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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. Cutrently, 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 impbrtant parameters, such as pressure to be exertéd, 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 arca. 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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Chapter 1  Introduction

Pressure garments are tight fitting, elastic garments which apply pressure to a specific
area of the human body with burn 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.
ii. To generate a pressure garment pattern from the 3D design obtained from

the body scanner.

iil. 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 burn 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

Burn Survivor Resource Centre (http://www.burnsurvivor.com/) reports that there are

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

From this number, approximately one million will suffer substantial or permanent



disabilities resulting from thetr 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%
of the 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 burn 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 ef al., 2003) because normal
undamaged skin is made up of connective issues in the dermis that forms a three-
dimensional mesh 6f collagen fibres aligned parallel to the skin's surface. The skin

applies pressure against its underlying layers. Under normal circumstances, the



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 dermis, normal pressure by these
layers no longer exists. Without this pressure, hypertrophic scars will form irregularly
causing possible deformities 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 formation 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 garmen'ts while the scar is active‘ and immature. Scar tissue is highly
responsive in the early stages so an carly 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 normal 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:



1 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 ef al., 2005).

The custom-made pressure garment can be constructed using two methods:
(1) from fully-fashioned panels of weft-knitted elastic fabric and
(i)  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.

Measure

;

v

Paper pattern

Fabric selection

Cut

Sew

Add features

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 pattent’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-Yip, 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-Yip,

1993). It is possible to achieve different levels of pressure using similar fabrics, but

12



the occupational therapists need to adjust the paftern 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 of fabric 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 e? 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 gafment 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 low-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. William 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.

Wounded area
information

Manufacturer

Design process

Client

Make

adjustment

i
1
| :
! 1
! 1
! 1
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: Production :

1
1
1 :
! )
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Evaluation No

&
assessment
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Figure 1,2 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 prE: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

15



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.

Wounded area
information in 3D model

il
-
- ——d

3D design process [¢" Manufacturer

adjustment

E ! Make !
Client i adjustment E
; Early ]‘ E
: evaluation & i
: assessment No E
i Yes !
E Production Make E

Evaluation
&
assessment

Wear

Figure 1.3 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 beiﬁg 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 sofitware is not used for

pressure garment development may be the fact that, the ordinary garments and

16



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 of the body.

The next difference is in the allowances. In an ordinary garment, the design must be
developed with consideration being giveﬁ 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
| preésure is applied. Thus, an interference fit is needed in a pressure garment. The
effect of thé 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

17



garment for a muscular leg, the shape is no longer cylindrical or a truncated cone. It

may take a form according to the shape of the 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 al.,
(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:

i- The literature review

ii- The development of 3D pressure garment model and pattern generation

18



iii-  The development of pressure distribution model
iv- Padding development

V- Experiment for validation.
The dissertation consists of seven chapters organized as follows:

Chapter 1 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.

19



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 techn(‘)logy.‘ 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 of the 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 thé 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, tflc compression factor, radius and pressure, Based on the
resﬁlt, 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 of Ng 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

(1999). 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 developiﬁg 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 (%)
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.
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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 comer of the figure). As
shown in Figure 2.2, the pressure at angle % is greater than at angle % because at

-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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Figure 2.2 Different pressures at different locations on the body (Gaied ef al, 2006)

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 able 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 ef
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 garment, 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 parf 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 mode! were [TC)’, 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 1D 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 methed employs a body scanner which captures the surface of the subject
using optical techniques and transforms it into a computerized model (Istook and
Hwang, 2001). Body scanners usually consist of light 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 calcul_atéd (Jones 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 pbsition 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 low-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.
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Figure 2.3 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.
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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]* (May-Plumbee ef al.,
2005), Lectra Systémes (Rodel et al, 2001) and Cyberware (Sul and Kang, 2004,
Kim and Kang, 2002). All of the companies use a 3D body scanner to construct a 3D
human body. Isteok 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.

Stage .

Laser projectoy

L1

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, whlich 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 ef al. (2000). However, their technique was much faster
because they used an improved Chan-Vese algorithm to extract a silhouette of a
human medel 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 using body scanning and photographs, some researchers have
developed an interactive body model (Cordier ef 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 e 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 ef 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 ef 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 br 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 al. (1991) initiated a system whereby a3D
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,

31



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 3D 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 3D 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 3D 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.

Sul 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 (Sul 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

32



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 mbdel. 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 3D
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 ef 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 sﬁrface 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 al, (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 3D 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 gannént, 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, haﬁd 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 garment 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
garment 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 3D body model with such
capabilities. The method introduced by Sul and Kang (2006) is also possible, but is

not yet available in commercial CAD software.

The other methods to develop a 3D pressure garment 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 ef al., 2002).

For this research, method to be employed to create the 3D pressure garment 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 information on body shape and

the information can be used further to create the true size of the pressure garment.
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 garment 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 garment 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 garment 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 bridalware patterns. In this system, the
user needs to input their body measurements and the systerh generates their garment
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 genecrates pafterns 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

garment pattern.
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Chan et al. (20035) 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 rolling 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 /. (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 focussed 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 garmient. 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 al. (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 g/, 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 ef 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 al, 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 ef al., 2004).
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There is little information on the propertiés 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
tenston 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 powernet. It is the most popular fabric
structure used in developing pressure garment to UK patients (Macintyre, 2007). The
powernet is composed of blends of elastic and synthetic inelastic yarns. The fabric
employed elastane as the elastic yarns while the synthetic inelastic components of the
fabrics is nylon. The proportions and weight of nylon and elastane in a powernet
fabric largely determine its tension delivering potential. The most widely-known
structure for the powernet is shown in Figure 2.8. The structure can pfovide a
lengthwise extension of 75-85% and a widthwise extension of 65-75% (Spencer,
1983). The powernet fabric also display a negative Poisson’s Ratio if being stretched

in courses direction.
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Figure 2.8 Powernet fabrics (Spencer, 1983)

2.7 Discussion

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 garment 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 poésible 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

garment 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
cach 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 chaptef 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.
31 3D data acquisition

A 3D body model is used in this research for both visualisation and measurement. A
[TC)? NX12 3D, horizontal type, body scanner was used to extract the 3D (inx, 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 bumn 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 (TC)2 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 exportéd 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.

(h)

Figure 3.2 3D point cleud 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 this 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.

Fie EdR Vew lust Tods Wndow Heb _
DEES A2/ PP

Figure 3.3 Extracted data from 3D body model

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 flowchart 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 centroid 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.

3D wound data

.

Radius of Fabric modulus
Centroid of each curvature of elasticity

layer l

Reduction factor
for each layer

l Pressure

Development of 3D
pressure garment

I

Experiment validation

Figure 3.5 3D pressure garment creation proposal
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3.3.1 Calculation of the reduction factor

The reduction factor is the factor that is needed by which to reduce the original body
measurement. Thus, if Cj is the original circumference of the wounded area at a

certain layer, then the pressure garment’s circumference at the layer, C, should be:
C, =(1-Re)C,

where Re is the reduction factor. According to Laplace’s Law, the tension, the radius

of curvature and the pressure have a definite relationship that is given by the formula:
Pt
Jo,

where P is the pressure, p is the radius of curvature and T is the surface tension of
the pressure garment. The latter can be calculated by using Hooke’s Law. By
assuming that the body’s circumferences remains constant even after pressure has

been exerted, the pressure generated by the pressure garment can be calculated as:

(Co - Cn)
C;

IT'=E

(Cy —(1-Re)Cy)
(1-Re)C,

T=E

T - ERe
1-Re

where E is modulus of elasticity (Ng and Hui, 2001). By substituting the above

formula into Laplace’s Law:
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_ ERe
(1-Re)p’

Thus the reduction factor is given by:

Re = Fp
Pp+ E
1
Re = £ £3.1)
1+
Pp

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 fabrics will be extended to a certain
percentage, and the forces that are needed to extend the fabrics will then be recorded
and plotted. The modulus can be determined by calculating 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 this research, a pressure of 2666 Pa
(20 mmHg) is selected.

The third parameter, the radius of curvature, is discussed in the next section.

3.3.2 Radius of curvature

The radius of curvature of a curve at a point is actually the radius of the osculating

circle at that point. It is given by the formula:
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where «x is the curvature. However, in pressure garment research the radius is always
calculated by dividing the circumferences of the body by 2z (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 radius
of curvature for each layer to be used. The radius 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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Figure 3.6 Radius of curvature (ROC) for the wounded area
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Figure 3.7 shows the radius of curvature for every layer of the wounded area. The

figures show that at all layers, there are points which can be considered as extreme

compare to others.
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Figure 3.7 Reduction factor distribution at each layer (cm vs degree)

Since there only one reduction factor is computed for each layer, average radius of

curvature is used. It can be obtained by dividing all the radius of curvature with the

number of them in the layer. When averaging is used, these extreme values can affect

the value of the average at their corresponding layers 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.

Average radius of | Reduction factor
curvature (metre) (%)

With Without With Without
extreme | extreme | extreme | 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
0.113 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

Table 3.1

without extreme value

Average radius of curvature and reduction factor for each layer with and

To overcome the problem of reduction factor’s extremity due to radius of curvatures

factor, this research used the circumference of the body, measured by the body
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scanner to calculate the reduction factor. The circumferences of the body were
calculated by adding up all the distances between two consecutive points in each
layer. This can be easily done since the body scanner that this research used is a
horizontal type, which means each layer will have the same z-coordinate. If P; (x;,
y1) to P, (Xn, yn) indicate the points’ number and coordinates in one layer, the

circumference for the layer j is given by:

(‘f = '\/(xr _x:—l)z +(y, _.yj-l)2 (32)

However, this is only an approximation. The calculated circumference always
underestimates the distances between two points. It is because equation 3.2
considered distances 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 calculation.
3.3.3 Calculating the centroid location
The centroid is the point at the centre of any shape, sometimes called the centre of

area or the centre of volume. The coordinates of the centroid (G) are the average of

the coordinates of all the points of the shape, and its formula is shown below.

n n

The centroid will become the 3D pressure garment’s reference point.
3.3.4 3D pressure garment creation

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 G; is the centroid of a layer with
coordinate of (xg, ¥g), 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;’, »;") which
determines the circumference of the pressure garment by using a reduction factor Re

can be determined by using the following formula:

x,'=x; +GA'cos @
¥,'=y; +GA'sin@
B= arctan(—y‘ — Y ]

X = Xg

GA'= (1-Re)GA
GA'=(1- Re)'\/(xf _x(;)2 +(y, = .V(;)2

XG Xi X

Figure 3.8 3D pressure garment points coordinates

By plotting x;". y;’, points along circumference of the pressure garment at the layer
can be obtained. By repeating this process at other layers of concern, a 3D image of
the pressure garment can be achieved. This then can be used to develop a 2D pattern

for 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 involves two steps: creating

a triangulation for the points and flattening the triangulation.

3.4.1 Triangulation of the points

First, all the 3D coordinate data for the pressure garment must be rearranged to
develop the triangulation. The triangulation is important because it will help to flatten
the 3D pressure garment model to fit the body smoothly. This research manipulated

the nature of the arrangement of existing data to develop it (refer Figure 3.9).

The arrangement of existing 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 for the next layers until all the layers have been processed.
Each layer has the same number of data points. Thus, if number of points in each
layer is k, then data point in first layer is Py, P, ... Py, while for second layer is Py,
Pys2, ... Pog (Figure 3.10). Third layer’s points is Pag+1, Paks2, ... P3x and so on. Since
each layer on the body is a close loop, first data point and last data point in the layer

is actually a neighbouring point.
As shown in Figure 3.11, triangle 1, or T, consists of points Py, Pxs+ and Py, while

triangle 2, or T,, is made by points P, P, and Py:;. Members of neighbouring

triangles are shown in Table 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
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Table 3.2 Triangulation data arrangement

Triangle, T; First position Second position Third position

1 P Py+1 Py+x)

2 P P, o)

3 P, Pysa Pii1)

4 P, P; Pri)

5 P3 P43 P+
2k-2 P Py Pigeny
2k-1 Px Prx Pri-1y

2k Py P, Pi+k)

A computer program was developed to arrange the points into these positions. By

using this sequence, triangulation of the pressure garment was made (Figure 3.11).

-10 10

3.11 Triangulation of pressure garment
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3.4.2 Flattening

After the triangulation of all the points has been completed, the next process is the
flattening of the 3D image. The 3D pressure garment surface is flattened into'a 2D

pattern by using the method of intersection of two circles. The process is as follows:

Consider P, P, and P; are three points that make up a triangle in level 1 (Figure

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 P, is chosen as the base
point, then P, can be determined by using the distance between P, and P,. P; can be
determined by using the intersection of two circles method. In this method, d; will be
assumed as P;’s radius and ds is P,’s radius. However, it must be checked whether
there is any intersection at all. If ds is longer than d,+d, (d;>d,+d;) or shorter than d;-
d> (d3<|d;-ds|), 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. If both conditions were meet, the calculation for Ps is as

follows:
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Py P; Ps

T3
Ty
PE Pﬁ P4
P; ° ds P,
&
d>
d
P,

Figure 3.12 Triangulation of points

Referring to Figure 3.13; d, d; and d3 can be described as:
d =a+b;

=a’ +h*;
b+ h*;

d,’
d,’

By substituting the terms in the equations, a and h can be calculated;

4 (dzz dsz dnz):
2d,
h:Jd 2 _(dzz _daz +d12T :
: 4d. ’
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P

Figure 3.13 Intersection of two circles

Py is given by (Figure 3.13):

a
P=P+—(R-P),
) '+d.(P' )

By referring to Figure 3.14, ZP,P,P,,'= ZP, ' P,F,. Thus x3 and y; can be calculated

by using ratio of a triangle.

Ny M,
h d, i

Xy =Xy — h(———-y| (; ! J,
1

and

L W ..
h d,

Xj =X
— +h e S
Ya=DXg ( 4, }
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Figure 3.14 Calculating the coordinates of the intersection of two circles

After the location of Pj is calculated, the next step is to use P; and P; to calculate Py
(refer Figure 3.12). When location of P4 is determined, then P; and P, are used to
locate Ps. The same process is repeated to calculate the next 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 will also form part of the next level, thus the flattened
points must also be taken into consideration. For example, if triangles T;-T; are
located in the first level in Figure 3.15, which has already been flattened, in order to
flatten triangles Ts- Tg in the next level, points P;;, P2; and P,3 must be considered. In
this case, point P3; must be located first, by using the distance between it and P;,.
Then, P3; and P, can be used as reference points to search for P3,. After that, P3; will
be used with P»; to locate P33, and the process will be repeated until all points in the

layer are flattened.

However, if the distance between P3; and Py; is longer than the sum of the distance of
P3,, P33 and P, P33, then a new point Po; must be searched for by using P3; and P;, as

the base points.



Level 2

Level 1

Figure 3.15 Flattening the triangle

For example, to flatten 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 flattened (Figure

3.16¢).

- -% ; -
210 5 0 5 -10 5 0 5 10 5 0 5 10

(a) (b) (©
Figure 3.16 Flattening process for model in Figure 3.12
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3.5 Experimental verification

The experimental method to verify the pressure garment pattern developed by the
computer program is shown in Figure 3.17. A cylinder with a circumference of 31.5
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 this
3D model has been converted into 2D 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 2D pattern, a real pressure garment has been
constructed and tested on the cylinder with a pressure sensor. The pressure

distribution has been measured and compared with the intended pressure.

Cylinder model
Pressure to
be exerted
. Reduction [*
Factor
y
Construct Fabric’s
pressure modulus of
' elasticity
Sensor
calibration
Pressure
measurement

317 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 distributed

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 . g

15 8o

| O

| 80

10 R 80

5 50

: -
10

3

o

10

Figure 3.18 Cylinder model with circumference and height of 31.5 and 20 cm respectively

3.5.2 Modulus of elasticity of the fabrics

This experiment has been conducted to establish 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 (+1) mm wide and 250 (+1) 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 (+1) mm, each of them was manually checked and

any excess yarn was taken out from the specimen using scissors.

Width
50 mm
“— — —»
__L LI e _‘_‘_F — A
— —_— — — 1 —— — —1 — — l~ —
~{~ HHHHHHHHHHH
Wales gigigegislighpf Upghghpligh
T HHHHHHHHHHE Length 250 mm
H{“HHHHHHHHHHEF
HHH UL L HHE-
-—--—-r—_—- -—1 — }-— - .-—.—.—4'_‘.—"_1.—— v
Course
Figure 3.19 Position and dimension 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 (Hounsfield Test Equipment H5KS)
was used in the experiment (Figure 3.21). The machine had been verified for tension
and compression to BS EN ISO 7500-1: (1999) standard using verification equipment
calibrated to ISO 376: (1999) and known masses that meet the requirement of BS EN
7500-1: (1999).
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Figure 3.20 Specimen for the fabric’s modulus of elasticity investigation

Figure 3.21

Specimen 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

plastic 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 Excel.

3.5.3 Pressure garment construction

The reduction factor formula,Re = , was used to calculate the reduction

1
1+ }i{
factor. If the circumference of the cylinder is Cy, then the circumference of the
pattern, C; is C;=(1-Re)*Cy. This has been calculated by applying the reduction
factor to each distance between the measurement points on the circumference of the
body segment. A 2D 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 carried out to validate the process used
in the development of the pressure garment pattern. Two separate pressure garments
to exert pressure of 2666 Pa (20 mmHg) and 5000 Pa respectively on the cylinder has
been developed. Although 5000 Pa is high for burn wound 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 Flexiforce A201-1 sensor.

A sensor was inserted at four different locations on the cylinder and the average

pressure was calculated.
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The experiment procedure requires the following 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 A201-1 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
applied force. Ferguson-Pell ef al. (2000) have evaluated the sensor and reported that
it 1s 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

recommended 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 calibration is needed. The calibration has been
conducted by establishing the relationship between the pressure and the sensor
output. A range of weights, from 10 g 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/m?), within the
range of weight applied. A maximum pressure of 50 mmHg (6665 N/m?) 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* 107

(m?).

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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First 10g weight has been placed on the sensor, and its reading (in volts) has been

taken 1 minute after the loading (Ferguson-Bell es al/, 2000). Similarly, the same

procedure has been used for weights of 20, 30, 40 and 50g (Figure 3.23).

All the weight and voltage readings have been plotted, and a linear equation was

determined using MS Excel graph.
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Circuit for pressure measurement sensor with specification and features
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(2) (b)

Figure 3.23 Sensor calibration (a) side view (b) top view

3.5.5 Modulus of elasticity

a) Introduction

This experiment was conducted to investigate the fabric’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.

Extension of fabric A

* sample 1
= sample 2

sample 3
- sample 4
x sample 5

Figure 3.24 Stress-strain relationship for the fabric

74



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 disturbance to the curve. This was caused
when the fabric became loose from the jaws of the tensile testing machine. However,
since no pressure garment ever uses an extension of more than 100%, for this
research, only data within an extension of 100% will be considered for estimation of

the modulus of elasticity.

The graph from 0% to 100% of strain shows that the curve can be divided into three
main linear parts. The initial linear segment has the steepest slope, and is usually
referred to as the Young's Modulus. Stiffness at this part is the highest but its strain
range is very small. In the figure, it is located within 0% to 10% of extension. The
second linear part of the curve is almost flat. It is represented by an area within 10%
to 100% of extension. The stiffness at the area is reduced significantly. The third

linear part of the curve is represented by the area of extension of more than 100%.

To measure the rigidity of the fabric, this research will use only the first linear part of
the curve. The reason for the selection is because, according to Zheng ef 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

MATLAB function that computes a least squares polynomial for a given set of data.
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Figure 3.25 Stress strain curvature for first segment of the fabric

Table 3.3

Modulus of elasticity for fabric’s specimen

Specimen

Modulus of elasticity (N/mm)

1

0.5054

0.5185

0.5058

0.5114

2
3
4
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 explained in section

3.54.
b) Result

Figure 3.26 shows the result for the sensor calibration. There are 2500 data points for
each measurement. Because of the huge amount of data, an average reading for each
weight was used. These are shown in Table 3.4. In order to convert the mass, m, (kg)

into pressure, P, (Pa), following formula was used.

F m
Pl 06
A A
where g is the gravity force 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%¥10” (m?).

Thus, the conversion formula from mass into pressure is given by following equation.

9.81*m
7.13%107
P=(1.38%10")m
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Figure 3.26 Sensor calibrations
Table 3.4 Average pressure
Weight
(g) 0 10 20 30 40 50
Pressure
(Pa) 0 1373.707 | 2747.414 | 4121.121 | 5494.828 | 6868.535
Voltage
reading
(V) -0.0104 | -0.00698 | 1.364064 | 3.381088 | 5.052416 | 6.363904
c) Discussion

Figure 3.27 shows the results in a graph. A tangent 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 sensor’s validation

However, based on the results, it is clear that the sensor can barely measure a weight
less than 10 g. 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 er al. (2000), which stated that the Flexiforce sensor should not be used
to measure weight of less than 10 g. Thus, in this research, a linear equation for the
slope of weights of greater than 10 g 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 will be

converted from volt into N/m? or Pascal (Pa).
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Figure 3.28 Linear equation

3.5.7 Result for experiment

a) Introduction

Experiments have been conducted to validate 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 31.5 cm has been developed to exert
pressure of 2666 Pa and applied to the cylinder. The pressures have been measured at
four locations, with a 90-degree interval.

b) Result

The results for both patterns are present in Table 3.5. Both measurements are in close

agreement with their corresponding design pressure.

Table 3.5 Pressure on cylinder
Pressure to | Location1 | Location2 | Location3 | Location4 | Average
exert (Pa) pressure
2666 2530.5 2671.5 2579.3 2606.7 2597.0
5000 4927.5 4941.2 5332.7 5024.9 5056.6
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3.6 Discussion

This chapter has discussed how the 3D pressure garment model has been developed,

and the method of transforming it into a 2D 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 discussions are
included about parameters in the mathematical model, and the method to obtain them

is explained.

The computer program to transform the 3D pressure garment model into a 2D
pressure garment pattern involves two steps: creating triangulation for the 3D points

and flattening 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 31.5cm and height of 20cm was used. The results
show that the program can develop a pressure garment pattern that can apply specific

pressure on a cylinder with a similar radius of curvature.

However, since the human body is not a perfect cylinder, a program to predict
pressure distribution 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 radius 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 designing and making a pressure garment to fit the body part
correctly to apply the required pressure. In 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 distribution model that can predict the pressure that the
garment applies to the body part. This 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. First, circumferences of the layers from both models were calculated. By
using Hooke’s Law, tension of each layer of the fabric can be obtained. Then, by
using the radius of curvature at each point on the body model, pressure that the

pressure garment exerts on the wounded area can be calculated using Laplace’s Law.



4.1 Methodology to develop pressure 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 fabric tension in the principal directions (Fan &

Chan, 2005).

P=xT, + K‘J,T}

where x, and x, are the curvatures in the horizontal and vertical directions, and are

given by following formula;

p, and p are x and y components of radius of curvature. However, since p is close
to infinity (due to the near-flat-surface in the vertical direction), then x eventually

become very small. Since Ty is almost zero (because usually the elongation in vertical

direction is very small), the formula can be rewritten as:

P

X x

To simplify the formula, x_ is substitute with x only, and its radius of curvature

is p. The tension of the fabric in a horizontal direction, Ty, is given by the following

formula:
T\: - E(C'U-_(:l)
_ —Cu
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where Cj 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 formulae, the pressure at a location n is,

P = £(G, =€) (4.1)

Cip,
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.

0.2}

0 Measurement
Al point
-0.4
-0.6
08! <“+— Distance
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Figure 4.1 Measurement of circumference at one layer

As for circumferences for the pressure garment, it can also be calculated using a
similar method by adding up all the distances between two adjacent points in the

model.

As for p, its formula is the following:
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where x, 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
garment model, the reduction factor between the two will not be affected by this
process. The estimated results approximates to the actual values much closer when

the distance between the points gets smaller (Figure 4.2).

B
A 2 /C
\ /
\ |
B
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N N
| \
/4
Figure 4.2 Radius of curvature when distance between points close to zero

The method used to calculate the radius of curvature is described below.
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Suppose there are three points on the circle, A(xy.y;). B(xa, y2), C(x3, y3) (refer to
Figure 4.3). The slope between AB, m 5, and BC, m¢j, can be calculated by using the

following formula.

Ya= W

mup = ;
X=X
_ = Vs

cB — ]
Xy = X3

Figure 4.3 Three-point-method

The centre of the circle will lie on the perpendicular bisector of AB and BC. In other

words they will lie on lines that pass through the midpoints of chords AB

(x, ;xz - ;sz and BC (x3 -12-x2 A ;J’zj and are perpendicular to each chord.

Lines that are perpendicular have negative reciprocal slopes —L& oot . Thus,

m p mge

the equation for the perpendicular bisectors passing through the midpoints AB is,
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The y,, linear equation was represented by thick green line on Figure 4.3. Equation

for the perpendicular bisectors passing through midpoints AB is,

2 om 2
C=.V3+}’z+ 1 [x_%;xz],

1 + 1 (x;+%
gy 1= X +(J’3 Y2 + ( 3 T ¥ D
my. 2 M 2

The linear equation was represents by thick red line in Figure 4.3. These two lines

Vs+¥, 1 [xs"'sz_'_c

BC

will intersect at the centre of the circle where y ,, = y,. =y, & x , =x,. =x,. By

using both equations,

= m M- (Y —y)+m (X, +X3)—my-(x, + ;)
2(m y —mpy.)

0

By substituting x; into one of the line equations for the perpendicular bisector, yy can

be calculated.

The radius can be found by calculating the distance between the centre and any of the
three points. For this research, the radius of curvature of at a point will be calculated
by using two points adjacent to it. First the x; and yy of the centre of curvature using
3 points will be calculated as explained above. For example, if point n is to be
calculated, then point n-1 and point n+1 will be used. Then, the radius of curvature

for point n can be calculated using,
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pﬂ = 'J(xn = xl’) )2 + (-Vn = yﬂ )2 x

The radius of curvature of each data point in a given layer is calculated using this
formula. This is repeated for each scanned body layer. Now by substituting all the

parameters into the pressure formula (4.1), the pressure at each point can be obtained.

After that, a 2D pressure distribution prediction model can be developed as shown in

Figure 4.5.

!
|

253
—Sg
=
B
-

% p [l 1¢ |
[ ﬁ (| il '
% X - Y
e o \ 1% o 19 ]
S VIR & “% o [ g | 1 ¢
E ROV W E | s
2000} & al L % | i
RV |
1000 | @f ’ ‘
5
{ |
% 50 w0 150 200 250 300 30 400
Angle (degree)
Figure 4.5 Pressure distribution at one 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 2D pressure distribution prediction model at one layer. It is
very convenient to enable manufacturers or occupational therapists to assess pressure
exerted by pressure garment. However, when the number of layer increases, the 2D

model becomes more complex (Figure 4.6) and difficult to evaluate and to visualise

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 prediction model is needed. In

order to develop the model, fil/3 function in MATLARB is used.

Sfill3(X,Y,Z,C) fills 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 1 (T;) in Figure 3.11, can be

defined as:

X

X =[x,
Xiesk
[ b
Yin

LV k+k

4

zk+l

L Zk+k ]
The files show that triangle 1 (T)) is made up by three vertices, which is Py (x1, yi,

Z1)s Pret (Xks1s Yie1s Zie1) and Pyog(Xkeks Yiiks Zk+k)- 10 show the pressure distribution,

then the pressure at each vertex is included in another file, C, where:
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Pressure,
C =| Pressure,,,

Pressure,,

For example, if the first triangle of this research is made by points A, B and D, where
the coordinates for point A is (0, 0, 20.37), B (1.01, 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 in this

0 0 2037 1991.3
research, where X =|1.01Y=| 0 |.Z=|21.37|C=|3383.7| its result is
0.01 -0.31 21.37 2240

shown in Figure 4.7.

Figure 4.7 Results of triangle 1 (T,) for this research

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 *fil/3 " function. In the ‘fill3 " function, all
the x-, y- and z- coordinates need to be separated into three files, X, Y and Z. In these
files, the column number represents the triangle number, whilst the row number

determines the position of the coordinate.

Thus, for triangle 1 (T) to triangle 2k (T:x), the X, Y, Z and C files should be;

B OH.. .5 5B
X=X X0+ - X X
Xewke Xhar o o = Xheago-1) Xhak |
N N - Ve N
Y=Y V2o - - Ve N
| Visk Y+~ Viatk-1) Viesk |
Z B 4 o« Iy B
Z=\2Zky Zy - - - Zea F
| Zhrk Zhers 2 Zkak-1) Zhek
Pressure, Pressure, . . . Pressure, Pressure,
C =| Pressure,,, Pressure, . . . Pressure,,, Pressure
~Prefzs:rm‘eM Pressure,,,. . .Pressure,, , Pressure,,

Then, by using fill3(X,Y,Z,P) function, a 3D pressure distribution model has been
developed for level 1. Figure 4.8 shows 3D pressure distribution prediction model for
level 1 of this research. By repeating the process, 3D pressure distribution prediction

model for the whole area of body can be visualized (Figure 4.9).
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Figure 4.8 3D pressure distribution prediction model for level 1
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Figure 4.9 3D pressure distribution prediction model for whole area

4.2  Experimental methodology

The second experimental methodology for verifying the pressure distribution 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
figure. 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 volunteers. 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.

Scan subject

A4

Construct pressure
garment

Sensor Pressure
calibration distribution
prediction model

Pressure
measurement

Y

Compare pressure

Figure 4.10 Flowchart of experiment to verify pressure distribution model

4.2.1 3D body scanning
Ten volunteer 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 volunteer subjects. Part of a leg below the knee has offered a
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convenient and less intrusive body part. Therefore this part of the body has been used
with each subject. Then, the size of the generated pressure garment’s pattern must be
within the size of a sheet of A4 paper since this research uses A4 paper for printing

the pattern.

4.2.2 The fabric’s modulus of elasticity

The previously calculated modulus of elasticity of the fabric (see Section 3.5.5) has
been used in this experiment since the same fabric was used in constructing the

pressure garment in the experiments.

4.2.3 Pressure garment construction

By using the procedure developed, the pressure garment’s pattern model for the
volunteer 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 true 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 after its true dimension

was obtained.

Once a hard copy print of the pattern with the actual dimensions is obtained, a
pressure garment with an exact shape and size can be cut from the fabric with
margins for sewing purposes. Before the pattern was cut, the paper patterns were
aligned on the fabric so that the fabric pattern was mostly made from straight yarn
(refer Figure 4.13). The pattern has then been sewn together to make the pressure

garment.
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Figure 4.12

FA T
R e e 1

Figure 4.11 Pattern may be printed smaller than its true size

THE

The size of the print needs to be adjusted to reflect the true size of the pattern
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| Straight yarn

Pressure
garment | Paper
fabric pattern
Figure 4.13 Paper pattern laid on the pressure garment fabric and adjusted before cutting

4.2.4 Sensor calibration

In the experiment, a single load cell, thin and flexible Flexiforce A201-1, a
piezoresistive sensor made by Tekscan, has been used to measure the pressure
exerted by the pressure garment on the body. The sensor’s calibration, which was

explained in Section 3.5.4, has been used to calibrate the sensor.

4.2.5 Pressure measurement to validate the pressure distribution

Subjects were fitted the pressure garment at the right part of their leg. They were
given 15 minutes to move their leg freely 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 6= 0, 45, 90, 135, 180, 225, 270 and 315

degrees. Each layer is 1 ¢m apart from each other in the vertical direction. The
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angles, where the sensors were placed, were determined 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 approximation (to within 1 degree) to the
angle. The blue line indicates the location of 0 degree, the reference point, while the
yellow line represents the 45-degree location. The green lines show the other
locations separated by 45", 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 location for one minute to settle prior to pressure
measurements. Inspections were carried 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 voltage is converted to pressure. All the
measurements were taken with the human subject standing with the legs straight and

hands hanging down in a natural posture (Figure 4.15).

Figure 4.14 Location of sensors
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Figure 4.15 Measurement process

43 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 all ten subjects. Body parts corresponds the leg to below the knee.
4.3.2 Modulus of elasticity

The modulus of elasticity results from Section 3.6.2 was used in this 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 4.17 shows the results for the sensor

calibrations.
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Figure 4.16 Wounded region for pressure garment of each subject
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Figure 4.17 Sensor calibrations’ result

4.3.4 Result for experiment to validate pressure distribution model

This experiment was conducted to validate the pressure distribution model developed
by the computer program. Based on data for the fabric’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 reduction factor are shown in Table 4.1. Then,
the 3D pressure garment model was created based on the reduction factor and
transformed into the 2D 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 Reduction factor at each layer for each subject

Layers Subject

1 P 3 4 5 6 7 8 9

10

0.21575 | 0.20671 | 0.19262 0.235 | 0.19884 | 0.16675 | 0.20643 | 0.18247 | 0.18743

0.16692

0.2212 | 0.21222 | 0.19737 | 0.24074 | 0.20426 | 0.1711 | 0.21094 | 0.18594 | 0.19188

0.17125

0.22626 | 0.21711 | 0.20223 | 0.24595 | 0.20965 | 0.17632 0.215 | 0.18986 | 0.19665

0.17598

0.23094 | 0.22184 | 0.20716 | 0.25048 | 0.21477 | 0.18163 | 0.21884 | 0.19341 | 0.20126

0.18093

0.23505 | 0.22651 | 0.21219 | 0.25432 | 0.21947 | 0.18696 | 0.2227 | 0.19653 | 0.2053

0.18528

0.23859 | 0.23111 | 0.21736 | 0.2571 | 0.22375 | 0.1924 | 0.22622 | 0.20004 | 0.209]

0.18908

0.24151 | 0.23531 | 0.22247 | 0.25879 | 0.22713 | 0.19735 | 0.22913 | 0.20341 | 0.21254

0.19286

0.24362 | 0.23873 | 0.22746 | 0.25952 | 0.2296 | 0.20191 | 0.23141 | 0.20741 | 0.2146

0.19637

0.24483 | 0.24134 | 0.2324 0.23139 | 0.20631 | 0.23328 | 0.21136 | 0.21544

0.19985

O (O |oe | |on |[n || [N | =

0.24523 | 0.24324 | 0.23694 0.2324 | 0.21046 | 0.23448 | 0.21509 | 0.21548

0.20356

For the first day, four subjects were measured. On the second day, one subject was
measured and on the last day, five subjects were available. Their measurement

locations are shown in Figure 4.16.

The pressure distribution results from the model are shown in Figure 4.19. In the
second column, a 3D pressure distribution at the wounded 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, only 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 scanned data points on the same layer, i.e. the intended data point and two

adjacent ones on either side.
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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

correct 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

421 and 4.22. In Figure 4.21, 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.

Average pressure at ’
Sensing area each layer
P
Layer 3
Layer 2
Layer 1
/ \
Center of the sensor Calculated average
pressure
Figure 4.20 Intended location of the sensor
Table 4.2 Average pressure predicted by the model
Subject 0 45 90 135 180 225 270 315
1 400992 | 336241 2436.70 | 2656.04 | 225494 | 2781.14 | 2871.71 1601.00
2 1433.41 | 2938.34 | 1987.11 | 226341 1869.27 | 2427.61 3063.69 | 3288.86
3| 228941 3928.23 1898.65 | 358223 | 2483.70 | 3082.53 | 4388.53 | 314896
4 867.97 | 379294 | 2073.73 | 3369.29 | 3028.79 | 1729.23 | 4408.97 | 2205.43
5| 2373.78 | 3546.28 | 3111.80 | 2932.88 | 3080.11 3086.29 | 2026.90 | 2714.19
6| 3738.06 | 348898 | 164595 | 294940 | 1894.44 | 2660.11 | 5218.34 | 3155.69
7| 163349 [ 4390.81 | 1879.04 | 2976.88 | 2736.69 | 2045.18 | 3709.76 | 3019.92
8| 3259.73 | 3627.23 | 2092.04 | 2978.68 | 2683.99 | 2312.09 | 5042.80 | 1425.07
9| 2198.02 | 3497.13 | 241431 | 2493.60 | 1863.61 2532.81 1417.82 | 2817.60
10 | 3002.51 | 2215.28 | 2457.37 | 2988.03 1544.68 | 3173.12 | 3870.84 832.89
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Table 4.3

Pressure measured by the experiment

0 45 90 135 180 225 270 315

1| 374944 | 2144.77 | 257252 | 2723.18 | 2137.69 | 239243 | 213539 | 2152.50

2| 2144.77 | 2390.23 | 2138.57 | 213891 | 2138.88 | 2187.97 | 2141.33 | 2368.15

3| 4179.09 [ 3519.02 | 227258 [ 2131.77 | 2621.69 | 2132.05| 2132.11 [ 2460.16

4| 215424 | 2205.79 | 2176.51 | 2581.32 | 213835 | 2301.82 | 2141.03 | 229487

51 242741 | 194032 | 1940.70 | 3041.14 | 194522 | 194333 | 2423.76 | 2996.14

6 | 3810.05 | 1469.57 | 1434.11 | 1439.56 | 1461.50 | 1435.78 | 2788.36 | 1540.74

71 213094 | 219672 | 2111.68 | 2206.92 | 2344.50 | 2565.75 | 228491 | 2396.03

8| 2697.00 | 2655.12 | 279447 | 2111.59 | 2435.00 [ 211045 | 2110.60 | 2111.13

9| 244428 | 3214.07 | 214498 | 2246.86 | 2120.96 | 2582.12 | 2273.83 | 2104.75

10 | 5799.17 | 291294 | 245439 | 2517.52 | 210443 | 2136.50 | 2151.07 | 2381.21

Subject | Result
1
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2
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Figure 4.21 Comparison of pressure distribution with pressure at three layers
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Figure 4.22 Comparison of experiment pressure with average pressure from the three

layers

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)

Angle (degree)

Subject 0 45 90 135 180 225 270 315
1 260.48 | 1217.64 | -135.82 -67.14 117:25 388.71 736.32 | -551.50
21 -711.36 548.11 | -151.46 124.50 | -269.61 239.64 922.36 920.71
3| -1889.68 409.21 | -373.93 | 145046 | -137.99 950.48 | 2256.42 688.80
4| -1286.27 | 1587.16 | -102.78 787.97 890.44 | -572.59 | 2267.94 -89.44
5 -53.63 | 160596 | 1171.10 | -108.26 | 113489 | 114296 | -396.86 | -281.95
6 -71.99 | 201941 211.85 | 1509.84 432.94 | 122433 | 2429.98 | 1614.95
7| -497.45 | 2194.09 | -232.64 769.96 392.20 | -520.57 | 1424.85 623.89
8 562.73 972.12 | -702.43 867.09 248.99 201.64 | 2932.20 | -686.06
9 | -246.26 283.06 269.33 246.74 | -257.35 -49.30 | -856.01 712.85

10 | -2796.66 | -697.66 2.98 470.51 | -559.75 | 1036.62 | 1719.77 | -1548.31

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 absolute
error (MAE) was used. MAE is the average over the verification 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 individual
differences are weighted equally in the average. MAE is negatively-oriented scores,

lower values are better.

If pressure estimate from model is f; and pressure obtained by the experiment is
v;, MAE is defined by the following formula.
1 n
MAE ==3 |f, -y
i=1

1 n
MAE_;Z|e,|

i=1

Based on the formula, MAE for every subject was calculated. 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
1 434.36
2 485.97
3 1019.62
+ 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 for some others, the variations were small. These variations

were contributed by several factors which will be discussed in Section 4.4.

4.4 Discussion

There are five main factors that affect the pressure distribution results, thus
contributed to the differences between experiment pressure and predicted pressure.
The first factor is the soft tissue 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 circumference.

4.4.1 Soft tissue

The human body is made from hard tissues (bones) and soft tissues. The soft tissues
is compressed and disturbed under pressure. However, the shape of the body that was

obtained during the scanning process was free from pressure. Thus, when pressure is
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applied, the shape of body is changes. According to Yu er al. (2006), Young's
modulus for human soft tissues on average is around 9.3 kPa. When pressure from
the garment is applied, these tissues will contract. The greater the pressure, the more
the tissues will 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 experimental pressure at location 45" is just above 2000 Pa. However,

the predicted pressure is at this point more than 3000 Pa.

An experiment was conducted to prove the effect of the changing body shape due to
the soft tissue under pressure. A mannequin, instead of a human volunteer, was
scanned and its leg is used to develop and fit a pressure garment. Since its body is
made of hard material, the mannequin 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 tissue at
a varying degree; therefore the model predictions need to take this 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 difficult to position 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 1 (Figure
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 displacement of the location of sensor is small, it affects the result.

Sensing area Calculated average ’
V\ / pressure
Layer 3
Layer 2
Layer 1

Center of sensor:

Center of Sensor: location 1
location 2 ‘

Figure 4.24 Location of the sensor

4.4.3 Pattern shape

The subject’s pattern shape also has an influence in the pressure’s differences. The
fabric that was used in the research is the warp-knitted type. During the stress strain
test to determine its modulus of elasticity, the specimens were cut with their length

parallel to the wales of the fabric, which made it a rectangle 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 differences in shape
eventually 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
mostly 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 elasticity 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 comparison of the predicted and measured pressures less than this value
is not possible. Furthermore, there could be inaccuracies in the pressure
measurements which contribute to the differences 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 theoretically 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 distances are always
smaller than the arc between the two data points, hence the circumference 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, this
will inevitably be smaller. Hence the pressure predicted by a garment that has smaller
circumferences 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 discussed a method to develop a pressure distribution model. The
model is important because it enables therapists to evaluate the effectiveness 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 3D pressure garment data, using the
required reduction factor to achieve the desired pressure. By using both 3D wounded
area and pressure garment 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 calculated.

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
distribution. 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 discussed.

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 differences are the nature

of human soft tissue, the sensor, the location of the sensor, and the fabric pattern.

~The pressure distribution model enables a manufacturer or therapist to predict the
pressure that the garment applies on the body part without requiring an in-situ
pressure measurement. This is a novel, powerful and useful tool. 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,
especially at concave and flat areas, there is no convenient method of increasing the
pressure. This can be achieved by applying padding to the area. There is no published

research reporting the use of padding even though one paper has revealed that
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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
common for compression garments used for treating to venous leg ulcers. In the next
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 require modelling the

mechanics of the forces applied in conjunction with the pressure distribution 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.

Pressure
garment

Padding /

it RS el

Ay

Body

Figure 5.1 The mechanics of 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 exerted to the wounded area

by the padding is F»
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LF =XF,

Since F=PA, then the equation can be rewrite as;

R4, = P,

where the pressure from the pressure garment to the padding is P and the contact
area of pressure garment and the padding is A, while P, is the pressure from padding

to the wounded area and A; is the contact area between padding and wounded area.

Area, A, is equal to length, I, times width, h, thus the equation becomes;
Plih = Plyh,
where |, is contact length between pressure garment and padding, while 1, is contact

length between padding and wounded body. h, and h; are the width of the pressure

garment and padding respectively. Since h; is equal to h, then

Rl = B,
P, =P,I—'
i [

2

P, can be calculated using Laplace’s Law used in the development of the pressure

distribution model.

There are four main 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 pattern for the

experiment. The last stage is to generate a pattern for the padding.

124



5.1 Determining the area 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 similar radius of curvature at each level. However,
the human body is not naturally cylindrical in shape, thus the pressure it receives
varies depending on the radius of curvature of the point. By manipulating 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 surround the body area. Points of the
circle 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 centroid or

by finding the middle point of the longest chord.
5.1.1 Radius and centre of the circle calculation

The method used in determining 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 The developed circle (red line) using middle point of longest

Chord (blue line) as the centre
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If (djj))1 is the distance between points 1 and j of layer 1, and there are n-points in a

layer, then all the distances in layer 1 can be represented as A, where A is:

(dll)] (dl?_)l ’ ‘(d]rl)l

A] = (dll)l (d22)l * ‘(dln)l

(dni )I (dn2 )I B ‘(dam )l

A computer program was developed to determine the maximum distance in a given
layer. This process is repeated for each layer to determine the longest chord and its

middle point.

The maximum 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 (o). as the body
point. If the centre of the circle is located at (X, yo) at a given layer, then, based on

Figure 5.3, the location of the circle (¢, ye) 1s:

X, =X, + 1, Ycos(a);

max

Vo =V + 1y, ¥sin(a);

78 = Yo = Vo |
X, =%y )

where xp, and yy is coordinate of the body point and 1,y 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 differences (& ) between
the body and the circle points of each layer are calculated and averaged (&, ). If g is
distance between center of the circle to circle point /7, and 1y is distance between
center of the circle to body point 7, the distance difference and its average can be
represent by the following formula;

8 =r,—r,|

I (&

>6
50\1- ==

n

Any points on that layer that have & greater than &, can be considered as padding

points. Figure 5.5 shows a cross section of the shape of padding for each subject. A
comparison with the simulated pressure distributed at the corresponding points
confirmed that this 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 modified to create the

shape of the padding for the area of low level pressure that has been determined.

Problem that needed to be solved is the number of data points for 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 this research can only create the
triangulation using the same number of data points in each layer. As shown in Figure
5.7, the number 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, nyi,, selected.

Then, middle point for each layer of padding was determined. Any points located
within * npy/2 from the middle 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.

35
34
33—
32 —
31 |
30
29—
28 —

27—+
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ZS‘J— T T T T

20 18 16 14 12 10 8

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 inner 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
discussed in the previous chapter, both parts have been transformed into a 2D
flattened design (refer Figure 5.10). Both patterns were cut and combined together to
create the padding. The method of constructing the padding is explained in detail in

the next section.

B OB N B M OB

() (b)
Figure 5.9 3D model of (a) outer and (b) inner parts of the padding
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Figure 5.10 Pattern for the padding’s (a) outer and (b) inner parts

5.4  Experimental methodology for padding creation

This experiment was conducted to verify the model used to develop the padding. The

flowchart of the process is shown in Figure 5.11.

3D subject data
Develop padding
Fabric’s Pressure to
modulus of be exerted
elasticity
Construct pressure |,
garment
A
Pressure
measurement
Figure 5.11 Flowchart for the methodology to validate the padding development
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5.4.1 Scanning

The same 10 subjects used in the pressure garment development, reported in Chapter

4, have been used in this experiment.

5.4.2 Fabric’s modulus 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 will 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 tissue when the pressure was applied,
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 5.12 shows the complete

padding. Flour is not intended to be used in the treatment of burn injuries.

Sticky tape

Hard paper

(outer surface) Soft paper

(inner surface)

Figure 5.12 Complete padding
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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 adding each layer’s volume, 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).

4L — " PSS —
12 13 " 15 16 17 12 19 20

Figure 5.13 Outer surface and inner surface of the padding

If I and O are the data sets for the inner and outer surfaces of the padding, then

1=[xb,‘_f ybu zb,.u,]

O=[xc,_1 ye, zc,_‘,].

where 1 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 an area, the set I (refer to Figure 5.14) is changed to:
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xpm,

ybl.l zb, |
ypm, zpm,
vb,, zby,
ypm, zZpm, |

and set O (refer Figure 5.15),

Xc,,

xpm,

2855

xpm,

ye, zcy,
ypmy,  zpm,
Ve 26y,
ypm, zpm, |
22
21 &
20
8 20
a 18
16
4
14
2 42
Figure 5.14

Data for the inner surface of the padding
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Figure 5.15 Data for the outer surface of the padding

First, each layer’s areca, 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 formula:

xb,, xb,,

ybl,l ¥b,,

xb,, xb,,

b, b,

xbl n

ybl,n yp}nl

xpm,

ypm,  yb,

1 [ xpm, xb”H
Area, = 5 + ;

The area is then multiplied by its height (obtained by calculating the difference
between the z-coordinate of the layer and that of the next layer) to obtain its volume.
The process continued with the next layer until all the volumes of each layer is
calculated. By adding the volume of each layer, the total volume is determined. The
next step is to subtract the inner volume from the outer volume to obtain the total

volume 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 envelope 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 transform 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 calibration method to the method described in Section 3.5.4 is used

to calibrate the sensor.

The experiment was conducted over two days, so there are two sensor calibrations.

Figure 5.16 shows the results for the sensor calibrations.

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 developed 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 with the previous result when no padding was used.

138



Day Sensor calibration

Pressure (Pa)

Voltage reading (V)

0 2 4 6 8 10 12 14
Voltage reading (V)

Figure 5.16 Sensor calibrations for the experiment

5.5  Results of the experiment
The experiment conducted to verify the padding developed using the padding model.
Two days were allocated for pressure measurement under the padding. On the first

day, six subjects were measured while on the second day four people were measured.

The results of the third experiment are presented in Figure 5.17.
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Figure 5.17 Results of pressure measurement

As shown in Figure 5.17, the developed pressure garment and the padding have
successfully exerted the required additional pressure to the area with low level of
pressure. Figure 5.17 shows pressure that it exerts is quite close to the intended

pressure.

5.6 Discussion

The objective of developing padding is to increase the pressure at an area that would
not experience the required pressure without the padding due to flatness and/or a
concave surface. First, a process has been developed to identify 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 determining 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 for padding have been either at concave

areas (subjects 1, 3, 8 and 10) or flat 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 garment, can exert 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 with dual padding.

There are certain cases where body injuries need two padding pieces. Figure 5.18
shows an example of this type of case. If the method mentioned above is used to
develop the padding, then two padding pieces will need to be created. In this case, a
different approach is needed, first to separate both padding pieces and second to

develop them separately.
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Figure 5.18 Area with two paddings

To separate the two padding pieces, the distance between two neighbouring points, d;,

in the same layer is calculated where;

o

d, = -x.) +0, - y.)

After that, the average of these distances, da., was determined using following

formula;
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The average distance was compared with the distance of each point from the points
before and after. For example, for point n, the distances calculated were the distance
between the point n-1 and point n (d,.;), and distance between point n and point n+1
(dp). If either one of these distances 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).

Figure 5.19 Edge points at each layer (represents by blue points)

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 padding pieces,
there will be four 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, point 2 and point 4 are used to separate the two paddings. A straight line

was drawn from point 2 to point 4 and this line divided the padding into two.
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Figure 5.20 Straight lines across edge points 2 and 4

y value of the linear equation (y,) was calculated by substituting x of the linear
equation with coordinate x from the padding’s points (Xpaq).

Y, = mx g +C

P

If the value of yj is smaller than value of coordinate y from the padding’s points
(Ypad). then the padding’s points belong to Padding 1. However if yp,q is greater than
Vie. 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 5.21 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.

H N 2 B B 8

Figure 5.21 Padding 1
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Figure 5.22 Padding 2

5.7  Summary

This chapter has discussed 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 envelopes the body. Since the body itself is almost circular in
shape, then the area which is not being covered closely 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.
In order to develop the pressure garment for the padding and body, data for the

enveloping circle are used. The data is triangulated 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 volunteer 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 with 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 injuries 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.



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;

e Use of a 3D digital image of human body

e Development of a 3D pressure garment model

¢ Development of a pressure garment pattern

e Construction of the pressure garment and testing

e Development of a pressure distribution prediction model

e Development of a padding model, and finally

e 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 2D pattern have been generated for the area based on the body data.
The garment has been constructed and tested using human volunteers. A pressure
distribution model has been developed and verified to estimate the pressure that the
garment applies. A padding model for low pressure area on the body and its pressure

garment pattern has also been developed and tested using volunteers.

The novelties of the research:
e Use of digital scanned body data
The first novelty 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 ef 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.

e 3D model of the pressure garment using body data and its 2D 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 flattening the 3D pressure garment model. The 3D
model was developed based on 3D body data obtained through the body
scanner. This flattening 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 radius of curvature is
calculated by using data points from the 3D body model. This method will
enable researchers to predict pressure not only on a cylinder, but also on more
complex shapes. The radius of curvature calculated using this method can
give more accurate results. Currently, 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 circular shape in estimating the pressure. By
making this assumption, they calculated the radius 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 this
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 padding creation.
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6.1 The 3D pressure garment model and 2D pattern development

The current pressure garment design process still uses conventional methods which
use manual body measurement to make the pressure garment. The only current
commercial advancement in this area is the introduction of a system to develop the

pressure garment pattern based on input of body measurement.

To overcome the above problems, this research proposes the use of a body scanner to
create the pressure garment pattern. The objective of this research is to design the
pressure garment pattern using the 3D body data obtained 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 factor was calculated using a formula developed by Ng and Hui (2001).
The formula indicates that the reduction factor is affected by pressure to be exerted,
fabric properties and body curvature. Then the 3D model was flattened 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 five 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 practise needs the customer to measure their body at
certain locations as accurately as possible, 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 obtained 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 information is important for the pressure

garment pattern designing 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 garment model can be
visualized first before manufacturing (refer Figure 6.1). Patients can decide which
colour of pressure garment they prefer and can view it beforehand whether it will
suit their taste, increasing the customer choice and satisfaction. This eventually will
increase customer satisfaction 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 developed pressure garment was constructed using a
reduction factor that takes into consideration the body size at small vertical interval
layer of 1 em. The smaller interval means that the developed 3D pressure garment
model closely resembles the body shape. Thus, the pressure garment can be designed
to provide a better customised fit to the patient, and the garment can exert specific
pressure to the wounded area. The current manufacturing process uses a standard

reduction factor for all the people, regardless of their size.
The fourth advantage is that the pressure garment pattern can be generated directly by

flattening 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 cannot be considered as customized, because each body has its own
characteristics. The method that has been developed in this research enables the
manufacturer to develop a precise pattern to cater for different 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 flexible. 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 easily be recalculated . The
flexibility can give the manufacturers the opportunity to adapt to their customer

request more rapidly.

However, there are some limitations of this method. The first limitation is the
developed pattern is not suitable to be used for the head and foot area. For these
areas, a different flattening method must be employed. The reason is the developed
pattern can exert pressure from the horizontal side of body only, and not from the
vertical side. However, for the foot area, the pressure must be from vertical side as
well to enable the healing process, thus the developed 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
stiffness into account. The tissue stiffness 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 design process, another area which needs attention is
the pressure measurement. Currently, 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
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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 first to enable direct pressure

measurement. Furthermore, it is also intrusive for the patient causing discomfort.

This research has proposed a non contact pressure simulation method to predict the
pressure distribution exerted by the pressure garment. The prediction model was
calculated using the radius of curvature of the body and the material properties of the
fabric. The results from the prediction model compared well to the experimental data.
The pressure distribution model provides an alternative to the actual pressure

measurements.

There are three advantages of the developed prediction model. The first advantage is
the model enables a manufacturer to make early assessment of their pressure garment
whether it can deliver the intended pressure. This reduces the cost and time because
the problems are now identified before any manufacturing process. These abilities
also reduce the number of defective pressure garments that are sent back by the

customer due to fitting problems because the level of pressure can be assessed earlier.

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 difficult to access areas using direct measurement
can be predicted by the model. This enables the manufacturers or therapists to gain
better advice the customer and to alter the pattern design if necessary. The model also
can be used by therapists to identify the locations with flat or concave area which will

not receive 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. Patients
may consider body pressure measurement as intrusion to their privacy. This method

can give alternative 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 different from the shape of body under pressure exerted by the pressure garment.
The matter has been raised and discussed by Ng and Hui (2001) and used in
developing their formula. They even included in their formulae a parameter called
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 different
from one location to another although still considered on the same layer.
Furthermore, the compression factor will make the pressure garment smaller because
a body under 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 this research has
suggested a method to design and construct customised padding with the correct

shape to exert a specific 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 procedure to design 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 manufacturers offer the padding as one of their medical items for
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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 this 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 difficult and time consuming. This aspect would require further attention.
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Chapter 7 Conclusions and suggestion for

further work

7 | Conclusions

This research has achieved the following objectives.

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 from
the body scanner,

viii.  Developed a model to simulate 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 objectives, this research has created an algorithm that used 3D
body data, obtained by using a body scanner, along with the fabric properties to
develop a 3D pressure garment model. Then the 3D garment model is flattened to
generate a 2D pressure garment pattern design. Actual pressure garment has been
constructed based on the pattern design, and tested on a cylindrical item to verify
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 fabric
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 this research was to develop a procedure to design and construct padding for
areas with a low level of pressure. The pressure garment for the padding and body

has been constructed and applied to volunteers to verify the padding.
The experimental results demonstrated that the pressure garment made following the

garment design and pattern development process proposed can deliver the specific

designed pressure to cylindrical items.
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The pressure distribution 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 tissue 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 applied to the body part and be used as a tool 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 successfully apply extra pressure to these areas. Experiments
demonstrated that the developed pressure garment with padding can exert the specific

designed pressure more uniformly to the affected body part.

The main novelties of this research, therefore are;
i) A method to develop 3D pressure garment model using 3D body data and its
corresponding 2D pattern design.
i1) 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 identified low pressure area.

72 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 impossible for 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 effort 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 for body
measurement. The manufacturer can extract 3D body data from the image using the
technology for pressure garment development. Currently, the technology of obtaining

3D body data from image is available, but its accuracy is questionable.

The method to design pressure garments which is proposed in this research is
applicable to the upper and lower limbs and torso only. Thus, the second suggestion
for future study is to develop a new method to design the pressure garment pattern for
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 for 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 different from the rest of
body. The reason is, the pattern at the area must have space for eyes, mouth and nose.
These properties will influence the elasticity of the fabric. The accuracy of the
developed pattern is also important to ensure that the pattern can fit patients
comfortably. Thus, the developed method must be able to estimating the difference
between the actual circumference and the calculated circumference so that the

predicted pressure can be more accurately calculated.

The third suggestion for future study is to develop a method of predicting the effect
of soft tissue 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 this topic, but it is not comprehensive and subject
matter not fully understood. This research is important not only 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 uniform

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 pressure that it intends to exert.

This research has developed a model to predict pressure distribution under pressure
garment. However, the model is capable to predict pressure at a static position.
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 will 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 this model depends on the shape of body, thus by
measuring radius of curvature at each point of the body at every movement, the

pressure distribution can be predicted.

Another area that needs further study is padding. Even though padding developed by
this 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.

Material for the padding is suggested to be silicon gel because it can keep it shape
under pressure, has similar properties to the soft tissue and make contact with the
wounded area which helps the healing process. Currently, the silicon gel is used in
scar treatment and act as a padding. Method to construct the customized silicon gel
padding is by using casting process. Padding constructed by this 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 this purpose (Anand, 2009).
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Appendix A Body data

(Note: The 5 decimal places result from the body

imply sub 1 m resolution)

scanner software. This does not

(cm)

(cm)

X- y- -
-16.48037 2.88036 -22.36875,
-16.07838 2.679731 -22.36875,
-15.71151 2.445401 -22.36875,
-15.37223 2.220623 -22.36875,
-15.0481 2.020118 -22.36875,
-14.74179 1.813386 -22 36875,
-14.4473 1.606367 -22.36875,
-14.134 1.435937 -22.36875,
-13.80835 1.269363 -22.36875,
-13.4855 1.079844 -22 36875,
-13.16045 0.8707174 -22.36875,
-12.83074 0.6404783 -22.36875,
~12.5233 0.3695501 -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 36873,
-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,

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 -22.36873,
-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 2236875,
-21.90499 -1.915022 -22.36875,
-21.95944 -1.435666 -22.36875,
-21,96196 -(.9484701 -22.36875,
-21.91333 -0.4592651 -22.36875,
-21.81204 2.554681¢-002 -22.36875,
-21.66724 0,5036539 -22.36875,
-21.47134 0.9665152 -22.36875,
2123145 1.41172 -22.36875,
-20.947 1.832923 -22.36875,
-20,61423 2.218831 22.36875,
-20.22436 2.54689 -22.36875,
-19.78682 2.807072 -22.36875,
-19.3196 3.002668 -22.36875,
-18.83208 3.12823 -22.36875,
-18.33359 3.176664 -22.36875,
-17.84057 3.161287 -22.36875,
-17.36544 3.104464 -22.36875,
-16.91052 3.001579 -22.36875,
-16.41422 2.957283 -23.36875,
-16.00606 2.737924 -23.36875,
-15.63147 2.511878 -23.36875,
-15.28258 2.295992 -23 36875,
-14.95511 2.08154 -23 36875,
-14.64182 1.873583 -23.36875,

169




Appendix B SUBJECTS LEG FIGURE

Subject | Leg
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A New Method to Develop and Assess Pressure Garments
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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 meodeling 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 (1), approximately one
million people suffer substantial or permanent 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 bum 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 are 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 facter, 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 garment 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 parment 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 foss, the garment 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 garment model using the scanned data and
fabric properties, conversion of the 3D data to a 2D
garment 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 garment applies.

There are a number of steps in the proposed pressure
garment generation method, Figure 1 shows the flowchart
of the methodology proposed.
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Figure 1. Flowchart of methodology

3D data acquisition

For this research, {TC]* NX12 (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 1 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.

3D ded data

Middle point of Radius of curvature

of each point
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Development of 3D ]
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Figure 2. Flowchart to develop 3D pressure garment model

Centroid
The coordinates of the centroid of the layer can be
calculated as follows:

R ()

MP_,r _ i=I

b
n n

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 mup and mpe

respectively, then the slope for DO and EQ are _l and
M g

__1 , where D and E are the centres of AB and BC
Mye
respectively, and O is the centre of the circle.

The equation of lines DO and EQ can be found by
substituting the slope DO and EQ into the general equation
of a straight line

y=mx+c

where m is the slope, ¢ is the y-intercept of the line
determined from the equation of lines AB and BC, where

1 + 1 (x+x
RS BN 7 y1+__( . z] (2a)
Maa 2 My 2
and
1 + 1 (x+x '
Yeo = ——¥pp +['—Ly3 4 +—[——3 Z)J (2b)
Mg 2 Mpe 2



These two lines will intersect at the centre of the circle
wherey . =y,. =y, and X, = Xp. = X, . By using both
equations,

% _ Pt (3 = P () X ) e (3 4 x) (3)
’ 2m g — mpc)

By substituting x0 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 neighbering 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 Facior

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 C, is the original circumference of the wounded
area, then the pressure garment circumference C, 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

r

P

The surface tension of the pressure garment can be
calculated using Hooke’s Law.

T=El (C(I_CI) (5)

P=

where El is the flexural rigidity of the fabric (11). By
combining the above formulae, the reduction factor (Re) is
given by

1 6
Re = ]
I+—
Pp

EI 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 x., and yn,, A; is one of a series of points

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;), »") can be determined by using the
following formulae:

x'=x,_, +cos 0GA'

¥'=Y,, +sinfGA N
8= a‘rctan[.m]
X - xmp

GA'=(' _Rc)\/(xi - xmp)2 +(yJ - ym_n)z

Figure 4. 3D pressure garment plotting

Pressure distribution model

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.

! Wounded area I

Creouraference of

3D pressuce
garment model

|
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I_——" Tension at the
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Triangulation 3D pressure

distribution medel

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 P, (x,, ¥a) indicates the coordinates of the n™ point
in one layer, the circumference of the body layer j is given
by;

C, = gJ(‘xi 'XH)Z + (y,- - yl—l)z (8)

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 1 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 em 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 20-3Q 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 simufation

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 arcas
which are subject to low or high pressure.

How% & 3 B g 8 B

-]

4 ] W
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Figure 9. Pressure distribution on the leg



Experiment

The result of the first experiment for pressure validation is
shown in Table 1. For experiment 2, the results of pressure
distribution are shown in Figure 11 (for the designed
pressure of 2666 Pa) and in Figure 12 (for the design
pressure of 5000 Pa). The predicted pressure for experiment
2 is calculated by taking the average pressure at three points
near the location of the experimentally measured pressure.

g g
Lo

g

aoon*‘. |T
L P ]

:

I

Pressure {pascal)
g

2000 %1, -
- ¢
1000

o 2 4 <] 8
Angular position (radians)

Figure 10. Circamferential pressure variation

Table 1. Pressures from Experiment 1

Sensor 1 | Sensor2 | Sensor3 | Average
Pa Pa Pa Pa
{mmHg) | (mmHg) | (mmHg) (mmHg)
Fabric1 | 2633 2614 2601 2616
(19.75) (19.61) (19.51) (19.62)
Fabric2 1| 2628 2657 2871 2718
(19.7D) (19.93) (21.54) (20.39)
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I Figure 11. Comparison of the results of predicted and
experimental pressure distribution (intended pressure =
2666 Pa)

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 [12], 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 Pa)

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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