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ABSTRACT 

A pressure garment is a medical garment that is used to prevent or reduce the formation 

of scars after a burn injury. It works by replacing the role played by skin to apply 

pressure upon the body to ensure that the injured skin is replaced to its original state 

without scarring. Currently, there are some problems associated with the process of 

designing and making pressure garments, such as fitting problems, customer satisfaction 

and delivery time. This research aims to develop a pressure garment that can apply an 

accurate pressure to a wounded area. In order to achieve the target aim, a system that can 

design pressure garments for the treatment of burn injuries has been developed. The 

process included the using of a 3D digital image of human body, obtained from a 3D 

body scanner, to design a 3D pressure garment model. The model is developed by 

considering several important parameters, such as pressure to be exerted, fabric 

properties and radius of curvature. Using the model the 3D pressure garment model is 

flattened to obtain its 2D pattern. A real pressure garment was constructed based on the 

2D pattern. The garment produced from the developed pattern was able to exert a 

specific pressure when being applied to a cylindrical item. The method developed was 

extended to more comprehensive pressure garment pattern development for real body 

parts and then subsequently was experimentally verified. This research has also proposed 

a non contact pressure simulation method to predict the pressure distribution exerted by 

the pressure garment. The results from the prediction model compared well to the 

experimental data obtained from pressure measurements of a finished garment. The 

pressure distribution model provides an alternative to the actual pressure measurements. 

This research has also suggested a method to design and construct customized padding 

with the correct shape to exert a specific pressure on the target area. The developed 

method can locate areas with a low level of pressure and design a padding to provide 

extra pressure to the area. The constructed padding along with its pressure garment, have 

been shown to exert the intended specific pressure to the area. 

Keywords: Pressure garment, 3D pressure garment model, 2D pressure garment 

pattern, 3D pressure distribution model, padding. 
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NOMENCLATURE 

P Pressure N/m2 

T Tension of fabric N/m 

Re Reduction factor 

p Radius of curvature m 

Cl Pressure garment circumference m 

Co Body model circumference m 

E Modulus of elasticity or Young's modulus N/m 

}( Curvature lIm 

Gj Centroid coordinate of layer j 

Cj Circumference for the layer j m 

B Angle from the centroid to pressure garment point degree 

m Slope tangent 

F Force N 

A Area of contact m2 

I Length m 

h Height m 

d Distance between points m 

<5 Distance difference between data and circle point m 

dave Average distance between points m 
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Chapter 1 Introduction 

Pressure garments are tight fitting, elastic garments which apply pressure to a specific 

area of the human body with bum injuries for scar treatment. The process of 

designing and making pressure garments has problems such as correct fitting, 

delivery and customer satisfaction. This research aims to develop a pressure garment 

that can apply an accurate pressure to a wounded area. Hence, the objectives of this 

research are therefore: 

i. . To develop a 3D pressure garment design from data obtained by a body 

scanner. 

n. To generate a pressure garment pattern from the 3D design obtained from 

the body scanner. 

iii. To develop a pressure model to simulate the pressure that will be exerted 

by the pressure garment. 

IV. To verify the pressure model experimentally. 

v. To develop padding for a low-pressure area and verify experimentally. 

This chapter is divided into six main sections. The first section introduces the 

pressure garment and its mechanism to heal bum injury. The second section describes 

the current pressure garment manufacturing process. The third section focuses on 

problems faced by the current manufacturing method. The fourth section describes 

the suggestion proposed by this research to overcome the problem. The fifth section 

of the introduction explains the research significance. The last section is about the 

overview of this thesis. 

1.1 Introduction to pressure garments 

Bum Survivor Resource Centre (http://www.bumsurvivor.comD reports that there are 

around 2.4 million injuries related to bums reported each year in the United States. 

From this number, approximately one million will suffer substantial or permanent 
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disabilities resulting from their injury. Children, aged from newborn to two-years-old, 

are most frequently admitted for emergency burn care in a hospital. Burns are also 

one of the most expensive catastrophic injuries to treat. For example, a burn of 30% 

ofthe total body area can cost as much as $200,000 in initial hospitalization costs and 

for physicians' fees. For extensive burns, there are additional significant costs 

including the costs for repeat admission for reconstruction and for rehabilitation. 

There are several treatments for burn injuries, such as surgical procedures, skin 

substitutes and the use of a pressure garment. 

There are two major types of surgical procedures that can help to conceal scarring 

and replace lost tissue for severe burn victims: dermabrasion and skin grafts. 

Dermabrasion is a surgical procedure to improve or minimize the appearance of 

scars, restore function and correct disfigurement resulting from an injury. A skin graft 

is a surgical procedure in which a piece of skin from one area of the patient's body is 

transplanted to another area of the body. For many severely burned patients, skin 

grafts using their own healthy skin may not possible because they have very little 

healthy skin or they are not strong enough for surgery. 

Another alternative way of covering burn wounds is to use artificial skin. The 

artificial skin is made by living human cells and is dressed onto the wounded area. 

The artificial skin is only a temporary fix; the patient would still need skin grafts. 

However, the use of artificial skin means a thinner skin graft, which allows the donor 

site and the patient to heal faster with less surgery. In addition to the artificial skin, 

cultured skin is also used. A small piece of skin will be taken from the patient and it 

will be grown under special tissue culture conditions. 

An alternative treatment for bum injuries is the use of a pressure garments. The exact 

mechanisms of how a pressure garment heals the injuries are not fully understood 

(Macintyre and Baird, 2005). However, it is believed that the use of a pressure 

garment can reduce the degree of scarring (Bombaro et al., 2003) because normal 

undamaged skin is made up of connective issues in the dermis that forms a three­

dimensional mesh of collagen fibres aligned parallel to the skin's surface. The skin 

applies pressure against its underlying layers. Under normal circumstances, the 
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pressure that the skin puts upon the body ensures that injured skin is replaced to its 

original state without scarring. 

When burns destroy the skin and the papillary dennis, nonna! pressure by these 

layers no longer exists. Without this pressure, hypertrophic scars will fonn irregularly 

causing possible defonnities such as contractures, itchiness and pain (Macintyre and 

Baird, 2006). It will affect a patient's life because the scars are painful and cause a 

poor appearance that makes the patient feel self-conscious as well as causing other 

problems. Pressure garments prevent and control the fonnation of hypertrophic scars 

by applying counter pressure to the wounded area. Pressure garments aid in reducing 

the effects of hypertrophic scarring thereby reducing scarring and deformities. 

For an effective and faster healing process, it is important that burn patients begin 

wearing pressure garments while the scar is active and immature. Scar tissue is highly 

responsive in the early stages so an early application of pressure garments is 

imperative. Pressure garments should be worn at least 23 hours a day, removing them 

for bathing and cleaning of the garments only. Most patients will need to wear 

pressure garments for 12 to 18 months. 

The continuous wearing of pressure garments prevents the thickening, buckling, and 

nodular formations seen in hypertrophic scars. A soft pliable elastic scar develops 

which allows for nonnal joint movement. The external pressure applied by the 

garments decreases inflammatory response and the amount of blood in the scar, 

reduces itching and prevents collagen from being synthesized. Additionally, pressure 

garments provide protection against injury. 

1.2 Pressure garment manufacture 

Currently, pressure garments are manufactured by a cut and sew method (Ng and 

Hui, 1999). According to Macintyre and Baird (2006) and Ng-Yip (1993), there are 

two kinds of pressure garment: 
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i. Ready-made pressure garments - the customer can buy such ready made 

pressure garment instantly. 

ii. Custom-made pressure garments - these are made upon request and thus 

can be tailored to the customer's needs. 

The former pressure garments are better in terms of cost and delivery. However, they 

normally do not fit patients well because they have been made without any reference 

to a patient's wound area. 

For the latter, since the custom-made pressure garment has been constructed by 

considering the patient's needs, it usually fits the patient better than the former. The 

fit of the pressure garment determines the pressure applied on the skin, thus it is the 

key factor in the treatment (Van den Kerckhove et al., 2005). 

The custom-made pressure garment can be constructed using two methods: 

(i) from fully-fashioned panels of weft-knitted elastic fabric and 

(ii) from lengths of warp-knitted elastic fabric. 

The former is made usually by commercial manufacturers while the latter is made 

either by occupational therapists (OTs) or commercial manufacturers (Macintyre and 

Baird, 2006). 

For the production of a pressure garment made from fully-fashioned panels of weft­

knitted elastic fabric, first, the patient's measurements is taken and transmitted to the 

manufacturer. The manufacturer processes the measurement data using a CAD 

system and transforms them into knitting instructions. A weft-knitting machine then 

knits the fabric to develop the pressure garment. The garment is then sent to the 

hospital for a customer trial. The major advantage of this method is that, since the 

garment is not cut, it results in fewer seams and would be more attractive. However, 

this method involves a large investment in a CAD machine and a knitting machine 

since manual knitting would lead to a slower production of the pressure garment. For 

this reason, only commercial manufacturers make these pressure garments. 
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The method of producing pressure garments from warp-knitted elastic fabric is 

similar to the above mentioned process (refer Figure 1.1). First, a patient's wounded 

area is measured accurately. A reduction factor, the ratio between the pressure 

garment's dimensions and the actual measurement, usually expressed in percentage 

terms, is used to ensure that pressure is applied to the wounded area. Then, patterns 

are developed based on the reduced measurement, and cut. After that, the parts are 

sewn together and other features like zips are added to complete the garment. For the 

commercial pressure garment manufacturers, patients need to fill in a detailed 

measurement form in order to enable the companies to develop the pressure garment 

accurately. The pressure garment once complete, is then be sent back to the hospital 

where it is fitted on the patient. If the pressure garment does not fit well, the product 

is normally sent back to the company with details of improvement required. 

Paper pattern 

I Fabric selection 

Complete pressure garment 

Figure 1.1 Pressure garment manufacturing process 
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The major advantages of a pressure garment made by occupational therapist (OTs) 

are that the delivery time is shorter and, because the garment maker is meeting face­

to-face with the customer, hence the patient's fitting problems and special 

requirements can be resolved quickly. The cost of the pressure garment made through 

this process is also cheaper than those made by commercial makers. However, due to 

the lack of availability of staff who are trained in pressure garment construction, and 

that there are alternatives from external suppliers, hospitals tend to use pressure 

garments made by commercial manufacturers (Macintyre and Baird, 2005).Pressure 

garments made by commercial companies are manually more attractive and 

comfortable because their manufacturing and design staff are well trained, 

experienced and they use more advanced technology to develop the pressure garment 

(Macintyre and Baird, 2005, Ng-Vip, 1993). 

1.3 Background to the Problem 

The conventional manufacturing process for a pressure garment has some problems. 

These problems can be divided into three major categories: fitting problems, 

customer satisfaction and delivery time. 

1.3.1 Fitting problems 

'Fit' is defined as "the right size or shape for someone or something". Fitting is 

important in a pressure garment, as it determines the optimum pressure for effective 

treatment. Even though there is no agreement between researchers as to the exact 

pressure that needs to be applied by a pressure garment, most believe that pressures 

exceeding the capillary pressure (usually quoted as 25 mmHg) are required 

(Macintyre and Baird, 2006). However, regardless who the pressure garment 

manufacturer is, whether occupational therapist or commercial, both face the fitting 

problem (Macintyre and Baird, 2006). 

For the occupational therapists, they lack training in pressure garment construction 

and they also have limited choice of fabric (Macintyre and Baird, 2006, Ng-Vip, 

1993). It is possible to achieve different levels of pressure using similar fabrics, but 
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the occupational therapists need to adjust the pattern size and fitting of the pressure 

garment (Ng-Yip, 1993). However, Macintyre and Baird (2005) and Macintyre 

(2007) noted that most of the occupational therapists would use a single reduction 

factor for all types offabric to create their pressure garment. 

Researchers have shown that different fabrics apply different pressures (Ng and Hui, 

1999, Macintyre et al., 2004, Ng, 1994, Ghosh et al., 2008). By applying the same 

reduction factor to all fabrics, it is feared that the pressure that is generated by the 

pressure garment will not meet the actual pressure requirement. As a result, the 

pressure garment needs some adjustment to fix this problem. Macintyre and Baird 

(2005) stated that 40% of occupational therapists in the NHS said they need to adjust 

their pressure garment to achieve a good fit. 

For commercial manufacturers, their pressure garments are also faced with the 'fit' 

problem because the garment is developed based only on the information given by 

the customer. Even though the information is detailed, without any real visualisation 

of the wounded area, it is hard to create an accurate pressure garment. Williams et al. 

(1998) show that the success rates for the initial fit for pressure garments made by 

two companies in Australia were only 84% and 63% respectively. To ensure that the 

problems do not occur, the companies usually ask their client to give the most 

detailed information possible, for example, the circumstances of the affected part, its 

length and also the required zip position. However, the procedure is time-consuming 

and needs much effort, and sometimes it does not solve the problem since body 

measurement is considered to be difficult for ordinary people (Istook and Hwang, 

2001, Simmons and Istook, 2003). 

The 'fitting problem' will recur as pressure garments must be worn for long durations 

of between 4 months and 3 years (Williams et al., 1998). During this period, a 

pressure garment usually will lose its tension due to time (Ng, 1994) so the pressure 

garment must be constructed again to effectively treat the wounded area. Also, in 

case of weight gain or loss, the garment must be re-ordered, since over-tight covers 

may interfere with blood circulation and a loose cover will not heal the wound. 
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Another fitting problem is Iow-pressure areas. There are some areas along the body 

which have a concave or flat shape, which prevent pressure from being delivered by 

the pressure garment. 

1.3.2 Customer satisfaction 

Commercial manufacturers also face the need to ensure customer satisfaction. 

Pressure garments made by them are developed without any involvement from the 

client except in measured data collection and fitting process. Figure 1.2 shows the 

involvement of customer in pressure garment making process. WiIIiarn et al. (1998) 

in their research showed that customer satisfaction for pressure garment made by one 

company in Australia was only 60%. Thus, it is important to involve the customer in 

the design stage of the pressure garment. 

Figure 1.2 

Wounded area 
information 

~------------

Evaluation No 
& 

assessment 

Manufacturer 

Make 

adjustment 

Customer involvement in current pressure garment making process 
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1.3.3 Delivery time 

Commercial manufacturers also face problems with delivery times (Macintyre and 

Baird, 2006). Their delivery time is longer than occupational therapists because of the 

need to fill in the form for sizing and also the time taken to order and deliver the 

garment. If there is a problem with fitting, then the pr~ssure garment is sent back to 

the manufacturer for adjustment, and this process thus delays the time taken for the 

patient to have an effective garment in place. 

1.4 Problem statement 

It is clear that the main obstacle in developing an effective pressure garment is the 

'fit' of the garment. Fitting is extremely important in pressure garment making 

because it determines how much pressure the pressure garment exerts on the 

wounded area. The pressure must be right; otherwise the wounded area does not heal 

without serious scarring problems. 

Thus, this research intended to solve the problem by developing a 3D system that can 

be used specifically to design pressure garments. 

A 3D system can provide a more accurate reduction factor according to the type of 

fabric used. The 3D system can also act as a communication tool between the client 

and the manufacturer as shown in Figure 1.3. The customer also can play an active 

role by participate in the designing process. It could enable the manufacturer to 

obtain more detailed information about the wounded area, for example its exact 

location and size. The information can be accumulated by using a 3D body model, 

which can be obtained by using a body scanner. The manufacturer can also design the 

pressure garment directly using the 3D body part model, show it to the client and get 

their early evaluation and assessment before manufacture takes place. The system 

also gives manufacturers some advantages in developing the pressure garment 

because they can evaluate whether their garment fits accurately on the body part and 

check whether it exerts the intended pressure. The 3D system benefits the patients as 
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they can evaluate and assess their pressure garment whilst it is in the design stage. By 

using this process, the client can also give their opinion of the garment. 

Client 

Wounded area 
information in 3D model 

r------------------ ------------------------------------~ 

Figure 1.3 

3D design process 

Early 
evaluation & 

, , 
Manufacturerl 

Make 

adjustment 

, 

assessment No 

Evaluation 
& 

assessment 

Yes 

Wear 

Make 

adjustment 

______________ .J 

Customer involvement in the new 3D system 

Currently, there are many 3D CAD software packages that can be used to help 

designers in the garment industry, for example, Gerber, Lectra System and 

DressingSim. Research is also being conducted to develop more advanced 3D CAD 

software for use in garment design. However, none of this research is focussed on 

pressure garment design. The reason why the 3D CAD software is not used for 

pressure garment development may be the fact that, the ordinary garments and 
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pressure garments do have some differences. Regrettably, these differences make 

most of the techniques provided by the 3D CAD software unsuitable for the design of 

pressure garments. 

The first difference is in body area coverage. Ordinary garments only cover certain 

parts of the human body, for example shirts and jackets cover the upper body, and 

pants cover the lower body. For this reason, most of the developed software can be 

used to cover certain areas only. Currently, there is no technique developed to design 

a garment that covers, for example, the finger area, or the head area, because these 

parts have not been considered as garment parts. Pressure' garments can be used to 

cover any part of the body. Sometimes, for example, they may be used to cover only 

a fraction of the area of a hand or, sometimes, the whole body area may need 

covering from head to toe. Thus, in order to develop a pressure garment, it is 

important to develop a 3D CAD software system that can be used to design a garment 

for any part ofthe body. 

The next difference is in the allowances. In an ordinary garment, the design must be 

developed with consideration being given to providing some allowance between 

human skin and the garment. However, in a pressure garment, there must be close 

contact between human body and the garment fabric to ensure that the required 

pressure is. applied. Thus, an interference fit is needed in a pressure garment. The 

effect of the interference is considerable in garment pattern making. Hence, the size 

of pressure garment patterns must be smaller than the original body part measurement 

in order to allow the garment to exert pressure on the scarring area. In the ordinary 

garment CAD system, such a reduction factor is not taken into account as the garment 

is considered not to apply any pressure on the body. 

In an ordinary garment, it is safe to assume that the garment is of a cylindrical shape 

since there are allowances between the human body and the garment. However, in a 

pressure garment, the garment needs to closely follow the curvature of the human 

body, which makes its pattern more difficult to develop, for example, in developing a 

pattern for a muscular leg. For ordinary trousers, it is safe to assume that the 

trouserslegs are a cylinder or a truncated cone. However, in developing a pressure 
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garment for a muscular leg, the shape is no longer cylindrical or a truncated cone. It 

may take a form according to the shape ofthe leg. 

The details of current 3D systems for garment manufacture are explained further in 

the literature review. 

1.5 Research significance 

Although there have been many advances in the computerization of ordinary garment 

manufacture, the same cannot be said for pressure garments. As stated before, 

pressure garments and ordinary garments are two different entities. It cannot be 

assumed that the technology that is available for ordinary garment design and 

manufacture can also be applied to pressure garments. They need different 

approaches. The literature survey identified a handful of researchers investigating the 

computerized pressure garment manufacturing process, for example Diaz et aI., 

(2002). They have developed pressure garment using 3D sewing technique based on 

data that they obtained through body scanner. However, this technique is involved 

large amount of money for CAD and knitting machines (Macintyre and Baird, 2006). 

Other pressure garment manufacturers usually used a system that predicts pressure 

garment pattern based on body measurement. However, the number of measurements 

is not enough for them to create a 'fit' pressure garment. 

Thus, this research is important for the development of computerization in the 

manufacture of pressure garments. It is hoped that, by developing this technology, the 

current hurdles that are being faced by pressure garment makers can be eliminated. 

1.6 Research overview 

The research project is divided into four phases, namely: 

1- The literature review 

ii- The development of3D pressure garment model and pattern generation 
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iii- The development of pressure distribution model 

iv- Padding development 

v- Experiment for validation. 

The dissertation consists of seven chapters organized as follows: 

Chapter I introduces the pressure garment, its current manufacturing process and 

problems and set the objectives of this research. 

Chapter 2 presents a literature survey on pressure garment manufacturing, state of the 

art on the 3D garment development, pattern generation and pressure measurements. 

Chapter 3 suggests a method to develop the pressure garment model from a body 

scanner and explain the technique to generate the pattern from the model. The chapter 

also describes an experiment to validate the method. 

Chapter 4 proposes a method to predict pressure exerted by the pressure garment on 

the body. Experiment to measure the pressure exerted and analysis of results are 

presented and discussed. 

Chapter 5 offers a new method to develop and construct padding for concave or flat 

parts of the body to provide a uniform pressure distribution. For validation, 

experiments were conducted and its results are analysed and discussed. 

Chapter 6 provides discussion of the research presented. The novelty of each 

developed method and their limitations are also discussed. The benefits of the 

proposed methods are outlined. 

Chapter 7 provides the conclusion of the research work and further improvement 

areas for future work are identified. 
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Chapter 2 Literature review 

This chapter is· organised in seven sections. The first section reviews the research 

literature concerning the manufacture of pressure garments. The next three sections 

are about the current technology used in garment design, including the current 

technology in 3D body visualisation, an overview of research being conducted on 

creating 3D garment models and pattern generation. A further section reviews the 

pressure measurement technology. Section six examines the current pressure garment 

properties. The last section offers a summary. 

2.1 Manufacture of pressure garment 

Currently, based on a review ofthe journals, there is no specific research publication 

in the public domain on computerized pressure garment design except for one patent 

by Dias et al. (2002). Their patent is to developed pressure garment by using 3D 

sewing technique and there is no reference in any academic journal to the patent. The 

other literature on pressure garments is related to medical treatment. There are limited 

sources on pressure garments design and manufacture. Most of these researches 

discuss how to construct pressure garments that can exert a certain pressure on a 

wounded area. Since there is a certain range of pressure that needs to be exerted on 

the wounded area, a number of researchers have attempted to find a way to design 

pressure garments that can apply the required pressure on the area. 

Most of the researchers use the Laplace Law to predict the pressure. This law 

indicates that pressure depends on the wall tension and its radius of curvature. 

Macintyre et al. (2004) have conducted experiments to develop a connection between 

circumference, reduction factor and tension, and pressure. In summary, they 

concluded that pressure is directly proportional to tension and reduction and inversely 

proportional to circumference or radius. Their findings accord with the Laplace Law. 
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Ng and Hui (2001) used the Laplace Law to calculate the reduction factor for a 

pressure garment so that it can apply their intended pressure. They combined 

Laplace's Law and Hooke's Law to develop a mathematical model by considering 

the rigidity of the fabric, the compression factor, radius and pressure. Based on the 

result, they created a pressure garment and applied it. The results are encouraging. It 

shows that the mean pressure exerted by the pressure garment on the wounded area is 

almost equal to the intended one. 

On the other hand, Thomas (2003) has derived a formula based on the Laplace Law 

to calculate the pressure exerted by a bandage on the human body. In his formula, he 

adds two other parameters, width of fabric and number of layers of bandage. 

Unfortunately, he did not do any experimental studies to validate his equations. 

Macintyre et al. (2003, 2007) also use this law to estimate the pressure exerted by a 

pressure garment. They stated that the Laplace Law can be used to predict pressure 

on an area of large circumference, but, where the circumference is small, it tends to 

overestimate pressure. They did not give any reason why this happened. 

Yildiz (2006) used the formula developed by Thomas (2003) to predict the 

circumferences that will exert a pressure of 20mmHg on a wounded area. The 

pressure garment that they constructed using the formula exerted a pressure slightly 

different from the 20 mmHg that they intended to apply to the wounded area. 

Maklewska et al. (2006) used a method similar to that ofNg and Hui to determine the 

size of pressure garment. First, they conducted stress-strain experiments on fabric. 

Then they searched for a general equation to represent the result. By substituting this 

equation into the Laplace Law, they developed their own formula to determine the 

size of the pressure garment. However, unlike Ng & Hui who used a linear equation, 

they used an exponential relation as the equation to represent the result. 

Beside research on developing pressure garments, research is also has been 

conducted to investigate other parameters that influence the pressure induced by the 

garment, for example, works by Ng (1994), Hui and Ng (2003) and Ng and Hui 

(I999). Their work is worthy of consideration because they provide a clearer picture 
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of the level of pressure that is exerted by the pressure garment once it is complete. It 

will enable designers to construct accurate pressure garments for their customers. 

Ng (1994) stated that the elasticity of a fabric would decrease over time and also 

found that washing would also lessen the fabric's elastic properties. Then Hui and Ng 

(2003) developed a mathematical model to analyze the tension and pressure decay of 

a single-layer pressure garment. 

Ng and Hui (1999) found that fabric pressure would be exerted differently at various 

locations from the hem edges of the pressure· garment. Their findings show that 

pressure decreases as the location becomes closer to the edge. 

All the researchers used the Laplace Law in either developing the pressure garment or 

estimating the pressure exerted by the garment. However, in the measurement, they 

used radius obtained by dividing circumference of the body with 2 pi (1t). 

Nevertheless, the Laplace Law mentions that the radius that should be measured is 

the radius of curvature and not the radius calculated from the body's circumference. 

It is understandable why they need to make this adjustment. When patients/subjects 

are measured, it is the circumference of the body part that is measured. Moreover, it 

is hard to measure the radius of curvature for each point in a human body. However, 

the adjustment affects the pressure exerted by the pressure garment. Macintyre and 

Baird (2006) reported that one of the problems associated with pressure garments is 

that their pressure is not evenly applied across the body. 

For example, even though both the ellipse and the circle in Figure 2.1 have the same 

circumferences, the radius of curvature for the ellipse is different from point to point, 

but for the circle, its radius of curvature is the same at each point. If we put a pressure 

garment on both shapes, the pressure exerted by the garment on the circle will be 

uniform at each point because of the constant radius of curvature. However, for the 

ellipse, the pressure at the parts where the radius of curvature is large is lower than 

the pressure where the radius Of curvature is small. 

22 



Figure 2.1 Ellipse and circle 

Gaied et al. (2006) have proved that the variation of pressure is directly caused by the 

radius of curvature. Figure 2.2 reproduced from their paper, shows that the pressure 

increases if the angular position is moved to a place where the radius of curvature is 

small (the cross section of the shape is shown at top right corner of the figure). As 

shown in Figure 2.2, the pressure at angle 7! is greater th·an at angle 7! because at 
4 2 

the former angle the curve is sharper than at the latter, which leads to a decrease in 

the radius of curvature. 
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In conclusion, it can be assumed that it is impossible to create a pressure garment that 

can evenly distribute pressure, as the radius of curvature varies from point to point 
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depending on their location on the body. The tension of the fabric can be evenly 

distributed along the fabric, but the pressure that the fabric exerts on each point still 

depends on the radius of curvature at each point. However, it is important to keep the 

pressure within the permitted range, neither too low nor too high. In doing this, a new 

method to construct a pressure garment must be developed. The method must not 

only be abie to create the pressure garment, moreover, it must show how much 

pressure the garment will exert at each location. 

2.2 Body form data 

Size and shape measurements for the human body are an important source of 

information and affect design decisions (Deason, 1997). Thus, since ancient times, 

humans have shown a great interest in the study of their body. Hippocrates and Da 

Vinci are among the famous people for whom the human body has proved 

fascinating. The study of the human body as a 3D object began in 1973 by Lovesey 

(as cited in Jones and Rioux, (1997». 

The applications of the 3D body model are limitless, especially in medical fields, 

human system engineering, comparative morphology, virtual reality and 

communications (Jones and Rioux, 1997). 

Even though there are many techniques to gather body information, the literature in 

this section focuses on the surface model and surface measurement only. The other 

anthropometric internal data that can be produced by using MRI (Baulain, 1997, 

Robb, 2000), CAT scans (Zamenhof et al., 1996, Robb, 2000) or X-rays (Durkin et 

al., 2002) are excluded. Research on body form data can be divided into two 

purposes: for measurement (to get the size) or for visualisation (to get the shape). 

2.2.1 Body measurement 

Body measurement is the first process that must be encountered before any custom­

made pressure garment can be designed. The current practice of obtaining the 

measurement is by traditional methods using tools like a measuring tape. However, 
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this method is considered to be time consuming and usually not accurate (Istook and 

Hwang, 2001, Simmons and Istook, 2003, Pargas et al., 1997). For a custom-made 

pressure gannent, accuracy is extremely important since it determines the pressure 

that it applies. 

Much research is being conducted to overcome this problem in the apparel industry. 

The most popular solution is by using non-contact measurement (Simmons and 

Istook, 2003). Non-contact measurement is a method where body parts are measured 

without any physical contact with the tools (Hobden, 1998). The development of the 

3D body scanner has made non-contact body measurement become a reality due to its 

capacity to capture a vast amount of information. There are two basic parameters that 

need to be measured, the circumferences of a body part and the distance between two 

sections of the body. The main concern is with the methods used to obtain the 

measurements. 

Pargas et al. (1997) have developed software to extract body measurements. The 

body is divided into many horizontal slices. The circumference of a body part can be 

taken by selecting the slice at the part. The software also allows the user to measure 

the surface distance between points. 

Zhong and XU (2006) also used a similar concept of measurement to that of Pargas et 

al. (1997). However, instead of dividing the body into slices, they used the 

proportions of the head length to body height to determine the target parts. For 

measurement, they divided the body circumferences into two categories, tight contact 

circumferences and tangential contact circumferences. The former is the contour 

length of a body part and the latter is the tangential length of a body part. Both need 

different methods of measurement. Tight contact circumferences can be acquired by 

sequentially connecting the points of the body part. The other can be obtained by 

removing all the points that lie between inflexion points and connect all the 

remaining points to get the tangential contact measurement. They also divided the 

distance measurement into two categories: linear and curvilinear measurement. The 

linear distance can be acquired by measuring the length of the direct connection 

between two given points while the curvilinear distance can be obtained by 

measuring a part of the circumference between two given points. 
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Meunier and Yin (2000) used a mathematical model to measure a body that was 

constructed by using pictures. However, the measurement results were different from 

the true values. 

3D body scanning companies also developed a body measurement system for their 

products. Simmons and Istook (2003) conducted a survey to compare body 

measurement techniques between the scanners. In the research, they tried to identify 

the scanner that could provide the largest number of measures from a pre-identified 

list, and also had the capability of producing a more specific application for apparel. 

This research was conducted before 2003, so the result may no longer be accurate. 

Among the companies that then had the technology to extract body measurements 

from a 3D body model were [TC]2, Voxelan, Telmat and Cyberware. 

The Textile/Clothing Technology Corporation, [TC]2 had developed a software 

system that could obtain hundreds of automatic measurements from a 3D body 

model, thus creating custom measurement profiles for automatic measurement. 

Voxelan also introduced their 3D Measure Workshop software. By just clicking a 

mouse directly on the 3D body model, measurements could be achieved instantly. 

The Symcad Optifit system from Telmat and Digisize from Cyberware can also 

produce body measurements accurately. 

For this research, technology to measure body parts from a 3D body model is vital for 

the development of 3D pressure garment design since it can enable a manufacturer to 

accumulate data on a wounded area and obtain its measurements from the body 

model. The information can increase the manufacturer's capabilities of fulfilling the 

fitting requirements of their customer. It can also avoid inconsistencies and difficulty 

caused by manual measurement. Thus, in selecting a method, consideration must be 

given to its capabilities for extracting body measurements at any part of the body, 

since the wounded area might be small and in an area without a landmark. In order to 

do this, it is important for the selected method to be able to deliver measurements of 

any part of the body, fast and accurately. 
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From the literature reviewed in this section, it is clear that measurement technology 

has progress significantly, and not limited to ID measurement only. However, 

pressure garment manufacturers still did not take advantages of this technology, 

instead they still depend on manual measurement. The application of body scanning 

to take body measurement can ease customer burden and reduce time to develop 

pressure garment. Furthermore, the body scanner also can adds another dimension 

that manual measurement cannot give; body visualisation. 

2.2.2 Body visualisation 

Literature on human body visualisation is focussed on a computerized, 3D, human 

body model. The 3D body model can be developed by various methods. The most 

popular method employs a body scanner which captures the surface of t~e subject 

using optical techniques and transforms it into a computerized model (Istook and 

Hwang, 2001). Body scanners usually consist oflight sources that are projected onto 

the human body, camera units then capture the image of the projected light on the 

body, software then transforms the image into a 3D body model and a computer and 

screen allows this model to be visualized (Daanen and van de Water, 1998). 

One of the earliest body scanning techniques was developed in Loughborough 

University. In this technique, a subject rotates 360 degrees and a slit light is projected 

in the vertical plane and targeted onto the body. A column of cameras is used to read 

the image of the projected light and, based on that, the height and location from the 

centre of rotation can be calculated (lones et al., 1995). 

Rioux (1997) developed a laser-scanning technique called synchronized scanning. It 

uses a laser source, a double-sided mirror, scanner and a sensor. The technique can be . 

used to capture the shape and colours of the subject. It uses an RGB laser coupled to 

an optical fibre. First, the laser is targeted on the object. One side of the mirror scans 

the laser beam and the other side scans the scattered laser spot. An image of the spot 

is transferred to the sensor. The orientation of the object can be calculated by 

monitoring the scanner position, while the range of coordinates can be obtained by 

studying the position on the sensor of the laser spot image. 
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Linney et al. (1997) also used a laser as their light source. In their 3D body scanner, a 

line beam produced by a Iow-power InGa laser is projected onto the body surface. 

The distortion of the line provides a measure of the shape of the surface. The line is 

viewed by camera from two opposing directions using the mirror arrangement shown 

in Figure 2.3. The video signal is pre-processed to produce the surface coordinates. In 

this technique, the subject is rotated 200 degrees on the platform. 

Figure 2.3 

C.mera 
rnirrnrll 

,," CCD ca!nl'ra 
>'9 0 ---"-

',' I.u"!" 

I 
lurmabl. 

IUlrror 2 

I 
3D body scans layout (Linney et al., 1997) 

Siebert and Marshall (2000) used a 3D sensing technique known as C3D to develop 

their body model. C3D is a non-contact optical sensing technology that is based on 

speckle texture projection photogrammetry. It relies on camera-camera base line 

triangulation (Figure 2.4) to perform depth sensing. Images that have been captured 

by both cameras are decoded to produce an explicit depth map. Unlike other body 

scanners, C3D can capture the whole body instantly, without the need to scan each 

segment of the body. 

PrOjGCIOl' 

Figure 2.4 Camera-camera base line triangulation 
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Xu et al. (2002) also used a laser as their scanning source. First, they developed a 

dark booth, which had two linear stages. The stages, which carry a multiple laser line 

projector and a CCD camera, can move upward and downward to scan the body. It 

was located to the front and back of the person (refer Figure 2.5). The depth 

calculation is based on a triangulation algorithm. 

Beside researchers, there are companies that are also involved in the development of 

a 3D body model. Some of researchers on garment design used the companies' 

technology when developing their 3D body model, like [TC]2 (May-Plumbee et al., 

2005), Lectra Systemes (Rodel et aI., 2001) and Cyberware (SuI and Kang, 2004, 

Kim and Kang, 2002). All of the companies use a 3D body scanner to construct a 3D 

human body. Istook and Hwang (2001) and Daanen and van de Water (1998) have 

studied some of the companies that offer the technology. Istook and Hwang (2001) 

divided the companies into three main groups: the light-based systems companies, 

laser-based systems companies and the other systems companies. 

Luaptoja.etot 

Figure 2.5 Layout of the laser 3D body scanner 

Even though frequently used in the clothing industry, 3D body scanning has some 

limitations. The most obvious limitation is that there is too much data to be stored 

(Stylios et al., 2001). Thus, it makes quick communication impossible. Moreover, the 

cost of a 3D body scanner is high, which makes it less competitive (Cho et al., 2005). 

To overcome this problem, several researchers have introduced new techniques to 

develop the 3D body model. Instead of body scanning, a 2D, image-based picture has 

been used to construct their 3D body model. 
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Meunier and Yin (2000) for example, used front and side pictures of a body and 

processed them to develop a 3D body model. However, their research focussed on 

body measurement, thus they did not explain how they developed the body from the 

pictures. 

Hilton et al., (2000) also developed a 3D body model based on 2D images. First, a set 

of four orthogonal (front, both sides and back) views of a person is captured. Then 

the image model is separated from its background by using the chroma key technique 

to obtain its silhouette. After that, an algorithm was used to extract feature points. 

Then, any point inside the generic model silhouette and a point on the same part 

inside the captured image silhouette is mapped. By combining the mapping 

information, a 3D human body can be obtained. Wang et al. (2003) also used the 

same technique with Hilton et al. (2000). However, their technique was much faster 

because they used an improved Chan-Vese algorithm to extract a silhouette of a 

human model from a photo. However, the body model produced by using this method 

cannot accurately represent the body because of shape approximation errors (Wang et 

al., 2003, Hilton et al., 2000). To overcome this problem, more orthogonal images 

are needed so that more silhouettes can be obtained. 

In addition to usmg body scanning and photographs, some researchers have 

developed an interactive body model (Cordier et al., 2003, Cho et al., 2006, Cho et 

al., 2005, Stylios et al., 2001). In this method, a preliminary shape of the 3D body 

model is created. By adding measurements of the customer's body size, the initial 3D 

body model can be altered into a new shape according to the body size. The initial 

model can be developed using ordinary techniques. For example, Stylios et al. (2001) 

developed the model using an algorithm that can captured pictures that show the back 

view, front view and side view of a person and transform them into an initial 3D body 

model. Cordier et al. (2003) constructed generic models to represent their initial body 

model. Cho et al. (2005) used a mannequin and scanned it to develop their body 

model. 

The method was suitable for online body visualisation since the user only needed to 

input their body measurement to view the 3D body model. However, the developed 
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model was not an accurate representation of the user's body since it was only an 

approximation model based on the algorithm used to develop the body (Cho et al., 

2005, Cho et al., 2006). 

From the literature above, it is clear that researchers are trying to develop a system to 

construct a 3D body model. A 3D body model is essential for 3D pressure . garment 

design because it enables the manufacturer to study the wounded area further, in 

order for them to develop a proper pressure garment. For example, by knowing the 

location, they can produce a pressure garment with suitable features for the client. It 

also enables the customer to give their opinion or assessment during its design 

development. In order to do this, a 3D body scanner with capabilities to 

visualise/show a wounded area is needed. 

2.3 3D garment creation methods 

Traditionally, designers create garment designs based on their own creativity, subject 

to current fashion trends and the target market. Their design specification is usually' 

in the form of a paper drawing representing a visualization of the garment. However, 

one of the weaknesses of this method is its time-consuming nature (McCartney et al., 

2000a). Thus, to minimise the time, it is essential for garment manufacturers to adopt 

a 3D CAD design system to develop their garment. Furthermore, the use of 3D CAD 

during the garment design process is important for visualisation and for design 

assessment, fabric suitability and the accuracy of the developed patterns (Hardaker 

and Fozzard, 1997). It is anticipated that 3D technologies will be the next evolving 

technology area for the apparel industry (Wang and Yuen, 2005). 

This section describes the development of 3D garment design. 

Hinds and McCartney (1990) and Hinds et at. (1991) initiated a system whereby a 3D 

garment design can be developed directly on a 3D body model. In this method, a 

body model resembling a mannequin must be developed first. Then, by using the 

provided tool-kit, a 3D garment model can be created as a series of connected panels 

around the body model. 
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Okabe et al. (1992) used two-dimensional paper patterns to create their 3D garment 

model. In this method, they placed the paper pattern on a 3D body model. Then they 

applied a physical simulation to wrap the body with the paper patterns, and sewed its 

lines together to create a 3D garment model. 

Magnenat Thalmann from MIRALab in the University of Geneva also used a similar 

approach with Okabe et al. (1992) to develop their 3 D garment design (Yang and 

Magnenat-Thalmann, 1992). In the research, they make another contribution to 

garment design by providing a simulation and animation of the changing shape of the 

3D garment design with a moving body. Magnenat Thalmann has continued the 

research till now by providing a more powerful animation of the 3 D garment 

(Magnenat-Thalmann and Volino, 2005). However, their work is limited to garment 

animation only. 

Rodel et al. (2001) used DesignConcept 3D software to develop their 3D garment 

design. First, they created 2D pattern pieces and, with the help of the software, 

seamed the pieces together and draped them over a 3D body model to generate a 

surface. The design can be created on the surface. 

Tarakanov and Adamatzky (2002) and Fontana et al. (2005) also used a 2D pattern to 

develop a 3D garment design. Tarakanov and Adamatzky (2002) used the same 

method but with a different approach. They applied a hybrid cellular automaton as a 

parallel computing device to decrease the time required to simulate the 3 D garment. 

For the latter, they constructed a 2D single pattern and then sewed (by using a sewing 

algorithm) it to other patterns, to create a 3D design. Their objective is to integrate 

garment design with simulation in order to help designers to evaluate their work more 

accurately. 

Sui and Kang (2004) also used the 2D piece pattern in their earlier work. However, in 

their next research they introduced a new method of designing a 3D garment (Sui and 

Kang, 2006). This method is very similar to the use of a 2D piece pattern to develop a 

3D design. It mimics a real pattern designers' draping technique. They lay down a 

simple 3D mesh sheet on a 3D body model and construct a 3D design by using the 
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NURBS cutting curve and a mesh-cutting algorithm directly on the sheet at the body. 

The advantage of this method is that they do not need to flatten the 3D design to get 

the· garment pattern because the pattern was generated simultaneously as the mesh 

sheet was edited. 

Kang and Kim (2000b) used the 2D garment patterns that they generated earlier in 

Kang and Kim (2000a) to develop their 3D garment model. Each pattern is divided 

into quadrilateral elements using a mesh-generating program. The patterns is then 

assembled and sewn to create the 3D garment shape. After that, the 3D design is put 

on a 3D body model for the final drape shape alteration. Their method is different 

from other 2D-pattern-using methods because, instead of using a predetermined paper 

pattern, they used a complete 2D garment pattern. Another difference is that they 

assembled the pattern to create the 3D garment first and then they draped it onto the 

3D body model. The other 2D-pattern-using methods cover the body model first and 

then develop the 3D garment design. 

Beside the 2D-pattern-using method, Kang and Kim (2000c) also introduced a new 

technique to develop the 3D garment design. First, they take an image of a dummy 

model with meshes on it using a CCD camera. Then, by using stereo calculation, they 

bring out just the surface with the meshes and assemble the surfaces to form the 3D 

garment model. Then they put the garment model on a 3D body model. The garment 

model adjusts to obtain an optimum fit for the body model. 

Similar work can be seen in Wang et al. (2002a). First, they developed a human 

model with features on it. Then they created a 3D garment model with features 

similar to the human model by using 2D free-form strokes. By putting the 3D model 

on the human model, and by providing some conditions to avoid collision, a new 3 D 

garment design that fits the body model can be achieved. They also present a new 

technique for made-to-measure garment design. Based on their 2002a research, they 

developed a technique that can automatically generate a new garment design with the 

same fashion on different body shapes (Wang et al., 2003). The technique enables 

designers to produce designs based on client measurements faster, without the need to 

create a new 3D garment model, as in the previous research. At the same time, Luo 
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and Yuen (2005) provide a new algorithm that can alter a 3D garment design by 

modifying the garment pattern. 

Chiricota (2003) and Chiricota et al. (2001) conducted a similar process that is being 

used in the apparel industry to develop their 3D garment design. First, they gather 

information on the garment parameters. Then, based on the information, they create 

geometrical models using a wireframe image. The models will be converted to a 

masses-springs system, and a physical simulation performed. In Chiricota (2003), a 

similar process was used to create other garment parts (like pockets, collars etc) and 

display them on the 3D garment. 

Fang and Liao (2005a), Fang and Liao (2005b) used a feature-based mannequin 

model to develop their 3D apparel. By using information provided by the model, a 

basic garment surface can be generated over the mannequin. The other parts of the 

garment, like the collar (Fang, 2003) and sleeve, can be designed by using a 

mathematical model. 

Xu et al. (2002) also used the same method as Fang and Liao (2005a). However, 

unlike them, XU et aI., (2002) used data provided by a body scanner to directly 

develop their virtual garment by following the shape of the 3D body. 

May-Plumbee et al. (2005) used a real garment to develop their 3D model. First, 

using a 3 D scanner, they scanned a real garment that hangs on a base stand. Then, 

they erased all unwanted features from the developed surface, leaving the 3D garment 

model alone. 

As for discussion, in order to develop a 3D pressure garment, it is important to note 

that a pressure garment is not like an ordinary garment only to be used on a certain 

body part. It can be used on any part. Thus, the garment must be able to be designed 

at any place on the body including the leg, head, hand etc. Any method to be used to 

develop the 3D model should be able to tackle this problem. 

The use of the method introduced by May-Plumbee et al. (2005) is considered to be 

inconvenient since it will need a lot of garment data to be stored in a database. For 
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mesh surfaces made by Kang and Kim (2000c), Wang et al. (2002a), this was 

considered to be time consuming as it needed the body part and pressure gannent to 

be sketched with lines . 

. The method of Fang and Liao (2005a) and Fang and Liao (2005b) is not suitable 

because it needs human body measurements in order to develop the digital 

mannequin. As mentioned earlier, the taking of manual measurements will cause 

uncertainty and hard work. If they were taken by using a body scanner, then it is a 

waste of time developing two different body models. 

The work of Chiricota et al. (2001) also is not suitable since the developed 3D 

gannent model is only an approximation based on the given measurements. Moreover 

it cannot be placed on a 3D body model. 

Even though the use of an interactive body surface (Hinds and McCartney, 1990) is 

possible, this method requires the development of a 3 D body model with such 

capabilities. The method introduced by Sui and Kang (2006) is also possible, but is 

not yet available in commercial CAD software. 

The other methods to develop a 3D pressure gannent are by using a 2D paper pattern 

(Okabe et al., 1992, Yang and Magnenat-Thalmann, 1992, Rodel et al., 2001, 

Fontana et al., 2005) or using scanning data (Xu et al., 2002). 

For this research, method to be employed to create the 3D pressure gannent model is 

by developed it directly on 3D body. The 3D body data was acquired using body 

scanner. The method is preferred because it can give infonnation on body shape and 

the infonnation can be used further to create the true size of the pressure gannent. 

2.4 Garment pattern generation 

Pattern making is the process of transforming a fashion design into its constituent flat 

pattern pieces. It is the starting point of gannent manufacturing, which is usually 

performed by highly skilled pattern makers. With the current developments in 

technology, automatic pattern generation is seen as a major aim of a 3D CAD system. 
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This section looks into the development of gannent pattern generation. Pattern 

generation methods can be categorized into two types based on their development 

techniques. The first category is a pattern developed by using a prediction of human 

body measurements and the second category is the pattern developed by flattening a 

3D gannent design. 

2.4.1 Pattern development by using predictions of human body measurements 

Turner (1994), Kang and Kim (2000a), Eckert and Bez (2000) and Petrak and Rogale 

(2001) have developed a system to generate a garment pattern automatically based on 

human body measurements. 

Turner (1994) has developed a micro-computer-based system for automatic 

construction and plotting of made-to-measure bridal ware patterns. In this system, the 

user needs to input their body measurements and the system generates their gannent 

pattern. Eckert and Bez (2000) used a mathematical model of Bezier curves to 

develop their garment pattern. 

Kang and Kim (2000a) formulated a set of pattern-drafting rules using a script 

language. It generates patterns by compiling corresponding scripts to make 

modifications to the patterns. Then they also developed a pattern-modification system 

that can change the geometry and topology of the patterns and generate engineering 

patterns automatically. 

Petrak and Rogale (2001) used AutoCAD to develop a men's shirt pattern. First, they 

calculate the necessary measurements for the basic points in the pattern. Then they 

calculate point coordinates to develop the contour of the pattern. The calculation was 

carried out in Excel. Thus, it is necessary to transform the data into script data files in 

order to move it into AutoCAD. AutoCAD links all the points to construct the 

gannent pattern. 
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Chan et al. (2005) used a multiple linear regression technique to predict shirt patterns. 

In this research, they added body parameters to examine the underlying relationship 

between shirt pattern parameters and body measurements. By doing that, they 

improved the prediction of the shirt pattern compared with a previous formula 

produced by a pattern expert. 

2.4.2 Pattern development by flattening the 3D garment design 

Hinds et al. (1991) initiated this method. First, they created quadrilateral meshes on 

the 3D garment surface using the Newton-Raphson algorithm. Then, by retaining the 

meshes' lengths and branches, it was mapped in 2D by roIling out each strip of 

meshes starting from the spine, to develop the pattern design. However, the pattern 

obtained has many darts since each strip was flattened individually. In McCartney et 

al. (1999), they used triangular meshes to substitute for the quadrilateral meshes. An 

algorithm that incorporates an energy model was used to flatten the meshes one by 

one to obtain an initial pattern. If the triangulated surface is a close approximation to 

a developable surface, the magnitudes of the energy distribution will be very small. 

However, if the magnitudes are high, they will be eased using an energy relaxation 

process which alters the positions of the nodes in the pattern. McCartney et al. (2005) 

created triangulation meshes using a front marching algorithm. The developed 

meshes are more uniform and suitable for the flattening process. In order to reduce 

offset error in the flattening process, they used a subdivision process to create smaller 

meshes in areas where problems potentially occur. 

Azariadis and Aspragathos (1997) used three steps in order to generate a pattern. In 

the first step, an analysis was made on a 3D surface to create triangulation and 

starting locations for the flattening. Then, the surface was unfolded to create the 

earlier pattern. Sometimes, the pattern was filled with gaps and overlaps as in Hinds 

et al., (1991). To overcome this problem, they used a geometric approach and 

generalized inverses to refine the earlier pattern by minimizing the gaps and overlaps 

on it. However, the final result from this technique was not accurate enough. In 

Azariadis and Aspragathos (2001), they used an energy model to flatten the surface. 

With this method, they did not depend on surface parameterization. 
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Kang and Kim (2000c) used a similar method to that of Hinds et al. (1991) by 

retaining the meshes' lengths to flatten their 3D surfaces. In order to avoid the 

problem of producing many darts, as in Hinds et al. (1991), they divided a 3D 

garment surface into four areas (front right, front left, back right and back left) with 

each area split into four panels. Each panel was flattened individually. The developed 

patterns were assembled together and the edges of the intermediate panels formed 

darts. However, the pattern is still unsuitable for a typical garment pattern since the 

number of darts is still considered large. To overcome this problem, Kim and Kang 

(2002) brought small darts together into a single large dart by allowed some shear in 

the rows being rolled out. They used triangular instead of quadrilateral meshes in the 

research. 

On the other hand, Wang et al. (2002b) used a similar approach to that of McCartney 

et al. (1999) to develop an algorithm to flatten their 3D surface. However, instead of 

using a strain energy model, they used a spring-mass model based on an energy 

function. The algorithm enabled them to cut the surface using a gradient method to 

reduce the error for the resulting developed surface. 

2.5 Pressure measurement 

Pressure garments are primarily designed to exert pressure on a particular part of the 

body. Thus, in developing a pressure garment, the pressure exerted by the pressure 

garment is another consideration that must be taken into account. The pressure will 

determine the success of the treatment. If the pressure is too low, then it will not heal 

the scar, and if the pressure is too high, it can cause unpleasant side effects 

(Macintyre and Baird, 2006). 

It is difficult to determine which level of pressure is optimum for scar healing and 

even researchers differ among themselves on the matter (Macintyre and Baird, 2006). 

Most researchers agreed that it should be more than the capillary pressure (normally 

quoted as 25 mmHg). However, this research is not focus sed on identifying the 
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effective pressure for the healing process. It concentrates on how to measure the 

pressure that is being exerted by the pressure garment. 

This section reviews the methods used to measure the level of pressure exerted by the 

pressure garment. This pressure can be measured by direct or indirect means (Giele et 

al.; 1997). 

In the first method, measurement is carried out using a sensor cell, which is inserted 

between the garment and skin, after the garment has been constructed. For example, 

Ng and Hui (1999), Harries and Pegg (1989), Ng and Hui (2001) and Hui and Ng 

(2003) used an Oxford pressure monitor to measure the pressure exerted by a 

pressure garment in use. The sensor cell of the pressure monitor is a small bag made 

of thin plastic layers. Mann et at. (1997) used an I-scan sensor developed by Tekscan, 

Inc. The sensor uses an ultra-thin (0.007 inch) sensor with multiple sensing locations 

that sample continuously at 100 times per second, to measure the pressure developed 

under the pressure garment. They concluded that the system could be used to measure 

pressure under pressure garments accurately and reliably. Besides this research, there 

are some other papers (Hunston (2002) and Ferguson-Pell et al. (2000» that also 

mention the evaluation of a sensor that can be used for measuring the pressure under 

a pressure garment. Both evaluated sensors were designed by Tekscan, Inc. 

However, this external direct measurement has some limitations like distortion of the 

garment and poor conformity to the skin (Giele et al., 1997). To overcome the 

problem, Giele et al. (1997) developed a new technique to measure directly the sub­

dermal cutaneous pressure generated by a pressure garment. First, they inserted a 

needle that is connected to a low-flow pressure transducer into skin. When the 

pressure garment is then worn, the pressure that it exerted is measured. 

Nevertheless, both methods of direct measurement on the human body are time­

consuming and expensive (Fan and Chan, 2005, Chan et al., 2005) because the. 

pressure garment needs to be constructed first and the pressure can only be measured 

at a limited number of places. To overcome this problem, some researchers have 

developed indirect methods to estimate the exerted pressure. 
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Yu et al. (2004) developed a mannequin to be used to evaluate the pressure exerted 

by a pressure garment. Fan and Chan (2005) used the mannequin to measure a 

girdle's pressure and, by using the information, tried to estimate the pressure on the 

human body. In the research, they used linear regression to construct their equation 

for estimation. Even though the research was carried out on a girdle, the method can 

also be applied to a pressure garment. However, although the method may be suitable 

for mass produced products, for a tailor-made pressure garment, it is inconvenient for 

manufacturers to check the clothing pressure for each customer. 

Another method is by making predictions based on mechanical models and computer 

simulations. Zhang et al. (2002) developed a mechanical model based on analyzing 

the contact characteristics between the human body and a garment, to create a 

simulation of 3D dynamic garment pressure. The model can simulate and predict the 

dynamic mechanical behaviour of a garment during wear. However, accurate results 

are difficult to obtain since the models are based on simplified geometrical 

assumptions (Chan et al., 2005). 

Non-contact pressure measurement technique include Pressure Sensitive Paint (PSP), 

which is based on oxygen quenching of molecular photoluminescence (Reda et al., 

1998), or surface-stress-sensitive film which is based on 3D surface deformations 

(Fonov et al., 2004, Fonov et al., 2005). Both of the techniques are used for 

measuring the pressure at a surface of a rigid body. 

2.6 Fabric properties 

Each different type of fabric that is being used in pressure garment making exerts a 

different level of pressure (Harries and Pegg, 1989, Macintyre et aI., 2004). 

According to Wong et al. (2004), garment pressure is affected by body shape, the 

mechanical properties of the fabric and the style of the garment. However, for a 

pressure garment, there are three important parameters that will determine the 

pressure exerted: the fabric properties, the reduction factor and the garment 

dimensions (Macintyre et al., 2004). 
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There is little information on the properties of fabrics used in pressure garment 

making in the literature. According to Macintyre et al. (2004) and Thomas (2003), 

the most important property affecting a fabric's pressure is tension. Fabrics with high 

tension will exert a high pressure even though they have similar dimensions. In the 

research, they also found that fabrics with the same properties would also exert a 

different magnitude of pressure if the dimensions of the fabric are changed. Garments 

with a larger circumference apply a smaller pressure, and vice versa. Considering the 

reduction factor, an increase in the reduction factor increases the pressure even if 

both the above-mentioned parameters are constant. Thomas (2003) also conducted 

similar research in which two more parameters were included in the equation: 

bandage width and the number of layers applied. However, they did not do any 

experimental studies to validate their equations. 

Ng and Hui (2001) have formulated the relationship between the tensile properties of 

a fabric, the curvature of a contoured surface and skin-and-garment interfacial 

pressure into a mathematical expression. Their findings are also in accord with 

Macintyre et al. (2004). 

Most of pressure garments are made by weft-knitting and warp-knitting elastic fabric. 

In a weft knitting machine, yarn feeding and loop formation will occur at each needle 

in succession across the needle bed during the same knitting cycle (Figure 2.6). 

However, in warp knitting machine there will be a simultaneous yarn-feeding and 

loop forming action occurring at every needle in the needle bar during the same 

knitting cycle (Figure 2.7). 
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Figure 2.6 Weft knitting (Spencer, 1983) 

Figure 2.7 Warp-knitting (Spencer, 1983) 

This research used a warp-knitted fabric called powemet. It is the most popular fabric 

structure used in developing pressure garment to UK patients (Macintyre, 2007). The 

powemet is composed of blends of elastic and synthetic inelastic yams. The fabric 

employed elastane as the elastic yams while the synthetic inelastic components of the 

fabrics is nylon. The proportions and weight of nylon and elastane in a powemet 

fabric largely determine its tension delivering potential. The most widely-known 

structure for the powemet is shown in Figure 2.8. The structure can provide a 

lengthwise extension of 75-85% and a widthwise extension of 65-75% (Spencer, 

1983). The powemet fabric also display a negative Poisson's Ratio if being stretched 

in courses direction. 
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This chapter has reviewed the research into the design of garments and its application 

in the development of 3D, computer-aided, pressure garment design. In the first 

section, the current pressure gannent production methods have been discussed. This 

clearly shows that most of the researchers are in search of a method to develop 

pressure garments that can exert a certain range of pressure. However, their efforts 

are limited, because of the nature of the human body. 

The next sections review the current technology in garment manufacturing. This 

shows that the advancement of technology in the area makes it possible for the 

development of a 3D computer-aided pressure garment design. By the development 

of the 3D computer-aided pressure garment design, it is hoped to transform the 

current manual design method and provide the customer with improved pressure 

gannent performance. 

The literature survey reveals that there are rapid technological progresses in ordinary 

garment manufacturing area. The introduction of many new technologies, such as 

body scanning, 3D garment model and pattern generation, has benefits the area to 

develop further., However, the same cannot be said to the pressure garment 

manufacturing. The area still used conventional method to construct the garment. The 

accuracy of the method to provide proper pressure garment is debatable. Current 

technology that is being researched in ordinary garment manufacturing can be 
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manipulated to be used in developing pressure garment. Thus, it is important to 

develop a method to integrate the technology so it can be used in pressure garment 

manufacturing. 

The first area that needed new technology is body measurement. Current manual 

measurement is time consuming and error-prone. New technology is needed to 

overcome the problem. The next area is to develop mathematical model to create a 

pressure garment model, especially in calculating its reduction factor. Reduction 

factor is normally calculated based on circumference. The next area is the 

development of patterns for pressure garments. Most of pressure garment making 

companies use predictions of human body measurements to develop the pattern. 

However, the method is considered as inaccurate as human body is different between 

each other. Thus, it is important to propose a method that can create pressure garment 

pattern based on 3D garment model. Another area that needs attention is the pressure 

measurement. Since the pressure garment can cover wide area of body, it is almost 

impossible to measure pressure that the garment exerts. To overcome the problem, a 

model that can predict the pressure is essential. 

This research will develop a method to acquire body data from body scanner and 

develop technique to create pressure garment model and generate its pattern based on 

the data. A model to predict pressure distribution exerted by the pressure garment 

also will be developed. 
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Chapter 3 The 3D pressure garment model and 

2D pattern development 

This chapter explains how the 3D pressure garment model was developed using 3D 

body data and then transformed into a 2D pattern, and verify experimentally. 

The first process of developing the 3D garment design can be categorized into three 

main steps; 3D data acquisition, development of the 3D wounded area and 

development of the 3D pressure garment. 

The second process of transformation to the 2D pattern involves two steps: creating a 

triangulation for the points and flattening the triangulation. 

Finally, experiments have been conducted to validate the developed computer 

program. 

3.1 3D data acquisition 

A 3D body model is used in this research for both visualisation and measurement. A 

[TC]2 NX12 3D, horizontal type, body scanner was used to extract the 3D (in x, y, z 

coordinates) raw data of the subject body. 

A body scanner of this type is expensive and may not be practicable to use in each 

and every burn unit or hospital. However, the technology of body scanning is fast 

developing and soon there will be affordable, portable scanning units that could be 

used in burn units. 
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The scanner used works by projecting a structured light pattern onto a human subject 

and capturing a series of images. These images are then converted into a large 

number of data points around the body shape. 

Prior to any measurements are taken, the scanner calibration needs to be verified to 

ensure that its measurements are accurate. A white cylinder is placed in the centre of 

the scan chamber. The cylinder is scanned and compared to the scanner's internal 

calibration files. 

After being verified, the subject enters the body scanner booth. They stand in the 

booth in a standard position (refer Figure 3.1). When they are ready, they start the 

scanning process either by using a remote controller by themselves, or by giving a 

signal to the researcher to start the scan. As a precaution, the subjects stay in the 

booth after the scanning process while the data was processed. After a 3D body 

model is displayed, it is saved into a .wrp file. 3D data coordinates can be obtained by 

converting this file to a text file (.txt). 

The raw data scanned by (TCi body scanner, is made up of seven segments: right 

leg, left leg, torso (including head), right arm, right hand, left arm, left hand. The data 

of each segment includes two matrixes. One matrix contains the coordinates of the 

3D point cloud, another save the coordinate indexes and color values of the triangle 

patch. In this research, only the coordinates of the 3D point cloud are used. Some of 

the data is attached in Appendix A. 

Figure 3.1 Standard standing position 
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3.2 3D wounded area model development 

The text data is exported to Matlab, and the 3D data is transformed again to create a 

3D point cloud. A result from the 3D body scanner is shown in Figure 3.2 (a). For 

this research, effort is made to create a pressure garment for one leg only. A 3D thigh 

is shown in Figure 3 .2(b). The arrangement of the points is such that they start from 

the front of the body and move clockwise to the other surfaces. Every point is 

represented by it's coordinate on the x-, y- and z- axes. 

(a) 
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(b) 

Figure 3.2 3D point cloud of (a) a body (b) a leg formed by using Matlab 
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Then, the data is examined, and only data for the wounded area is extracted. A 

computer program is developed so that the data can be gathered by selecting the 

height of the location of the wounded area (both top and bottom). For thi s research, 

an area below the knee was chosen as wounded area The data can be transformed to 

create a 3D wounded area model (refer Figure 3.3). Figure 3.4 shows the location of 

the wounded area on the leg . 
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Figure 3.3 
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Figure 3.4 Location of selected wounded area 
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3.3 Methodology to develop 3D pressure garment model 

This research uses the 3D body data generated by a body scanner to create the 

pressure garment. A fl owchart of the process is shown in Figure 3.5. 

First, the radius and centroid of each layer are determined from the 3D wounded data . 

By combining the radius with the fabric ' s modulus of elasticity and the pressure to be 

exerted, a reduction factor for each layer was obtained. Then, by joining together the 

reduction factor and the centro id of each layer and also the 3D wounded area, a 3D 

pressure garment is developed. Since the model is based on measured body shape, 

radius of curvature, the elastic modulus of the fabric used to create the pressure 

garment and the pressure required to be applied, it leads to an accurate calculation of 

the reduction factor at each layer, which in turn results in an accurate pressure 

garment. 

I 
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Centroid of each 
layer 

Figure 3.5 
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3.3.1 Calculation of tbe reduction factor 

The reduction fac tor is the factor that is needed by which to reduce the ori ginal body 

measurement. Thus, if Co is the original circumference of the wounded area at a 

certain layer, then the pressure garment 's circumfe rence at the layer, Cl, should be: 

C, = (1 - Re)Co 

where Re is the reduction fac tor. According to Laplace ' s Law, the tension, the rad ius 

of curvature and the pressure have a definite relationship that is given by the fo rmula: 

p =T 
P 

where P is the pressure, p is the rad ius of curvature and T is the surface tension of 

the pressure garment. The latter can be ca lculated by using Hooke's Law. By 

assuming that the body's circumfe rences remains constant even after pressure has 

been exerted, the pressure generated by the pressure garment can be calculated as : 

T=E(Co -C,) 
C, 

T = E(Co - (l - Re)Co) 

(1- Re)Co 

T= E Re 
1- Re 

where E is modulus of elasticity (Ng and Hui , 2001 ). By substi tuting the above 

fo rmula into Laplace ' s Law: 
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p = _ E_' R_e_ 
(I - Re)p 

Thus the reduction fac tor is given by: 

Re= Pp 
Pp+E 

Re = -----=:---
E 

1+ ­
Pp 

(3. 1 ) 

Based on the equation 3. 1, in order to calculate the reduction factor, there are three 

main parameters to be considered, the modulus of elasticity, the pressure to be 

exerted and the radius of curvature. 

For the first parameter, every fabric has its own elasticity, which can be determined 

by using a tensile test experiment. Selected fa brics will be extended to a certain 

percentage, and the fo rces that are needed to ex tend the fabrics will then be recorded 

and plotted. The modulus can be determined by ca lculating the slope of the stress­

strain curve, in the region where the Hooke's Law holds. 

For the second parameter, the pressure to be exerted depends on how much pressure 

the garment is required to exert on the body. In thi s research, a pressure of 2666 Pa 

(20 mmHg) is selected. 

The third parameter, the radius of curvature, is di scussed in the next section. 

3.3.2 Radius of curvature 

The radius of curvature of a curve at a point is actuall y the rad ius of the osculating 

circle at that point. It is given by the formula: 

I 
p =- , 

K 
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where K is the curvature. However, in pressure garment research the radius is always 

calculated by divid ing the circumferences of the body by 2n (Pi), i.e. by determining 

the radius of a nominal circle that has the same circumference as the measured body 

part. 

This is a very common practice because it is difficult to determine the suitable rad ius 

of curvature for each layer to be used. The radi us of curvature for each point on the 

circumference of the cross section is different depending on its location. Its value 

ranges from very low to almost infinity in certain cases. For example, Figure 3.6 

shows how a small number of the radius of curvatures in the wounded area is 

extremely high compared to others. 
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Figul'e 3.6 Radius of curvature (ROC) for the wounded arca 
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Figure 3.7 shows the radi us of curvature for every layer of the wounded area . The 

figures show that at all layers, there are points which can be considered as ex treme 

compare to others. 
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Figure 3.7 Reduction factor distribution at each layer (cm vs degree) 

Since there only one reduction facto r is computed for each layer, average radius of 

curvature is used. It can be obtained by divid ing al l the radius of curvature with the 

number of them in the layer. When averaging is used, these extreme values can affect 

the va lue of the average at their corresponding laye rs as shown in Table 3.1. These 

averages, if used, will influence reduction factor and 3D pressure garment model as 

shown in Table 3. 1. 

Tab le 3.1 

Average radius of Reduction factor 
curvature (metre) (%) 
With Without With Without 

extreme extreme ex tTeme extreme 
value value value value 
2.349 0.068 92.6 23 .6 
0.099 0.078 34.4 29.3 
0.074 0.065 28.2 25.7 
0. 11 3 0.072 37 .4 27.6 
0.079 0.069 29.5 26.7 
0.091 0.067 32.4 26.2 
0. 189 0.068 50.0 26.3 
0.120 0.067 38.9 26.7 
0.083 0.073 30.5 27.9 
0.093 0.076 32.9 28.8 

Average radiUS of curvature and reductIOn factor for each layer with and 

without extreme value 

To overcome the problem of reduction factor 's extremity due to radius of curvatures 

factor, thi s research used the circumference of the body, measured by the body 
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scanner to calculate the reduction factor. The c ircumferences of the body were 

calculated by adding up all the distances between two consecuti ve po ints in each 

layer. This can be easil y done since the body scanner that thi s research used is a 

hori zontal type, which means each layer will have the same z-coord inate. If PI (Xl, 

YI) to P" (Xn, Yn) indicate the points' num ber and coordinates in one laye r, the 

circumference for the layer} is given by: 

(3.2) 

However, thi s IS only an approximation. The calculated circumference always 

underestimates the distances between two points. It is because equation 3.2 

considered di stances between the two points as straight line, but the fact is the line is 

a curvature. So the calculated circumference is smaller than the actual circumference. 

The higher the number of points used, the higher the accuracy of ca lculation. 

3.3.3 Ca lcula ting the cent roid loca tion 

The centroid is the point at the centre of any shape, sometimes called the centre of 

area or the centre of vo lume. The coord inates of the centroid (G) are the average of 

the coordinates of all the points of the shape, and its fo rmula is shown below. 

G = J 

11 " LX, 2>-
_,"_1 __ ,"_1_ , 

n n 

The centroid will become the 3D pressure garment's reference point. 

3.3.4 3D pressure garment cr eation 

By combining the wounded area data, the reduction factors and the centroids 

together, a 3D pressure garment can be developed. 
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By referring to Figure 3.8, if we assume that Gj is the centroid of a layer with 

coordinate of (xG, YG), A is one of a series of points that define the circumference of 

the layer. The reduction factor is Re. Then the location of A' (x;', Y' ') which 

determines the circumfe rence of the pressure garment by using a reduct ion factor Re 

can be determined by using the following formula: 

X, ' : Xc + CA'cos B 

y,': Ye +CA'sinB 

B : arctan(Y' - Ye ) 
X I -xG 

CA': (1- Re)CA 

CA': (I - Re )~r( x-', -- -x-
e

---:) ':-+- (-y-, --Yc-. )-=-, 

A i 

YG 

XG Xi Xi 

Figure 3.8 3D pressure ga rment points coo rdinates 

By plotting Xi ', Yi ', points along circumference of the pressure garment at the layer 

can be obtained. By repeating thi s process at other layers of concern, a 3D image of 

the pressure garment can be achieved. T his then can be used to develop a 2D pattern 

fo r the pressure garment. 
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3.4 Methodology to obtain a 2D pattern of the pressure garment 

The method to generate a 2D pattern from the 3D model invo lves two steps: creating 

a tri angulation for the points and fl attening the triangulation. 

3.4.1 Triangulation of tbe points 

First, a ll the 3D coordinate data for the pressure garment must be rearranged to 

develop the triangulation. The triangulation is important because it will help to fl atten 

the 3D pressure garment model to fit the body smoothl y. This research manipulated 

the nature of the arrangement of existing data to develop it (refer Figure 3.9). 

The arrangement of ex isting data begun with a data point (reference point) on the 

front of the body segment (marked in the figure), and moved in the clockwise 

direction to the rear, and has continued to the front again to complete a cycle. This 

process has been repeated fo r the next layers unti l a ll the layers have been processed. 

Each layer has the same number of data points. Thus, if num ber of points in each 

layer is k, then data point in first layer is P I, P2 . .. Pk, while fo r second layer is Pk+" 

Pk+2, ... P2k (Figure 3. 10). Third layer' s points is P2k+l , P2k+2, . .. P3k and so on. Since 

each layer on the body is a close loop, first data point and last data point in the layer 

is actuall y a neighbouri ng point. 

As shown in Figure 3. 11 , triangle \ , or T " consists of points PI , Pk+ 1 and Pk+k, while 

triangle 2, or T2, is made by points P I, P2 and Pk+ l . Members of neighbouring 

triangles are shown in Tab le 3.2. 
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Figure 3.9 Arrangement of body points data 
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Figure 3.10 Arrangement of data in two layers 

Layer 2 

Layer 1 
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Table 3.2 T riangulat ion da ta arra ngement 

Triangle, T; First position Second position Third posit ion 

I P I Pk+1 Pk+(k) 

2 P I P2 Pk+( I) 

3 P2 Pk+2 Pk+( I) 

4 P2 P3 P k+(2) 

5 P3 Pk+3 P k+(2) 

. 

2k-2 Pk. 1 Pk Pk+(k.l) 

2k -1 Pk Pk+k Pk+(k.l ) 

2k Pk PI Pk+(k) 

A computer program was developed to arrange the points into these positions. By 

using thi s sequence, triangulation of the pressure garment was made (Figure 3.1 1). 
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3. 11 T ria ngulatio n of pressure garm ent 
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3.4.2 Flattening 

After the triangu lation of all the points has been completed, the next process is the 

flattening of the 3D image. The 3D pressure garment surface is flat1ened into ' a 2D 

pattern by using the method of intersection of two circles. The process is as follows: 

Consider PI , 1'2 and 1') are three points that make up a triangle in level I (Fi gure 

3. 12) . 

The next step is to calculate the distance between the points. The process starts with 

the reference point in the data. The first layer can be considered as the base layer, 

where no reference points yet exist. As Figure 3. 13 shows, if PI is chosen as the base 

point, then 1'2 can be determined by using the distance between PI and 1'2. 1') can be 

determined by using the intersection of two circles method. In this method , d2 wi ll be 

assumed as P2'S radius and d) is PI 'S rad ius . However, it must be checked whether 

there is any intersection at all. If d) is longer than d l+d2 (d» d l +d2) or shorter than d l -

d2 (d)<ld l -d21), then there is no intersection between these two circles . The former 

indicates that the two circles are separated and the latter shows that one circle is 

contained within the other. I f both conditions were meet, the ca lculation for 1') is as 

follows: 
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p) d) 

Figure 3.12 Triangulation of points 

Referring to Figure 3. 13; d
" 

d2 and d) can be described as: 

d, = a+b; 

d/ =a' +h' ; 

d,' =b' +h' ; 

T, 

T2k 

By substituting the terms in the equations , a and h can be calculated ; 

a = (d,' -d,' +d,' ). 
2d ' , 

Layer 2 

Level 1 

Layer 1 

P2k 

P, 
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b 

Figure 3. 13 Intersect ion of two circles 

Po is given by (Figure 3. 13): 

By referring (0 Figure 3.14, L P' P, P, x'= L PJX 'PJPo. Thus X3 and Y3 can be calculated 

by using ratio of a triangle. 

Xo - x J Y, - y , . 

h d, 
, 

x =X -h(Y' -Y')' J 0 d' , 
and 

YJ - Yo 
h 

X, -x, . 
d, 

(XI-X,) 
YJ = Yo + h d

, 
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Figure 3.14 Calcu latin g Ihe coordinates of the intersection of two circles 

After the location of PJ is calculated, the next step is to use Pz and PJ to calculate p. 

(refer Figure 3. 12). When location of P4 is determined, then PJ and p. are used to 

locate P5. The same process is repeated to calculate the nex t point until all the points 

in the first level are flattened. 

For flattening process in the next level (between layer 2 and layer 3), since some of 

the points in the first level wi 11 also form part of the next level, thus the flattened 

points must also be taken into consideration. For example, if triangles TI-T. are 

located in the first level in Figure 3. 15, which has already been flattened , in order to 

flatten triangles T5- T8 in the next level , points PZI, Pzz and P2J must be considered. In 

thi s case, point PJI must be located first, by using the distance between it and Pzl . 

Then, PJI and PZI can be used as reference points to search for PJ2. After that, P]2 will 

be used with Pzz to locate PJJ, and the process will be repeated until all points in the 

layer are flattened. 

However, if the di stance between Pn and Pn is longer than the sum of the di stance of 

P]2, PJJ and Pzz, P]3, then a new point Pn must be searched for by using PJ2 and PZI as 

the base points. 
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Figure 3.15 Flattening the triangle 

For example, to fl atten 3D pressure garment model shows in Figure 3. 11, 

triangulation data in the first level is flattened first (Figure 3 .16a). Then triangulation 

at the next level (Figure 3. 16b) until all the triangulations were fl attened (F igure 

3. 16c). 

0,--------- -

·5 

-25 :--~r_-~---'-
-10 -5 0 5 
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(3) (b) (c) 

Figu re 3.16 Flaltening process for model in Figure 3.12 
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3.5 Experimental verification 

The experimental method to veri fy the pressure garment pattern developed by the 

computer program is shown in Figure 3. 17. A cylinder wi th a ci rcumference of 3 1.5 

cm has been used to represent a body part. Then a 3D pressure garment model has 

been developed following the process explained in the previous sections. Then thi s 

3D model has been converted into 20 pattern. The pressure garment' s fabric has been 

tested to determine their moduli of elasticity which was used in developing the 

pressure garment model. Based on the 20 pat1ern, a real pressure garment has been 

constructed and tested on the cylinder wi th a pressure sensor. The pressure 

distribution has been measured and compared with the intended pressure. 

Cylinder model 
Pressw'e to 
be exerted 

Reduction 
I 

Factor 
I 

Construct Fabric 's 
pressure modulus of 

elasticity 

Sensor 
ca libration 

Pressure 
measurement 

3.17 Flowchart of experiment to verify the developed pressure garment pattern 

3.5.1 Cylinder model 

First, a cylinder was used to replace the human body. A cylinder was chose because it 

has the same radius of curvature at each point on its surface which simplified the 

validation process. Thus, the pressure from the pressure garment is evenly di stributed 

along its surface. The cylinder has a circumference of 31.5 cm (Figure 3. 18). Its 3D 
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model has been created, and its data IS inputted into the computer program to 

generate its pressure garment pattern. 

20 00 

§§ 
15 

10 

5 

0 
10 

5 10 

0 5 
0 

-5 -5 
-10 -10 

Figure 3. 18 Cylinder model with circumference and height of31.5 and 20 cm respectively 

3.5.2 Modulus of elasticity of tbe fabrics 

This experiment has been conducted to establi sh the modulus of elasticity of the 

pressure garment fabrics. Modulus of elasticity is measured in the direction of the 

circumference of the pressure garment. The experiment has been conducted 

according to BS-EN 14704-1 : (2005) standards. Five test samples has been cut from 

the fabric , from region at least 150 mm from the edge of the fabric , with dimensions 

of 50 (± I ) mm wide and 250 (± I ) mm long. Since the fabric is warp-knitted, the 

specimens were cut with their length parallel to the wales of the fabric (Figure 3.19). 

In order to ensure that the specimens are accurately removed, the fabric is measured 

using a ruler and marked with a coloured pen. Initially, each of the specimens was 
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roughly cut from the fabric using scissors. Then, the specimens were further cut close 

to the dimensions by using a paper cutter. To ensure that the accuracy of the 

specimens was in the region of 50 (± I ) mm, each of them was man ual ly checked and 

any excess yarn was taken out from the specimen using scissors. 

Wales 

Figure 3. 19 

Width 
50 mm 

~ 

I- I- I-
I- I-

I-

I- I- I-

I- I-
I- I- I-

I- I-
I- I- I-

I- I-
I- I- I-

Course 

-
-
-
-
- Length 250 mm 
-
-
-
-
-
c-

Pos ition a nd d im ension of sample in the fabric 

When the specimens are ready (Figure 3.20), the next step is to measure their 

modulus of elasticity. A tensile testing machine (Hounsfie ld Test Equipment H5KS) 

was used in the experiment (Figure 3.2 1). The machine had been verified fo r tension 

and compression to BS EN ISO 7500-1: ( \999) standard using veri fi cation equipment 

calibrated to ISO 376: ( \999) and known masses that meet the requirement of BS EN 

7500- \: (1999). 
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Figure 3.20 Specime n for th e fa bric's modulus of e lastic ity investiga tion 

Figure 3.2 1 Speci me n on the tensile testing machine 

Clamping 
Jaws 

Pressure 
garment 

specimen 
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The clamping jaws of the machine were set 100 mm from each other using paper and 

carbon paper. The mark left on the paper was measured using a ruler. 

The fabric was extended from 0 mm to 100 mm with a constant rate of 500 mm/min. 

Five cycles of extension and relaxation were run to obtain a stable load extension 

curve. The extensions were run within the elastic deformation load and below the 

plasti c deformation load. 

Each elongation and the force that was needed to stretch it have been plotted, and the 

slope of the graph was calculated using Microsoft Exce l. 

3.5.3 Pressure garment construction 

The reduction factor formula, Re = E was used to calculate the reduction 
1+ -

PR 

factor. If the circumference of the cylinder IS CO, then the circumference of the 

pattern, Cl . is CI=( I-Re)*Co. This has been calculated by applying the reduction 

fac tor to each di stance between the measurement points on the circumference of the 

body segment. A 20 pattern has been developed and cut out from the fabric, sewn 

together to form the pressure garment and then applied to the cylinder. 

Pressure measurement experiments have been carri ed out to validate the process used 

in the development of the pressure garment pattern . Two separate pressure garments 

to exert pressure of2666 Pa (20 mmHg) and 5000 Pa respectively on the cylinder has 

been developed. Although 5000 Pa is high for burn wowld treatment, it has been used 

here to verify the method of designing and making pressure garments using the 

developed method. Such pressure are used in venous leg ulcers treatment. 

The exerted pressure has been measured using the Tekscan Flexifo rce A20 I-I sensor. 

A sensor was inserted at four d ifferent locations on the cylinder and the average 

pressure was ca lculated. 
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The experiment procedure requires the fo llowing steps 

a. Experiment to determine the modulus of elasticity . 

b. Sensor calibration. 

c. Pressure measurement. 

3.5.4 Pressure sensor calibration 

The Tekscan ' s Flexiforce A20 1-1 sensor has been selected because it is a single load 

cell , thin and flexible. All these characteristics are important to ensure that the sensor 

would not affect the accuracy of the pressure measurements. The sensor has a 

piezoresistive sensing device in which resistance is inversely proportional to an 

app lied force. Ferguson-Pell et al. (2000) have evaluated the sensor and reported that 

it is suitable for direct measurement for surfaces with a radius of curvature more than 

3.2 cm under static condition. A circuit for the sensor was constructed as 

reconunended by the manufacturer and is shown in Figure 3.22. 

An oscilloscope was used to gather the data from the sensor at a rate of 1250 data 

points per second. 

First, in order to use the sensor, a cal ibration is needed. The calibration has been 

conducted by estab li shing the relationship between the pressure and the sensor 

output. A range of weights, from 109 to 50 g, have been applied to the sensor. This 

range of weights has been chosen because the pressures exerted by the pressure 

garment are relatively low, between 20 - 30 mmHg (2666 - 3999 N/m2), within the 

range of weight applied. A maximum pressure of 50 nunHg (6665 N/m2) is assumed 

for the sensor. Since the sensing area diameter is 9.53 mm (as described by the 

manufacturer in its specification), then the active area of the sensor is, A= 7.13 * 10-5 

(m2
). 

Thus , for a 50 mmHg, the mass of the weight that needs to be used is 48 .37 (g) or 

close to 50 (g). 
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Fi rst 109 we ight has been placed on the sensor, and its reading (in volts) has been 

taken I minute after the loading (Ferguson-Bell et ai, 2000). Similarly, the same 

procedure has been used for weights of 20, 30, 40 and 50g (Figure 3 .23). 

All the we ight and vo ltage read ings have been plotted, and a linear equation was 

determined using MS Excel graph . 
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Figu re 3.22 Circuit for press urc measurcm ent senso r with specification and features 
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(a) 

Figure 3.23 

3.5.5 Modulus of elasticity 

a) Introduction 

(b) 

Sensor calibration (a) side view (b) top view 

This experiment was conducted to investigate the fab ri c's modulus of elasticity. A 

sample of five fabrics was used and tested on the tensile test machine. 

b) Results 

Results of the experiment are shown in Figure 3.24. 
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Figure 3.24 Stress-strain relationship for the fabric 
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c) Discussion 

The stress strain curves are similar to the fabric tensile curve up to around 125 mm 

(or at 125%) extension where there is a di sturbance to the curve. This was caused 

when the fa bric became loose from the jaws of the tensil e testing machine. However, 

since no pressure garment ever uses an extension of more than 100%, for thi s 

research, onl y data withi n an extension of 100% will be considered for estimation of 

the modulus of e lasticity. 

The graph from 0% to 100% of strain shows that the curve can be di vided into three 

main linear parts. The initial linear segment has the steepest slope, and is usuall y 

referred to as the Young's Modulus. Stiffness at thi s part is the highest but its strain 

range is very small. In the fi gure, it is located within 0% to 10% of extension. The 

second linear part of the curve is almost fl at. It is represented by an area within 10% 

to 100% of extension. The stiffness at the area is reduced significantl y. The third 

linear part of the curve is represented by the area of ex tension of more than 100%. 

To measure the rigidity of the fabric, thi s research will use onl y the first linear part of 

the curve. The reason fo r the selection is because, acco rding to Zheng et al. (2000), it 

is where the modulus of elasticity, or Young's Modulus, can be calculated. The 

extension of the pressure garments are also likely to be in this range. 

The area of the first 10% of the fabric A is shown in Figure 3.25. The tangents for 

each specimen are shown in Table 3.3. They are measured using 'polyfit ', a 

MA TLAB function that computes a least squares polynomial for a given set of data. 
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Figure 3.25 Stress strain curvature for fi rs t seg ment of the fa bric 

Ta ble 3.3 Modu lus of e lasticity for fabric's spec im en 

Specimen Modulus of elasticity (N/mm) 

I 0.5054 

2 0.5185 

3 0.5058 

4 0.51 14 

5 0.479 

Based on the result, the fabric has an average Young's Modulus of 0.504 N/mm (in 

the context of these work, E is quoted as N/mm for a 50 mm wide sample) 
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3.5.6 Sensor calibration 

a) Introduction 

The experiment was conducted in order to calibrate the sensor so it can be used to 

measure pressure. The sensor was calibrated using the method expl ained in section 

3.5.4. 

b) Result 

Figure 3.26 shows the result for the sensor ca li bration. There are 2500 data points for 

each measurement. Because of the huge amount of data, an average reading fo r each 

weight was used. These are shown in Table 3.4. In order to convert the mass, 111, (kg) 

into pressure, P, (Pa), fo llowing formula was used. 

P = F = II'lg 
A A 

where g is the gravity fo rce and A is the sensing area of the sensor. The diameter of 

the sensing area is 9.53 mm as describe by the manufacturer in its specification (refer 

Figure 3.22), then the active area of the sensor is 7. 13* 1 0.5 (m2
). 

Thus, the conversion fo rmula from mass into pressure is given by following equation. 

P= 9. 81 *111 
7. 13* 10 ' 

P = (1.38* 10' ) /11 
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Sensor calibration 
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Figure 3.26 Senso .... calibrations 

Table 3.4 Ave rage pressure 

Weight 

(g) 0 10 20 30 40 50 

Pressure 

(Pa) 0 1373 .707 2747.414 4 12 1. 12 1 5494.828 6868.535 

Voltage 

reading 

(V) -0.0 104 -000698 1.364064 3.38 1088 5.0524 16 6.363904 

c) Discuss ion 

Figure 3.27 shows the results in a graph. A tangenl line for its result is also included 

in the Figure along with its linear equation. 
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Figure 3.27 Graph for result of senso r's validat ion 

However, based on the results, it is clear that the sensor can barely measure a weight 

less than 109. As shown in Table 3.4 and Figure 3.27, the results for weights of 0 

gram and 10 gram are almost the same. The results agree with the findings by 

Ferguson-Pell et al. (2000), which stated that the Flexiforce sensor should not be used 

to measure weight of less than 109. Thus, in this research, a linear equation for the 

slope of weights of greater than 10 9 has been used. The new graph and its linear 

equation are shown in Figure 3.28. 

Based on the equations, the results of pressure measurements on subjects wi ll be 

converted from volt into N/m2 or Pascal (Pa). 
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Figure 3.28 Linear eq uation 

3.5.7 Result for experiment 

a) Introduction 

Experiments have been conducted to va lidate the model for the pattern development 

and the procedure for the pressure garment development. Two pressure garment 

patterns for a cylinder with a circumference of 31.S cm has been developed to exert 

pressure of2666 Pa and app lied to the cylinder. The pressures have been measured at 

four locations, with a 90-degree interval. 

b) Resu lt 

The results for both patterns are present in Table 3.S. Both measurements are in close 

agreement with their corresponding design pressure. 

Table 3.5 Pressure 0 11 cy linder 

Pressure to Location I Location 2 Location 3 Location 4 Average 

exert (Pa) pressure 

2666 2530.5 2671.S 2579.3 2606.7 2597.0 

SOOO 4927.S 4941 .2 5332.7 5024.9 50S6.6 
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3.6 Discussion 

This chapter has d iscussed how the 3D pressure garment mode l has been developed, 

and the method of transform ing it into a 20 pattern . 

The transformation process begins with data acquisition using a body scanner. A 

computer program, using Matlab, has been developed to transform the data into a 3D 

body model. The program uses a mathematical model to calculate the reduction 

factor. The model is based on Laplace 's Law and Hooke's Law. Some di scussions are 

included about parameters in the mathematica l model, and the method to obtain them 

is explained. 

The computer program to transform the 3D pressure garment model into a 20 

pressure garment pattern invo lves two s teps: creating triangulation fo r the 3D points 

and fla tten ing the triangulated data using the intersection of two circles method. 

An experiment has been conducted to validate the method. In the experiment, a 

cylinder with circumference of 31.Scm and height of 20cm was used. The results 

show that the program can develop a pressure garment pattern that can apply speci fi c 

pressure on a cylinder wi th a similar radius of curvature. 

However, since the human body is not a perfect cylinder, a program to predict 

pressure di stribution on the human body needs to be developed. The next chapter 

describes the method to develop a computer program that can predict pressures based 

on 3D human body data and the rad ius of curvature. 
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Chapter 4 The 3D pressure distribution model 

A pressure garment is designed to exert a certain amount of pressure on a wounded 

part of the body. Only the correct level of pressure on the wound assists the healing 

process, therefore it is important to apply the right pressure on the affected part. This 

can be achieved by designjng and making a pressure garment to fit the body part 

correctly to apply the required pressure. [n addition to the pressure garment 

modelling using 3D scanned body data and developing a 2D pressure garment pattern 

using the mechanical properties of the fabric , as well as the 3D model , it is also 

essential to make sure that designed and made pressure garment applied the right 

pressure. This can be verified by in situ pressure measurement. However, this is not 

practical and not possible with every patient. An alternative to this is the simulation 

of the pressure applied by the garment on the part of the body that it is designed for. 

This requires a pressure di stribution model that can predict the pressure that the 

garment applies to the body part. Thjs chapter deals with the development of the 

pressure tat the pressure garment exerts on the wounded part of the body. 

Chapter 3 has reported a method that was developed to create a 3D wounded area 

model and a 3D pressure garment model. Data from these 3D wounded areas and the 

3D pressure garment model have been used to develop the pressure distribution 

model. Fi rst, circumferences of the layers from both models were calculated. By 

using Hooke 's Law, tension of each layer of the fabr ic can be obtained . Then, by 

using the rad ius of curvature at each point on the body model, pressure that the 

pressure garment exerts on the wounded area can be ca lculated using Laplace's Law. 
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4.1 Mcthodology to develop pressurc distribution model 

4.1.1 Pressure calculation and 2D pressure prediction model 

Based on the theory of mechanics, clothing pressure at a particular position depends 

on the curvature of the body and fabr ic tension in the principal directions (Fan & 

Chan, 2005). 

where K x and K y are the curvatures in the horizontal and vertica l directions, and are 

given by fo llowing formu la; 

K x = ­
Px 
I 

K =-
y P

y 

p" and Py are x and y components of radius of curvature, However, since Py is close 

to infinity (due to the near-fiat-surface in the vertical direction), then Ky eventually 

become very small. Since Ty is almost zero (because usuall y the e longation in vertical 

direction is very small), the formula can be rewritlen as : 

To simpli fy the formula , K ., is substitute with K only, and its radius of curvature 

is p, The tension of the fabric in a horizontal direction, T x, is given by the following 

formula: 
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where Co is the circumference of the body segment, C, is the circumference of the 

pressure garment and E is the rigidity or tensile modulus of the fabric. 

By combining all the fo rmulae, the pressure at a location n is, 

E(Co -C,) 
P" :;: 

C,p" 
(4.1 ) 

For the circumferences of a body, since the body scanner is a horizontal type, each 

layer will have the same z-coordinate. As shown in Figure 4.1, by adding up all the 

distances between two adjacent measured-point on the periphery of the section in 

each layer, the circumference of the layer can be obtained. The process is explained 

in Section 3.3.2. 
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j 
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. /.~-~ ............. 
-1 .4 \ .r -1 .6 

· H -10.5 ·'0 -9.5 •• . ~ . . . " . . 

Figure 4.1 Measurement of circumference at onc layer 

As for circumfe rences for the pressure garment, it can also be calculated usmg a 

similar method by adding up all the distances between two adjacent points in the 

model. 

As fo r p" its fo rmula is the following: 
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p,,= - , 
K" 

where K" is the curvature at point n. 

This research used the three points method to calculate the radius of curvature, in 

which the radius was estimated by using three points. Even though it is only 

estimation, the result can be a good indication of the real dimension. Since the same 

method is applied to both the scanned body segment dimension and the pressure 

ga rment model , the reduction factor between the two will not be affected by thi s 

process. The estimated results approximates to the actual values much closer when 

the d istance between the points gets smaller (F igure 4.2) . 

B 

c 

Figure 4.2 Radius of curvature when distance betwecn points closc to zero 

The method used to calculate the rad ius of curvature is described below. 
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Suppose there are three points on the circle, A(xI,YI), B(x" Y,), C(Xl , Yl) (refer to 

Figure 4 .3). The slope between AB, !/lAB, and BC, mea, can be calculated by using the 

fo llowing formula . 

III = y , - Y, 
,," x, -x, 

Figure 4.3 

O(Xo, Yo) 

Three-point-method 

The centre of the ci rcle will li e on the perpendicul ar bisector of AB and BC. In other 

words they will lie on lines that pass through the midpoints of chords AB 

(
X+X y+y) (x+x y+y) . 

I 2 " I 2 1 and BC J 2 " J 2 ' and are perpend icular to each chord. 

Lines that are perpendicular have negative reciprocal slopes - _ 1- & __ 1_. Thus, 
m AR I11 'Je 

the equation for the perpendicular bisectors passing through the midpoints AB is, 
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_ I (YI+Y2 1 (XI+X2)] Y AB - - -- X AB + +--
m Al! 2 m AB 2 

The Y,'B linear equation was represented by thick green line on Figure 4.3. Equation 

for the perpendicular bisectors passing through midpoints AB is, 

Y3+ Y' = __ I_( X3+X')+ c, 
2 m ,w 2 

. _Y3+Y' _1_( X3+ X') .. c- + , 
2 I71 IJC 2 

_ I (Y3 + y , I (X3 + x, ) ) Y/Jc ---- x /Jc + +--
In HC 2 111 IJC 2 

The linear equation was represents by thick red line in Figure 4.3. These two lines 

will intersect at the centre of the circle where)l AB = Y BC =)10 & x AB = X Il(' = xo' By 

using both equations, 

By substituting Xo into one of the line equations for the perpendicular bisector, Yo can 

be calculated. 

The rad ius can be found by calculati ng the di stance between the centre and any of the 

three points. For this research, the radius of cillVature of at a point will be calculated 

by using two points adjacent to it. First the Xo and Yo of the centre of curvature using 

3 points wi ll be calculated as explained above. For example, if point n is to be 

calculated, then point n-I and point n+ I will be used . Then, the rad ius of curvature 

for point n can be calculated using, 
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The radius of curvature of each data point in a given layer is ca lculated using thi s 

formula. This is repeated for each scanned body layer. ow by substituting a ll the 

parameters into the pressure formu la (4. l ), the pressure at each point can be obtained. 

After that, a 20 pressure distribution prediction model can be developed as shown in 

Figure 4.5. 

"" 
'O~~~--7.'''~~'~~--~~~~2~~--~~~~m~~.'' 

Angle (degfH) 

Figure 4.5 Pressure distribution at o nc layer' 

4.1.2 Development of 3D pressure distribution prediction model 

Section 4 .1.1 has shown method to calculate pressure at each point on the wounded 

area. Figure 4.5 shows 20 pressure di stribution prediction model at one layer. It is 

very convenient to enab le manufacturers or occupational therapists to assess pressure 

exerted by pressure garment. However, when the number of layer increases, the 20 

model becomes more complex (F igure 4.6) and difficu lt to evaluate and to visuali se 

the variations with respect to the neighbouring layers. 
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Figure 4.6 2D pressure distribution prediction model for 10 layers 

To overcome the problem, a 3D pressure distribution prediclion model is needed. In 

order to develop the model, jil/3 function in MA TLAB is used. 

ji1l3(X, J',Z,C) fi ll s the three-dimensional polygon defined by vectors X, Y, and Z with 

the colour specified by C. The vertices of the polygon are specified by triples of 

components of X, Y, and Z. For example, triangle I (T,) in Figure 3. 11 , can be 

defined as ; 

The fil es show that tTiangle I (T,) is made up by three ve11ices, which is P, (Xl, y" 

z,), Pk+, (Xk+' , Yk+', Zk+' ) and Pk+k(Xk+k, Yk+k, Zk+k). To show the pressure di stribution, 

then the pressure at each vertex is included in another file, C, where: 
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[

Pr essure, 1 
C = Pr essurek+, 

Pr essurek +k 

For example, if the first triangle of thi s research is made by points A, Band D, where 

the coordinates for point A is (0, 0, 20.37), B (1.0 1, 0,21.37) and D (0.01 , -0.31 , 

21.37), while the pressure at point A is 1991.3 Pa, at point B is 3383.7 Pa and at point 

D is 2240 Pa. 

If all the parameters mentioned above is replaced with the first triangle 111 thi s 

research, where X=[1.~ll' Y=[ ~ l , z=[~~:~~l , c=[~~:~:~l its result IS 

0.01 -0.3 1 21.37 2240 

shown in Figure 4.7. 

B 
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21 
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20.' 
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Figure 4.7 Results of triangte I (T,l for this researcb 

In order to develop 3D pressure distribution prediction model for the whole area, all 

points in the data must be arranged to be triangulated. The details of the triangulation 

process are explained in the previous chapter, Section 3.4.1. 
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After all the points that made up the triangulations are obtained, the next step is to 

arrange them so they can be used with the ~fi//3 ' function. In the '.fiIl3 ' function, all 

the X-, y- and z- coordinates need to be separated into three fil es, X, Y and Z. In these 

fi les, the column number represents the triangle number, whilst the row number 

determines the pos ition of the coordinate. 

Thus, fo r tri angle I (T1) to triangle 2k (Tk+k), the X, Y, Z and C fil es should be; 

[

Pr essure, Pr essure, . 

C = Pr essurek+, Pr essu/'e, . 

Pr essurek+, Pr essu/'e,+, . 

Pr essure Pr essure 1 
Pr essure,:, Pr essure; 

Pr essurek+('_I) Pr essure,+, 

Then, by using .fi/l3(X,Y,Z,P) function, a 3D pressure distribution model has been 

developed for level 1. Figure 4.8 shows 3D pressure di stribution prediction model for 

level I of this research. By repeating the process , 3D pressure distribution prediction 

model fo r the whole area of body can be visualized (Figure 4.9). 
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4.2 Experimental methodology 

The second experimental methodology for verifying the pressure di stribution model 

is shown schematically in Figure 4.10. The steps are similar to the experiment in 
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section 3.5, but instead of a cylinder, human subjects were used as a model. The 

subjects have been scanned using a 3D body scanner. Appendix B shows their leg 

fi gure. Then, pressure garments for the scanned body parts have been constructed 

using the method explained. Then, the experiments to measure the pressure exerted 

by the garment on the body has been conducted using the same vo lunteers . The 

pressure that the garment exerts on the body part has been calculated by using the 

pressure model developed. Then the results from the experiments were compared 

with those from the pressure model. 

I Scan subject l 

Construct pressure 
garment 

Sensor Pressure 
cali bration distribution 

prediction model 

Pressure 
measurement 

1 

I Compare pressure I 

Figure 4.10 Flowchart of ex perim ent to ve rify press ure distribution model 

4.2.1 3D body scanning 

Ten vo lunteer subjects have been used in this research. All of the subjects are male 

and their ages are in the range between 28 to 33 years old. Their whole body has been 

scanned and their body model was acquired. 

The location of their body to represent a wounded area has been chosen not to be too 

intrusive for the vo lunteer subjects. Part of a leg below the knee has offered a 
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convenient and less intrusive body part. Therefore thi s part of the body has been used 

with each subject. Then, the size of the generated pressure ga rment 's pattern must be 

within the size of a sheet of A4 paper since thi s research uses A4 paper for prin ting 

the pattern . 

4.2.2 Tbe fabric' s modulus of elasticity 

The previously calculated modulus of elasticity of the fabric (see Section 3.5.5) has 

been used in thi s experiment since the same fabric was used in constructing the 

pressure garment in the experiments. 

4.2.3 Pressure garment consh'uetion 

By using the procedure developed, the pressure garment's pattern model fo r the 

vo lunteer subjects has been developed. In printing the pattern on hard copy, care must 

be taken that the dimensions on the printed pattern are the same as the actual, 

intended dimensions. Depending on the printer used and the software that supports it, 

different procedures may apply in order to obtain the n·ue dimensions in print. Figure 

4. 11 shows original pattern size inside an A4 paper without any alteration. The size is 

smaller than its true size. Figure 4.12 shows the pattern size aft er its true dimension 

was obtained. 

Once a hard copy print of the pattern with the actual dimensions is obtained, a 

pressure garment wi th an exact shape and size can be cut from the fabric with 

margins fo r sewing purposes. Before the pattern was cut, the paper patterns were 

aligned on the fabric so that the fa bric pattern was mostl y made from straight yarn 

(refer Figure 4. 13). The pattern has then been sewn together to make the pressure 

garment. 
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Figurc 4. 11 Pa tte rn may be printed s maller th an it s true s ize 

Figurc 4. 12 The sizc of thc print nceds to be adj usted to rencet thc true size of the pa ttern 
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Figure 4.13 Paper pattern laid on the pressure garment fabric and adjusted before cutli ng 

4.2.4 Sensor calibration 

In the experiment, a single load cell, thin and flexible Flexiforce A20 1-1 , a 

piezoresistive sensor made by Tekscan, has been used to measure the pressure 

exerted by the pressure garment on the body. The sensor' s cal ibration, which was 

explained in Section 3.5.4, has been used to calibrate the sensor. 

4.2.5 I>.·essure measurement to va lid ate the pressure distribution 

Subjects were fitted the pressure garment at the ri ght pari of their leg. They were 

given 15 minutes to move their leg free ly so that the garment could become 

comfortable on the subject ' s leg. A rubber string was attached at the top end of the 

pressure garment and the location of the pressure garment on the body was checked 

regularly to ensure that it stayed at the intended area. 

Then a pressure sensor was used to measure the pressure exerted on the leg by the 

pressure garment. Eight pressure measurements with equal angular separation were 

taken at each layer corresponding to B= 0, 45, 90, 135, 180, 225, 270 and 3 15 

degrees. Each layer is I cm apart from each other in the vertical direction. The 
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angles, where the sensors were placed, were detennined by using a computer 

program that can show the positioning, as in Figure 4.14. The lines shown there 

represent the mentioned angles, or a close approx imation (to within I degree) to the 

angle. The blue line indicates the location of 0 degree, the reference point, whi le the 

yellow line represents the 45-degree location. The green lines show the other 

locations separated by 450. To ensure that all the readings were taken from the same 

height, a loose rubber string was used. The string was attached at the measuring 

height, and by referring to the Figure 4.14, the locations for the sensors on the 

pressure garment were marked. When finished, the string was removed. The sensor 

was attached inside the pressure garment on the mark. 

The sensor was left on the locati on for one minute to settle prIor to pressure 

measurements. Inspections were carri ed out regularly to ensure that the sensors were 

on the right spot, and the voltage readings were taken. Based on the linear calibration 

graph from the earlier calibration process, the vo ltage is converted to pressure. All the 

measurements were taken with the human subject stand ing with the legs straight and 

hands hanging down in a natural posture (Figure 4.15). 
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Figure 4.15 Measurement process 

4.3 Result for verification of pressure distribution model 

4.3.1 Scanning 

The experiment was conducted to scan the body of the ten subjects in order to gather 

3D digital body data. Then a location on the body was chosen for pressure garment 

development. Figure 4.16 shows the selected body part for pressure garment 

development for a ll ten subjects. Body parts corresponds the leg to below the knee. 

4.3.2 Modulus of elasticity 

The modulus of elasti ci ty results from Section 3.6.2 was used in thi s experiment. 

Based on modulus of elasticity of five specimens from the same fabric, the average 

modulus of elasticity is 0.504 N/mm. 

4.3.3 Sensor calibration 

The experiment was conducted in order to calibrate the sensor so it can be used to 

measure pressure. The sensor was calibrated using the method explained in Section 

3.5 .4. The experiment was conducted over three days, so there are three sensor 
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calibrations, one for each day. Figure 4.1 7 shows the results for the sensor 

calibrations. 
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Figure 4.1 7 Senso r ca librations' result 

4-3.4 Result for experiment to va lidate pressure distribution model 

This experiment was conducted to validate the pressure di stribution model developed 

by the computer program. Based on data for the fa bric's modulus of elasticity and the 

3D geometric data of the wounded area, a reduction factor for each layer of each 

subject was calculated. Results of the reduclion factor are shown in Table 4.1. Then, 

the 3D pressure garment model was created based on the reduclion factor and 

transformed into the 20 pressure garment pattern. Results for the developed pressure 

garment pattern are shown in Figure 4. 18. The pressure garment patterns were 

generated copied on fabric and cut out to make a pressure garment. 
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Table 4.1 Red uct ion factor at each laycr for each subject 

Layers Subject 
I 2 3 4 5 6 7 8 9 

I 0.21575 0.2067 1 0.19262 0.235 0.19884 0.16675 0.20643 0.18247 0.18743 
2 0.22 12 0.2 1222 0.19737 0.24074 0.20426 0.1711 0.2 1094 0.18594 0.19188 
, 

0.22626 0.2 17 11 0.20223 0.24595 0.20965 0. 17632 0.2 15 0.18986 0.19665 0 

4 0.23094 0.22184 0.207 16 0.25048 0.21477 0. 18163 0.21884 0.19341 0.20126 
5 0.23505 0.2265 1 0.2 1219 0.25432 0.2 1947 0. 18696 0.2227 0.19653 0.2053 
6 0.23859 0.23 III 0.2 1736 0.2571 0.22375 0. 1924 0.22622 0.20004 0.209 1 
7 0.24 15 1 0.23 531 0.22247 0.25879 0.2271 3 0. 19735 0.229 13 0.20341 0.21254 
8 0.24362 0.23873 0.22746 0.25952 0.2296 0.20 19 1 0.2314 1 0.20741 0.2146 

9 0.24483 0.24134 0.2324 0.23139 0.2063 1 0.23328 0.21136 0.2 1544 
10 0.24523 0.24324 0.23694 0.2324 0.21046 0.23448 0.21509 0.21548 

For the first day, fo ur subjects were measured. On the second day, one subject was 

measured and on the last day, fi ve subjects were ava ilable. The ir measurement 

locat ions are shown in Figure 4.16. 

The pressure distribution results from the model are shown in Figure 4.19. In the 

second co lumn, a 3D pressure distribution at the wo unded area is presented. In the 

third column, the pressure distributions at a given layer, and at the layers located just 

below and above it, are presented graphically. 

The pressure distribution model uses 72 data points at each layer, which was 

determined by the scanning instrument. This means that the data points in a given 

layer is separated by approximately 5 degrees or around 0.5 cm. On the other hand, in 

the experiments, on ly eight locations were measured, with a 45-degree interval. The 

sensor's sensing area' s radius is 0.5 cm, which can span across an area corresponding 

to three sCaJmed data po ints on the same layer, i.e . the intended data point and two 

adjacent ones on either side. 
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Figure 4.18 Pattern 's shape for each subject 
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Figure 4.19 3D pressure distribution model and 2D graph 

In measuring the pressure during the experiment, care was taken to place the sensor at 

correcl data point. Since the sensor' s sensing area covered neighbouring points, the 

average pressure from the pressure point with its two neighbouring points at a given 

layer was calculated. Then, the average pressures from pressure points at layers 

above and below were also calculated to include other areas that might influence the 

result (Figure 4.20). The results for the average prediction pressure on the body are 

presented in Table 4.2. 
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Table 4.3 shows result of pressure measured by the experiment. The comparisons of 

the results between the predicted and the experimental pressure are shown in Figures 

4.2 1 and 4.22. In Figure 4.2 1, the experimental pressure is compared with the 

predicted pressure at the measured layer and the layers located below and above it. 

Figure 4.22 shows the experimental data compared with the average pressure from 

the three layers. 

Layer 3 

Layer 2 

Layer I 

Sensin area 

A verage pressure at 
each layer 

Center of the sensor Calculated average 
pressure 

Figure 4.20 Intended locatio n of the sensor 

Table 4.2 Average pressure predicted by the model 

Subject 0 45 90 135 180 225 270 
I 4009 .92 3362.41 2436 .70 2656.04 2254.94 2781. 14 2871.71 

2 1433.41 2938.34 1987.11 2263.41 1869.27 2427.61 3063 .69 

3 2289.4 1 3928.23 1898 .65 3582.23 2483 .70 3082.53 4388 .53 

4 867 .97 3792.94 2073 .73 3369.29 3028.79 1729.23 4408.97 

5 2373.78 3546.28 31 11.80 2932.88 3080. 11 3086.29 2026 .90 

6 3738.06 3488.98 1645 .95 2949.40 1894.44 2660. 11 52 18.34 

7 1633.49 4390 .81 1879.04 2976.88 2736.69 2045 .18 3709.76 

8 3259.73 3627.23 2092 .04 2978.68 2683 .99 23 12.09 5042.80 

9 2 198.02 3497. 13 2414.31 2493.60 1863.6 1 2532 .81 1417.82 

10 3002.5 1 2215 .28 2457.3 7 2988 .03 1544.68 3 173. 12 3870.84 

315 
1601.00 
3288.86 
3148.96 
2205.43 
27 14 .19 
3155.69 
3019.92 
1425 .07 
28 17.60 

832.89 
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Table 4.3 Pressure measured by the experiment 

0 45 90 135 180 225 270 3 15 

I 3749.44 2 144.77 2572.52 2723. 18 2 137.69 2392.43 2 135.39 2 152.50 
2 2 144 .77 2390.23 2 138.57 2 138.9 1 2 138.88 2 187.97 2 141.33 2368. 15 
3 4179.09 3519.02 2272.58 2 131.77 2621.69 2 132.05 2 132. 11 2460.16 

4 2154.24 2205 .79 2 176.5 1 2581.32 2 138.35 2301.82 2 14 1.03 2294.87 

5 2427.4 1 1940.32 1940.70 3041.14 1945.22 1943.33 2423 .76 2996. 14 

6 38 10.05 1469.57 1434. 11 1439.56 1461.50 1435 .78 2788.36 1540.74 
7 2 130.94 2 196.72 2 111.68 2206.92 2344.50 2565.75 2284.9 1 2396.03 

8 2697.00 2655 .1 2 2794.47 21 11.59 2435.00 21 10.45 2 11 0.60 2 111.1 3 

9 2444.28 32 14.07 2144.98 2246.86 2 120.96 2582 .12 2273.83 2 104.75 
10 5799. 17 29 12.94 2454.39 25 17.52 2 104.43 2136.50 2 151.07 238 1.2 1 
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FIgure 4.22 Comparison of expenment pressure with average pressure from the three 

laye rs 

4.3.5 Data analysis 

Table 4.4 shows the differences between estimated pressures and experimental 

pressures. 
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Table 4.4 The differences between estimation pressures and experiment pressures (Pa) 

Anole (deoree) 

Subject 0 45 90 135 180 225 270 3 15 

I 260.48 12 17.64 -1 35.82 -67. 14 11 7.25 388.7 1 736.32 -55 1.50 

2 -7 11.36 548. 11 -1 51.46 124 .50 -269.6 1 239.64 922.36 920.71 

3 -1889 .68 409.21 -373.93 1450.46 -137.99 950.48 2256.42 688 .80 

4 -1 286.27 1587. 16 -102.78 787.97 890.44 -572.59 2267 .94 -89.44 

5 -53.63 1605 .96 11 71.10 -1 08.26 11 34.89 1142.96 -396.86 -28 1.95 

6 -7 1.99 201 9.4 1 2 11.85 1509 .84 432 .94 1224 .33 2429.98 161 4.95 

7 -497 .45 2 194.09 -232 .64 769 .96 392.20 -520 .57 1424.85 623.89 

8 562.73 972.12 -702.43 867.09 248.99 20 1.64 2932.20 -686.06 

9 -246.26 283.06 269.33 246.74 -257 .35 -49 .30 -856.0 I 7 12.85 

10 -2796 .66 -697.66 2.98 470 .5 1 -559 .75 1036 .62 17 19.77 - 1548 .3 1 

As shown by the Table 4.4, the model tends to overestimate the pressure that the 

pressure garment exerts on body except at location 0° and at 90° to an extent, where 

the measured pressures are generally higher that prediction pressure. 

To measure the differences between pressure values predicted by the model and the 

value actually taken by experiment from the body being modelled, mean abso l ute 

error (MAE) was used. MAE is the average over the verifi cation sample of the 

absolute values of the differences between forecast and the corresponding 

observation. The MAE is a linear score which means that all the indi vidual 

differences are weighted equally in the average. MAE is negatively-oriented scores, 

lower val ues are better. 

If pressure estimate from model is f; and pressure obtained by the experiment tS 

Yi, MAE is defined by the fo llowing formu la. 

I " U4E =-LI!. - y,1 
n 1: 1 

1 " U4E= - L le,1 
n ;= 1 

Based on the formula, MAE for every subject was ca lculated. For .f" the average 

pressures at three layers were used as estimated pressure. 
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Table 4.5 MAE for each subject 

Subject MAE 

I 434.36 

2 485.97 

3 10 19.62 

4 948.07 

5 736 .95 

6 1189.41 

7 831.96 

8 896.66 

9 365.11 

10 1104.03 

The MAE's result shows that pressure estimations on some of the subjects 

significantly varied while fo r some others, the vari ations were small. These vari ations 

were contributed by several factors which will be di scussed in Section 4.4. 

4.4 Discussion 

There are fi ve mam factors that affect the pressure distribution results, thus 

contributed to the di fferences between experiment pressure and predicted pressure. 

The first factor is the soft ti ssue that makes up the body. The second factor is the 

location of the sensor. The third factor is the pattern shape. The fourth factor is the 

sensor itself. And the last factor is the effect of calculating the circum ference. 

4.4.1 Soft tissue 

The human body is made from hard ti ssues (bones) and soft ti ssues. The soft ti ssues 

is compressed and disturbed under pressure. However, the shape of the body that was 

obtained during the scalming process was free fro m pressure. Thus, when pressure is 
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applied, the shape of body is changes. According to Yu et al. (2006), Young 's 

modulus for human soft ti ssues on average is around 9.3 kPa. When pressure from 

the garment is applied, these ti ssues will contract. The greater the pressure, the more 

the tissues wi ll compress, thus their surface becomes flatter and increasing their 

radius of curvature. According to Laplace 's Law, pressure is inversely proportional to 

the radius of curvature. This phenomenon is one of the causes of the difference in 

pressure between the measured pressure using the fitted pressure garment on the 

actual leg and the predicted pressure at corresponding locations. For example, for 

subject 4, the experimenta l pressure at location 45° is just above 2000 Pa. However, 

the predicted pressure is at thi s point more than 3000 Pa. 

An experiment was conducted to prove the effect of the changing body shape due to 

the soft ti ssue under pressure. A marmequin, instead of a human vo lunteer, was 

scanned and its leg is used to develop and fit a pressure garment. Since its body is 

made of hard material , the marmequin would not deform under the pressure from the 

pressure garment. Two pressure garment patterns were developed to exert 2666 Pa 

and 5000 Pa of pressure on the leg at an area between 20 cm to 30 cm height from the 

floor. The results are shown in Figure 4.23. 

The results show that there is a better agreement between the pressure predicted by 

the model and the measured pressure. The results proved that the model more closely 

predict the pressure for a body part that does not change its shape or compress under 

the pressure garment pressure. However, all parts of body is covered by soft ti ssue at 

a varying degree; therefore the model predictions need to take thi s into account or the 

pressure garment patterns need to be adjusted to provide a better fit. 
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Figure 4.23 Pressure distribution on mannequin's leg 
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4.4.2 Sensor location 

It is di fficult to pos ition the sensor exactly at the right spot on the body due to reasons 

such as soft tissue deformation, migration of the sensor between the body part and the 

pressure garment and the inability to see the body part because of its being covered 

by the pressure garment. 

For example, if the centre of the sensor is intended to be inserted at location I (F igure 

4.20), there are possibilities that the centre of sensor is inserted at location 2, which 

covers only two points, Point 2 and Point 3 (Figure 4.24), at each layer. Even though 

the di splacement of the location of sensor is small , it affects the result. 

Layer 3 

Layer 2 • • \ 

" \ 
\ 
I 

Calculated average 
pressure 

Layer I .\m-'l-_ _ Ir!>r1int I 

Center of sensor: 
location 2 

Figure 4.24 

4.4.3 Pattern sbape 

Center of sensor: 
location I 

Location of the sensor 

The subject's pattern shape also has an influence in the pressure's d ifferences. The 

fabric that was used in the research is the warp-knitted type. During the stress strain 

test to detenn ine its modulus of elasticity, the specimens were cut with their length 

parallel to the wales of the fab ric, which made it a rectang le shape (refer Figure 3.20). 
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However, when patterns were developed from the subject data, the shapes were not 

rectangle, instead their shapes are as shown in Figure 4.18. The di fferences in shape 

eventuall y will change the modulus of elasticity. To reduce the problem, before 

pattern was cut, paper patterns were adjusted on the fabric so the fabric pattern was 

mostl y made from straight yarn . However, some of the subject' s patterns are difficult 

to locate on the fabric, thus it will affect the modulus of e lasti city of the fabric. 

4.4.4 Sensor 

The sensor also contributes to the differences in the measured pressure and the 

predicted pressure by the model, especially when the pressure is low. Ferguson-Bell 

et al. (2000) stated that the sensor is not suitable for measuring pressure less than 10 

gram. Hence compari son of the predicted and measured pressures less than thi s va lue 

is not poss ible. Furthermore, there could be inaccurac ies in the pressure 

measurements which contribute to the di fferences in pressures. The location of the 

pressure sensor has already been discussed which is also a contributing factor. The 

calibration lines, which are linear, should theoreti ca lly pass through zero pressure at 

zero loads but this is not the case (Figure 3.28 and Figure 3 .29) due to the inaccuracy 

of the pressure sensor at low pressures. This also contributes to the difference in 

pressures. 

4.4.5 Effect of circumferences calculation 

The distance between two data points are calculated . These di stances are always 

smaller than the arc between the two data points, hence the circumfe rence calculated 

by this method is smaller than the actual circumference. When this is used to 

calculate the circumference of the pressure garment by using a reduction factor, thi s 

will inev itably be smaller. 1-1ence the pressure predicted by a garment that has smaller 

circumfe rences at each layer than the ones corresponding to the actual design 

circumference will be higher. This is another reason for higher predicted pressure. 
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4.5 Conclusion of the chapter 

This chapter has di scussed a method to develop a pressure di stribution model. The 

model is important because it enables therapists to evaluate the effecti veness of the 

designed pressure garment. It also enables the development of simulation of the 

pressure distribution. 

The model has been developed using data from a 3D wounded area and pressure 

garment model. From the 3D wounded area data, the circumference and radius of 

curvature are calculated, and converted into a 3 D pressure garment data, using the 

required reduction factor to achieve the des ired pressure. By using both 3D wo unded 

area and pressure gannent data, the fabric ' s modulus of elasticity, the tension in the 

fabric is calculated. Then by using Laplace's Law, the pressure distribution at the 

wounded area is ca lculated. 

Pressure garment are customized for a given body part, made using the above data 

and applied to the subjects. Then the pressure is measured to obtain experimental 

di stribution. Then the predicted pressure results have been compared with the 

experimental results. They showed reasonable agreement. The differences between 

the two self of pressure distribution and their causes have been di scussed . 

For some subjects, the variations in pressure are small , but for some others, they are 

significant. The factors that are believed to be causing the di ffe rences are the nature 

of human soft tissue, the sensor, the location of the sensor, and the fabric pattern . 

. The pressure di stribution model enables a manufacturer or therapist to predict the 

pressure that the garment app li es on the body part without requiring an in-situ 

pressure measurement. This is a novel, powerful and useful too l. It can also identify 

the locations that have high or low pressure. For a high-pressure area, effort can be 

made to reduce the pressure by easing the fabric 's tension. For a low-pressure area, 

especia ll y at concave and flat areas, there is no convenient method of increas ing the 

pressure. This can be achieved by applying padding to the area. There is no publi shed 

research reporting the use of padding even though one paper has revealed that 

121 



padding can help to reduce the formation of scar on a burn injury patient. Although 

padding is not normally used for pressure garments for burn injuries, but it is 

conunon for compress ion garments used for treat ing to venous leg ulcers. In the nex t 

chapter, a method to develop customized padding for the wounded area to even out 

the pressure is discussed. 
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Chapter 5 Development of the Pressure Garment 

Padding 

The pressures exerted by a pressure garment at a flat or concave area are very low 

due to large radius of curvature or absence of contact between the garment and the 

body. This results in non-uniform pressure distribution on the body, which is not 

good for scar treatment. Padding can be inserted into such areas, to even out the 

radius of curvature causing a more even pressure distribution. The size and shape of 

the padding must be carefully determined. This would requi re modelling the 

mechanics of the forces applied in conjunction with the pressure di stribution model. 

The mechanics of pressure delivery to the body by the padding is shown in Figure 

5.1. The tension in the pressure garment will press the padding, and the padding will 

exert a force to wounded area. The force applied by the garment on the padding and 

by the padding on the body part will be distributed as shown in Figure 5. 1. 

Body 

Figure 5.1 The mechanics or pressure delivery by the padding 

If the resultant force exerted by the pressure garment to the padding due to the 

tension in the garment is F \, and the resultant force from exel1ed to the wounded area 

by the padding is F2 
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" F. - " F. L. l- L. 2 

Since F=PA, then the equation can be rewrite as; 

where the pressure from the pressure garment to the padding is P I and the contact 

area of pressure garment and the padding is Al while P2 is the pressure from padding 

to the wounded area and A2 is the contact area between padding and wounded area. 

Area, A, is equal to length, I, times width, h, thus the equation becomes; 

where I1 is contact length between pressure garment and padding, while 12 is contact 

length between padding and wounded body. hi and h2 are the width of the pressure 

garment and padding respecti ve ly. Since h i is equal to h2, then 

PI can be calculated using Laplace' s Law used in the development of the pressure 

di stribution model. 

There are four mam stages for constructing the padding. The first stage is to 

determine the location where the padding is needed. The second stage is to develop 

the padding model. The third stage is to construct the padding patte rn fo r the 

experiment. The last stage is to generate a pattern for the padding. 
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5.1 Determining the a rea for padding 

As shown in Section 3.6.3, specific pressure can be easily delivered if the shape of 

the area is a cylinder, since it has a simi lar radius of curvature at each level. However, 

the human body is not naturally cylindrical in shape, thus the pressure it receives 

varies depend ing on the radi us of curvature of the point. By manipulati ng this 

phenomenon, the padding that will be developed must make the shape of the 

wounded area appear cylindrical. 

In order to do that, a circle was developed to surro und the body area. Points of the 

ci rcle must overlap the points on the body or be in their close vicinity. The radius and 

centre of the circle can be calculated by either of two methods: using the centro id or 

by find ing the middle point of the longest chord . 

5.1.1 Radius and centre of the circle calculation 

The method used in detemlining the radius and centre of the circle, is the longest 

chord method. A chord can be drawn between any two of the n points on the 

circumference of the scanned body cross section, and the longest chord can be 

determined. The longest chord is taken as the diameter of the circle and the centre of 

the chord is taken as the centre of the circle (Figure 5.2). 

Figure 5.2 

5 

o 

·5 

-10,LO --'-:12-~14'---~,7-6 -'"c'-~"''-----:27-2 ----C'' 

T he developed circle (red line) using middle poinl of longesl 

Chord (blue lin e) as Ihe centre 
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If (dij)1 is the di stance between points i and j of layer I, and there are n-points in a 

layer, then all the di stances in layer I can be represented as A I , where A I is: 

(dl , ), (d,,) , . (d,,.), 

A, = 
(d,,) , (d22 ) , .(d2,, ), 

(d",), (d,,2)' .(d",,), 

A computer program was developed to determine the maximum distance in a given 

layer. This process is repeated fo r each layer to determine the longest chord and its 

middle point. 

The max imum distance will become the diameter while its middle point is the centre 

of the circle (Figure 5.2). 

5.1.2 Determine the padding area 

After both the centre and the radius of the circle have been determined, the next step 

is to obtain the circle coordinate at same radial position; i.e. angle (CL), as the body 

point. If the centre of the circle is located at (x o, Yo) at a given layer, then, based on 

Figure 5.3 , the location of the circle (xc, Ye) is: 

Xc = Xo + rlllax * cos(a); 

Ye = Yo + rlllax * sin(a); 

a = tan -'(~b - yo); 
xh -xo 

where Xb and Yb is coordinate of the body point and rmax is the maximum radius. 

Figure 5.4 shows the cross section of body and circle for each subject. 
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Figure 5.4 Cross section of body and circle for each subject 

After all the circle coordinates were obtained, the distance di fferences (0) between 

the body and the c ircle points of each layer are calculated and averaged (0 ... , ). I f rei is 

di stance between center of the circle to circle point i , and rbi is di stance between 

center of the circle to body point i, the di stance difference and its average can be 

represent by the fo llowing formula; 

0, =1 f~, - rh, 1 
" 
~::O' 

" , : 1 
UUI'e ;::; --

n 

Any points on that layer that have 0 greater than 0 .. " can be considered as padding 

points, Figure 5,5 shows a cross section of the shape of padding for each subject. A 

com pari son with the simulated pressure distributed at the corresponding points 

confi rmed that tlli s area needs padding. Figure 5,6 shows the 3D pressure distribution 

model at the location where the padding is required , Low-pressure areas, represented 

in blue, are the locations where the padding is needed, 
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5.2 Creating the padding model 

The data from both the circle and the body still need to be modifi ed to create the 

shape of the padding fo r the area of low level pressure that has been determined. 

Problem that needed to be so lved is the number of data points fo r each layer. As the 

number of data points is different at each layer, effort was made to make them the 

same because the computer program developed by thi s research can onl y create the 

triangulation using the same number of data po ints in each layer. As shown in Figure 

5.7, the nwnber of data points at each layer is different between each other. To 

overcome the problem, the number of points in each layer of padding was counted 

and the minimum number of points, nmi,!> selected. 

Then, middle point for each layer of padding was determined. Any points located 

wi thin ± nl11in/2 from the midd le point are considered to be part of the padding. Points 

that are located beyond that range are excluded. The result was shown in Figure 5.8. 
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Figure 5.7 Number of data at each layer before exclusion 
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Figure 5.8 Number of data at each layer after exclusion 

5.3 Pattern development for padding 

In order to construct the padding, the padding model is divided into two parts, outer 

and irmer surfaces. The body data becomes the inner surface, while the circle points 

represent the outer surface (refer Figure 5.9). By using the flattening method 

di scussed in the previous chapter, both parts have been transformed into a 2D 

flattened design (refer Figure 5. I 0). Both patterns were cut and combined together to 

create the padding. The method of constructing the padding is explained in detail IJ1 

the next section. 

" 

(.) 

Figure 5.9 

" 
" 

(b) 

3D model of (a) outer and (b) inner parts of the padding 

" 
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(a) 

Figure 5.10 

(b) 

Pattern for the padding's (a) outer and (b) inner parts 

S.4 Expcrimcntal methodology for padding crcation 

This experimenl was conducted 10 veri fy the model used to develop the padd ing. The 

flowchart of the process is shown in Figure 5. 1 I . 

3D subject dala 

~ 
Develop padding 

Fabric's Pressure to 
modulus of be exerted 
elasticity 

I Conslruct pressure 
garment 

~ 
Pressure 

measurement 

Figure 5. 11 Flowchart for the methodology to validate the padding development 
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5.4.1 Scan ning 

The same 10 subjects used in the pressure garment development, reported in Chapter 

4, have been used in thi s experiment. 

5.4.2 Fabric 's modnlns of elasticity 

Pressure garment fabrics used are the same as before, reported in Section 3.5.2. 

5.4.3 Padding construction 

First, the 2D patterns developed for the padding have been cut out from hard paper 

for the outer surface (part that wi ll make contact with pressure garment fabric), and a 

soft paper for the inner surface (part that will make contact with human body). Both 

parts are attached together using sticky tape to create the padding profile . To make 

the padding to keep its shape and represent soft ti ssue when the pressure was appl ied, 

the volume enclosed by the padding was filled with plain flour which helps to 

uniformly distribute the pressure. The top and bottom of the padding has been 

covered to prevent the flour from seeping out. Figure 5.1 2 shows the complete 

padding. Flour is not intended to be used in the treatment of burn injuries. 

Hard paper 
(outer surface) 

Figure 5.12 Co mplete padding 

Sticky tape 

Soft paper 
(inner surface) 
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5.4.4 Measurement of the padding's volume 

A programming system has been developed to calculate the volume of the padding. 

The process consisted of calculating the area of each layer, and multiplying it by its 

height, to obtain its volume. By add ing each layer's vo lume, the total volume of the 

padding is determined. 

As shown in Figure 5.13, the padding was constructed using two parts, an outer 

surface (green) and an inner surface (red). 

\'~' --'~3--~" --~"--~"--~"--~"~~"~~ 

Figure 5.13 Outer surface and inner surface of the padd in g 

I f I and 0 are the data sets for the inner and outer surfaces of the padding, then 

J = [xb,.i yb, .) zb, ,) ] 

o = [xc, ,} yc,,} zc, ,) ] . 

where i indicates the layer' s number and j shows the point's position in the layer. 

The centre of the layer' s circle (xpm, ypm), as explained previously in Section 5,1.1 , 

is added at the end of each layer of the padding for each part. So, if there are two 

layers for ao area, the set I (refer to Figure 5.14) is changed to : 
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xbJJ ybJJ zb1.1 

1 = 
xpmJ ypll1J zpmJ 

xb' J yb'J zb,.J 

XPIl1 , ypm, zpm, 

and set 0 (refer Figure 5.15), 

XCI ,] yc1.1 zc],] 

0= 
xpmJ ypmJ Zpll1 J 

xcv YC, .J zc2,] 

xpm, yPll1 , zpm, 

, ) 

",0 , 
,Y 

22 ..... i 7 
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figure 5.14 Da ta for the inn er surface of th e padding 

136 



22 

21 

20 
10 

• 

Figure 5.15 

6 

20 ,. ,. 
14 

2 12 

Data for th e outer surface of the padding 

First, each layer's area, both from the profile of the outer and inner surfaces of the 

padding, is calculated using their coordinates, starting from the bottom layer. For 

example, for the inner surface of the padding, the area of its first layer can be 

determined by using the following fo rmula: 

I (Xb" 
Area, ="2 yb,:, 

Xb' 2 

yb'2 

Xb' 2 + . 
yb'.2 

xbt fl + ... + . 
yb, " 

xpm, 

ypm, 

xpm, 
+ 

yPl11, 
xbl.l ) 
yb" ' 

The area is then multiplied by its height (obtained by ca lculating the difference 

between the z-coordinate of the layer and that of the next layer) to obtain its vo lume. 

The process continued with the next layer unti l all the volumes of each layer is 

calculated. By add ing the vo lume of each layer, the total volume is determined. The 

next step is to subtract the inner vo lume from the outer vol ume to obtain the tota l 

vo lume for the padding. 

5.4.5 Construction of the pressure garment for padding the body 

The size and shape of the pressure garment to be used in conjunction with the 

padding is now different than the pressure garment used for the same body part 

without the padding due to increased size. For the new pressure garment, the circles 

that enve lope the body cross sectioned shape and the padding is used for each layer. 
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This closely represents the circumference of the body shape plus the padding. 

Pressure to be exerted on the padding is 2666 Pa, and similar fabric with previous 

research is used to develop the garment. 

The method used to transfo rm the 3D model into the pattern is the same as the one 

explained previously in Section 3.4. 

5.4.6 Sensor calibration 

The same sensor cal ibration method to the method described in Section 3.5.4 is used 

to calibrate the senso r. 

The experiment was conducted over two days, so there are two sensor cal ibrations. 

Figure 5. 16 shows the results for the sensor cali brat ions. 

5.4.7 Measurement of the padding's pressure 

First, the pressure garments for the body that have been developed earlier without the 

padding, as shown in Figure 4. 18, has been used. Pressure has been measured at a 

location where the padding was supposed to be inserted . Then, the pressure garment 

has been replaced with the newly deve loped pressure garment for the body and the 

padding. The padding was located in place. A sensor was inserted at the previously 

measured location between the padding and the body and its pressure was measured. 

The result was then compared wi th the previous result when no padding was used. 
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F'gure 5.1 6 Sensor calibratio ns for the experiment 

5.5 Results of the experiment 

The experiment conducted to veri fy the padding developed using the padding model. 

Two days were allocated for pressure measurement under the padd ing. On the first 

day, six subjects were measured wh ile on the second day four people were measured. 

The results of the third experiment are presented in Figure 5. 17. 
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Pressure with and without padding 
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Figure 5.1 7 Results of pressure measurement 

As shown in Figure 5.17, the developed pressure garment and the padding have 

successfull y exerted the required additional pressure to the area wilh low level of 

pressure. Figure 5. 17 shows pressure that it exerts is quite close to the intended 

pressure. 

5.6 Discussion 

The objecti ve of developing padding is to increase the pressure at an area that would 

not experi ence the required pressure without the padding due to fl atness and/or a 

concave surface. First, a process has been developed to identi fy the locations with 

low pressure on the wounded area. Then, a model has been developed to construct the 

padding and a pressure garment has been developed to be used in conjunction with 

the padding to apply a specific pressure to the area. 

The developed procedure has been successful in detemlining the locations that have 

low garment/body pressures as shown in Figure 5.6 and Table 5. 1 (second column). 

Figure 5.4 shows that the locations identified fo r padding have been either at concave 

areas (subjects 1, 3, 8 and 10) or fl at areas (subjects 2, 4, 5, 6, 7 and 9). 
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The padding developed, when used in conjunction with the specifically generated 

pressure ga rment, can exel1 the specific design pressure on the location. As shown in 

Figure 5. 17, the pressure that the padding and pressure garment applied together is 

close to the intended pressure. 

However, there is an issue that the research has faced in developing the padding. This 

concerns a body wi th dual padding. 

There are certain cases where body injuries need two padding pieces. Figure 5.18 

shows an example of thi s type of case. If the method mentioned above is used to 

develop the padding, then two padding pieces wi ll need to be created. In thi s case, a 

different approach is needed, first to separate both padding pieces and second to 

develop them separate I y. 

To separate the two padd ing pieces, the di stance between two neighbo uring points, d;, 

in the same layer is calculated where; 

After that, the average of these distances, dave, was determined uSll1g fo llowing 

formu la; 
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The average di stance was compared with the distance of each point from the points 

before and after. For example, for point 11 , the distances calcu lated were the di stance 

between the point n-I and point n (d,,_I), and di stance between point n and point n+ 1 

(d,,). If either one of these di stances is bigger than the average of distance, it will be 

assumed to be the edge of the padding at the layer (refer Figure 5. 19). 
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Figure 5.19 Edge poinls al each layer (represenls by blue poinls) 

When all the edges of the padding at each layer are known, they were used as 

guidance to separate the two padding pieces. If the area needs two padd ing pieces, 

there will be fo ur edge points at each layer; two for padding 1 and another two for 

padding 2 (refer Figure 5.19). By using either points 1 and 3 or points 2 and 4, a 

straight line with the equation of y=mx+c was constructed . For example, as shown in 

Figure 5.20, po int 2 and point 4 are used to separate the two paddings. A straight line 

was drawn fro m point 2 to point 4 and tlli s line divided the padding into two. 
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Figure 5.20 Straight lines across edge points 2 and 4 

y va lue of the linear equation (Ylc) was calculated by substituting x of the linear 

equation with coordinate x from the padding's points (Xp,d). 

Yf" = mXplIl1 +c 

If the value of YI, is smaller than value of coordinate Y from the padding's points 

(Yp,d), then the padding' s points belong to Padding I. However if Ypad is greate r than 

Ylc, then the points belongs to Padding 2. The process is repeated to the next layer 

until all of the points were separated into two entities (refer Figures 5.2 1 and 5.22). 

After that, the next step is to construct the 3D padding model for each of them. The 

method used was detailed in Section 5.2. 
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Figure S.21 Paddin g I 
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Figure 5.22 Padding 2 

5.7 Summary 

This chapter has di scussed the method proposed to develop padding for low pressure 

areas. Padding is important in pressure treatment of a burn injury because it can 

increase the pressure at an area where the pressure garment is incapable of applying 

pressure because of a flat or concave surface under the section of the garment. This 

research has been conducted to create padding with the correct shape to exert a 

specific pressure on the target area. 

This research has developed a method to determine the low pressure location, by 

using a circle that enve lopes the body. Since the body itself is almost circular in 

shape, then the area which is not being covered c losely by the circle can be assumed 

to be a low-pressure area requiring padding. 

In developing the padding model, data from the body and the circle represent the 

inner and outer parts of the padding. The parts are flattened to produce a 2D pattern. 

The patterns are then combined together to generate the padding. 

[n order to develop the pressure garment for the padding and body, data for the 

enveloping circle are used. The data is tri angulated to form the 3D pressure garment 

and transformed into the 2D pattern design. 
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To verify the computer program, a set of experiments has been conducted. Pressure 

has been measured from the vo lunteer subjects of the previous experiment, both with 

and without padding. Results show that the padding can deliver a pressure close to 

that specified at the outset. However, the developed padding for this experiment was 

only intended to show the effect of using padding wi th pressure garment on low­

pressure area. In real life, it is suggested that different material to be used because the 

use of the developed padding on real burns injuri es will reduce breathability of the 

wounded area. Furthermore, it also will cause discomfort for patients since the 

padding will limit their mobility due to their weight. Breathability and comfort is 

also crucial for wound treatment. 
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Chapter 6 Discussion 

In this research, a system that can design pressure garments for the treatment of burn 

injuries has been developed. The process includes the following; 

• Use ofa 3D digital image of human body 

• Development ofa 3D pressure garment model 

• Development of a pressure garment pattern 

• Construction of the pressure garment and testing 

• Development of a pressure distribution prediction model 

• Development of a padding model, and finall y 

• Construction of the pressure garment with padding and testing 

First, the burn injury person was scanned to obtain their 3D body data using a body 

scanner. Then, the injured area on the body has been selected. A pressure garment 

model and its 20 pattern have been generated for the area based on the body data. 

The garment has been constructed and tested using human volunteers. A pressure 

di stribution model has been developed and verified to estimate the pressure that the 

garment applies. A padd ing model for low pressure area on the body and its pressure 

garment pattern has also been developed and tested using vo lunteers. 

The novelties of the research: 

• Use of digital scanned body data 

The first novel ty is using a body scanner to develop the pressure garment. 

The idea of using a body scanner to develop the pressure garment is not a new 

idea. It has been proposed by Dias el al. (2002). However, their work is more 

focused on developing a pressure garment by using a 3D sewing technique. 

This research has explored the possibility of generating a pressure garment 

pattern using the body scanner. 

• 3D model of the pressure garment using body data and its 20 pattern and 

method to generate them 
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The second novelty is that this research has generated a pressure garment 

pattern design by directly fl attening the 3D pressure garment model. The 3D 

model was developed based on 3D body data obtained through the body 

scanner. This fl attening method is essential to ensure that the constructed 

pressure garment can be perfectly wrapped around the wounded area. The 

current practise used body measurement to predict the shape of the pressure 

garment pattern. 

• Pressure garment model to simulate the pressure distribution 

This research has developed a pressure prediction model by using a new 

technique to calculate the radius. In the model, the rad ius of curvature is 

calculated by using data points from the 3D body model. This method will 

enable researchers to predict pressure not onl y on a cyl inder, but also on more 

complex shapes. The radius of curvature calculated using thi s method can 

give more accurate results. Currentl y, some other researchers also used 

Laplace Law to predict the pressure exerted by the garment on the body, but 

they treated the human body as a c ircular shape in es timating the pressure. By 

making thi s assumption, they calculated the rad ius of the circle by using the 

measured circumferences of the human body. However, the Laplace Law 

states that the radius of curvature of a point is the radius of the osculating 

circle at that point and not the radius taken from the body's circumference. 

• A method to develop pressure garment padding for low pressure areas. 

Since this research is a pioneer in padding design, methods proposed in thi s 

research to develop the padding is new knowledge. This method includes 

procedures to locate the area with low pressure and to design the padding ' s 

patterns and a method of padd ing creation. 
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6.1 The 3D pressure garment model and 2D pattern development 

The current pressure garment des ign process still uses conventional methods which 

use manual body measurement to make the pressure garment. The only current 

commercial advancement in thi s area is the introduction of a system to develop the 

pressure garment pattern based on input of body measurement. 

To overcome the above problems, thi s research proposes the use of a body scanner to 

create the pressure garment pattern. The objecti ve of thi s research is to design the 

pressure garment pattern using the 3D body data obta ined through the scanner. This 

research has succeeded in generating the pattern. First, a 3D pressure garment model 

was developed based on a reduction factor calculated at each of the body layers. The 

reduction fac tor was calculated using a formula developed by Ng and Hui (200 I). 

The formula indicates that the reduction factor is affected by pressure to be exerted, 

fabric properti es and body curvature. Then the 3D model was fl attened into a 2D 

pattern . The pattern developed is suitable for pressure garment construction. The 

developed pattern was first shown to exert a specific design pressure when being 

applied to a cylindrical item. Then the method developed extended to pressure 

garment pattern development for wounded body parts and it was subsequently 

experimentally verified. 

The proposed method has fi ve advantages. The first advantage is that it has reduced 

time and effort for the body measurement process and increased the accuracy of the 

measurement. The current practi se needs the customer to measure their body at 

certain locations as accurately as poss ible , and send the information to manufacturers. 

However, the body measurement processes were not only time consuming, but also a 

hard effort for the customer, especially for burn injury patients. Thus, the new 

method offers a new way to measure their body faster and without any direct contact 

to their wounded area. Furthermore, data obta ined by the new method contain more 

detailed information about the body, such as body curvature, which is impossible to 

be provided by manual measurement. The in fo rmation is important for the pressure 

garment pattern des igning process and pressure prediction. 
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The second advantage is that the method will enable customer involvement at an 

early stage of the design because the developed pressure garn1ent model can be 

visualized first before manufacturing (refer Figure 6.1). Patients can decide which 

colour of pressure gan11ent they prefer and can view it beforehand whether it will 

suit their taste, increasing the customer choice and sati sfaction. This eventually wi ll 

increase customer sati sfaction in using the product, and decrease the number of 

rejections. 
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Figure 6.1 3D body model with padding for customer view 

The third advantage is the deve loped pressure garment was constructed usmg a 

reduction factor that takes into consideration the body size at small verti cal interval 

layer of I cm. The smaller interval means that the developed 3D pressure g= ent 

model closely resembles the body shape. Thus, the pressure g=ent can be designed 

to provide a better customised fit to the patient, and the garment can exert specific 

pressure to the wOlmded area. The current manufacturing process uses a standard 

reduction factor for all the people, regard less of their size. 

The fourth advantage is that the pressure garment pattern can be generated directly by 

fl attening the 3D pressure garment model. Currently, manufacturers use a system that 

develops patterns based on limited body measurement data. Even though the 
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manufacturers claim that their pressure garment is customized, the way they estimate 

the shape of body calmot be considered as customized, because each body has its own 

characteri stics. The method that has been developed in thi s research enables the 

manufacturer to develop a precise pattern to cater fo r di fferent bodies. Instead of 

using a trial and error approach, the proposed method could help manufacturers to 

make pressure garments much more accurately, first time. 

The final advantage is that the developed system is very fl ex ible. By changing a 

design parameter, for example the pressure to be exerted of the fabric's modulus of 

elasticity, the shape of the pressure garment pattern can eas ily be recalculated . The 

fl ex ibility can give the manu facturers the opportunity to adapt to thei r customer 

request more rapidly. 

However, there are some limitations of thi s method. The first limitation is the 

developed pattern is not su itable to be used for the head and foot area. For these 

areas, a diffe rent fl attening method must be employed. The reason is the developed 

pattern can exert pressure from the hori zontal side of body only, and not from the 

vertical side. However, fo r the foot area, the pressure must be from vertical side as 

well to enable the healing process, thus the deve loped flattening method cannot be 

used. For the head area, the pattern is difficult to be generated here because the effect 

of some parts like ears, nose and eyes, is very difficult. 

The other limitation is the developed pattern does not take variations in soft tissue 

sti ffness into account. The ti ssue sti ffness is very important because if it is low, then 

the tissue will contract under pressure, thus make the body became smaller in size 

under the pressure garment. This eventually will lead to adecrease in pressure exerted 

from the garment. 

6.2 The development of pressure distribution model 

Beside pressure garment pattern des ign process, another area which needs attention is 

the pressure measurement. Currentl y, most of researchers used direct measurement 

that usually involves the use of a sensor, to measure the pressure exerted by the 

pressure garment. However, the drawback of the direct measurement is it can only 

150 



measure the pressure at a limited number of places. Moreover, for large injured 

surfaces, it is difficult for the sensor to access a remote area due to the limited length . 

The method of direct measurement on the human body is considered to be time­

consuming and uneconomical. The main reason for the associated time and cost is 

that the pressure garment needs to be constructed fi rst to enable direct pressure 

measurement. Furthermore, it is also intrusive for the pati ent causing di scomfort. 

This research has proposed a non contact pressure simulation method to predict the 

pressure di stribution exerted by the pressure garment. The prediction model was 

calculated using the radius of curvature o f the body and the material properti es of the 

fabric. The results from the prediction model compared well to the experimental data. 

The pressure di stribution model provides an alternati ve to the actual pressure 

measurements . 

There are three advantages of the developed prediction model. The first advantage is 

the model enables a man ufacturer to make early assessment of their pressure garment 

whether it can deli ver the intended pressure. This reduces the cost and time because 

the pro blems are now identified before any manufacturing process. These abil ities 

also reduce the nwnber of de fective pressure garments that are sent back by the 

customer due to fitting problems because the level of pressure can be assessed earli er. 

The second advantage of using the prediction model is that a complete pressure map 

of the wounded area is given instead of several point pressures that are measured by a 

pressure sensor. The pressure at a diffi cult to access areas using direct meas urement 

can be predicted by the model. This enables the manufacturers or therapists to gain 

better adv ice the customer and to alter the pattern des ign if necessary. The model al so 

can be used by therapists to identify the locations with fl at or concave area which will 

not rece ive adequate pressure and will need padding. 

Another advantage of the developed method is that it will provide a non contact 

measurement to patients who naturally do not like their body being intruded. Pati ents 

may consider body pressure measurement as intrusion to their privacy. This method 

can give a lternative pressure estimation to such people. 
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The limitation for the developed method in this research is that it does not take into 

consideration the influence of body contraction under the pressure garment. Thus, it 

will affect the prediction results because the prediction model uses the radius of 

curvature, which depends upon the measured shape of the body under no pressure, to 

predict the pressure. Since the shape of the scanned body is under no pressure, it will 

be di fferent from the shape of body under pressure exerted by the pressure garment. 

The matter has been rai sed and di scussed by Ng and Hui (2001 ) and used In 

developing their fo rmula. They even included in their fo rmulae a parameter ca lled 

compression factor to overcome the issue. However in this research, the compression 

factor was not included since it is considered to be irrelevant because it was di fferent 

from one location to another although still considered on the same layer. 

Furthermore, the compress ion factor will make the pressure garment smaller because 

a body wlder contraction will become smaller, thus will increase its tension and 

pressure. 

6.3 The padding development 

In a human body, there are certain areas/ parts that need extra pressure because the 

pressure level at the areas is lower than the design pressure exerted by the garment. 

According to the literature survey, there is no research related to padding 

development. However, there is evidence that the use of padding can help in 

preventing the formation of scar tissue due to burn injury. Hence thi s research has 

suggested a method to des ign and construct customised padding with the correct 

shape to exert a speci fi c pressure on the target area. 

This research has succeeded in developing a model that can locate areas with a low 

level of pressure and a proced ure to des ign padding to provide extra pressure to the 

area. The constructed padding along with its pressure garment, have been shown to 

exert the intended specific pressure to the area (Chapter 5). 

The advantage of the developed method is that it can model and construct padding for 

an area with low pressure. Currently, based on an internet survey on pressure garment 

manufacturers, no manufac turers offer the padding as one of their medical items fo r 

152 



burn injury. Thus, this research on padding construction offers an extra advantage for 

pressure garment manufacturers to offer and an improved service to their clients. 

However, the method used during this research to construct the padding is far from 

being perfect. There are some issues that need to be addressed, such as to develop a 

big padding, before the proposed method can be used for the whole body. Although 

padding developed in tllis research is able to deliver the intended pressure to an area 

that would without the padding experience a low level of pressure, its construction 

method is di fficult and time consuming. This aspect would require further attention. 

153 



Chapter 7 

7.1 Conclusions 

Conclusions and suggestion for 

further work 

This research has achieved the following o bjectives . 

VI. Developed a 3D pressure garment design procedure using data obtained 

by a body scanner, 

VII. Generated a pressure garment pattern from the 3D design obtained fro m 

the body scarlller, 

VIII . Developed a model to s imulate the pressure that is exerted by the pressure 

garment and verified it experimentally 

IX. Developed padding modelling procedure for a low-pressure area and 

verified experimentally. 

To achieve the stated objecti ves, thi s research has created rul algorithm that used 3D 

body data, obta ined by using a body scanner, a long with the fabric properties to 

develop a 3D pressure grum ent model. Then the 3D garment model is fl attened to 

generate a 2D pressure garment pattern des ign. Actual pressure garment has been 

constructed based on the pattern des ign, and tested on a cy lindrical item to veri fy 

whether it can deliver the specific pressure that it was designed for. The research also 

develops a pressure distribution prediction model based on body curvature and fa bric 

properties to simulate the pressure exerted by the pressure garment to the human 

body. Experiments have been conducted to verify the model on volunteers. The final 

task in thi s research was to develop a procedure to des ign and construct padding for 

ru·eas with a low level of pressure. The pressure garment fo r the padding and body 

has been constructed and applied to volunteers to veri fy the padding. 

The experimenta l results demonstrated tha t the pressure garment made following the 

garment des ign and pattern development process proposed can deliver the specific 

des igned pressure to cy lindrica l items. 
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The pressure di stribution prediction model was shown to be in reasonable agreement 

with the experimental results. The predicted pressure could be closer to the 

experimental result if the soft ti ssue compression of the human body can be taken 

into account. The tissue tends to contract under pressure, thus make the radius of 

curvature change from the 3D body. This leads to considerable local variations 

between predicted and experimental results . However, in general, the model can 

predict the pressure appl ied to the body part and be used as a too l to estimate the 

pressure of a custom-made pressure garment on the body part without necessitating 

physical measurements. 

Finally the procedure to design and create padding for areas with low level of 

pressure has proven to successfu ll y apply extra pressure to these areas. Experiments 

demonstrated that the developed pressure garment with padding can exert the speci fic 

designed pressure more uniformly to the affected body part. 

The main novelties of thi s research, therefore are ; 

i) A method to develop 3D pressure garment model using 3D body data and its 

corresponding 2D patlern design. 

ii) A pressure distribution prediction model using radius of curvature calculated 

using 3D body data and fabric properties to predict the applied pressure by the 

pressure garment. 

iii) A method to locate low pressure area on the body in order to design and 

construct a customized padding for the identifi ed low pressure area. 

7.2 Suggestion for further work 

There is significantly more research which needs to be carried out to enable the 

commercial development of the pressure garment designed using the methods defined 

in this research. 

This research used 3D body scanner to obtain the data. However, the cost of the body 

scanner is high, thus it is imposs ible fo r each hospital to have it. The best solution 
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may be to allocate the body scanner to big hospital only. But the solution will cost 

patients their time and effo rt to go to the hospital that may be far away. Thus, the first 

suggestion for future research is to develop a technology that can obtain accurate 3D 

body data from picture or video. The technology will enable patients to just provide 

their image, which can be send by email , to pressure garment manufacturer fo r body 

measurement. The manufacturer can ex tract 3D body data from the image using the 

technology fo r pressure garment development. Currently, the teclmology of obtaining 

3D body data from image is available, but its accuracy is questionable. 

The method to des ign pressure garments which is proposed in this research is 

appl icable to the upper and lower limbs and torso only. Thus, the second suggestion 

fo r future study is to develop a new method to design the pressure garment pattern fo r 

all parts of human body including small areas like foot and hand, and areas with 

many curvatures, such as head. The research is important because patterns fo r these 

areas are very complex and difficult to develop. It is also important to note that 

method to design pressure garment pattern for head area is di ffe rent [TOm the rest of 

body. The reason is, the pattern at the area must have space for eyes, mouth and nose. 

These properti es will influence the elasti city of the fabri c. The accuracy of the 

developed pattern is also important to ensure that the pattern can fit pati ents 

comfo rtably. Thus, the developed method must be able to estimating the di fference 

between the acttml circumference and the calculated circumference so that the 

predicted pressure can be more accurately calculated. 

The third suggestion fo r future study is to deve lop a method of predicting the effect 

of soft ti ssue on the pressure and pressure measurement. The research will involve 

study of the relationship between pressure and body contraction. The relationship 

varies from individual to individual and depends upon gender, lifestyle and age. 

There are a few studies done on thi s topic, but it is not comprehensive and subject 

matter not full y understood. This research is important not onl y to develop pressure 

garment, but also in order to develop a more accurate pressure prediction model. 

The fourth suggestion is to study a method to develop a pattern that has several 

properties in it. The new pattern will enable the pressure garment to exert uni fo rm 

pressure to the wounded area. The pattern can be constructed by using two methods. 
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The first method is by assembles different fabrics to make the pattern. The second 

method is by construct the pattern using a single fabric, but with different knitting 

process for each location depends on the pressW'e that it intends to exert. 

Thi s research has developed a model to predict pressure di stribution under pressure 

garment. However, the model is capable to predict pressure at a static pos ition. 

However, patients need to move around . Thus, for future research, it is suggested that 

a prediction model that can predict pressure distribution when a person is moving 

should be developed. The capabilities wi ll enable a manufacturer to construct a more 

practical pressure garment that can cater for all conditions. The idea for the research 

is to prepare a model for a garment where the body is changing at every movement. 

Since the pressure predicted by thi s model depends on the shape of body, thus by 

measuring radius of curvature at each point of the body at every movement, the 

pressure di stribution can be predicted . 

Another area that needs further stud y is padding. Even though padding developed by 

thi s research is low cost to create, it is difficult to construct and time consuming. Also 

the shape and size of the padding for a given injured part requires further attention for 

a more accurate padding development. 

Materia l for the padding is suggested to be silicon gel because it can keep it shape 

under pressure, has similar properties to the soft ti ssue and make contact with the 

wounded area which helps the healing process . Currently, the sili con gel is used in 

scar treatment and act as a padding. Method to construct the customized silicon ge l 

padding is by using casting process. Padding constructed by thi s research can act as a 

mould . However, instead of flour used in the experiments reported here, a more 

suitable material which is breathable and provides comfort to the patient should be 

used, such as the nonwoven fabrics developed for thi s purpose (Anand , 2009). 
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Appendix A Body data 

(Note: The 5 decimal places result from the body scanner software. This does not 

imply sub f.J m resolution) 

(cm) 

x- y- z-

·16.480372.88036 -22.36875, 

-16.078382.679731-22.36875, 

-15.711512.445401-22.36875, 

-15.372232.220623 -22.36875, 

-15.0481 2.020118 -22.36875, 

-14.741791.813386-22.36875, 

-14.4473 1.606367 -22.36875, 

-14.1341.435937 -22.36875, 

-13.80835 1.269363 -22.36875, 

-13.4855 1.079844 -22.36875, 

-13.160450.8707174 -22.36875, 

-12.830740.6404783 -22.36875, 

-12.52330.3695901 -22.36875, 

-12.25837 5.372574e-002 -22.36875, 

-12.03201 -0.2959548 -22.36875, 

-11.84393 -0.6726941 -22.36875, 

-11.68966 -1.070294 -22.36875, 

-11.5745 -1.485817 -22.36875, 

-11.51883 -1.915025 -22.36875, 

-11.52392 -2.348659 -22.36875, 

-11.58361-2.778458 -22.36875, 

-11.67452 -3.20275 -22.36875, 

-11.79203 -3.621443 -22.36875, 

-11.94605 -4.029417 -22.36875, 

-12.13826 -4.421948 -22.36875, 

-12.36571 -4.796144 -22.36875. 

-12.61479 -5.15863 -22.36875, 

-12.8861 -5.509304 -22.36875, 

-13.19227 -5.833638 -22.36875, 

-13.5269 -6.133029 -22.36875, 

-13.89037 -6.401037 -22.36875, 

-14.28211 -6.62922 -22.36875, 

-14.69608 -6.81733 -22.36875, 

-15.12536 -6.972019 -22.36875, 

-15.56645 -7.098144 -22.36875, 

-16.01925 -7.185661 -22.36875, 

-16.48037 -7.231948 -22.36875, 

-16.94605 -7.23777 -22.36875, 

-17.41327 -7.205715 -22.36875, 

(cm) 

x- y. z-

-17.8784 -7.13251-22.36875, 

-18.33465 -7.009604 -22.36875, 

-18.77682 -6.839762 -22.36875, 

-19.20037 -6.626203 -22.36875, 

-19.60681 -6.380033 -22.36875, 

-19.99395 -6.102341 -22.36875, 

-20.35423 -5.788882 -22.36875, 

-20.68419 -5.442445 -22.36875, 

-20.97437 -5.061753 -22.36875, 

-21.21287 -4.647332 -22.36875, 

-21.40093 -4.209517 -22.36875, 

-21.54749 -3.759302 -22.36875, 

-21.66219 -3.303489 -22.36875, 

-21.74834 -2.843909 -22.36875, 

-21.82611 -2.382716 -22.36875, 

-21.90499 -1.915022 -22.36875, 

-21.95944 -1.435666 -22.36875, 

-21.96196 -0.9484701 -22.36875, 

-21.91333 -0.4592651 -22.36875, 

-21.81204 2.55468Ie-002 -22.36875, 

-21.667240.5036539 -22.36875, 

-21.471340.9665152 -22.36875, 

-21.23145 1.41172 -22.36875, 

-20.947 1.832923 -22.36875, 

-20.614232.218831 -22.36875, 

-20.224362.54689 -22.36875, 

-19.786822.807072 -22.36875, 

-19.31963.002668 -22.36875, 

-18.832083.12823 -22.36875, 

-18.333593.176664 -22.36875, 

-17.840573.161287 -22.36875, 

-17.365443.104464 -22.36875, 

-16.910523.001579 -22.36875, 

-16.414222.957283 -23.36875, 

-16.006062.737924 -23.36875, 

-15.631472.511878 -23.36875, 

-15.282582.295992 -23.36875, 

-14.955112.08154 -23.36875, 

-14.641821.873583 -23.36875, 
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ABSTRACT 
This paper concerns the development of pressure garment 
modeling. pattern generation and making up to exert a 
specific pressure on a wounded area. First, raw data of a 
body part was extracted using a body scanner to develop a 
3D body model. Then, a 3D pressure garment was 
generated using a novel modeling approach taking into 
account the properties of the fabric and the curvature of 
body parts. The 3D pressure garment was then flattened 
into a 2D pressure garment pattern design. Finally a 
computer simulation and pressure measurements were used 
to validate the method. 

Author Keywords 
Pressure garment, 3D body data, pressure distribution, 
pattern. 

INTRODUCTION 
Around 2.4 million injuries related to burns are reported 
each year in the United States (I), approximately one 
million people suffer substantial or penmanent disabilities 
resulting from their injuries. One of the treatments for burn 
injuries is the use of pressure garments. Pressure garments 
are tight fitting elastic garments which apply pressure to the 
wounded area of the human body for treatment. They 
prevent and control the formation of hypertrophic scars by 
applying counter pressure to the burn wounded area. The 
garments are usually made either by the occupational 
therapists (OTs) or the commercial companies. However. 
resulting from the present approach to producing the 
garment, there aTe some problems related to the fitting, cost, 
delivery time and customer satisfaction. 

There is relatively little research literature on the pressure 
garment making process except for the notable work of 
Pratt and West (2) and Macintyre and Baird (3). They stated 
that the method used by various different pressure garment 
manufacturers is very similar. First, patients' wounded area 
is manually measured as accurately as possible. By using a 
reduction factor, the dimensions of the garment are 
calculated to ensure that the correct pressure is applied to 
the wounded area. Then, patterns are developed based on 
the calculated dimensions, cut and sewn together, and other 
features like zips are added to complete the garment. The 
pressure gannent is then sent to the hospital where it is 
fitted to the patient. If the pressure garment does not fit 

well, then the product is sent back to the company with 
details for improvement. This is a time consuming process. 

The major problem in the process is the 'fit' of the garment 
(4,5) because the garment is normally developed based on 
the information provided by the client. Patients complete a 
detailed measurement form in order to enable the 
companies to develop the pressure garment accurately. 
Even though this information is detailed, without accurate 
measurements of the wounded area, it does not always lead 
to the creation of accurate pressure garments that provide a 
good fit and the right pressure. 

There are further problems due to the garment losing its 
properties (6) over the long period of time that it should be 
worn, typically between 4 months to 3 years (5). The 
garment must therefore be constructed again from time to 
time to effectively treat the wounded area. Also in the case 
of weight gain or loss, the ganment must be re-ordered. 

METHODOLOGY 
Dimensional measurements of body parts with soft tissue is 
considered to be a difficult task (7,8). To overcome this 
problem, this research explores the possibility of using a 
novel 3D design and modeling approach to create a 
pressure garment that can exert the appropriate pressure on 
the wounded part of the body. The method utilises a body 
scanner to generate a three dimensional image used to 
determine the required dimensions of the wounded area, a 
3D pressure ganment model using the scanned data and 
fabric properties, conversion of the 3D data to a 2D 
gannent pattern, making the pressure garment and 
verification of the garment by simulation and in situ 
pressure measurements. 

The system can also act as a communication tool between 
the client and manufacturer, enabling the latter to obtain 
more detailed and accurate information on the wounded 
area, for example its exact location and size. It also enables 
the manufacturer to carry out an initial evaluation and 
assessment of the garment using the simulation of the 
pressure that the ganment applies. 

There are a number of steps in the proposed pressure 
garment generation method. Figure I shows the flowchart 
of the methodology proposed. 
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Figure 1. Flowchart of methodology 

3D data acquisition 
For this research, [TC]' NXI2 (9), a 3D horizontal type 
body scanner is used to extract 3D (x, y, z coordinates) raw 
data of the subject body. The object is scanned in layers in 
the horizontal plane. The x and y coordinates of each 
'layer' are measured, z being the vertical axis, which is 
incremented by I cm until the whole object is scanned. The 
coordinates of the data can be obtained by converting the 
(.wrl) files into text files (.txt) (10). The data are then 
exported to Matlab, and the 3D data are transformed again 
to create 3D point cloud to form 3D human body model. 

3D pressure garment design 
The design process begins with the identification of the 
wounded area by using both the lower and upper limits of 
the location of the wounded area. In this research, an area 
between 20·30 cm heights of the left leg of a mannequin is 
used as the wounded area. All data between the limits of the 
wounded area are transformed to create a 3D body image. 

The flowchart of developing a 3D pressure garment model 
is shown in Figure 2. 
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3D wounded data 
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factor for each layer 

I Development of 3D·· I 
-I pressure garment I 

model 

Figure 2. Flowchart to develop 3D pressure garment model 
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Centraid 
The coordinates of the centroid of the layer can be 
calculated as follows: 

MP =[t.x' , t. y

, 1 / n n 
(1) 

Radius of curvature 
Current pressure garment models assume a circular cross~ 
section to calculate the radius. However, body segments are 
rarely circular and therefore the radius of curvature of a 
curve at a given point should be used. The radius of 
curvature is the radius of the osculating circle at that point. 
This research therefore proposes the three-point-method to 
estimate the radius of curvature. (Figure 3). 

Figure 3. Radius of curvature 

The center of the circle lies on the perpendicular bisectors 
of any two chords, such as AB and BC. Lines that are 
perpendicular to each other have negative reciprocal slopes. 
Hence, if slopes between AB and BC are mAB and mBC 

respectively, then the slope for DO and EO are __ 1_ and 
mAR 

__ 1_, where D and E are the centres of AB and BC 
mHC 

respectively, and 0 is the centre of the circle. 

The equation of lines DO and EO can be found by 
substituting the slope DO and EO into the general equation 
of a straight line 

y=mx+c 

where m is the slope, c is the y-intercept of the line 
determined from the equation of lines AB and BC, where 

Yw = __ I-xoo +(Y\ + Y, +_I_(X\ +X2)) (2a) 
mAB 2 mAB 2 

and 

1 (Yl + y, I (Xl +X,)) Y - ---x + ~+-- ---
EO- EO 2 2 

mBC mBC 

(2b) 



These two lines will intersect at the centre of the circle 

where Y'B = YBc = Yo and X AB = X BC = Xo' By using both 

equations, 

Xu = m ABm/K'(Yl - YI) + m"o(x2 + XI) - mJ!(" (X2 + XI) , (3) 
2(m"B -mac) 

By substituting xO into equation 2, the y, value can be 
calculated. The radius can be found by using the distance 
formula from the centre to any of the three points, A, B or 
C. By using this method, the radius of curvature at each 
point on the body model in a given layer can be determined 
by using the point and its two neighboring points. A good 
approximation of the radius of curvature can be obtained 
this way. The exact result can be achieved if the distance 
between the neighboring points is close to zero. 

Reduction Factor 
The reduction factor is the factor that is used to reduce the 
original body measurement to obtain the size of the 
pressure garment in order to apply the required pressure. 
Thus, if Co is the original circumference of the wounded 
area, then the pressure garment circumference Cl should be; 

C, = (1- Re)C, (4) 

where Re is the reduction factor. According to Laplace 
Law, tension (T), radius of curvature (p) and the pressure 
(P) that is to be exerted on the wounded area have a definite 
relationship which is given by the formula 

T p=-
p 

The surface tension of the pressure garment can be 
calculated using Hooke's Law. 

T = El (Co -C,) 
C, 

(5) 

where El is the flexural rigidity of the fabric (1 I). By 
combining the above formulae, the reduction factor (Re) is 
given by 

Re=_l_ 

l+~ 
Pp 

(6) 

El can be determined by calculating the tangent of the load· 
elongation curve. 

The radius of curvature for each point in a given layer is 
calculated first; then a corresponding reduction factor is 
determined. Finally, the average of these is found to 
represent the reduction factor for that layer. 

By combining both the reduction factor and the centroid, 
3D pressure garment can be developed as shown in Figure 
4. 

If it is assumed that Gj is the centroid of layer j with 
coordinates of xmp and Ymp. Ai is one of a series of points 

3 

that form the layer of the body and Re is the reduction 
factor for the layer, the location of the pressure garment's 
points, A' (x,', Y, ') can be determined by using the 
following formulae: 

Xj'=x".p +cosB.GA' 

y/'=Ymp +sin8.GA' 

0= ';'ctan(Y' - Y.,) 
XI - xmp 

GA'= (1- Re))(x, _ x",)' + (y, _ Y",,) , 

'tJ. ~ .. -.. -.. -.. -.. -.. -.. -.. -.. -... -.. -. _ AI 
'tJ.' ..•........ 

y- ..... . 
~i 

: , , 

... ~ .... 

, , , 
i : , 
: , 
: , 
: 

Figure 4. 3D pressure garment plotting 

Pressure distribution model 

(7) 

Since it is almost impossible to calculate the exact pressure. 
a model is required to predict the pressure distribution. The 
model is essential since it provides an initial estimation of 
the pressure that the garment is expected to apply. The 
flowchart for the model is shown in Figure 5. 

Radius of curvature 
for each point 

Triangulation 

Figure 5. 3D pressure distribution model flowchart 

Tension 
The tension exerted by the fabric on the body can be 
calculated using Hooke's Law. It is assumed that the body 
contour and size will not change under the fabric pressure. 



Thus, if Pn (xm Yn) indicates the coordinates of the nili point 
in one layer, the circumference of the body layer j is given 
by; 

c, = tJ(x, -x,_,), +(y, - YHl' (8) 
I_I 

The number of points in each layer depends on the size of 
the cross section. For example, for the leg section scanned 
here, n is 72. The circumferences of the pressure garment at 
each layer, each layer separated by I cm, can similarly be 
calculated. Then the 3D pressure garment surface is 
flattened into 2D pattern. 

Experiments 

Two experiments have been conducted. The first 
experiment was to validate the developed pressure garment 
pattern. In the validation, a cylinder with circumference of 
31.5 cm and height of 20 cm was used. Pressure garments 
to exert 2666 Pa (20 mmHg) pressure to the cylinder have 
been developed using two different fabrics (fabric A and 
fabric B) with different moduli of elasticity of 504 N/m and 
407.1 N/m respectively. According to the model, reduction 
factors for the fabrics should be 21 % and 25% respectively. 
Exerted pressure has been measured using Tekscan's 
Flexiforce A201-1 sensor (12). Three sensors are inserted at 
different location on the cylinder, and average pressure was 
used for each fabric. 

The second experiment was to validate the pressure 
distribution along the circumference of the model. In this 
experiment, two pressure garment patterns using fabric A 
have been developed to apply 2666 Pa and 5000 Pa 
pressure. A mannequin left leg was used as a leg specimen. 
The leg was scanned and two pressure garment patterns and 
pressure distribution models were developed for the 
segment of the leg between 20-30 cm height. The pattern 
was sewn together and applied to the mannequin's leg. 
Pressure was measured at eight locations around the leg at a 
given layer, 'and the results were compared with the 
predictions by the model. All measurements were taken 
again after 10 minutes to reduce drift effect. 

RESULTS 

Computer simulation 
Figure 6 shows the result of the body scanning and 
wounded area position. The red points represent wounded 
area while the green points indicate the location of the 
pressure garment points after computation (Figure 7). 
Figure 8 shows the pressure garment's pattern for the area, 

Figures 9 and 10 show the results of the pressure 
distribution model. Figure 9 shows the pressure distribution 
on the body part. Figure 10 shows the variation of pressure 
along the circumference of the body part for a given layer. 
With the aid of these plots it is possible to locate the areas 
which are subject to low or high pressure. 

4 

Figure 6. 3D body model with the wounded area (blue) 

Figure 7. 3D pressure garment model (green) 

I 

Figure 8. Pressure garment pattern 

Figure 9. Pressure distribution on the leg 



Experiment 
The result of the first experiment for pressure validation is 
shown in Table I. For experiment 2, the results of pressure 
distribution are shown in Figure II (for the designed 
pressure of 2666 Pal and in Figure 12 (for the design 
pressure of 5000 Pal. The predicted pressure for experiment 
2 is calculated by taking the average pressure at three points 
near the location of the experimentally measured pressure. 
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Table 1. Pressures from Experiment I 

Fabric I 

Fabric 2 
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Sensor I Sensor 2 
Pa Pa 
(mmHg) (mmHg) 

2633 2614 
(19.75) (19.61) 

2628 2657 
(19.71) (19.93) 
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Sensor 3 
Pa 
(mmHg) 

2601 
(19.51) 

2871 
(21.54) 
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Pa 
(mmHg) 
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(I 9.62) 

2718 
(20.39) 

-+- experiment 
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Figure 11. Comparison of the results of predicted and 
experimental pressure distribution (intended pressure = 

2666 Pal 
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DISCUSSION 
The results show that the proposed method can be used 
successfully to create the required pressure garment. For a 
cylinder, the method can develop a pressure garment that 
can exert intended pressure uniformly around the surface as 
shown in Table 1. However, since the human body is not a 
perfect cylinder, the pressure that the garment applies on 
the leg segment varies around the circumference depending 
on the radius of curvature. Unlike previous methods which 
assume a circular cross-section to develop the garment for a 
body part, the proposed method uses all radius of curvatures 
to develop the pressure garment. Furthermore, the proposed 
pressure distribution model can be used to estimate the 
pressure that the garment should apply. Figure 11 and 12 
shows comparison between the predicted pressures with the 
actual measurements. Both figures show that the model can 
be used to predict pressure exerted by the garment to a 
reasonable accuracy. The reason for the differences is 
believed to be caused by the inaccuracy of the sensor. As 
stated by Ferguson-Pell et al [121, the sensor can be 
affected by the curvature effect if the radius of curvature is 
less than 32 mm. 
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Figure 12. Comparison of the results of predicted and 
experimental pressure distribution (intended pressure = 

5000 Pal 

CONCLUSIONS 
This paper proposes a new method to produce a pressure 
garment. Unlike current conventional methods, it explores 
the possibility of using a 3D body model, based on 3D 
scanned body data, to determine the shape of the pressure 
garment pattern. This method uses a much more accurate 
scanned measurement of the body part for pressure garment 
production. Then, it uses the local radius of curvature, 
instead of the radius calculated from the circumference of 
body that assumes a circular cross-section to determine the 
reduction factor. Hence the manufactured garment provides 
a more accurate fit. 



The proposed method also calculates the pressure exerted 
by the garment using the radius of curvature at each data 
point on the body. This enables an estimation of the 
pressure that should be exerted by the garment on the body 
before manufacturing the garment. This could be useful in 
estimating the pressure on the wounded area, especially on 
the parts of the body that cannot be possible to measure 
using the current pressure measurement devices. 

The proposed method should also make the communication 
with the manufacturer more efficient and the production 
cycle much faster. 
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