the trial 

1s successful or not. 1\ reference value is obtained by multiplying the tri;:il 

time (s ) to the frequency of the experienced pressure ( M ). Doubli11g th is 

reference number should give an indication of the original data that 

should be rn the <li"ray (because of the increasing and the decreasing 

parl) , Due to processing of the datu and excluding the distortion from 

flltering, a corrected -re ference number can be worked out by the 

reference number minus 2 :1nd tl1en multiplied by 0. 75 . Final data size 

will be compared to t l1 ls corrected reference. 
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If the fin;,I size· of the array in mean & SD sub-VI fi n<1I size is smaller tll:.in 

lhis predicated reference size, lhis me,ins tt1t1t there is too much 

vari11 t ion during th,, tria,. This VI wil l indicate ··'Wllm1ng I U nsucte.ssfui 

t rial!" to t11e user i'llld stop t he program. If t here are enoug~, samples in 

t l1e desired range, this sub-VI will direct U1e data to'" Bi'lsk. Info." file tri;,I 

wil I be indic11ted to be successful. The BMJ value is ttien required to be 

compa red with the ca icul1:ted %BF by the operator. The outcome of U1is 

first order corn1nir,;,or dctermin,,s whether a lung function test is 

n ecessa rv or not. 

1\tmosphcric pres.sure 

•atrn Mode 
-,,.--,.. _.,,.,........,. ___ _ 

Atmosphe:ric Pressure - - · 

Figure E19. Block diauram of Atmospheric pressure 

rhe software is set by default to acquire the ntmospheric pressure from 

M PX 1 00AP, tt1e prc,ssu re: sensor is determined to b€ the reeding obtained 

from the pressure sc:r.sor at the t ime l11at tt1e chambc:r Lio or i.s closed and 

when the tria l just ;;tarted . 



For the purpose of furttier development, we also <1llov,, the user to 

mDnually input the atmospheric pressure. The pressure input mode can 

al:;o be changed ir·, t in:? front r,anei . 

Capture of person1;I information data 

... ....,",,_.,,.,.,~~ ct,,;,1:r-,'.l:.• I~ 
~ ,, 

il 

Figure E20. Block di1;gram of Basic i nformation 

, Iii . .i·U ( ,.hji I , - II \, ,iWf 

! 

Personal informatio1·, is pre· captured from other devices and it wil l be 

keyed Into to the "Gasi.c info '' sub·Vl. The operator will be asked to enter 

the listed inforrnc1 tion or U1(; subject: 

• Height in cm ( 140·2Hl) 

• weight in Kg (.35-120) 

• Gender 

• Age (1 7-91) 

• Tidal Volume in liter 

? C? 



Range of the dala for t>1e above infurrnalion ha'.; been set as above. Any 

mistyping of infonnat:011 wil l be ind:catecl with an ··'error" sign to the 

operator. Notice lhal the range of U1e age is set to be froin 17 to 91 due 

to the FRC prcdicticns by Crapo et al. Body mas~ index (BMI) is alo;o 

calculated to ~erve as a rough filter. A warning sign wil l be given when 

BMI i'.; out of the r:on nal range. 

The arrangement of the front panel 

~ ......... 11~:1;,i • • ,1,, .. ·,,, ,<1t, --r ~ _.._ .. . __ ,J,::s,:c·:, .. ,, 

~~fl•de- ~/'-,,ft 

~ :f;J;"' 

·11:raw -

Flool Rc,ult1! 

---'.l;~t\l.'71' 
~dthl.J 4.u,i, 

~ /im 
L · • ::11~u.edl 'r-so!f'.:p.Qrne 

~!J:~d 
.~ ;1,.7~ Sl !I ~ 

lf, '"·°' ~ ,-
,; . ;,,,.,,,. ~ ;;j&fff 

<EM ?1-11118 
iib~~~ • ~,.1,~i/--~r;~(fo\n~, *- ~tsco 

• r z 
■--

" 

1t~ :-,,11< 

1 i h'.t. 

.us,: 

-t!iH~> 
f. i ~10,:, 
~ } ;,';~1 

Figure E2 l. Arranserner: t cf the front panels 

208 



The front panel consisls of 4 diagrams and 6 groups of controls and 

indic<'ltors. 

The four diagn:ims arr:a as follows : 

• Raw signal (show:ngth(J prnssure signal) obtained from the DAQ card 

without any p:ocess,ng or fi!tering ) 

• First signal (s l101Ning lhe pressure signal after the average fil ter ) 

• FiltGred sig nol ( sl10~,11 ng the data after the ButtGrworth f ilter (default) 

or the ide<'ll :liter after pr,:cessing . 

• Atmospheric prc-.:,surc, showing the me.:isured atmospheric pressure. 

There ore 6 rna fn <jrpup:;i namely : 

• Personal in~ormatim1 

• F111al msu Its 

• Information of DAQ 

• Callbrc1tion 

• Atmospheric pressure, 

• Interfacing rnsult 

Each group contains tile corresponding controls an:J their indicators. 

A -description of th9. usag9. of these controls and indicators is fncluded in 

the corresponding sections described previously. 
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Appendix F Test process 

Appendix1 Eth ics appr.oval 

REC: REF: 220120{13 

D, WLGapper 
Hurran H101ogy 

------------ '·- -

l<r.5>(!/l~~,h 1:.thi~,S Corrirntnrn 
r a,-i,11.y of Mealth Sc,en:;e 
E4li,26 Old Main Buiirl1ng, Groote 
Schtll" Foso :al Ocsr,rvato,y, 7!125 
Ouer1E!i x~l le Fill?. 
! 01 (02'1) 40:E e-192 ~ ax: 4G6-64 , , 
I -m.aiJ XfUl~•~r.vrie, ~lci ac !fl 

BODY COMPOS! no:--.1 ,iJ\>ALYS:S IJSING AIA n 1~f21'f,.f-...Mf~.T Pt ;fTHYS.MOGRA{'HY 

Than!\ yoo for st;':,i,-11:tinr; ·;our ~;:udV to r ·e Research EUnc:s Corn'11111ee f::1 
rtw1ewa1. 

Jt :s 0 pte~.41:re :~ ,•fif,:>rm you Jm-.:1 ~.•~e Co,rur:,r!ee-has fonnally approved :he 
;.,bo'le rnen.110,,~d s!vd}' 

Ple~se q11ote the above Rec. reference number- in all correspondence 



Appendix F2 Consent Form 

l ntroduction of the studies 

Body compos1l1on analysis is tl,e process of esl1mat1ng fat masses as a 
percentage of the body ma% (%6F). This provides an important p1·1ys1cal 

gutde for doctors und sport researchers. 

The aim of this st.1dy is to develop a method to e.!>tablish a consistent, 

c:ost effective, comfortrible. non-invasive and quick way to determine 

body composilien 

Ins truction of the trlal study 

In this study a scale wilt be used to determine your mass and .a device 
based on air tJlsplucemenl plethysmography wil l be used to detem1lne 

your body vol1Jme. The lnfor:natlon ~viii be recorded, from which your 

whole- body density is deterrn111ed. Using this data, body fat and lean 

masses r..:1 11 then be calculated. 

I he whole test:ng procedure w,11 take about 10 min utes. During the tria l 

you will be required to v,:ear a ..,tantlard sUlt, which will be provided. Wl1ile 
s1tc1ng inside tt,e c'"lamber yvll nay be Instructed to breathe though a 
dlsposable tube. There will not be any form of injection or Invasive 

performanc.es. 

Your pr.1rt iclpal1on ;11 this slJdy 1s entirety voluntary and t hat If you refuse 

lo participate or 'Nitl1draw frnfll partfclpation at any ttrne, there wil l be no 
prejudice to the qual:ty of your subsequent cl in:cal management i,nd 
care. 

I,______ !:i l udent/staff No: ____ _ 

am fully aware of the above 111formotlon and lam wi111ng to partfc-.lpale In 

the trial. 

Signed . _ _____ _____ Date: 
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Appendix F3 Personal information form 

Name: __________ _ 

Student/Staff No: ________ _ 

Male/Female: _______ _ 

Age: _____ _ 

Race; ______ _ 

Height: ______ __ en, 

Weight: Kg 

Special comment: 

Trial Done by: _____________ _ 

Date of trial: _________ _ 



Appendix F4 Instructions of the trials for the testing 

subjects 

Please read the following information. This will help you 

to understand the test procedure hence help us to obtain the 
most accuracy results. 

1. Apply the provided ear plug to you ear. Take a few deep 
breaths then get into the chamber. 

2. While you are in the chamber, do not hold you breath but try 
to breath as shallow as possible 

3. You will also find a push button on your right hand side. That 
is for you to release yourself after the experiment or at 
anytime when you feel any sort of discomfort. 

4. Once you get into the chamber. Place your feet under the 
seat. Note that there are sensors just above your legs; 
please make sure you not touching them as it could cause 
damage or affect the result of the experiment. 

5. When the trial is finished the instructor will give an 
indication to you through the window. 

6. You may now press the button and come out of the chamber. 
And the whole trial is competed. 

7. Trials will be preformed twice on each subject to ensure its 
consistency. 
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Appendix FS Practical considerations relating to the 

construction of the chamber 

Introduction 

During the design and construction process of the device; two ideas were 

investigated. This chapter covers the feasibility of putting them into 

practice. These ideas were: 

• Air displacement using the human lung. 

• Air displacement using a ventilator as a pressure driver. 

Critical reasoning of these attempts 

The main idea is to show that although these methods are theoretically 

sound, but impractical in real life situations. 

Theoretically each source of error can be identified. An adjustment can 

be made to compensate for the error and these effects cannot be 

quantified without more assumptions. The result of these assumptions 

could lead to the measurement in a worse direction. 

There are other many hidden factors that could cause total errors in the 

measurement. 
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Here is a list of possible factors: 

• The lighting factor (fluorescent lights can affect the pressure sensor). 

• Noise carried by the cable. 

• The slipper factors of the DC motor ( as this factor will make the 

frequency of change stroke not constant) over time and from day to 

day. 

• SounJ effects from the surroundings (such as noise from cars driving 

past 111.;arby.) 

The qua111..ity of these noises varies from time to time and due to this 

common characteristic of these noises, the effect of this signal cannot be 

included in the theoretical model 

Air displacement using the human lung 

As expla;, ,-::d in chapter four, during the trial studies, a known amount of 

air has to be displaced in order to generate a pressure change inside the 

chamber. fhis idea uses the breathing of the subject in the chamber to 

displace air from the chamber. 

The met, ,0d has the following major advantages: 

• The lung volume of the subject could be considered to be outside the 

chamber; therefore it is not necessary to measure the lung volume. 

• Since the subject breathes to the outside of the chamber, the 

humidity effect on the chamber will be minimized. 

• Cost 0f the device will be reduced since a pressure drive is not 

requirt'.!d. 
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Setting up the device and results obtained from the trial studies. 

A breathing tube has been connected between the chamber and a digital 

air flow sensor. On the other side of the chamber, the output connecting 

tube has been connected to a spirometer. The displacement of the air 

could thus be recorded at the same time as the relative pressure within 

the chamber. Trial studies were preformed. 

(See appendix F7 for trial step to follow for this method.). 

Results 

3 -

2 -

-1 -
> .._,, 
,u 
OllQ 
~ 
0 0 > -1 -

-2 -

-3 -

50 

Corrnpondlng Tim• (Hcond) 

Breathing 
Pattern 

Time (Sec) 

250 

Figure Fl. Volume displaced from breathing (top) and corresponding 
pressure (bottom) 
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For most of these measurements, the volume of the subject could only be 

estimated within ± 20 liters (figure8.3); due to the following major 

source of errors: 

• The sensor resolution for volume measurement is only about 10ml. 

This is insufficient for ADP purposes. 

• Signal to noise ratio is too small. 

• The compartment of the air in the spirometer changes after few 

breaths, which affect the temperature and the humidity within the 

spirometer, hence the volume that was read from the spirometer can 

not reflect the true volume that can be used in the chamber. A more 

precise instrument will be needed in order to perform the task, hence 

more sources of error. 

Principle findings 

Although it has many advantages, using the lung as a pressure drive 

created a huge complexity to the measuring systems. It is thus 

preferable to have a constant and accurately known change in volume of 

the chamber rather than a variable change in volume which can only be 

measured to a limited accuracy. Training the subject for the trial also 

introduced an unpredictable factor. It could therefore be concluded that 

this is not a practical way of determine body composition. 
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Air displacement using a commercial ventilator as the pressure 

driver 

According to above finding, I decided to use a constant pressure drive 

and chose a Bear 2 ventilator. This device was borrowed from the 

Respiratory ICU (C27) Groote Schuur Hospital, Cape Town South Africa. 

See the attached relevant documents of the ventilator. 

The ventilator is calibrated weekly by trained specialists. The principle of 

the ventilator is that it delivers a relatively constant amount of air at an 

adjustable rate. It relies on the compliance of the patient's lung to exhale 

air in order to complete the respiration cycle. Therefore an artificial lung 

with either 1.5 or 2.0 litres capacity was placed inside the chamber and 

connected to the ventilator. Hence a constant amount of air can be 

displaced out of the chamber due to its fixed compliance. The volume of 

output air is measured to ensure it is constant and equal to the air input 

to the chamber by the ventilator. 

Calibration studies were first introduced by setting different rates and 

amplitude of volume displaced in order to search for the best possible 

combination. 

See appendix F8 for the relative settings. 
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Trial studies on different individuals were then performed. It was found 

that volume can be measured to within ± SL accuracy (see figure 8.5); 

but that larger errors occur during vivo studies. 

Sources of error include: 

• The ventilator requires time to warm up. (Time for the motor to get 

into a steady state). 

• The air that the ventilator displaces is relatively constant compared 

to the human lung. However it is not designed to displace an absolute 

volume. 

• With large subjects, the artificial lung tends to exhale the air faster 

due to a higher pressure. Hence it is difficult to distinguish between 

meaningful and unwanted signals (breathing, humidity). 

• The ventilator is more than 15 years old. 

Principle finding 

The human subject claimed that they felt unconformable when using 

displacement of greater than 1.5 liters of air. With a rate slower than 10 

cycles per minute a drift due to leakage becomes significant. 

The ventilator provides a relatively accurate result compared to using a 

human lung for displacing the air, however it fails to provide a meaningful 

result in term of body composition analysis. 
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Conclusion 

These three designs for air displacement have been investigated. None of 

them is able to measure the body volume to the level of accuracy (200ml) 

required for body composition analysis. 

Although using subjects' own lungs as an air displacement device is 

simple and inexpensive, the air displacement with present equipment can 

only be determined to about 10ml. This results in larger variation in the 

calculated body volume. The ventilator is slightly more accurate in this 

regard but nevertheless not accurate enough. 

An absolute constant pressure drive is needed, which can displace a 

known and constant volume of air in the chamber, regardless of the 

pressure inside the chamber. 

When dealing with in vivo studies, it is essential to distinguish the signals 

that are either generated by the subject (temperature or humidity) or 

caused from the displacement from the pressure drive. Having a constant 

pressure drive allows us to filter out all unwanted signals. 

These two methods described cannot provide accuracies high enough for 

practical use in body composition analysis. 

220 



Appendix F6 Theory of using the lung as a diaphragm 

for air displacement 

Original formula: v., •• ,-P_ x( :)-P _ x( ~ J 

Using the human lung as a diaphragm .o. v, will provide a volume change 

as the subject breathes air in and out. 

The inside pressure will be equal to atmospheric pressure as the door is 

closed. Once the person breaths in, the pressure will build up, and as he 

breathes out it will go down. 

Determining the two chamber volume 

The size of the empty test chamber is pre-determined by the water 

displacement method. 

Pressure in the reference chamber is used as atmospheric pressure. 

Therefore the volume of the reference chamber is irrelevant. 

The formula becomes 

(~~J Vobject = V.:hamber - P.1m X ~ 

Where d~ = ratio of change of volume to change in pressure for a test 
~ 

chamber containing a subject 
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Method of operation 

1. Close the door. 

2. Breath in and out. 

3. Force breath in and hold for 3 seconds 

4. Force breath out and hold for 3 seconds. 

5. Open the door and introduce a calibration tool of known volume 

Repeat the procedure again. 

By comparing the two test results we are able to judge the accuracy of 

the measurement. 

Temperature consideration 

Air that is breathed in is warmed and humidified; hence it will occupy a 

larger volume in the lung than what is measured for M'; by the 

spirometer. This effect must be compensated for. 
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Appendix F7Trial steps for using lung to displace the air 

in the chamber 

Please read the following information. This will help you to 

understand the test procedure hence help us to obtain the 
most accuracy results. 

8. You will be given a "model breathing pattern". This will help 
you to learn how to breathe while inside the chamber, you 
will be given few chances to practice your breathing pattern 

9. Take a few deep breaths then hold your breath, clamp your 
nose. Get into the chamber. Remember not to breathe into 
the chamber. 

10. While you are inside the chamber you will find a pipe on 
your left hand side. You may only breathe though this pipe. 
Otherwise it could directly affect the result. 

11. You will also find a push button on your right hand side. 
That is for you to release yourself after the experiment or at 
anytime when you feel discomfort. 

12. Once you get into the chamber. Place your feet under the 
seat. Notice that there will be sensors just above your legs; 
please make sure you not touching them as it could also 
affect the result of the experiment. 

13. Once the instructor has instructed you to start breathing 
though the pipe first breathe out and then breathe in. Try to 
avoid breathing too deeply neither too shallow. 

14.After 8 cycles of breathing, you may press the button and 
come out of the chamber. The whole trial is then competed. 

15. Trial will be preformed twice on each subject to ensure its 
consistency. 
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Appendix FS Ventilator related information 

Testing procedure for the chamber with the ventilator 

1. Switch on the pressure sensor. 

2. Open the "Labview'' program. 

3. Switch on the power for the magnetic lock of the door. 

4. Pre-set the ventilator to standard configuration (check the ventilator 

configuration). 

5. Switch on the ventilator. Turn the "peep" to set the proximal airway 

pressure gauge to about 40 mBar, hence the "plastic" lung is inflated 

before closing the door. (Peep stands for: positive end expiratory 

pressure). 

6. Instruct the subject to step into the chamber and close the door. 

7. The subject will breathe though the breathing pipe as instructed. 

8. Adjust the "tidal volume" on the ventilator to 1 litre. 

9. The collector for the breathing pipe on the chamber will be sealed; 

sampling and recording of the data will start. 

10. The subject will be breathing into the chamber. 

11. Follow the step to step instruction for software instruction (see 

appendix Fl 1). 

12. Remove the subject from the chamber and unseal the breathing pipe. 

13. Check the data and save the data (see appendix Fll). 
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Ventilator configuration 

The I:E ratio=l:1 

The I: E ratio represents the ratio of inspiratory time to expiratory time, 

from breath to breath. 

In our case, we would like to keep the ratio at 1: 1 so it have the same 

amount of time to breath in, as well as breath out. 

The normal tidal volume= 1 litre 

The normal tidal volume represents the volume of the gas that is to be 

delivered to the "artificial lung". 

The peep :( Proximal pressure to 20 mBar) 

The peep is used to maintain a stable pressure inside "plastic lung", 

hence reducing the possible leakage of the chamber due to high 

pressures. Turn the peep up until the lung pressure is at 20. 

Peak flow 

Peak flow is calculated by the ratio of tidal volume time to normal rate 

time (factor of I:E ratio). In our case it would be 2(1+1) and the total 

peak flow equal ltimes 30 times 2 =60 (LPM). 
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Appendix F9 Calibration procedure for the ADP Device 

The operator will open the device and make sure the software mode is set 

to "perform a trial study" mode. 

Estimating the size of the test chamber 

During the first step, the PVC pipe from the pressure sensor is connected 

to the test chamber. The motor is then allowed to run. After the trial 

period, the values for the experienced pressure ( M) in the chamber is 

determined. This value is used to determine the chamber volume using 

the relationship between the changing volume and the change in 

pressure ( b.V ) (Note that this estimate contains errors; which are 
M 

accommodated in the later calibration process) 

Estimating the size of the reference chamber 

The reference chamber is connected to the pressure sensor using a PVC 

pipe and the same process as above is followed. The size of the reference 

chamber is then calculated from the ( b.V) relationship. 
M 

Determination of the offset of the device 

The differential pressure transducer is connected between the test 

chamber and the reference chamber and a trial is performed. The result 

for the volume of the subject ( V0 ) becomes the new zero since there is no 

subject in the test chamber. 
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This offset value is used as the offset in the software. A second trial is 

obtained to check the offset is within 100ml from zero. If the result is not 

obtained within 100ml, the procedure will not be continued. 

Determination of the coefficient in the curve fitting formula for 

the device 

Put the calibration tool into the chamber. See the following table for the 

volume of inanimate subjects from a combination of calibration tools 

available. 

Table Fl 

Combination of different volumes used in the calibration of the device 

Calibration volume size (litres) Combinations 

60 60 litres brick of Styrofoam 

74.85 

78.84 

87.41 

90.55 

93.69 

60 +14.85 litre brick of Styrofoam 
60 and 6x 3.14 litres tube of styrofoam 

60 +14.85 litres brick and 4x3,14 

litres tube of styrofoam 

60 +14.85 litres brick and 5x3.14 

litres tube of styrofoam 
60 + 14.85 litres brick and 6x 3.14 
litres tube of styrofoam 

Before starting the trial, make sure that "subject is bigger than 50" 

button is selected (This is designed since this is the volume where the 

pressure in the two chambers should cancel each other out. At this point, 

the signal to noise ratio will be very small, hence that any measurement 

around 50 litres should be avoided). 
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Change the atmospheric pressure ( P,.
1111

) mode to "manual input". (The 

number will be the first measurement from the barometer sensor). This is 

to execute the assumption of atmospheric pressure to remain constant 

during the whole calibration and trial period. The purpose is to reduce 

barometer random errors. 

Two rounds of trials for each volume combination should be performed. 

For each volume, the variation between results must be less than 100ml. 

Once this is obtained, then the average of the experienced pressure (AP) 

of these two trials is used to represent the experienced pressure of the 

subject. 

Once the AP 's are determined for these subjects, the ratio of VB to AP 

( VB ) is then plotted. A second order curve is fitted to the plotted points. 
AP 

The coefficient of this second order curve equation is used to be fed into 

the "ADP analysis.VI" sub-VI. 

After successfully calibrating the device, two test trials should be 

performed by the user. The test trial result should be within 200ml of 

accuracy before performing an in vivo trial. 
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Appendix FlO Trial procedure of the ADP Device for the 

operator 

1. Switch on the pressure sensor. 

2. Check the position of the plunger mechanism. 

3. Open the "Labview" program. 

4. Switch on the power for the magnetic lock of the door. 

5. Instruct the subject to step into the chamber and close the door. 

6. The subject will be breathing into the chamber. 

7. Follow the step by step instruction for software instruction (see 

appendix Fll). 

8. Start the software and the motor at the same time. 

9. Remove the subject from the chamber and unseal the breathing pipe. 

10. Check and save the data (see appendix Fll). 

11. Adjust the position of the plunger mechanism back to the starting 

position. 
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Appendix F11 Step by step instruction for operation of 

the software 

1. Open Labview6.1. 

2. Select "open VI" and open "ADP analysis.VI". 

3. Select the software mode (default at "perform a trial study"). 

4. Select the test mode (default at "trial study). 

5. Fill in the personal information sections on the front panel. 

6. Press "run" to start the trial. 

7. At the end of the trial, save the data into the desired name. 

s. If trial is unsuccessful (indicator showing red), 

8.1 Rerun the whole trial again. 

If the software reports on wrong personal data input, 

1. Correct the information. 
2. Select the programming mode change the atmospheric pressure 

mode to manually input. 
3. Use the indicated data from the pressure sensor as the manually 

input value. 
4. Recall save the data. 
5. Rerun the program. 

If the trial is successful 

1. Obtain the % body fat from the screen. 

2. Obtain the BMI value from the screen. 

230 



Appendix G Further recommendation related 

Appendix Gl Data sheet for PCI4451 and data sheet fot 
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Appendix G2 Suggestions for further development 

Stepper motor 

For further development, the following components are required: 

Stepper motor, drive board and gear box. 

The DC shunt motor used in the present design delivers 471bs.ins 

(5.315N/m). 

The following combinations are suggested which is sufficient for the 

interest of this project. See the following table for the basic description. 

Table Gl 

Suggested specifications for further development 

Components Stepper motor Drive board Gear box 

Supplier R.S. Components Microdyne 

Stock number 340-3761 441-0287 
N/A 

Price R3615-95 R6047-10 

• 12 Volt HSX Hybrid 

Stepper Motor 

• 1.8 degree step angle 

(200steps/rev.) 
6Amp 86 X 86 
Bipolar Frame size • Torque 7 .8 N/m 

Basic script Stepper with 3:1 • Shaft Diameter . 
Drive ratio right 

9.525mm. x 28.6mm. 

• Motor current 
angle box 

4.SA/phase 
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The details of the stepper motor and its drive board can be obtained from 

R.S. components' (rswww.com) online catalogue. 

Further request regarding to this gear box can be made to Microdyne Pty 

Ltd (www.microdvne.co.za). 

Barometer 

For suitable barometers see the following website for further information 

• http://www.coastalenv1ronmeotal.com/cgl/lndex2.php?sect1on=av1at1on&content 

• http://www.ddesen-kern.de/englischese1ten/products/m1n1aturedata!ogger/plog 1 

25bengl.HTML 

Both Web sites was last accessed on 2004/07/14. 

233 



0 ....... -.-------------------------------~-----------------------, 
D 

Appendix H l Engineering drawing for the chamber 

ITEM NO. QTY. PART NO. DESCRIPTION 
1 2 1300mm tube base 
2 1 1600mm tube base 
3 1 700mm tube base 
4 2 1100mm tube base 
5 1 U bar base 

C 6 4 Ubar C -------11-------------1--------1 
7 8 40mm tube 
8 4 800mm tube 
9 2 1400mm tube 
10 1 960mm tube 

15 2 
16 2 

B 17 4 B 

18 2 
19 2 Contact 
20 2 Contact SU 

21 2 Ba1h tub 
22 1 Refferenc chamber base 
23 1 refference chamber front 

011 DelCllll'OON 

PAIIIS UST 

UNI.S OIHfi!WISI: Sl'EClAEO CADaaeAll!D CIIA-
~ ARI: IN INCHl:S DO NOr ..--v lJl'llj>,I£ UCT.BME- A.D.P. Analysis (Peter Mo) 
rotfllANCES Allf: 

A l'IIACllONS l1fCIIMIS -.-----r---1 + JO(+ JO( + l 
.l(l()(+.l(I()( 

Assembly of Chamber & kome 
t-----+---1-



N 
w 
U'I 

o ...... -r-------------------------------.-----------------------------

C 

8 

A 

Appendix H 1 Engineering drawing for the chamber 

111:M 
NO. 

PAIi! 01 
-NO. 

UN.m OlHERWISE Sl'ECIFflED 
DIMENSIONSA!l£1NINCHES 
TOU:IIANCES AIIE: 

FIIACIICN llf.CIMAl.S -.-----r-----t + JO(+ JO( + I 

JOOC+JOOC 

---+------t MAlEIIW 

Cit DESallP1ION 

PAIIIS LISI 

CADGa<IBRAlll>lllRAWl<G. 
DO NOY MAHUMJ.Y Uf'DA1E 

DAI£ 

UCT,BME - A.D.P. Analysis (Petet' Ma) 

Chamber & Frame Assembly 
(Orthographic view) 

D 

C 

8 

A 



0,.....,......--------------------------------r-------------------------, 

C 

B 

A 

Appendix H 1 Engineering drawing for the chamber 

1113.02 

780 

' . . 

~ 
0-

I 

' • l:J 

240 

0 
-0 

" 
' 

' 

-"°· 

I~ 

UNLl5S OllBWISE SPECIFIED 

- ARE IN INCHES 
TO!..l:IW«::l!S ARE: 

FIIACIION5 -.s -.-------.---1 + JO(♦ JO( + 1 
.lOO(+.lOO( 

t----+---1--

760 ~1 

l'Affl UST 

CAD GINERA"ll!D DRAWING. 
00 NOi' IIIMHIMU.Y UPDA1E 

IE 

0 ..... 
-0 

UCT,BME-A.D.P. Ano1ysi$ (Peter Mal 

Front Door Frame 

D 

C 

B 

A 



N 
w 
...... 

D 

C 

B 

A 

, 

' 

Appendix H 1 Engineering drawing for the chamber 

00 -Ii) 

' 

0 
Ii) 
Ii) 

' • . 

l!I l!I 

1085.14 

....... 

0 --0 

1-

-NO. 

800 

UNLESS OTHEIIWISE Sl'ECIFla) 

llN9l5l0N$ All!: IN INCHES 
lOll!RANQlS ARI:: 
l'RACflONI DIDMIS Al<GI.S 

r---"""T""----1 + .XX+ JCX + I 
.l001+.l001 _____ ........ _ 

1390 ,-1 

at DE5Clll"IICIN 

l'Affl UST 

CA0-111D!laAWIHG. 
00 ID MA>IIUW.Y Ul'Dllli 

DAii 

OCT.BME • A.D.P. Analysis (Pet« Ma) 

Rear Door Frame 

D 

C 

B 

A 



N w 
00 

or..--------------------------------,--------------------~ 
Appendix H 1 Engineering drawing for the chamber 

C 

8 

OIi IJaCllll'OON Sl'fOftCAllON 

PARIS UST 

OCT,BME - A.D.P. Analysis (Peter Ma) 
UNlSS OTIBWISE Sl'OCIFIED CAD-IEl'lDltAWHl. 
DIMENSIONS ARE IN INCHIES DO NOi' -.....u.v IJPOAIE 
TOLEll!ANCES ARI:: 

A f!IACIIONS--..--------1 + JO(+ JO( + 1 
JCO(+JCO( 

Hinge Assembly 

D 

C 

8 

A 



N 
w 
ID 

D 

B 

A 

Appendix H 1 Engineering drawing for the chamber 

106.07 

' 

. 

' 

IJNI.E5S OllBWISE Sl'ECIAl:O 
llllMEN5KlNS AIIE IN INCHES 
lOI.EltANCES All!:: 

FltJIC1l0H5 oa::IMAI.S -,-----,.----1 + .JIX+ .llX + l 
JOO(♦ JOO( 

1----t----l MA'lll!W 

\ 

"° q 
LO 
N ..... 

' 

011 Dl!SCllll'l10N 

l'AIITS usr 
CAD GENB!Alll) DRAWING. 
00 NOf -y lll'Oo\lE 

OAIE 

Nl:XfAfiSY USEOON a 
I---Al'Pl!CA-..._JION __ t-,OO~NOT"""'"""SCM.E,.,.,.,,.-,,,DIIA,,..,.,,.,WINGc=---1,,lffl"l!l,...---+-----I A 

D 

C 

B 

UCT.BME- AD.P. Analysis (Peter Ma) 

A 

Lower Hinge 



0.-,--.------------------------------r----------------------, 

C 

B 

A 

Appendix H 1 Engineering drawing for the chamber 

85 

L 115 

I 
30 ,~ 

- 135 -

' 

0 
LO 

' l1T!M 
NO. •- OR -"°· 

□ 

ORcesctl'IION 

PAffl USJ 

UNIS OfflEltWISE Sf'EClfll:D CAO-BDIIAWNG. 
lllMINSIONS All!: IN INCHES DO 00 MANUAU.Y Ul'DAll! 

TOU:IIAHCl:S Alie 

-----1~~~ 
JCXX+JCXX 

.__-4-_----1 __ 

UCT.BME- A.D.P. Analysis (Peter Mal 

Upper Hinge 

D 

C 

B 

A 



orr,-------------------------------~---------------------

C 

B 

A 

Appendix H 1 Engineering drawing for the chamber 

130 

50 

80 

~ _,__ __ 

0 

,_ 
NO. 

PAllf OR 

-"°· 
UNLESS 01IBWISE SfOCIFtlD 
DIMENSIONS ARE IN INCHES 
TOlBIANa5 ARE: 

..------.---~~ ~ ~ 
.JOO(+.JOO( 

1-----1---~*--

OR IJE!Cllll'1ION 

PA111S UST 

CADG&ll!l!All!DDIIAWING. 
DO 1G -..Uf Ul'DAIE 

I 

UCT.BME- A.D.P. Analysis {Peter Ma) 

Fixed Uppef - Hinge 

D 

C 

B 



D 

I Appendix H 1 Engineering drawing for the chamber D 

--

- 1- 80 11l~ --1 
50 - ' C 

--~ l 
C ........ 

' </) 10 
,:, -

0 0 
.... -0 - 15 M • ---

' 
Ii) ' B M 

' 
B 

---
' 

- -
i::::.1 PM! 011 I Sl'DiCAlKlN I !IQ) -NO. 011 lle&Cllll'1lON 

PAffl UST 

UNLESS OM3IIWISE SP£CIFIIED CADGIM!ltA11DllltAWNG. 
DM!NSIONS ARE 11N INCHES 00 NOi -y Ul'OAll, UCT.BME- A.D.P. Analysis (Peter Mal 
lQStANCl:S All£: 

DlllE 

l'llAC1ICM - -

M'l'l!OVAIS 
A ♦ JO(♦ JO( ♦ 1 --- A 

JOO(+JOO( .__ 
Sffding Upper Hinge -- - ---NEXIASSY USEOON - --- s:1~-NO. 1=•· 

APPI.ICAllON 00 NOT SCALE OIIAWING ,.,....._ 
SCAI.E !CAD Alli: 1~• OF 

IS I 7 I 6 I 5 ~ 4 I 3 I 2 I l 



or-r--.-------------------------------...--------------------, 
Appendix H2 Engineering digram of the dual piston mechanism 

C 

8 TEMNO. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

A 11 
12 
13 
14 
15 
16 

QTY. PART NO. 

1 Yoke 
1 Cam 1 
1 

PIN 
2 chamber box 

1 2chamber1 
4 2chamber box2 

1 2 chamber2-1 
1 small chamber 
1 chamber 
1 Piston End 
1 Piston End small 
2 Al tube at base 
1 Motor 

DESCRIPTION 

PAI!!' OIi -NO. 

INl:SS OTHEl!WISE Sl'£CHD 
IJIMB«5IONS AAE IN INCHES 
TOI.SIANCES ARE: 

l'ltACll0NS - -
.--------t + .XX+ .XX + l 

.lOOl+.lOOI -------

OIi IBCltll'IICH SffiCIACAllON ll£OO 

PARIS LIST 

CAD -18) DRAWING. 

DO NOi -• LIPDAll! 
OCT,BME-A.D.P. Analysis (Peter Mo) 

Motor & Piston mechanism Assembly 

D 

C 

B 



or-r-r-------------------------------,.-------------------, 
Appendix H2 Engineering digram of the dual piston mechanism 

C 

8 TEMNO. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

A 11 
12 
13 
14 
15 
16 

QTY. PARTNO. 

1 Yoke 
1 Cam 1 
1 Motof'shaft 
1 PIN 
2 2 chamber box 
1 2chamber1 
4 2chamber box2 
1 2chamber2 
1 
1 
1 
1 
1 

1 

chamber 

Piston End small 
Al tube at base 
Mot0f' 

DESCRIPTION 

-"°· 
UNI.ESS OIHeMISE Sl'ECIFUI 
lllMBGONS A11E IN INCHES 
TOI.EIWICES AIIE: 

FIIAC1l0NS - -.---~-----1 + JCX+ .l0( + I 
JOO(♦ JOO( 

PARIS usr 
CAl>GIMIIA111D-WH.. 
ilO NOr MAN.W.I.T -IE UCT,BME- A.D.P. Analysis (Peter Ma) 

Motor & Piston Assembly 
- Exploded view 

D 

C 

8 



0,....,.. ...... -----------------------------------.---------------------

C 

B 

A 

Appendix H2 Engineering digram of the dual piston mechanism 

UN.m OMlllWISE Sl'ECll'IIED 
DIMENSIONS ARE IN INCHll5 
TOl.l:llll\l4CI ARE: 
IIIAOIONI DliC:IOWS ""4GI.E5 

,-----,----t + .XX+ .XX + l 

.lOCX+.XXX 

Olll:!l5Qllll'IION 

l'AIIIS USf 

CAD-1&:)DlfAWM.. 
00 NOi ,..._, UPDAII: 

DAIi: 

UCT.BME • A.O.P. Analysis (Peter Ma) 

Motor & Piston mechanism 
Assembly Orthographic View 

D 

C 

B 

A 



D 

Appendix H2 Engineering digram of the dual piston mechanism 1 D 

--
289 120 -

' ~ -- - -- ,.. 

0 ' c:= "'1:1" 

' - I 

C tl - c:= ,.;;:,, 
0 C -- ... 

' ' - ¢15 -.0 

' M 
I I - 35 -

"" D 
M c:::J ,-... , 

14--
' 76 100 -- --

B '\ <:, B 

' n - --

11 
..., 

- ~1 -
I I - PAIIT CJe I I SffatCA~ I a'ioo NO. IDENIIF'IINGNO. oe~ 

' I-< ,_, PAIIIS UST 

600 IHl:SS OllBWISE S4'ECH:D CAIi -Tl!D DIIAMIG. 
llMENSIONS ARE IN INCHES 00 "°' .......u,w_y Ul'OA!I: UCT.BME - A.D.P. Analysis (Peter Ma) 
TOI.EIIANCES ARE: 
AIACllON5 ilEl::3MAI.S AIG.E5 Al'i'IIOYI\IS DAIi! 

A + .XX+ .XX + I ,--- A 
0 ..lOO(+..lOO( 

N , ............. 
Base MA11!1W - ·--,.._. 

NEXT ASSY USEDON - ---- s:,--·""· r·· 
IIPl'UCAllON DO NOT SCAJ.E DR.AWING 

,...,.... __ 
SCAl.l! ........ - 1-· Of 

IS I I I 6 I ,:, 'I' 4 I ;:, I :.! I l 



1).....--r----------------------------------"""'T"-------------------, 

C 

B 

A 

Appendix H2 Engineering digram of the dual piston mechanism 

160 

- OIi IDENIIF'l'INGNO. 

UNI.SS 01Hl3RWtSE SP£OFIED 
DIMl!lolSIONS ARE IN INCIE 
lOl.£IWICS ARE: 
l'IIACIIONSllliCIMAI.S-

--~--~ + JC(+ .l0( + I 
JOO(+JOO( 

= 

= 

OIi llt'.ICWl'IClH 

PAIIIS USf 

CAO-JIDDIIAWING. 
DO NOi' IW\HUAU.Y Ull'Dl\lE UCT.BME - A.D.P. Analysis (Peter Ma) 

Cam 

D 

C 

B 



D,....,.....-----------------------------------,.--------------------. 

C 

B 

A 

Appendix H2 Engineering digram of the dual piston mechanism 

~2 --
/;::\ 

Ra.so - -... 
\ U') 

..-

~ 
0 

' 
' 

~ - 160 
- 180 --

- OIi 
,_ 
NO. -"°· Olllll3Clll'1IOM 

UNLESS OTHERWISI: Sf'ECIFtED CAD GIMIIAIB> CW.WING, 
1:11MENS10NS A11E IN INCHES 00 ,o .......W.Y 119'ME OCT.BME-A.D.P. Analysis (Peter Ma) 
10I.EIIANCE5 ARE: 

FIIACll0Ni ~ -.---~---a + JCC+ J0C + I 
JOO(♦JOO( Yoke 

D 

C 

B 

A 



o ....... ....-----------------------------------........ -----------------~ 

C 

B 

A 

Appendix H2 Engineering digram of the dual piston mechanism 

¢40 

,_ Olt 

-"°· 
IJNl.l!5S Oll-lEIIIWISE Sl'ECIFHl 
lllMENS10NS ARI: IN INCHES 
TOl.ll:RANCl:S AA£: 
F!IAC1IONSDIICIMALSAHGI.ES .....------.----1 + JO(+ JO< + l 

JOO(+JOO( 

1------1----1--

20 

40 

Olt 0BOlll'IION 

l'llffl UST 

CAD GeBAll!ll DltAWIHG. 
DO 1G -..UY Ul'DATE 

DATE 

UCT,BME-A.0.P. Analysis (Peter Ma) 

Piston End Cap 

0 

C 

B 

A 



D 

C 

N 
U'I 
0 

B 

A 

Appendix H2 Engineering digram of the dual piston mechanism 

I.....: 

0 

0 e"'I:: 

8 (/) 126.20 
N 

0 

0 0 

230 

¢~ 
0 

0 

111M 
NO. 

0 

0 

Ii) 

" Ii) 

" ..-

0 

PAIIIS UST 

INESS 01Hl:IIWISE Sf'£ClfE) CAOGIM!l!All!l)!ll!AWMI, 
~ ARE IN INCHES DO NOr .....,._y um.<.11: 
TCll.fRANCl:S ARE: 

AIAC110NS maws -.-----.----i + .XX+ .XX + I 
JOO(+JOO( --------

D 

Ii) 
N 

C 

B 

OCT.BME-A.D.P. Analysis (Peter Ma) 

A 

Piston box 



N 
U'I .... 

D,....,.-r-----------------------------------...-----------------------, 
Appendix H2 Engineering digram of the dual piston mechanism I 

--

-

C -- ' 

8 

-

A 

8 I 7 I 6 I 

150 

PA!lf OIi 
llllNll't1l>lGNO. 

UNIJ!5S OTHIEIIWISE SPECIFIED 
~ ARE IN INCHES 
TOl.l:IIANCeS AIIE: 

IWACnONS llliCIMAI.S -.--------I + .XX+ JO( + I 
JOO(+JOO( 

4 -
8 -

-

~ -

-

-

0 
0,. 

' 

N - - _.__ ....... ___ ..,_ 

' ,..I I« 
I OIi Dl!SClltl'1ION 

PARIS LIST 

CAO GfN!l!Affll) DMWMl, 
00 NOf MANUALLY Llf"DA1E 

DATE 

8 

UCT,BME-A.D.P. Analysis (Peter Ma) 

1---------1- Piston 
1---1-----1-- - ""'~-----+----1 -

D 

,._ 

C 

8 

-

A 

NEXTASSY USIDON ···--- Sil!!,~ • .,..,. ,..,,. 

t--Al'l'I.ICA-....LTION---t-~OO::"":":'.NO=:f~SCAU:==-=:llRA::-:-:::WING::=--l,_...,,,.,,.,,.------jf---l-,A,,,,,.,.,,---....,.,,...,.=-----....,,,..,--',,,----1 
5CAI.E 1= FILE: 1...... Of 

5 t 4 I ., I 2 I I 



Appendix I Hardw are design elements; an ergonomics 

perspective 

The following issues regarding the design of the hardware are proposed 

at various seclions in lhe text: 

1. The device should be designed in such a way tnal each component is 

interlinked but independent with each other i.e. each of lhe elements 

can be separately removed from the system. 

2. As this is a health monitoring device rather than a l ife supporting 

device, the level of acceptance among its target subjects should also 

be considered. 

3. Tl1e seat sl1ould be evenly compressed, hence preventing any 

unknown leakages. 

The following pl1otos are used to il lustrate how these ideas are put to 

practice. 

Figure I1 Host connector between the chamber and the piston 
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Figure I2 Tapered connecter for the PVC Pipe 

Figure I3 Window ( left) and the Breathing pipe (right) 
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Figure 14 Door hinge (left} and the release valve for the leakage (right) 

• 

Figure IS Clamp (lcfl) and Lhc safely switch (righl) 

All interfaces between elements were threaded and tapered. This ensures 

that the clements to be separated easily from each other and prevents 

any unknown leakages. The window, clamp and the safety switch add 

aesthetic value to the chamber allowing greater acceptance among 

subjects. The hinge design allows even compression of lhe airtight seal. 
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