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Synopsis

In garment industry, stretch fabrics are obtained from the elastomeric fibres that have widely
been accepted for its properties especially for the production of tight silhouette and
compression garment (CG). The peculiarity of mechanical characteristics of stretch fabric
exerted on the part of the body is the pressure of clothing which it is originated from size
differences between body dimensions and pattern construction abscissa. The advantage of
realizing the importance of the pressure can be implemented and helped produce different
types of garment including sportswear, body shaping, lingerie, medical treatment etc.
Therefore, the methodology of scientific knowledge for calculating the size of
patternmaking in order to obtain the specific pressure from the human body is considered to
be one of the very most significant factors for pressure garment production.

Thus, the purpose of this research is to develop the clothing pattern construction abscissa
according to human body physical dimensions and mechanical property of stretch fabric.
The definition of the mechanical property of stretch fabric achieves from the force-
elongation behaviour by tensile testing. The reason is because when fabric is being elongated
by force, the amount of the pressure on the surface of the human body will occur. This
certain fabric mechanical property will help improve the patternmaking method by
determining the value of elastic coefficient which will have a significant influence on the
pattern construction abscissa and on the pressure distributing of the stretch fabric. With these
reasons, the clarification of both theoretical and practical research were required in order to
orient towards the development of computational method that is applied in the process of
pattern construction abscissa.

The aim of this work is to develop method of clothing patternmaking for stretch fabric and
to define size of pattern construction abscissa by predicting mathematical modelling to
achieve the exact shape and size of pattern construction net depending on the specific
pressure required.

The experimental investigation is divided into two steps:

1. To define the method for determining the dimension of a particular structural
segment of the pattern construction net that is capable of calculating the size of that
pattern construction segment according to the dimension of human body thereof.

2. To define the method for calculating the extensibility of fabric from elastic
coefficients of clothing that expresses the capability of its specific pressure required
for correction of the dimension of a particular structural segment of the pattern
construction net.

At the first step, determination of particular structural segment of the pattern construction
net had been done by applying the regression method while, the dimension of pattern
structural segment (dependent variable) can be calculated depending on the body dimension
(independent variable). This research emphasizes on examining the two-dimensional (2D)
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of patternmaking on the upper part of female body where the body part is similar to the
cylindrical shape.

During, the second step of the process, development of methodology was pursued by
applying the elastic coefficient by the relevant part of the body and size of patternmaking.
The variables are the elastic coefficient of fabric (dependent variables) by changing the value
of pressure (independently variable).

Subsequently, a 2D pattern construction abscissa has been investigated and the elastic
coefficients were applied in width and length dimensions.

The Elastic Coefficient in Width dimension (ECW) was obtained from the result of stress-
strain curve while Elastic Coefficient in Length dimension (ECL) was detected by observing
the deformation of fabric stretched behaviour by uniaxial loading and evaluated by digital
image analysis using the MATLAB and NIS-Element software.

The prediction of the strain value from the mathematical modelling was related to the
geometric model of the cylindrical shape as well as the human body shape and the Laplace’s
law theory was taken into account. This modelling confirmed the correctness of the strain
results by mathematical modelling to calculate the elastic coefficient from the stress-strain
curve.

The formulas of patternmaking were derived from elastic coefficient which were applied to
the human body under a certain pressure that is necessary to ensure the amount of pressure
required for CG applications. A default algorithm has been developed in order to calculate
the size of pattern construction net only in particular part as a cylindrical shape of body
including fuselage, arms, thighs etc.

This algorithm has successfully been tested to create an automated the block pattern by the
PDS Tailor XQ with CAD system which allows the structural segment lines to be modified
by inputting the parameter of elasticity coefficients in both ECW and ECL.

The goal of this thesis was successfully realized as well as the problematic area of
patternmaking design of clothing for stretch fabrics. At the same time, calculation of the size
of pattern construction abscissa investigated the clothing pressure capability was solved by
the pilot project.

Keywords: patternmaking; construction abscissa; compression garments; stretch fabric;
elastic coefficient; pressure



Anotace

Elastické ploSné textilie se ve velké mife vyuzivaji pro vyrobu odévi ptiléhavé siluety. V
n¢kterych ptipadech se jednd o kompresni odévy (dale jen KO). Jejich charakteristickou
zvlastnosti je tlak, kterym plisobi na tu ¢ast téla, na kterou jsou navleceny, za piredpokladu
7e existuje rozdil mezi rozméry téla a rozméry vyrobku. Mohou to byt sportovni odévy,
tvarovaci pradlo, odévy urcené pro tlakovou 1€cbu, apod. Pro jejich navrhovani je dulezita
znalost metody vypoctu rozmérové deformace pii uritém tlaku, jimz vyrobek ptisobi na
povrch lidského téla. Snahou vyrobcti KO je tedy vytvotit takovy tvar sttihové konstrukce,
ktery odpovida nejen télesnym rozmériim piedpokladaného nositele, ale také tvaru téla a v
neposledni fadé mit schopnost vhodné definovat zévislost mezi fyzikalné¢ mechanickymi
charakteristikami (silovymi) plo$né textilie, z které bude elasticky odév vyrobeny, a tlakem
kterym vyrobek plisobi na povrch lidského téla. To vSak vyzaduje teoreticky a prakticky
vyzkum, ktery je orientovany na vyvoj vypoctovych metod uplatiovanych v procesu
navrhovani elastickych vyrobkd.

V této praci je experimentalné méfena roztaznost vybranych elastickych pletenin na trhacim
zafizeni, kterd je charakterizovana pomérnym protaZeni pii stanoveném zatizeni. Dlivodem
je to, ze kdyz se elasticky odév mens$ich rozméri nez je télo natahne silou na jeho povrch,
vyvola se jeho rozmérova deformace. Tato vlastnost ploSné textilie, ktera je vyjadiena
koeficientem pruznosti, ndm pomuze zlepsSit metodu tvorby stfihové konstrukce. Bude mit
vyznamny vliv na stanoveni piesnych hodnot konstrukénich useCek v zavislosti na
pozadovaném tlaku vybrané textilie. Z tohoto dtivodu, cilem této prace je vyvoj metody pro
definici stfihovych konstrukénich parametrii KO vypoctovou metodou tak, aby bylo
dosazeno piesného tvaru a velikosti stfihovych dilt v zavislosti na potfebném specifickém
tlaku.

Postup experimentalniho zkoumani je rozdélen do dvou krokii:

1. definice metody pro stanoveni rozméru urcité konstrukéni usecky v konstrukéni siti
tak, aby bylo mozné vypocitat zménu velikosti této tisecky na zakladé¢ zmény
odpovidajiciho rozméru lidského téla nebo jeho ¢asti.

2. definice metody pro vypocet koeficientu pruznosti elastické plosné textilie,
uplatnéné na vyrobku tak, aby vyjadfoval jeho zddanou svérnou schopnost a bylo tak
mozné provadét odpovidajici rozmérové korekce konstrukénich usecek.

V prvni etapé prace se tfesi problém popisu geometrie konstrukéni sit€. Byla vybrana
vypoctova metoda, s uplatnénim typu regresni rovnice, pomoci které lze vypocitat rozmér
konstrukéni usecky (zéavisle proménné veli¢iny) na zakladé¢ zmény télesného rozméru
(nezavisle proménné veli¢iny). Byl zkoumén 2D model stfihu damského elastického
vyrobku, a to trupova ¢ast valcového tvaru.

V druhé etap¢ prace se fesi problém tlaku, jimz ma vyrobek ptlisobit na piisluSnou ¢ast téla,
a otazka jak ovlivni rozmér stithové konstrukce. Pouziti vhodné metody pro stanoveni
koeficientu pruznosti plosné textilie (zavisle proménné veli¢iny) na zdkladé¢ zmény tlaku



(nezavisle proménné). Nasledné jsou hodnoceny vybrané druhy elastickych pletenin s cilem
zjistit hodnotu koeficientu pruznosti, ktery bude uplatnény pii modifikaci délkovych a
sitkovych konstrukénich usecek. Koeficient pruznosti pro Sitky je zjistén z vysledkd
hodnoceni kiivky napéti-deformace, zatimco koeficient pro délky byl zjistén pozorovanim
deformace napnuté pleteniny jednosmérnym zatizenim a vyhodnocen analyzou digitalniho
obrazu pomoci SW MATLAB a SW NIS-Element. Predikce hodnoty deformace z
matematického modelovani se tykala geometrického modelu vélce, valcové ¢asti lidského
téla a teorie Laplaceova zakona. Toto modelovani potvrdilo spravnost vysledki zjisténé
deformace pleteniny prostiednictvim matematického modelovani a definici koeficientu
pruznosti z kiivky napé&ti-deformace.

Pomoci vzorcti, které byly odvozeny pro vypocet koeficientu pruznosti elastické plosné
textilie, ktera pasobi na lidské té€lo pod urcitym tlakem a které jsou nutné pro zajiSténi
pozadované hodnoty svérné sily vyrobku, byl vypracovan vychozi algoritmus pro vypocty
optimalnich parametrt stfihové konstrukce. Zejména ¢asti, které pokryvaji trup, paze, stehna
a lze je geometricky definovat jako vélec.

Tento konstrukéni algoritmus byl GspéSné ovéfen pii tvorbé automatizované stiihové
konstrukce damského tilka v prostiedi CAD systému PDS Tailor XQ, ktery umoziuje
korekce konstrukcnich usecek prostfednictvim koeficientu elasticity materidlu jak ve sméru
Sitky, tak délky. Cil prace byl Gspésné realizovan. Byla pilotné vyfeSena problematika
souvisejici s navrhovadnim elastickych odévii a vypoctem konstruk¢énich parametri v
souvislosti se zkoumanim svérné schopnosti odévu.

Kli¢ova slova: Stiihova konstrukce, konstrukéni usecka, kompresni odév, elasticka plosna
textilie, koeficient pruznosti, tlak.
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Chapter 1 Introduction

This chapter consists of an introduction and objective of this research work described in the
thesis. The first part describes the motivation to perform the experimental and analytical
work included to approach of the study. In the next section, explanations of objective and
step for the implementation process of developing the patternmaking method for stretch
fabric will be discussed. In the last part, summary of thesis content will be illustrated
followed by a chapter that discusses the potential contribution of this thesis in field of

garment patternmaking.

1.1 Introduction

Compression garments (CG) is a special type of clothing that has widely been researched
and utilized in the fields of medical, athletic and body shaping applications [1, 2]. The
method to help produce CG is rather challenging to achieve especially its specific pressure
that depends on the aforementioned application functions. Due to the types of CG are
different proposes, therefore, there is a need for differential pressure value for the right
performance based on the types of CG [3, 4]. Currently, CG is mainly made from stretch
fabric that consists of elastomeric fibre while its commonly used structure for production is
the knitted one. This type of structure could be applied for enhancing the performance of
CG for better extensibility and higher recovery rate that corresponds to the pressure from
fabric stretched that comforts the wearer’s body [5, 6]. In garment engineering, there is some
confusion existing with patternmaking process of stretch fabric, especially, when attempting
to coordinate the degree of extensibility inherent in stretch fabrics and the amount of
modification needed to estimate the reduction size of patternmaking. Due to the mechanical
property of each stretch fabric its unique and the stretch behaviour is insufficient and has the
stretch capability differing in course and wale directions of the fabric. Systematic
information about patternmaking methodology of the relationship between stretch fabrics
and CG forms is less evident in the publication. For the abovementioned reasons, the
researcher of this thesis has endeavoured in studying patternmaking for stretch materials in
order to find out the solution for modifying the methodology of pattern abscissa that has an

actual mechanical property of fabric.
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The purpose of this thesis is to develop the systematic patternmaking method for stretch
fabric according to the pressure required for customized CG and the four processes of the
method are as follows:

1. Acquisition of body size measurement to achieve the actual size of the human body

will be conducted.

2. Evaluation the performance of the mechanical property and deformation of stretch

fabrics.

3. Estimation of patternmaking size will be done by making prediction of strain value
based on the relationship between Laplace’s Law theory and the result of stress-

strain curve.

4. Development of a new method of patternmaking for stretch materials using CAD
systems and inputting the parameter of the elastic coefficient will be done in order
to automate the pattern construction abscissa under the regression formula of

construction abscissa [2, 7].

Throughout this research dissertation, various sections on Clothing Patternmaking Method
for Stretch Fabrics will be provided and discussed in order to provide useful information and
clarification on the matter as found below.

Performance of stretch fabrics for garment applications

The extensibility, they can be classified into low elastic fibre with an elongation range from
20%-150%, medium elastic fibre with an elongation range from 150% to 390% which the
elastic requirements low or medium of elastomeric fibre could meet for sportswear or body
shaping garments. While for the medical purpose should be used high elastic fibre with an

elongation up to 400% to 800% to obtain the desired pressure [8, 9].

Elastic recovery, Senthilkumar and Anbumani reported that the dynamic elastic recovery
value has an effect on force value when extension of clothing is conducted [10]. For the
principle ideal dynamic elastic recovery, the value of force-elongation when fabric was
applied loading and repeating should be equal; however, in reality, the force-elongation
curve during the first loading potentially has the highest value numbers and the number of

force value would drop in the later stages of testing. Nevertheless, Khaburi J. A., Dehghani-
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Sanij and et al. have selected the results of loading at the forth cycle of force-elongation
curves to analyse a good approximation [11] and Kowalski, Mielicka and et al. also used
force-elongation curves in the fifth cycle of loading test [12].

Stress relaxation is one of the important effects on the time during wearing the CG, the
interface pressure of clothing was loosed by force decay of fabric stretched. Largely, the CG
for medical application has to be worn 23 hours per day therefore the fabric stress under
extension for a long and continuous time before the pressure was decayed [13]. Under the
condition to wear the CG the research should be concerned about the pressure performance

over a prolonged period of time in case of CG for medical application.
Application of pressure theory on stretch fabric for CG

Related to numerous research works, many researchers had decided to apply the force of
stretched fabric on the body circumference based on the Laplace’s Law theory during their
experimental studies in order to make calculation on the pressure value for CG [13, 14, 15,
16, 17] and evidences had been found as follows, for example, Kowalski, Mielicka and et
al. used the Laplace’s Law theory and assumed the body as the cylindrical shape to predict
the pressure and design the compression garments [12] and they analysed the characteristics
of knitted vascular prostheses to predict the modelling for determination of circumferential
longitudinal force depending on the prosthesis pressure and diameter [14]. Zhao, Li and et
al. applied Laplace’s Law theory to design the compression sleeves [18] while
Chattopadhyay and Bera he developed the pressure prediction of elastic fabric tube based
on the principle energy of fabric by using the results from loading elongation graph which
was found that the measured pressure numbers on the cylindrical model were to be closer to

actual measured values [19].

According to the fabric thickness, pressure is considered to be depending on the fabric
tension and the radius of the body based on Laplace’s Law theory where wall thickness is
not take into account and therefore, Khaburi, Dehghani-Sanij and et al. predicted that for the
calculation of interface pressure values based from circumferential stress in thin-walled
cylinder theory and thick-walled cylinder theory, those pressure values were being
calculated and compared. On one hand, they found that the values of pressures estimated by

two models were about 1.8% differences with fabric thickness at 1.2 mm and 35 mm of limb
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radius. On the other hand, the large cylinder radiuses larger than 55 mm the pressure results
were significantly close [11]. Moreover, Macintyre, Baird and et al. also found that the
model was able to predict pressure values accurately when cylinders hold longer length of
diameters while the pressures were overestimated when cylinders possess with shorter
length of diameters [20]. With these reasons, the prediction for pressure garment assumed

that the fabric thickness should be negligible when compared with the human body radius.
Pressure measurement

It could evidently be found measurement of pressure for CG consists two types of methods
are including static pressure and dynamic pressure and at the same, regarding the
characteristics of model for pressure measurement two types of the model including vitro
which is related to the artificial model [21] and vivo being used as living organism model

for measuring [2] are found.

The pressure measurement device is necessary for sensor thickness to be considered due to
the sensor thickness has the effect on the pressure perturbation when measured pressure [6,
11, 22], in this research is used PicoPress ® which is one of the most common types of
pressure transducers used to measure the interface pressure under compression of clothing
pressure. due to the sensor thickness at 3 mm [23] and when the sensor is measured at the
fabric area, the radial component of the tension in the fabric increases hence a higher local
pressure is described by Vinckx and Boeckx [22]. With the mentioned reason, they reported
that it is necessary to solve the correction factor or perturbation coefficient of this issue to
find out a real pressure of fabric stretch.

Moreover, the PicoPress® has been widely accepted by many researchers for its efficacy of
measurement in field of garment including Partsch and et al. who reported that the pneumatic
device has the advantages of their financially accessibility and their thin and flexible features
[24]. The PicoPress® was used by Partsch and Mosti to study thigh compression garment
[25] while, Mosti and Rossari represented that the linearity and repeatability of this
transducer are respectable [26]. Moreover, they have correspondingly reported that the
PicoPress® outperformed Kikuhime® and the SIGaT®. Nevertheless, PicoPress® device
has also possess some disadvantages as mentioned by Khaburi, Dehghani-Sanij and et al. as
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mentioned in their research that the device overestimated the result of pressure value during

the measurement of compression clothing.
Patternmaking method

The patternmaking technique to achieve the specific pressure of CG by finds out the elastic
coefficient use to determine how amount of patternmaking size was reduced which smaller
size than the body circumference. The Authors Musilova and Neméokova suggested that the
patternmaking for CG due to mechanical properties of fabric stretched should be calculated
using regression equations that each of them consists of the sum of characteristics that
influence a pattern shape and pressure of clothing [27, 28]. Concerning the reduction factor
for CG, the author Hatch recommended the range of reduction factor of patternmaking is
used between 35% - 50% of their body circumference [29] and the maximum of the
reduction factor at 50% for controlling the shape and proportion of clothing. While the
deformation of fabric during stretch should be considered as authors Baheti, Jariyapunya
and Tunak revealed in their research work concerning the deformation of elastic fabric under
different stretch levels and found that the fabric was deformed depending on the extension
level where in longitudinal direction of the fabric was stretched and the other side or
transversal direction was shrunk [30, 31]. Therefore, for patternmaker, the behaviour of
stretch fabrics in mechanical property and deformation during fabric stretching should be
studied.

1.2 Objectives

The aim of this research study is to develop a new method of patternmaking for stretch fabric
focusing and implementing specifically for the upper part of female body. Additionally, the
pressure value of clothing will also be determined by applying Laplace’s Law formula into
the mathematical model of the strain values of fabric stretched to find out the reduction of
elastic coefficient for producing the patternmaking of CG. Thus, the main objectives of this

research are four-fold as follows:

1.2.1 Study of fundamental block pattern garment to define mathematical formulas for

pattern abscissa

The block pattern for garment is considered the first step before any modification to reach

the advance design and thus, main parameters for making the pattern construction abscissa
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of body measurements should be defined predominantly in order to elicit mathematical
formulas for making pattern construction abscissa. This research will focus on the upper part
of female and use a mannequin according to European standard size 38 for investigation
before applying with 3D capturing technologies of 3D scanner so as to find out the
somatotype of the body in 3D which can further provide more details on the body

measurement.

1.2.2 Study of mechanical properties of stretch fabrics and their performance evaluation

The objective of this study is to evaluate the performance of stretch fabrics undergoing
stretch and the properties of stretch fabrics were compared with different factors of elastane
composition and knitted structures. The fabrics properties will be tested for stress-strain
behaviour using Testometric universal testing machine based on standard EN I1SO 13934-1
for testing tensile properties, the standard BS EN 14704-1 for testing the elasticity of fabrics
as well as the fabric behaviour of stress relaxation, DWR and deformation were analysis in

order to evaluate the fabric performance into the right applications for CG.

1.2.3 Defining the relationship between stress- strain behaviour and pressure theory to

apply on patternmaking

In this part of the research, development of mathematical modelling will be achieved by
applying the relationship between the pressure theory of Laplace’s law and the result of
stress-strain curve. The focused objective is to predict strain value according to specific

pressure required and predicted strain result can then be calculated the ECW.

1.2.4 Development of patternmaking method for specific pressure clothing by using

elastic coefficient

The aim of the thesis is to develop the patternmaking method from the pressure required by
using the results of fabric property and fabric deformation from the aforementioned
experiments to find out two mains elastic coefficients of ECW and ECL. Next, define the
main body area to obtain the pressure in clothing and modify the size of the fundamental

block pattern by applying the ECW and ECL into the construction abscissa formulas.

Moreover, the patternmaking technology of CAD used in this research is PDS tailor XQ
software and a method for calculation of the construction abscissa formula under the



Chapter 1 Introduction

regression equation so called UNIKON+ will be used in this research. Through this special
software, an input of elastic coefficient of ECW and ECL into the parameters function will
be applied and then an automation of patternmaking from the obtaining parameters

determination will be done for last process.

1.3 Research approach and outline
This thesis was organized into five chapters as follows:

Chapter 1 introduction: Begins by discussing general introduction of this research work

such as motivation and detailed research objectives of this thesis.

Chapter 2 State of the Art in Literature: This chapter contains theoretical background,
published literature and detailed study of previous articles and understanding of studies

conducted, limitations and the current state of the problem in past research.

Chapter 3 Experimental Materials and Methods: Describes the methodology of this
research, which includes experimental materials, test equipment and data acquisition used
for all experiments performed in this study. This chapter also contains elaborate explanation
about theory of Laplace’s law was applied to fabric stretched and described the mathematic

modelling results from tensile testing.

Chapter 4 Results and Discussion: Results and discussion section of the detailed analysis
of the results derived from various experiments. The data and calculated results from elastic
fabrics properties and all experiments were tabulated, suitable graphical representations
made and detailed statistical analysis was performed. Various interpretations were drawn

from the analysis.

Chapter 5 Summary and Conclusions: The final chapter summarizes all the results from
the experiments have done and present the new findings from research work. Moreover,

section discussing future research and recommendation has been included.
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In this chapter has integrated the related works of literature and theoretical studies used as a
basis for the thesis work. The research conducted in this thesis focussed on the scientific
method to predict the size of patternmaking for CG being analysed to achieve specific
pressure by reducing the size of circumference of clothing.

2.1 Stretch fabric

Recently, the demand of producing stretch fabrics in garment industry has been growing
rapidly especially for sportswear and CG applications. Regarding stretch fabric
characteristics, in general, they are defined into three types including one-way stretch which
is the fabric that can only stretch across one side and the second one so called the two-ways
stretch is the fabric that stretches in cross direction as well as up and down ones. For its
properties, stretch fabrics is derived from yarn and stitches. While the four-ways stretch,
made up of fibre composition of elastane (EA), places itself in cross, up and down direction
[32, 33]. Usually, the stretch fabrics used in field of CG is mainly produced from knitted
structure that contains 75%-80% of polyamide (PA) and 20% - 25% of EA [34].

The advantage of stretch fabric, how the fabric could recover itself to its original shape even
when stretched repeatedly [34, 35] indicates that this characteristic could benefit the
production of CG especially when the fabric itself provides fit well and achieves
compression pressure to the body from the garment is stretched. Besides, stretch fabrics also
has another advantage particular when the fabrics can be easily blended with either other
synthetic materials or natural fibres to produce an overall fabric of brilliant quality and

functionality [34].

2.2 Patternmaking

The section described the related studies of patternmaking for compression garment namely
the basic of patternmaking, methodology to conduct the construction points of a
patternmaking, the literatures of pattern for CG and the standard sizing system which is
beneficial for garment production.
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2.2.1 Patternmaking for clothing

Flat patternmaking is 2D of the basic way to achieve the pieces of clothing assembly process
and in the past, they were used for cutting into the fabric in order to create the optimum size
and best fit on the human body. At the very beginning, therefore, basic patternmaking so
called “Bodice Sloper or Block Pattern” is used for creating natural line of the human body
developed from specific size to represent fundamental shapes and sections of the precise
body measurements as well as representing the basic dimension of patternmaking for
clothing [36, 37]. When designing the clothing with different styles according to costumer

or fashion, the block pattern was used for modifying the patternmaking.

The Authors (Musilova et. al, 2004) [38, 39] applied the Pattern Metric Method (PMM) to
define the construction points based on the position on the human body surface and
according to the number of construction steps. Figure 2.1, each plain position in horizontal
plain’s column will be represented in letters while, at the vertical plain column, each plain

will be represented in a form of numbers and their definitions are described afterwards.

% Horizontal plains  Vertical plains
2K v - vertex plain 1 - centre back plain
i & 2 . ‘ n - neck plain 2 - side neck plain
Sll: 3 @ sh - shoulder plain 3 - back armhole plain
1 Z b - bust plain 4 - side plain
w 4 5 5 .
W - waist 5 - front armhole plain
13 8 h - hip 6 - chest plain
¢ - crutch plain 7 - centre front plain
" ! t - thigh plain 8 - inside leg plain
k - knee plain
a - ankle plain
a u*
Back view Side view Front view

Figure 2.1 The basic plain method for patternmaking [38, 39]

The PMM is one of the possible ways to help understand pattern construction more
thoroughly when considering the drafting of block for patternmaking. [5, 18]. The author
(Watkins, 2011) designed and developed the block pattern for stretch fabrics without darts
called Form Fit block pattern applied for analysing the body suite. He also reported that the
optimized contour fitted pattern production for garment should have no wrinkles, minimal

stretch distortion and very much conform to the body, rather like a second skin [40].
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Therefore, the initial development of block pattern for stretch fabric uses the basis of T-shirt
pattern or seamless technology to produce the CG. As shown in Figure 2.2, the illustration
of PMM in 2D was used for developing pattern construction and inputting the remark points

in vertical and horizontal plains.

1 2 3 4 5§ 6 7
n n21 | n6
sh nl, nll shd /\‘
X yn7
b b1 Back b3 b4 /bS Front b7
= £
- S
w wl w7

w4

Figure 2.2 The basic block patternmaking for compression garment

2.2.2 Patternmaking for compression garment

Patternmaking has substantially been concerned as one of the most important processes of
clothing production. Regarding as a main influential factor of pattern construction that
affects production of CG, the interface pressure during wearing on the body [41, 42, 5] is
referred to. The CG is generally applied to develop patterns and the dimensions of patterns

optimized from the perspective of the stretch ability of elastomeric fabrics [43, 44].

Due to mechanical properties of stretched fabrics, the authors (Musilova and Nemcokova,
2013) reported that the patternmaking for CG should be calculated using regression
equations that influence a pattern shape and pressure of clothing [27]. Consequently, the
magnitude of pressure value of CG on the body can be reduced based on the size of
patternmaking and therefore the mechanical property of elastic stretched fabric provides the

appropriate or specific pressure.

10
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Many researchers published the knowledge of pattern of compression garment methods to
indicate the suitable fabric for pressure garments which are defined as custom made elastic
knitted fabric that exert pressure on the body by virtue of the fact that they are made smaller
than the body they are designed to fit [17, 45]and many publications use elastic fabrics for

tight-fitting of garments as follows:

The authors (Ng, 1993; Macintyre and Baird, 2006; Macintyre, 2007; Macintyre et. al.,
2007) they found that, normally a reduction factor from 5 to 20% of patternmaking size

would be applied on different body parts to acquire the presumed pressure [46, 47, 45, 3].

The authors (Doan et. al.,2003) conducted the experiment of the compression garment had

a reduction factor of 15% of pattern construction [48].

The authors (Chatard et. al. 2004) studied the experiment was used and found that the
pressure garment should obtain the pressure range between 8 - 18 mmHg or 1 — 2.4 kPa [49].
Their results reported that wearing compression garment can also improve sporting
performances and the athletes could enhance their performances and alleviate low back pain

by wearing compression garments [48, 49].

The authors (Pratt and West, 1995) suggested a mathematical formula of pattern
construction for GCs. Basically, all circumferential measurements are reduced by 20% and
length measurements are reduced typically by 20%-25% of their total length [50].

The author (Hatch, 1993) found the range of reduction factor for tailored clothing is between
15% - 25%, for sportswear is between 20% - 30%, for active wear is between 35% - 50%

and for from fitting garment is between 30% - 40% [29].

However, many researchers reported the reduction factor of pattern construction for CG by
suggestion range of reduction factor which it is unprecise to get the specific pressure of
clothing. Besides, the CG functions need the optimum range of pressure to get the right
performance for garment applications. To create size of patternmaking for CG, therefore,
the need of finding the mechanical property of stretch fabric to coordinate with
patternmaking is inevitable. Interestingly, the publications and researches about the
prediction of patternmaking size according to the specific pressure from the stretch ability

of clothing pressure have not been involved to a great extent.

11
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2.3 Compression garments

Compression garments are special clothing have been widely researched and utilized in the
fields of medical, athletic and body shaping applications [1]. This part will be introducing
main application functions of clothing pressure which is considered to be necessary to be
paying attention on the values of constriction or elongation of garment parts depending on
the mechanical properties of the elastic fabric, the morphology of the covering body parts,
the specific level of required pressure, and the desired effect of shaping. Of these factors,

compression pressure is considered a vital one.

2.3.1 The application of compression garment

2.3.1.1 Medical application: The authors (Staley et. al, 1997) reported that compression
therapy has been used since 1947s for burn care and has been accepted to help minimize the
formation of hypertrophic scars and enhance the maturation process of scars since 1970s
[51, 52]. The authors (Partsh et. al, 2015 and Kerckhove et. al 2005) suggested the
appropriate pressure is best kept for CG of the medical application should be approximate
at 20-30 mmHg or 2.67 - 4.00 kPa [53, 54, 55]. They recommended the CG to be worn for
daily 23 hours continually and it should be changed every 2 — 3 months to prevent
diminishment in elasticity by (Zurada et. al, 2006 and Sharp et. al, 2016) [56, 57].

2.3.1.2 Athletic application: The CG uses for sport activities with moderate compression
was used to enhance the performance of the athletes, decrease the possibility of injury, and
accelerate the process of recovery [58, 59, 60, 61, 62, 63]. The Authors (Morooka et. al,
2001) found that the optimal effective and safe compression for swimsuit below 7.5 mmHg
or 1 kPa exerted on a trunk was helpful for venous pump action as well as efficiency [64].
The authors (Xu et. al, 2012) reported from the physiological response by pressure
developed by female swimsuit that there will be an influence on the pressure comfort during
wearing , if the exerted pressure values of chest over 8.6 mmHg or 1.15 kPa, waist exceeded
2.7 mmHg or 0.13 kPa and abdomen exceeded 4.2 mmHg or 0.56 kPa [65].

2.3.1.3 Body shaping application: The benefit of CG can be employed to beautify the body
shape and can be used for improving body attractiveness and morphology by compression
on specific body parts to the required shapes [66, 67]. To successfully achieve these effects,
(Little and Liu, 2012) has introduced the necessity of permissible range of garment pressure,

12
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which has an influence on the physical, physiological, and psychological characteristics of
the human body [68]. The author (Fan, 2005) reported the girdle is a typical type of pressure
foundation wear worn by female to re-shape at the lower part of the body by uplifting the
hips and compressing the abdomen in order to enhance the aesthetic appearance of the
wearer and it should not create discomfort nor any detrimental effects on wearer’s
physiology [69]. Then the authors (Makabe et. al, 1991) studied the pressure of the girdle of
the ten different positions and they reported the results that most people can bear relatively
higher pressure about 11.5 mmHg or 1.53 kPa and prefer lower pressure about 4.5 mmHg
or 0.60 kPa at the hip and the acceptable pressure for the waist part is about 6.5 mmHg or

0.87 kPa and the mean acceptable pressure is about 7.5 mmHg or 1.0 kPa [4].

2.3.2 Pressure range of compression garment and applications

The compression garments have many proposes depending on the functions of the customers
need for their activities and the main key to conduct the CG is the specific level of required

pressure which is effective and will help improve the performance during wearing.

Many researchers studied the compression garments as the authors (Chan and Fan, 2002)
predicted optimal pressure distribution by studying the relationship between the

compressive feeling and clothing pressure of tight girdle [67].

According for garment pressure and comfort sensations at the waist, (Makabe et. al, 1993)
had observed that in the medium range of garment pressure 11- 18.4 mmHg or 1.47 - 2.45

kPa negligible or only slight discomfort is perceived [70].

The authors (Liu et. Al, 2013) presented results of pressure ranges for best compressive
feeling tested at bust position. The results obtained by converting those ranges into bust girth
range by applying calculation method for the bust girth design of pressure comfort for CG
and the ranges were found to be 7.2 — 10.1 mmHg or 0.96 - 1.35 kPa [71].

Besides, author (Ito, 1995) had also presented pressure ranges that give most comfortable
compressive feeling at different parts of the body and gave an assurance that comfortable
girdle pressure on most parts of the body should be less than 9.5 mmHg or 1.27 kPa. The
finding, nevertheless, also illustrated that at the waist position, higher girdle pressure around
13.2 mmHg or 1.76 kPa could be tolerated [72].

13
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The author (Denton, 1972) defined the pressure beginning of discomfort to be approximately
44.1 — 73.5 mmHg or 5.88 — 9.80 kPa and the comfort zone the normal condition is 14.7 —
29.4 mmHg or 1.96-3.92 kPa depending on the individual condition of the treated body part
and body position [73].

However, there are no standardized pressure comfortable range for compression garment on
the upper part of the body. The pressure ranges from the literatures could be applied to
determine the specific pressure and used as a guideline for calculating reduction factor of
the patternmaking for compression garments. In Table 2.1, the optimal of the pressure value

range according to the types function garments and body parts was obtained.

Table 2.1 The acceptance of the pressure value range of CG by literatures
Pressure range

Body part Type Description: Author

kPa mmHg
. . Medium range of garment pressure:
Waist tband  1.47-2.45 11.-18
als waistoan (Makabe et. al, 1993) [70].
Waist girdle 176 13.2 Comfortable compression feeling of

the girdle: (Ito, 1995) [72].

Female swimsuit that it will have an
Waist swimsuit <0.13 <27 influence on the pressure comfort
during wearing: (Xu et. al, 2012) [65].

tight-fitting Comfort for tight-fitting garments:
Bust garments 0.9%-1.35 7.2-10.15 (Liu et. Al, 2013) [71].
Influence on the pressure comfort of
Bust swimsuit <1.15 <8.6 female swimsuit during wearing:
(Xu et. al, 2012) [65].
tight-fitting Comfort zone of the tight-fitting
Body garments 196-392  14.7-30 garments: (Denton,1972) [73].
Optimal effective and safe
Body swimsuit 1.0 7.5 compression for swimsuit:
(Morooka et. al, 2001) [64].
. The pressure is the best kept for CGs
medical

Body application 2.67 - 4.00 20-30 of the medical application:

(Partsh et. al, 2015) [53].
Compression therapy from the
LIPOELASTIC® company guarantee

post-surgery

Body ) 2.67 - 4.00 20 - 30 . . .
compression the required compression ranging:
(LIPOELASTIC, 2018) [55]
Lower part girdle 127 9.5 Comfortable compression feeling of

the girdle pressure: (Ito, 1995) [72].
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2.4 Application of pressure theory on fabric garment

For compression garments production industry in recent years, the use of elastic fabric has

widely been accepted for their high stretch ability to exert pressure on the body [6]. Due to

their mechanical properties of stretched fabrics, authors Musilova reported that the

patternmaking for CG should be calculated by applying regression equations method to find

out the tension of fabric stretched that influence a pattern shape and pressure of clothing.

Consequently, the magnitude of pressure value of CG on the body can be reduced based on

the size of patternmaking, and therefore, the mechanical property of elastic stretched fabric

provides the appropriate or specific pressure [27].

Fabric ; :
Wrong Side Knitted Fabric

v )
oo 1)
o B
v )
: & :
= ~ >
S| o r “ » 3

£

—

= Iy

©

(D B

(3}

©

=

’ Course Grain Line

Cut Edge

Figure 2.3 Fabric grain lines where the pattern
was used the direction for cutting

2.4.1 Laplace’s law theory

Fabricating a compression garment with a
required specific pressure is important.
Pressure exerted by a garment is largely
determined by the fabric tension and is
influenced by the fabric grain line direction that
must be aligned with the stretching direction
[74, 6].

The general, grain line of knitted fabric for
producing garment uses in course direction of
the knitted fabric in which the direction is
aligned to the body circumference [5, 6]. In
Figure 2.3, the direction of grain line of knitted
fabric including wale, course and bias
directions are represented along with the
direction of clothing and pattern used for

cutting and sewing.

Pierre Simon marquis de Laplace, (1749-1827) a French mathematician [75], who had been

making many influential contributions to science of mechanics, a mathematical study of

calculus, and a revolutionary theory of probability. Laplace described a mathematical
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relationship, Laplace's Law, originally invented to quantify the surface tension of a liquid

state in a capillary.

Derivation of the Laplace’s law, Laplace explained the pressure discontinuity due to surface
tension according to a small rectangle with origin in P and the Z-axis along the normal to
the surface in P as shown in the Figure 2.4 (a). The rectangular piece of the surface with
sides dl; and dl, is subject to two tension forces along the 1-direction resulting in a normal
force pointing towards the centre of curvature C [6]. The tension forces in the 2-direction

contribute analogously to the normal force as shown in the Figure 2.4 (b).

2
I
l
S |

P
I

dily

(a) A tiny rectangle aligned with the principal (b) The rectangular piece of the surface with
directions [76] both sides [76]

Figure 2.4 A small rectangle directions and the surface contact acting with the curvature

Surface tension T pulls at this rectangle from all four directions, while the curve of the
surface conducts each of these forces not quite like the tangent plane. Considering surface
tension acts in the 1-direction with two equally opposite forces directions of magnitude

Tdl,, each forming a small angle of magnitude % dl; /R with the tangent to the surface in the
1-direction. Projecting both of these forces on the normal can be calculates the total force in
the direction of the centre of curvature C; as dF = 2. lez.%dl1 /R =TdA/R where dA =

dl,dl, is the area of the rectangle. Dividing by dA we obtain the excess in pressure on the
side of the surface containing the centre of curvature. Then we obtain at the Laplace’s law

equation for the pressure discontinuity due to surface tension [76].
P=T/R (2.1)

Where P is the Laplace pressure (Pa), T is the surface tension or wall tension (N.m™) and R

is the principal radii of curvature.
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Laplace’s law theory is the most common theory for calculating pressure value for CG with
assumes the body similar as the cylindrical model. The authors (Kowalski, Mielicka, &
Kowalski, 2012) used the Laplace’s law theory and assumed the body as the circumference

to predict the pressure and design the compression garments [12].

Furthermore, other authors (Kowalski, Mielicka, & Jasinska, 2012) analysed the
characteristics of knitted vascular prostheses by mathematical modelling to analysis

circumferential longitudinal force depending on the prosthesis pressure and diameter [14].

The authors (Zhao, Li, Yu, Li, & Li, 2017) had also applied Laplace’s law theory to help
design compression sleeves [18], while authors (Chattopadhyay & Bera, 2017) developed
pressure prediction of elastic fabric tube based on energy principle of fabric by load
elongation graph. They found that the predicted pressure values on cylindrical model from

their testing were to be closer to the actual measured values [19].
2.4.2 Stress in thin-walled pressure vessels

Referring to the Laplace’s Law, prediction of wall stress (o) can be applied to a uniform
isotropic hollow cylindrical model [77] as shown in Figure 2.5 (a and b). It is important to
note that the thin-walled assumption could be applied in Laplace’s Law for compression
garment and evidently found in literatures of the authors (Khaburi et. la, 2012) explained
the interface pressure of CG generally occur from the circumferential stress of the thin-
walled pressure vessels theory where the stress of fabric was stretched along the body

circumference [6, 11].

o.hdx
2% P(2R dx)
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(a) Cylindrical pressure vessel (b) Free-body diagram for computing the

circumferential stress
Figure 2.5 The cylindrical vessels free-body diagram of the thin-walled pressure vessels [78]
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Consider the cylindrical model of inner radius R and wall thickness h as shown in Figure
2.5 (a), the cylindrical model contains a fluid or gas under pressure P. In this simplified
analysis, there is an assumption that the weights of the fluid and the vessel can be neglected
when compared to the other forces that act on the vessel. The tensile stresses in the wall that
resist the internal pressure are the longitudinal stress a; and the circumferential stress o,

(also known as the hoop stress), as shown in Figure 2.5 (a).

The circumferential stress: Circumferential stress is obtained from the free-body diagram by
taking a tiny area of infinitesimal length dx shown in Figure 2.5 (a) and cutting it in half
along a diametral plane as shown in Figure 2.5 (b). The fluid isolated by the cuts is
considered to be part of the free-body diagram.

The resultant force according to the pressure acting on the diametral plane is P(2R dx),
where 2R dx is the area of the plane. If we assume the circumferential stress (o) in the wall
of the cylinder is constant throughout the thickness (h), then its resultant force is 2(o.h dx).
Neglecting the weight of the fluid and the vessel as aforementioned, we find that the

equilibrium of vertical forces becomes [78].
YF=0+2(o,hdx) —P(2Rdx) =0 (2.2)
Which yields for the circumferential stress o, [78, 79]:

O, = 7 (23)

2.4.3 Related literature reviews on compression garment

Found in various different literatures, many researchers have been applying circumferential
stress to predict the interface pressure of the compression garment including (Khaburi,
Dehghani, Nelson, & Hutchinson, 2012) who predicted pressure values by making
calculation of interface pressure values from thin-walled cylinder theory and thick-walled
cylinder theory and on the one hand, they found that the values of pressures estimated by
two models were about 1.8% differences with 1.2 mm of fabric thickness and 35 mm of limb
radius. On the other hand, for the large cylinder radius of larger than 55 mm, the pressure

results were significantly close [11].
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Whereas, authors (Macintyre, Baird, & Weedall, 2006) found that the model was able to
predict pressure values accurately when cylinders hold longer length of diameters, while the
pressures were overestimated when cylinders possess with shorter length of diameters. This
predicated that for the prediction of pressure garment, the fabric thickness should be
negligible as compared to the human body radius [20].

Interestingly, many researchers aimed to study the pressure garment for prediction of the
pressure value of clothing. While the compression garment was investigated to find out the

method to achieve specific pressure by reducing the size of circumference of clothing.

Novelty of this research will be focusing on prediction of mathematical modelling of strain
value of fabric stretched by determining the specific pressure and the body circumference.
At this objective, initial fabric circumference could be calculated and be applied to create

sizing of patternmaking for pressure garments.

2.5 Interface Pressure Measurement System

Through this section, information of the compression tester that has been a significant
equipment of this experimental testing so called PicoPress® which priduces from Microlab
Elettronica Sas in Italy will be introduced. In Figure 2.6, this Pneumatic pressure
measurement system is considered as one of the most common types of pressure transducers

used to measure the interface pressure under compression of clothing pressure.

Figure 2.6 The PicoPress® devise of the interface pressure measurement system
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PicoPress® in Figure 2.6 is a portable pneumatic measuring system fitted with an ultra-thin
and flexible sensor. The sensor thickness is 0.2 mm when it is not inflated and 3mm when it
is in inflated. The sensor diameter is 50 mm and the device pressure measurement range
around 0 — 200 mmHg or 0 — 26.7 kPa. Before the measurement, the sensor is inflated with
2 cc of air by means of electronically controlled syringe integrated in the system [26]. The
transducer can be calibrated under the CG and the pressure measured data can be stored on
the device or transferred to a computer and the advantage to pressure measurements during
dynamic tests [26]. The Picopress® reading the unit of pressure in the medical community
is the as millimetre of mercury that is a manometric unit of pressure where 1 mmHg ~133.32

Pa or Pascals is Sl derived units [79].

Notably, there have been many literatures that applied PicoPress® for making the interface
pressure measurement of CG and evidently found that the system is to be very accurate for

measurement including the works of:

The authors (Partsch et. al, 2006) who reported that in their thigh compression [25] testing,
the pneumatic device had been very beneficial in terms of their financial accessibility and

physical features including its size and flexibility [24].

Moreover, in the work of the authors (Mosti et. al, 2008) they found that the linearity and

repeatability of this transducer are highly acceptable because PicoPress® had outperformed

Kikuhime® and the SIGaT® [26].

The authors (Khaburi et al, 2011) confirmed and indicated that FlexiForce sensors, based on
the sensor of piezoresistive (PR) principle, had issused from low preciseness when compared
to PicoPress® device. While the sensor produced less errors for measurement the interface

pressure values and more agreement with computed pressures [23].

The authors (Chi et.al, 2017) applied the principle of PR sensor to compare between both
commercial ready products PicoPress® and Kikuhime® by using the tube cuff model which
was wrapped around by the BISCO® HT800 silicone foam. They revealed that PR sensors

demonstrated similar performance as PicoPress® [80].

They all agreed that from all manometry-based devices, PicoPress® was determined to have

most accuracy with least variations and errors [26, 23, 80, 81]
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2.5.1 The effect of the sensor thickness

It could be said that thickness of sensor at a certain extent, does have effect on pressure
perturbation which eventually make reading pressure overestimated. The author (Ferguson-
Pell, 1980) recommended the ideal interface pressure measurement to use the sensor with
thickness no more than 0.5 mm will have no effect on pressure perturbation [82]. However,
the pressure readings reported by PicoPress® need to be multiplied with a correction factor
according to the thickness that is higher than 0.5 mm. The pressure perturbation is not only
caused by the thickness of the sensors only, as inflating the sensor under CG will result in a
local stretch for the clothing [6, 83].

The authors (Vinckx et. al, 1990) have studied analytically to analyse the perturbation in the
measured pressure when a sensor that is placed under a compression garment applied to a
curved surface like the lower limb [22]. They have developed a mathematical model to
calculate the perturbation effect due to thickness of sensor which is called the coefficient of
pressure perturbation Cpp [22] and the schematic of interface pressure perturbation effect
under pressure garments as show in Figure 2.7.

sin(%+y)

sin(3)

(2.6)

Cpp =

Dg
R

R
Y = arccos (—)
R+d

a =

Where, d is the sensor thickness in (m), Ds is the sensor diameter in (m), Cpp IS the

coefficient of pressure perturbation, R is the radius in (m).

Medical
Compression

Transducer
S

T=Tsin(a/2) Te=Tsin((a/2)+y)

Figure 2.7 Schematic representation of the interface perturbation effect of a sensor placed beneath an
extensible bandage over a curved surface [83, 22]
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By assuming from the author (Khanburi, 2010 ) that the small local increase in bandage
elongation will result in a linear increase in tension, the perturbation due to the local stretch
Crp can be shown to be the following [83]:

_ a(R+d)+2((R+d)?—R?)
- aR

Crp (2.7)

Where, d is the sensor thickness in (m), Ds is the sensor diameter in (m), Cyp is the
coefficient of pressure perturbation due to local stretch, R is the limb radius in (m).

The total pressure perturbation then can be calculated by the following expression [83]:
Total Pressure Perturbation = Cpp X Crp (2.8)

The correction factor for the measured pressure values can be obtained using [83]:

. 1
Correction Factor = , (2.9
Total Pressure Perturbation

Nevertheless, PicoPress® device also possess some disadvantages as mentioned by [23] that
the device overestimated the result of pressure value during the measurement of compression
clothing with cylinder model due to the sensor thickness at 3 mm. When the sensor is kept
at the fabric area, the radial component of the tension in the fabric increases hence a higher
local pressure is measured [22]. They reported that it is necessary to solve perturbation

coefficient to find out a real pressure of fabric stretch [6, 84].

2.6 Elastic properties for CG

Elastane (EA) was invented in 1937 while is well known by trade names such as Spandex,
Lycra and Dorlastan [85]. Elastane provides permanent elasticity in garments that are
required to cling to the body as well as in slight fitted styles offering comfort and shape
retention. Elastane has the most elongate tension of textile materials with fibres that can be
extended their length and that rebound to their initial length when the tension is slackened.
While, higher elastane would demonstrate higher power or resistance to stretch when

increasing linear density of elastane into the fabric, the power or resistance would be higher
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[86]. Moreover, blends with elastane depend on the type of fabric and the end use for
example, 15-40% elastane content used for a body-shaped silhouette or high stretch

capacity, such as in swimwear, corsetry or sportswear [85].

2.6.1 Elongation

This is the ultimate elongation of elastic fabric in the particular direction using a
predetermined the extensibility [86]. Table 2.2 indicated the extensibility of the elastomeric

fabric into three classifications, they can be classified into low, medium and high [8, 9].

Table 2.2 The classification of elastic fibre

Extensibility (%) Classification of elastic fibre Application
20% - 150% low sportswear
150% - 390% medium sportswear or body shaping garments
400% - 800% high medical compression garment

The range of extensibility could be helpful to select the fabric utilization due to their
application requirement and improve the efficiency of the fabric extensibility for CG on the
surface of needed particular areas for stabilizing, compressing, and supporting underlying
tissues [87]. The author (Gersak, 2013) reported stretch fabric for CG due to physical
exertion by body movement that the simple body movement usually expands around 10% -
50% of extend by skin [88]. Furthermore the elastic recovery is considered to be equally as
important as stretching [89, 90, 10] especially when it has a capability in keeping the

pressure value of clothing stability.

2.6.2 Structure of Knitted fabrics

Compression garments are commonly fabricated by knitted fabric due to the knitted fabric
has better elasticity than a woven fabric owing to an interloped structure. In the knit fabrics
when a loop is pulled horizontally it extends by the whole length, whereas a loop when
pulled vertically it extends by half its length [91, 92]. Knitted fabric is done by a set of
connected loops from a series of yarn in warp or weft direction. Therefore, there are two

main types of knitted fabric namely weft knitted fabric and warp knitted fabric [35].
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Terms and definitions of knitted structure:

e Warp knitting: It is a method of producing a warp knitted by creating loops from each
warp formed substantially along the length of the fabric. The feature of each warp thread
is fed more or less in line with the direction in which the fabric is operated. Each needle
within the knitting width should be fed with at least one separate and individual thread at

each course [93].

e Weft knitting: It is a method of producing a weft knitted by creating loops from each weft
thread that are formed substantially across the width of the fabric. It is characterised by
each weft thread is fed more or less at exact angles to the direction in which the fabric is
operated. It is able to knit only one thread, but up to 144 threads could be operated within
one machine. This method is the more multipurpose of the two in terms of the range of

products produced and the type of yarns used [93].
e Single-jersey fabric: It is a weft knitted fabric which produces on one set of needles.

¢ Interlock: A combination of two double jersey bindings overlaying in a way that in a wale
direction elongated state no heads or feet of the stitches are discernible. On both outer

sides, the legs of the right side of the knitted fabric are visible.

e Purl stitch: Knitted fabrics with a basic binding in purl stitch show course-wise
alternation of the stitch heads on the two outer sides of the fabric. This is achieved by
changing the knock-over direction of the stitches off the needles in each course. Purl

fabric has high extensibility in all directions.

e Locknit: The most popular of wrap knit structure is operated basically with higher than
37 wales per inch and 28 gauges machine. The longer overlap of front bar show in back
side of fabric that help to improves the extensibility, cover, opacity, smooth, soft hand

and good drapability to the fabric.

e Course: A row of loops across the width of the fabric. Courses determine the length of

the fabric and are measured as courses per centimetre.

e Wale: A column of loops along the length of the fabric. Wales determine the width of

the fabric and are measured as wales per centimetre.
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e Stitch density: The number of stitches per unit area of knitted fabric.

e Yarn linear density: It indicates the thickness of the yarn and is normally determined in

tex, which is defined as the mass in grams of 1 km of the material. The higher the tex

number, the thicker is the yarn and vice versa.

The basic of weft knitted structures is illustrated for its appearance, properties, and end-use

applications of single jersey, rib, purl and interlock structures which are summarized in

Table 2.3. Weft knitted fabrics are produced commercially for apparel, household and

technical products in textile are used for an extremely large array of products ranging from

stockings and tight-fitting garment and CG.

Table 2.3 Comparison of appearance and properties of knitted structures [93]

Property Single jersey Rib Purl Interlock
Appearance Different on face and Same on both sides, Same on both sides, Same on both sides,
back; V-shapes on like face of plain like back plain like face of plain
face, arcs, on back
Extensibility
- Lengthwise Moderate (10-20%) Moderate Very high Moderate
- Widthwise  High (30-50%) Very high (50-100%)  High Moderate
- Area Moderate—high High Very high Moderate
Thickness Thicker than plain Much thicker than Very much thicker ~ Very much thicker
woven made from plain woven than plain woven than plain woven
same yarn
Curling Tendency to curl No tendency to curl No tendency to curl  No tendency to curl
Dimensional
. Poor Good Very good Very good
stability
Active sportswear, Active sportswear,  Active sportswear,
o Sportswear, ) ] )
Applications body sculpturing, body sculpturing, body sculpturing,
fitting garment ] ] i
medical of CG medical of CG medical of CG
2.6.3 Weight

Definition of fabric weight measurement is the mass unit (g/m?) and measures according to
ASTM D 3776 - 96 standard test method for mass per unit area of fabric [94]. Weight testing

is often a prerequisite for subsequent tests of other fabric properties. If fabric weight or

dimension is not kept constant, then the test results will not be comparable [95].
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2.6.4 Thickness

The thickness of a fabric is one of its fundamental properties and measures according to
ASTM D 1777-96 standard test method for thickness of fabric [96]. Thickness
measurements are very sensitive to the pressure and specimen size used in the measurement,

fabric mm unit is often used as an indicator of thickness [95].

2.6.5 Deformation of elastic fabric

Elastic deformation is one type of deformation which is reversible. when the forces are no
longer applied, the object returns to its original shape [97]. It is important for estimating the
size of patternmaking that it should understand the deformation of fabric under stretched
with different levels due to when fabric is stretched the other side is decreased therefore the

deformation has effect when wearing the garment.

The deformation of material depending on the behaviour of fabric size and geometry of the
material and the forces applied, various types of deformation may result. Figure 2.8 shows
the engineering stress-strain diagram that illustrates the elastic and plastics regions where

has the influence on the material deformation.
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Figure 2.8 Typical stress-strain diagram indicating the various stages of deformation [98].

26



Chapter 2 State of the Art in Literature

2.6.5.1 Poisson’s ratio: The fundamental properties for studying fabric deformation under
loading. When a force system acting on a fabric occurs, the positive strain deformation
(dilatation) or extension is in the longitudinal direction where is the direction of the acting
force, whilst the transverse deformation (contraction) takes place in the transverse direction
[99, 100] as shown in the Figure 2.9 (a and b).
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(a) Typical schematic of the material deformation [100] (b) Simulate the fabric deformation [99]

Figure 2.9 Deformation of longitudinal and transversal under tensile loading

The results of the fabric deformations are simultaneous and depend on each fabrics
behaviour. Therefore, it is necessary to calculate the magnitude of the fabric deformation
decreasing in the transverse deformation in order to plus the fabric loss deformation into the
pattern construction when the CG wearing on the body. The material is linearly elastic if the
transverse strain (€4-4ns) at any point in a material is proportional to the longitudinal strain
(€10ng) at the same point. The ratio of transverse contraction strain (&¢rqns) to longitudinal
or axial strain (g;,4) in the direction of the applied load force is defined as the Poisson’s

ratio [97].

2.6.5.2 Longitudinal deformation: as the result of tensile loading, is expressed as strain

along the longitudinal axis or specific elongation x and is given in the form [100, 97].

ALlong
€ = —= 2.10
long Liong ( )

where AL,y  is the change in longitudinal direction, that is, in the length, and Ly, is the

initial length.
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2.6.5.3 Transverse deformation: is expressed as strain along the transverse axis or

contraction and is given in the form [100, 97].

AL rans
Etrans = —rans (2'11)

LtTllTlS

where AL:-4ns 1S the change in transverse direction, that is, in the width, and L4, iS the

initial width.
2.6.6 Engineering strain

The Cauchy strain or engineering strain is expressed as the ratio of total deformation to the
initial dimension of the material body in which the forces are being applied. The engineering
strain (&) of a material line element or fibre axially loaded is expressed as the change in
length (Al) per unit of the original length (1) of the fabric element.

Al 1p-1

== X (2.10)

where ¢ is the engineering strain, [, is the original length of the material and [ is the final

length of the material.
2.6.7 Engineering stress

Uniaxial stress, this stress is called engineering stress (o) and is calculated using the original
cross-section (A). In engineering applications, structural members experience tiny
deformations and can be neglected due to the reduction in cross-sectional area is very small,

therefore, the cross-sectional area is assumed constant during deformation.

o =

(2.11)

a
where F is the applied load and a is the original cross-sectional area.
2.6.8 Tensile strength

The tensile strength of a fabric material is the maximum amount of tensile stress that it can
take before failure [97]. For a particular testing, the tensile behaviour result of the elastic
knitted fabric is highly non-linear. The authors (Araujo et. al, 2003) reported that in fact, a

28


https://simple.wikipedia.org/wiki/Material
https://simple.wikipedia.org/wiki/Tensile_stress

Chapter 2 State of the Art in Literature

careful checking of the loops’ characteristic during testing can reveal a two-stage
deformation process as shown in the Figure 2.10, presents a typical load-elongation
characteristic curve for a weft knitted fabric tested in the walewise direction [101].

Load
(N)

Step 2

[From the mechanical | From the mechanical
rom e mechanica point of view the

point of view the i fabric behaves like a

fabtr'c t;eha"es like Jammingipojt or continuous material
4 struciure critical stretgh state’

I
I
I
I
Step 1 i
i
I
I
I

Extension (%)

Figure 2.10 Typical load-extension characteristic curve for a weft-knitted fabric [101]

The critical stretch state or jamming state, which is a hypothetical state of deformation.
According to the mechanical, in this initial stage of deformation, the fabric behaves like a
structure of knitted fabric [101, 102].

2.6.9 Young’s modulus and stiffness

Young’s modulus: 1t explains tensile elasticity or the tendency of fabric to deform along an
axis when inhibited forces are applied along that axis. The definition of Young’s modulus
is the ratio of tensile stress (o) to tensile strain (¢). It is often referred to simply as the elastic
modulus [97, 98].

E=2 (2.12)

Stiffness: This is a property of a structure or component of a structure and hence it is
dependent on various physical dimensions. The stiffness of elastic material is measure of
the resistance offered by elastic body to deformation. For an elastic body with a

single degree of freedom, the stiffness (k) is defined as [97, 98].
- £
k=< (2.13)

where F is the applied load on the body and & is the displacement produced by the force
along the same degree of freedom.
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The authors (Araujo et. al, 2003) explained the definition of a Young’s modulus for the
structure encounters some theoretical hindrances. Due to the elastic fabric deformation is
non-linear, Hook’s law cannot be verified and so it is not possible to consider a Young’s
modulus. As an alternative, the term stiffness may be used to describe and compare the

mechanical behaviour of different elastic fabrics [101].

2.6.10 Elasticity recovery

Elastic recovery is the one of the important performance indicators for compression
garments. When a fabric is stretched to a level lesser than breaking strength and is then
allowed to recover, the fabric generally does not immediately return to its original state. Its
elastic recovery depends on the compression force provided, the length of time that the force
is applied and the length of time that the fabric is allowed for recovery [1, 103, 104].

Improving the elastic performance by offering least resistance during garment stretch and
they enhance the power by quick recovery due to elastane in the fabric. The fabric stretch
recovery tests were carried out according to standard EN 14704-1:2005 (determination of
the elasticity of fabrics-strip tests) [105]. The authors (Senthilkumar and Anbumani: 2010)
studied the dynamics of elastic knitted fabric for sportswear and was successful results from
their design experimental by using speed 500 mm/min and the percentage of extension
maximum at 50% [8, 10, 105, 106].
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Figure 2.11 Typical cycling graph [100]
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In Figure 2.11, a graph typical cycling graph based on standard EN 14704-1:2005 [105] can
be analysed for its the elasticity of fabric as follows: (A) is force decay due to the time, (B)
is force decay due to exercising (setting the method: fix load per cm width), (C) is un-
recovered elongation, (E) is maximum extension, (1) is pre-cycle, (2) is second load cycle,
(3) is fifth load cycle, (4) is sixth cycle and (5) fifth unload cycle [105].

The authors (llska et. al, 2014) studied the relationship between the force and relative
elongation of knitted fabric. In Figure 2.12, the graph of force as a function of absolute

elongation in hysteresis loops in the loading and unloading cycle [106, 107] is shown.
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Figure 2.12 Graph of force and elongation in hysteresis loops [106]

2.6.11 Stress relaxation

The stress relaxation is one the effect on compression garments which is used to evaluate
the performance of clothing pressure during wearing and the stress in the fabric be able to
keep the constant of the pressure over the time. Therefore, relaxation of compression
garment is caused by fabric stress relaxation mainly. Fabric stress relaxation refers to the
phenomenon that fabric internal stress or tension decayed with the increase of time when
fabric extension was constant [104]. The stress required to hold the viscoelastic material at
the constant strain will be found to decrease over time in viscoelastic material as in the
Figure 2.13 [108]. The elastic fabric problematic of having a viscous and elastic response
during applied load therefore it is very important to study and evaluate the elastic fabric

performance especially in compression garments [103].
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Figure 2.13 Stress response to the stress relaxation test [108]

2.6.12 Dynamic work recovery

The characteristic of stress-strain curve of identical elastic fabric, loading and unloading

behaviour of the

fabric is almost curvilinear. This fabric is perfectly suitable for CG, it

requires stamina and power. But, most of the textile fabrics are non-linear in nature of the

viscoelastic deformation, which will produce hysteresis loop as shown in the Figure 2.14.
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Figure 2.14 Dynamic work recovery [10]

Higher the hysteresis area, the higher will be the energy loss, i.e. lower the fabric stress and

strain recovery. The benefit of elastic fabrics has a higher elastic recovery with lower energy

loss so that the wearer will get the additional benefit such as improved stamina and power

to perform sports activity. In general, elastic textile material will give minimum work energy

loss which can be calculated by assessing Dynamic Work Recovery (DWR) [10].

DWR % = Area under the unloading curve % 100 (2.14)

Area under the loading curve
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3.1 Materials

The materials for this research represent eight commercially produced knitted fabrics with
different types of stretch knitted fabrics were varied in percentages of Polyamide (PA) and
Elastane (EA) compositions and structures. Samples S1 — S6 had been being produced by
Thailand’s Pacific Knitting Factory Co., Ltd. For production of the fabrics, fleecy knitting
machine and 4 track single jersey machine of GOANG LIH, model GLF/s-3F-4T, CYL.DIA
32”, GAUGE N.P.I. 28 G, Feeders 96F were used with constant knitting speed at 22 rpm.
The yarns of knitted fabric of the samples S1 - S6 produced from PA were varied in the
linear density of yarns between 44 dtex and 78 dtex while EA were varied in the linear
density of yarns at 22 dtex, 33 dtex and 78 detex. Moreover, the samples S7 and S8 with
high the EA compositions were supported by garment factories located in Czech Republic
and Slovenia. As shown in Table 3.1, characteristics of mentioned elastic knitted fabrics

were obtained.

Table 3.1. Elastic knitted fabrics characteristics

Polyamide Elastane
Sample (%) (dtex/ply) (%) (dtex/ply) Structurer

S1 90.79 44x2 9.21 22 Single Jersey
S2 87.59 44x2 12.41 33 Single Jersey
S3 74.52 44x2 25.48 78 Single Jersey
sS4 94.38 78x2 5.62 22 Single Jersey
S5 92.94 78x2 7.06 33 Single Jersey
S6 83.46 78x2 16.54 78 Single Jersey
S7 72.00 - 28.00 - Locknit

S8 70.00 - 30.00 - Interlock

3.2 Methods

Steps in the implementation process to develop the patternmaking method could be divided
into three main methods including the making of pattern abscissa, the testing of fabric

performance and prediction and investigation of strain value and as shown in Figure 3.1.
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The step in the implementation process to
develop the patternmaking method

Method for making Fabric performance Prediction of strain value of the mathematical
pattern abscissa modelling for clothing pressure
F Mechanical property Anplying the Laplace’s law th to th
: : Based on standard testin Pplying the Laplace's law theory to the
[ Mannequin model size EU 38 ( 9 mathematical modelling for clothing pressure
- Method for measuring body measurement I Stress-strain behaviour
Contact method Investigate the modelling and compare with
TO" act metho L Elasticity compression tester based on geometric
(Tape measuring) model of a cylindrical with different factors:
Noncontract method | Stress relaxation
(3D scanner) . Strain levels
L Dynamic work recovery

. Construction abscissa (UNICON+) method

|. . . Fabric samples
PDS tailor XQ software - Deformation (Image analysis method)

| maTLAB Diameters

Textures (Vitro & Vivo)
L NiS-Element

Figure 3.1 A schematic flowchart of the procedure patternmaking development for stretch fabrics

The procedure of the experimental it can be described into 4 phases as flowing:

Phase 1: Patternmaking development method for pressure garments
e Determination of body measurement
¢ Analysis of patternmaking for pressure garments
- Determination of the patternmaking modification
- Determination of the elastic coefficient
- Applying the elastic coefficient coordinate with standard sizing system

- Applying the patternmaking method by CAD software

Phase 2: Fabric performance for pressure garments
e Mechanical properties of stretch fabrics
- Determination of weight per unit area
- Determination of thickness
- Determination of wale and course per unit length
- Determination of strength and elongation properties
- Determination of stress-strain behaviour
- Determination of the elasticity
- Determination of the stress relaxation

- Determination of dynamic work recovery
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¢ Fabric deformation measurement by image analysis
- Determination of fabric deformation measurement using MATLAB

- Concept of gradient deformation tensor

Phase 3: Applying the Laplace’s law for GC and evaluating the pressure
e Applying Laplace’s law theory to practice on pressure garment
e Prediction of strain value using the mathematical modelling
e Designing experiments to investigate the mathematical modelling with the
compression tester
- Determination of measuring the pressure in vitro model
- Effect of sensor thickness for measuring the pressure
- Determination of measuring the pressure in vivo model
¢ Designing experiment to predict the strain of pressure garments

- Determination of predicted strain by applying compression tester

Phase 4: Development and application of a novel tensile device
o Designing the novel tensile device
o Determination of the elasticity

e Determination of fabric deformation measurement using NIS-Element

3.3 Patternmaking development method for pressure garments

3.3.1 Determination of body measurement

In this part of the research, female mannequin standard European standard sizing system 38
belonging to the department of Clothing Technology, faculty of Textile Engineering,
Technical University of Liberec will be used for measurement in order to input the
parameters into the construction abscissa formulas of patternmaking modification. The
mentioned mannequin will be applied the body measurement for the experiment in order to
analyse and estimate the size of patternmaking for clothing required for specific pressure.
Table 3.2 illustrates the obtained parameters of body measurement from the mannequin;
meanwhile, those parameters are described in Figure 3.2 as body measurement chart along

with mannequin simulated by Optitex 3D software.
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Figure 3.2 The women body measurement chart

Table 3.2 Women body measurements of the manneqguin

No. Girth measurement Unit: cm. No. Length measurement Unit: cm.
1 | Under bust 72.50 20 | Size (under bust) 36.00
2 | Waist 71.50 21 | Height 168.00
3 | Hips 96.00 22 | Cervical height 141.00
4 | Bust 86.60 23 | Back waist length from CB 38.00
5 | Upper bust 79.00 24 | Front waist length from CF 32.50
6 | High hip 84.00 25 | Shoulder slope 12.50
7 | Thigh 52.50 26 | Cross shoulders 41.00
8 | Knee 34.50 27 | Bust height 25.00
9 | Low thigh 38.00 28 | Under bust height 114.00
10 | Calf 35.00 29 | Out seam 105.50
11 | Ankle 21.50 30 | Inseam 79.50
12 | Foot Instep 29.00 31 | Hip height 85.00
13 | Armscye 31.50 32 | High hip height 97.00
14 | Biceps 27.50 33 | Knee height 46.00
15 | Upper biceps 27.50 34 | Armscye depth 15.00
16 | Elbow 23.50 35 | Waist to hips 20.00
17 | Wrist 15.00 36 | Bust point to bust point 20.00
18 | Neck 29.00 37 | Arm length 57.00
19 | Base neck 36.00

3D body scanning using sense ™2 3D scanner for capturing the body figure and dimensions
of the mannequin was used as shown in Figure 3.3. The red tiny dots on the body were to
determine the important land mark points on the body according to the 1ISO 8559-1:2017
[109] including shoulder point, back neck point, side neck point, front neck point, bust point,
centre chest point, armpit front fold point, armpit back fold point, under bust level and waist
level. While the 3D image processed by the blender software would be applied to analyse

the body cross section in varied parts of the body as shown in the Figure 3.4.
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(a) Front view (b) Back view (c) Side view

Figure 3.3 The 3D images with point marks using sense™2 3D scanner
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Figure 3.4 The 3D images of body cross sections

3.3.2 Analysis of patternmaking for pressure garments

The initial step to make the patternmaking for pressure garments should be first defining the
relationship of the connecting lines between the 2D of construction abscissa and the 3D body
measurement that is the fundamental step for developing pattern garment fit for stretch
fabrics. According to the relationship between the body measurement and the lines of
construction abscissa the concern should be given on various important mark points of 3D
body shape in order to set the pattern well fit to the body and for the important mark points,
including the shoulder angle, bust, and armscye (armhole) like the conventional block

pattern in Figure 3.5 will be showing the relationship between patternmaking and body.
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Figure 3.5 Conventional block pattern relationship to the body measurement

3.3.2.1 Determination of the patternmaking modification: The modification of the
patternmaking for pressure garment can be defined as the area that may have very
possibilities to obtain the pressure value according to compression of clothing. The
assumption of the body shape could define by estimating that the patternmaking of body
shape size is similar to the cylindrical shape and therefore, the adjustment of patternmaking
according to pressure garment only focused on only the body shape that is similar to

cylindrical shape would have a great possibility of achieving the pressure value in clothing.

The scientific methodology for developing patternmaking is defined into two parameters for
the modification of constructing abscissa formula in different dimensions including the
elastic coefficient in width dimension (ECW) and elastic coefficient in length dimension
(ECL).

In order to determine the patternmaking in this experiment, a female mannequin is used to
define the area on the body for the adjustment of patternmaking which is related to the
cylindrical shape as shown in Figure 3.6. The analysis of patternmaking to find out the ECW

and ECL on the pressure area is illustrated in yellow.

The essential parameter to help find the ECW is the stress-strain behaviour of stretch fabric.
In order to make prediction of the strain value and then the result of predicted strain value

would be applied to calculate the ECW. Concerning the ECL it is obtained from the result
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of fabric deformation that the experiment used the image processing method for measuring
the fabric deformation with different strain levels and then used the statistical regression

analysis to make prediction of the ECL.

In Figure 3.6, the pressure area and the relationship between 2D block pattern and 3D body

measurement of the pressure area and method are described in order to develop the

patternmaking according to pressure requirement.
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Figure 3.6 Analysis patternmaking for pressure garment based on pressure area

Pressure area zone: This part of the block pattern was related to circumferential stress based
on Laplace’s law theory and Thin-walled pressure vessel theory and the shape from upper
bust to waist was assumed to the cylindrical shape. Therefore, the stress behaviour in fabric
was stretched in direction of body circumference as arrows in Figure 3.6. Consequently, the
pattern in this part has a direct influence on the fabric deformation when fabric was stretched
in one direction; at the same time, the other direction will be shorter when compared to the

initial deformation. The pattern construction analysis is to estimate the size during wearing

on body whereas, pattern dimension analysis is described below:

- Width dimension (circumference): This dimension is a main direction of fabric stretch
therefor the existence pressure can be attributed to the degree of fabric stretch. The

mathematic modelling was applied to acquire the specific pressure value by equation:
3 2
E=q (%) + a, (%) + a; (%) and to estimate optimum degree of fabric

stretched by strain value.
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- Length dimension: it is considered to be given a second priority resulting from the
change of deformation degree of fabric stretch in width dimension. During pattern
construction, an addition of pattern construction length causes the fabric in width
dimension to stretch resulting in the length dimension of fabric to be shorter. To
calculate the length dimension, the statistical analysis of predictive deformation

changed from individual fabric deformation is applied.

No stress zone: At this certain zone, application of Laplace’s law theory had not been
conducted. In the experiment as seen in Figure 3.6, pattern was cut at the area of armhole
while stress in fabric could not stretch itself in circumference of the body direction and the

pattern dimensions analysis is described as follows:

- Width dimension: This dimension of pattern construction was adjusted according to
the proportion and balance of patternmaking from a zone of pressure area where
decreases the size in width dimension of pattern construction. Therefore, this zone was
connected to the pattern construction decreasing and the pattern construction create by

designing the armhole curve and shoulder length as shown Figure 3.6.

- Length dimension: this dimension does not have any influence on the fabric
deformation change from the fabric stretched and therefore, the length is used in the

initial length of block pattern.

3.3.2.2 Determination of elastic coefficient: Referring the human body as similar as the
cylindrical model as shown in the Figure 3.7 where illustrates the fabric deformation
changed when fabric was stitched without AC gap and the fabric was stretched covering on
the body. Thus the compression pressure occurs according to the level of strain value,
therefore, it can be indicated that the magnitude of the pressure from stretch fabric can
determine from fabric strain which can be calculated the circumferential strain by equations
(3.1), lateral strain by equation (3.2) and the value of elastic coefficient from the equation
(3.3) were used to calculate the elastic coefficient in width and length dimensions by

equations (3.4) and (3.5) respectively.

AC

Circumferential strain: &circumserentiar = - (3.2)
0
. A
Lateral strain: ELateral = —W—W (3.2)
0
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Elastic Coefficient: E;, = - (3.3)
&+1
Elastic Coefficient in width dimension: ECW = ! (3.4)
ECircumferentialtl
Elastic Coefficient in length dimension: ECL = ﬁ (3.5
Lateral

Body

Fabric stretched

Figure 3.7 The deformation changed of stretch fabric of circumferential and lateral strain

=n . The initial circumference:
— Original patternmaking

"""""" Develop patternmaking

CO =CX Ei (36)
; V An initial half pattern can be described when
| , B1B4 = B4B7 equation can be re-written
' ' as follows:
BI Back | \ " 34. & Front B
g i | £ B1B4 = B4B7 =~ (3.7)
= | i 2
g : Il : s S .
® || : ! & Considering the body circumference of
i | ' pattern relate to a circle circumference:
| |
: | | :
ACyay —>; <— RCO = RC X Ei
B4, 4
T\ 0 . \ AR AC
AS AN\ o Co
g [ e\ AN
2B1§ | e " B7e eC,
A\ - Al == = Relm = ¢)

R % W B1B4 = B4B7 = RCT((p) (3.8)

Initial Circumference C, BY B4 Body circumference C

Figure 3.8 Schematic diagram of patternmaking
development relate to a circle shape [110]
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Figure 3.8 Referring the mentioned figure, the block pattern construction of female body
measurement is represented in black lines and red lines referred to the pattern construction
abscissa that has been decreased at bust circumference sizes by strain value and the initial
circumference could be calculated by multiplying the elastic coefficient from the equation
(3.6). Then the length at bust of pattern construction resulted from the implementation of
equations (3.7) while equation (3.8) will be related to cylindrical model as a circle
circumference. However, this method represents only a single part of the body

circumference and for other parts, circumference could also be calculated.

3.3.2.3 Applying the elastic coefficient coordinate with standard sizing system: In this
particular part of the research, propose application of pattern construction development
method based on the standard sizing system and the value of elastic coefficient to estimate
the size of patternmaking is proposed. In figure 3.9, 2D pattern construction and 3D
construction garment are represented to describe two basic steps of calculating construction
abscissa including the bust part and the development method of the construction abscissa

formula by multiplying the elastic coefficient from the equation (3.9) is as follows:

B1=B7

W1=W7 W41l |wa

2D Pattern construction net 3D construction garment

Figure 3.9 Construction abscissa of 2D pattern net and 3D garment

Primary step of construction abscissa
B4B4' =0.5 X Bp,q;

Secondary step of construction abscissa

19 - ()
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Construction abscissa development

B1B4 = (@) x E; (3.9)

Referring to the benefit, this experiment, would essentially help garment industries navigate

the suitable way of predicting the size of patternmaking for pressure garment.

3.3.2.4 Applying the patternmaking method by CAD software: The development of pattern
construction method for this research was conducted by applying PDS tailor XQ software
to create the patternmaking through CAD system. Automatically set up patternmaking
depending on standard size which was selected, and the data of the body measurement were
calculated and assist in creating the size of pattern construction based on the elastic
coefficient. Unikon+ method was applied to PDS tailor XQ software to calculate the
construction abscissa under the regression formula from the equations (3.10) and (3.11) and
the modification of construction abscissa for stretch fabric by multiplying elastic coefficient
was developed by equation (3.12).

Primary step of construction abscissa [27]

Uipy= KiXB;i +¢q; T ¢ (3.10)
Secondary step of construction abscissa

Uis) = Ki X Uy + g (3.11)
Construction abscissa development

Uis) = (Ki X Uy + q;) X E; (3.12)

Where, U; is Construction abscissa, K; is regression coefficient, B; is body dimension, g; is

absolute term, e; is easy allowance and E; is elastic coefficient.

3.4 Fabrics performance for pressure garments

3.4.1 Mechanical properties of stretch fabrics

3.4.1.1 Determination of weight per unit area: The determination of Gram per Square
Meter (GSM) is measured according to ASTM D 3776 - 96 standard test methods [94]. Ten

samples of width x height (10 cm x 10 cm) were cut and conditioned at the 20 & 2 °C and
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65 £ 5% relative humidity for 24 hours. The samples were weight individually using an
electronic weighing balance and the average of ten readings was taken. The weight per

square meter area was calculated using the formula given below:

GSM = W x100x100 (3.13)

area of the sample

3.4.1.2 Determination of thickness: Digital Thickness Gauge MO034A was used to
determine the thickness of the fabric. Fabric thickness was measured according to standard
ISO 5084 the determination of thickness of textiles and textiles products [111]. Ten times
readings and the average of ten readings was taken on each sample at different places.

3.4.1.3 Determination of wale and course per unit length: The number of loops in wale per
centimetre and course per centimetre were counted using a pick glass from ten different
places and the average of ten readings was taken for both wale and course of fabrics

respectively.

3.4.1.4 Determination of strength and elongation properties: Testometric universal testing
machine was used to test the tensile of stretch fabrics according to standard ISO 13934-1
[112], being selected for inputting into the tensile testing machine experiment include the
instrument was based on the principle of CRE (Constant rate of Extension) at 500 mm/min,
specimens size (lengthways direction) of (200 x 50) mm, gauge length at (100 £ 1) mm and
then samples had been repeated 10 times at the (20 + 2) °C and (65 + 5%) relative humidity.

3.4.1.5 Determination of stress-strain behaviour: The stress-strain curve uses the result
from the force-elongation behaviour of the experiment of strength and elongation properties
is aforementioned to calculate the stress and strain from the equation (3.14) and (3.15)
respectively. While the area cross-sectional of fabric is achieved from the fabric width

multiplying by fabric thickness as shown in Figure 3.10.

e Definition of stress o (Pa) is defined as the force per unit area of a material.

o= Foree =L (3.14)

Area cross—sectional a

o Definition of strain ¢ is defined as extension per unit length.
-1 Al
$ = — (3.15)

Lo Lo
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TENSILE TEST
SPECIMEN

Force applied
—
Force applied

Moved jaw

Clamp w
<——— Width 500 mm.
k)
=]
= ;
N Fabric
=) [N
E] HH
8, |
i a = Area cross — sectional =wxh
Y Thickness Force
Stress (0)= ———————————————
Fixed jaw Area cross—sectional
Tensile Test

Figure 3.10 Schematic diagram the tensile testing machine

3.4.1.6 Determination of the elasticity: The elasticity of elastic fabric testing according to
standard EN 14704-1 strip test [105] for knitted fabrics method A- Strip test specimens of
the hysteresis loops obtained from a cyclic tensile test performed on an elastic fabric sample,
the specimens 200 mm in length, 50 mm width and the gauge length was 100 mm. The CRE
of extension and retraction rate was 500 mm/min. The preparation, pre-conditioning and
testing were carried out under standard atmospheric conditions of (20 + 2) °C temperatures
and (65 = 5%) relative humidity. Fixed elongation at 50% on each cycle from 1 to 5 cycle
times and on the final cycle set CRE testing machine holed at the maximum force

approximately 60 seconds.

The results of the graph can be calculated force decay due to the time, un-recovered
elongation, recovered elongation and elastic recovery as the expressions and calculations of
test result:

o Definition of force decay due to the time: Loss of force measure over the time when
test sample is stretched to a specified elongation or force and held at this position for
a given period [105].

max force from final cycle— max force after holding period
force jrom finat cy force af gr x 100 (3.16)

orce decay =
f y max force from final cycle
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e Definition of un-recovered elongation: Ratio of un-recovered extension of the test
sample after cycling, to a specified force or extension, to its initial length, express as

a percentage.

e Definition of recovered elongation: Un-recovered elongation expressed as a

percentage, subtracted from 100%.

e Definition of elastic recovery: Recovered elongation expressed as a percentage of

the total elongation.

3.4.1.7 Determination of the stress relaxation: The relaxation procedure of elastic fabrics
was investigated by the holed the fabric strain that the test specimens were stretched up to
0.5 with the tensile testing machine and left in this fixed strain for 60 seconds. The values
of stress were measured continuously. The experiment had applied the generalized Maxwell
model as shown in the Figure 3.11 and standard EN 14704-1 strip test [105] was used for

determining method of stress relaxation.

Stress relaxation procedure

& qst an 3rd 4th 5th
0.5 b= o o o

Strainé&

Time (s)

15t ond 3rd  gth gth

Stress o

0 Time (s) 60

Figure 3.11 The setting method for testing stress relaxation

e Definition of stress relaxation due to the time: The loss of stress measure over the
time when test sample is stretched to a specified strain or stress and held at this

position for a given period.

max stress from final cycle— max stress after holding period
from finalcy ! greriod 100 (3.17)

Stress relaxation = -
max stress from final cycle
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3.4.1.8 Determination of dynamic work recovery: The recovery behaviour of fabric or
garment is considered to be important in terms of enhancing power of the sports person
involved in strenuous sports activity. In general, elastic textile material will give minimum
work energy loss which can be calculated by the assessment of the percentage of Dynamic
Work Recovery (DWR) as found in equation (3.18).

Area under the unloading curve

DWR% =

x 100 (3.18)

Area under the loading curve

The experiment and specimens were applied with the same procedure of elasticity of elastic
fabric testing according to standard EN 14704-1 strip test [105] for knitted fabrics method
A- Strip test specimens of the hysteresis loops obtained from a cyclic tensile test. The
number of cyclic should be considered for analysis due to the first cycle of the hysteresis
loop generally has a huge energy loading area than the other loops. The graph stress-strain
curve used for calculating the work energy shown in the Figure 3.12 represented the results
of the sample S7 in and also described the area under loading and unloading of dynamic
work energy in order to find out the DWR. This experiment uses the hysteresis loops on fifth

cycle to calculate the DWR% and comparison.

Dynamic work recovery of elastic fabric different cycle
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Figure 3.12 Comparative the DWR with different cycle of loading-unloading
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3.4.2 Fabric deformation measurement by image analysis

This work presents an investigation on local textile deformations during the tensile testing
of stretch fabrics in direction of course using image analysis technique. The grid pattern of
black dots was applied on the fabric surface before the test and used as the reference points
for image analysis. The concept of gradient deformation tensor employs to estimate the
relative displacement of marked points on textile surface under different stretch loading of
10 %, 20 %, 30 % and 40 % extension. Later, the obtained results were validated with
simulated images generated by MATLAB image processing tool box. In this way, the image
analysis method employes for estimation of deformation properties of elastic knitted fabrics

for adequate fitting of garments to the required comfort.

3.4.2.1 Determination of fabric deformation measurement using MATLAB: The elastic
fabrics used for the experiment. The specimens cut in course direction with dimensions of
(length x width) of 30 cm x 5 cm. The samples condition for 24 hours before actual testing
in standard atmosphere of (20 + 2) °C temperatures and (65 + 5%) relative humidity. The
digital image analysis will apply for the standard 1ISO 13934-1strip test [112]. The tensile
force apply at a speed of 100 mm/min and the gauge length was fixed at 20 cm. For the
image acquisition and analysis, the fabric was applied with dot pattern of black colour and
the distance between the dots kept at 1 cm both in X axis and Y axis all over the fabric
surface. The images of stretched textile specimen were captured by a digital camera with
resolution 4000 x 3000 pixels, 1SO 200, aperture F 2.2, Shutter Speed 1/15s and distance to
camera of 50 cm as shown the Figure 3.13 [113].

Figure 3.13 Experimental for setup for image analysis
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3.4.2.2 Concept of gradient deformation tensor: The concepts of gradient deformation
tensor are introduced to quantify the change in shape of infinitesimal line elements in a solid
body. Figure 3.14 shows the straight line drawn on the undeformed configuration of a solid.

However, after the deformation, the line becomes as a smooth curve.

u(x=dx)

Original Deformed
configuration configuration

el

Figure 3.14 Concept of gradient deformation tensor [114]

When we focus attention on a line segment dx, much shorter than the radius of curvature of
this curve, the segment would be straight in the undeformed configuration and almost
straight in the deformed configuration. Thus, no matter how complex a deformation we
impose on a solid, infinitesimal line segments are merely stretched and rotated by a
deformation. If we know the displacement field in the solid, we can compute by from the
position vectors of its two end points [113].

dy; = x; +dx; + u; (xp + dxg) — (xi + ui(xk)) (3.19)

Expand u; (xj + dx;)as a Taylor series [113].

du;
u; (e + dxg) = u; () + a—;lkdxk (3.20)
ou; ou;
dy; = dx; + 5 dxy = (8 + a—}’;) dx;, (3.21)

We identify the term in parentheses as the deformation gradient, so

dy; = Fydxy (3.22)
In general, deformation gradient tensor is given by

F=I1I+Vu

or in Cartesian components [113, 114].
oy
Fye = 8y + i (3.23)
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_(1+uy, Uqo )
F _< e (3.24)

Where Vu is the displacement gradient tensor, also expressed as % and it is the identity
k

tensor described by the Kronecker delta symbol as follow:

(Li=k
e T 29

The acquired digital images were processed to remove the noise and improve the quality of
images before calculation of gradient deformation tensor. Figure 3.15 shows the sequence
of operations performed for image processing. Segmentation is the process in which an
image is divided into constituent objects or regions of similar attributes. Segmentation
extracts the desired object of interest from the background. Thresholding is a process of
converting a gray-scale input image to a binary image. The purpose of thresholding is to
extract those pixels from image which represent an object. In present work ISODATA

thresholding was employed [115].

(a) RGB image (b) Compliment (c) Thresholding (d) Centroid

Figure 3.15 Image processing steps [113]

3.5 Applying the Laplace’s law for CG and evaluating the pressure

3.5.1 Applying Laplace’s law theory to practice on pressure garment

The aim at this part of the experiment is to describe the compression of pressure garment at
which fabric was extended during wearing on the body that is based on Laplace’s law theory

application.
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The following assumptions were accepted in the considerations:

1. The relationship between the pressure of compression garment and force by pulling

the fabric extended is described by Laplace’s Law as shown in equation (3.26).

2. The experiment defined fabric extension in a cylindrical shape as similar to human

body shape.

3. The circumferential stress is the focus of the testing; therefore, the ratio of thickness

to the centre diameter of the cylinder with very less can be neglected.

4. The relation between stress and strain of elastic fabrics will be determined on the
standard of experiment characteristics for the stress-strain phase of the stretch fabric

in 5 hysteresis cycles.

By applying Laplace’s law, the determination of pressure value requirement for the
prediction of strain value of the stretch fabric was conducted. In the testing, the geometric
form of the cylinder is assumed to indicate human body figure. Figure 3.16 (a) illustrates the
fabric stretch on areas of (A, B, C, D) shown in cylindrical model below and in Figure 3.16
(b), contact pressure was demonstrated on the cylinder with a small element of fabric
stretched from position A to B. The force pulls have occurred on fabric at both sides, but
curvature of the cylinder surface has created each of these forces unparalleled to the tangent
plane. In the one-direction force acts with two nearly opposite forces of magnitude is F, each
forming a tiny angle of magnitude FsindT(p with the tangent to the surface in the one-

direction. Projecting of these total force in the direction through of the centre of curvature

dF = 2Fsind7(p = Fdp where dA = Rdew is the area of the rectangle (A, B, C, D).

(a) Fabric stretch on the cylindrical model (b) The pressure contacts on surface area

Figure 3.16 Fabric stretch showing the force directions on the cylindrical model
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Pressure P is defined as a measure of the force applied over a unit area. Referring, fabric
acts at the small area of the rectangle element in Figure 3.16 (a and b). Finally, adding the
contribution from the two-direction we arrive at the Laplace’s law for the pressure
discontinuity due to force of fabric stretched. It could be observed when dealing with surface
tension of stretch fabric, application of Laplace’s Law is widely taken part in pressure

prediction [6].

dfF Fd F Tw T
dA Rdepw Rw Rw R

In case of considering whole area of cylindrical model, it could be defined that

¢ = 360° or 2mr as found in the following equation [6]:

_dF _ Fde _ F2m _ Tw2m _ T2m (3 27)
" dA~ Rdew R2nw  Cw  C '

P

3.5.2 Prediction of strain value using the mathematical modelling

Referring the tension acting of fabric stretched by tensile testing machine in Figure 3.17 (a)
illustrates the loading force F and tension T acting on the fabric and relate to Figure 3.17 (b)
represents force F and tension T acting of fabric on cylindrical model. In fact, when fabric
extended in the length direction then the other direction will shorter in width direction as

shown in the Figure 3.17 (a and b).

I (S
‘ v lat

— W —
(a) Fabric tension acting from tensile strength machine (b) Fabric tension acting on cylindrical model

Figure 3.17 Fabric tension acting on cylindrical model

52



Chapter 3 Experimental Materials and Methods

Stress o is the ratio of applied force to a cross section area is defined as the force per unit
area of a material [6].

F Tw T
o=f-Tv_T (3.28)

Applied the tension T = oh from equation (3.28) into the equation (3.27) as follow:

oh2m
C

P =

(3.29)

Then it can be applied for calculating the stress o as related to the fabric which was
extended by pulling force and it is so called the circumferential stress [116].

DP
= (3.30)

The stress—strain data points were fitted with a third-order polynomial function is accurate
enough to predict the dependence available of straine value at the magnitude of
independence available of fabric stress . The equation, it can be described with the

following the model for prediction equation (3.31).
e(0) = ay0% + a0 + azo (3.31)

Predicted mathematic modelling of circumference stress, substituting independence from
equation (3.30) of fabric stress in to the cubic function (3.31) then it obtains the prediction
of strain value equation (3.32) as function prediction model of its dimeter of the cylindrical
model D or dimeter of body, pressure P, fabric thickness h and mechanical characteristics

of stretch fabric (leading coefficients a4, a, and a3) [6].

E=a (12)—5)3 + a, (12)—:)2 + a3 (%) (3.32)

3.5.3 Designing experiments to investigate the mathematical modelling with the

com pressi on tester

3.5.3.1 Determination of measuring the pressure in vitro model: The experiment on the
predictive mathematical modelling method was carried out to find out the pressure values
according to the level of strain values of stretched fabric. Conducting an experiment, the strain

value of the fabric stretches on the rigid cylindrical model which the model made from Polyvinyl
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Chloride (PVC) was used at 0.79 m and 0.505 m circumferences and the initial circumference
of the fabric length of was determined from the strain value at 0.1, 0.2, 0.3, 0.4 and 0.5. The
initial circumference C, was calculated by following equation [6, 110].

C, = — (3.33)

&e+1

3.5.3.2 Effect of sensor thickness for measuring the pressure: Regarding results of
measured pressure values when measured by the compression tester, measured pressure
values were overestimated due to effect of high sensor thickness and therefore, correction
factor was then used to eliminate pressure perturbation of sensor thickness effect in the

experiment.

Concerning the usage of compression tester PicoPress®, it could be found that when
thickness was 0.2 mm, no inflation occurred, however; in case of 3.00 mm, inflation did
occur significantly [26, 23]. With this reason, predictive modelling should be applied on the
particular area of the sensor. Concerning sensor determination, sensor diameter is D, 50.00
mm where the area of sensor contacts on fabric and creates the angle ¢ by radius of the

cylindrical model as shown in the Figure 3.18.

Figure 3.18 The sensor area of compression tester [6]

The pressure value on the sensor can be applied from the equation (3.26) and used the tension
T = oh and using the length of fabric stretch of the diameter of a sensor D, to obtain the

equation (3.34) and the stress value by the equation (3.35) [6].

p=F_Fp _Twp_ T _ cho (3.34)
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_ DsP
o= ho (3.35)
The functional equation can be applied by substituting the fabric stress at the sensor area o
from equation (3.35) in to the function (3.31) to predict the strain value on the area of sensor

of compression tester by equation (3.36) [6].

e(og) = a4 (%)3 + a, (%)2 + a; (IZ%D (3.36)

Due to the thickness of the PicoPress® sensor itself when measuring compression, an
overestimation of pressure had occurred as shown in the Figure 3.19. Thus, to eradicate the
problem, a reduction of the over stress will be taken part in order to unravel the
overestimation [83]. As proposed by [22] in the model, equation (3.37) was applied to

estimate the pressure perturbation or coefficient of pressure perturbation (Cpp).

«—> >, _ PicoPress®
1

Figure 3.19 The sensor of compression tester acting under fabric stretched on the cylindrical model [6]

sin(%ﬂ/)
T(zg) (3.37)
QY = R

R
y = arccos(rhs)

Concerning the sensing area of the PicoPress® sensor, the probe was shown as in a circular
shape in the model as shown in the Figure 3.18 while the stress area as mentioned in equation

(3.38) represents the local area of sensor diameter D, and sensor width w. In fact, it is a
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necessity to determine the coefficient of pressure perturbation due to local stretch Crp under
the sensor as shown in the following equation (3.39) [6]:

p==Il=r0 2 (3.38)
A Ropw Dsw
ochw@/Dgw D2
o= el = (3:39)

The total pressure perturbation then can be calculated by [84].
The total pressure perturbation = Cpp X Crp (3.40)

Where Cpp is coefficient of pressure perturbation due to sensor dimension and Cpp is

coefficient of pressure perturbation due to local stretch.

The correction factor for the measuring the pressure values can be applying by following

Khaburi, Dehghani-Sanij, Nelson and et al. [83] equation:

1
The total pressure perturbation

Correction factor = (3.41)

The equation (3.41) was used for calculating the correction factor of the compression

tester PicoPress® in order to get the actual pressure results for this experiment.

3.5.3.3 Determination of measuring the pressure in vivo model: The experiment was used
the same procedure of measuring the compression pressure with rigid cylindrical model.
Conducting an experiment, the strain value of the fabric stretch on the thigh part of the
human body was used at 0.505 m circumferences which the thigh shape assumed as a
cylinder shape. The initial circumference of fabric length was determined from the strain
value at 0.1, 0.2, 0.3, 0.4 and 0.5. were calculated by equation (3.33).

3.5.4 Designing experiment to predict the strain of pressure garments

3.5.4.1 Determination of predicted strain by applying compression tester: The experiment
was conducted to determine fabric strain at 0.1, 0.2, 0.3, 0.4 and 0.5 and compression tester
PicoPress® was then used for measurement. The actual pressure results could be calculated

the strain values from the predictive modelling from the equation (3.33). Afterwards, strain
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value results from the modelling were compared with the strain values and results were

determined.

3.6. Development and application of a novel tensile measurement device

This part is to develop a new the tensile measurement device for testing the value of weight
and elongation of elastic fabric. Due to the high expense of standard tensile testing such as
Testometric materials testing machines, a device should be designed and developed in order
to help solve the problem and meanwhile, this device could also be helping the researcher
measuring accuracy of fabric elongation by weight. Thus, a new tensile measurement device
could help and solve the solution for estimating the size of pattern construction for pressure

garments.

3.6.1 Designing the novel tensile device

The tensile measurement device was invented by Ing. Blazena Musilova, Ph.D. and Mr.
Gerhard Geisler who produced the device and added the functions system for testing as
shown the Figure 3.20. Sketched by Mr. Gerhard Geisler, 10 manual functions of tensile

measurement device are shown as follows:

Figure 3.20 The Schematic design of the tensile measurement device

1. Fabric specimen: The specimen test could be applied very lager size for testing and

the maximum is 20 cm.
2. Fixed jaw: The jaw could be used for fixed and holding one side of specimen.

3. Fixed screw: The screw helps holding the specimen tightly.
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4. Scale measurement width: The ruler scale makes its measurement in centimetre unit
and measurement of specimen width could be changed in accordance to displacement

and deformation.

5. Moved jaw: The jaw is connected to cable and tray to load up the weight. The jaw
can be moved depending on the weight and stretch ability of the specimen without

friction on the mobile roller.
6. Tray: Tray is used to input the weight.
7. Standard weight: Weight that is used for measurement in the experiment.
8. Initial mark: The mark that starts from O centimetre.

9. Scale measurement length: The ruler scale makes its measurement in centimetre unit
and measurement of specimen length could be changed in accordance to

displacement depending on the length.

10. End mark: The mark can be used for indicating the final length of any specimen

change.

3.6.2 Determination of the elasticity

The experimental design of the manual tensile testing device as shown in Figure 3.21 was
referred to the elasticity of elastic fabric testing according to standard EN 14704-1 strip test.
The specimens were cut 200 mm in length, 50 mm width and the gauge length 100 mm. The
loading was assessed by weight instead of pulling force. The weight starts from zero and
additional 250 g of weight is added in every step of weight calibration and length of fabric
is measured until the fabric elongation reaches 50% on each cycle from 1 to 5 cycle times.

Figure 3.21 The experimental design and testing of manual tensile testing device
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3.6.3 Determination of fabric deformation measurement using NIS-Element

The experiment of image analysis using NIS-Element software used the specimens were cut
in with dimensions 200 mm in length, 50 mm width and the gauge length was 100 mm. For
the image acquisition and analysis, the specimen was applied with black dot pattern and the

distance between the dots kept at 1 cm both in X axis and Y axis all over the fabric surface.

The setting method as shown in Figure 3.22 (a) images of fabric specimen were captured by
a digital camera with resolution 4000 x 3000 pixels, ISO 200, aperture F 2.2, Shutter Speed
1/15s and distance between camera and specimen was 70 cm and the sequences of deformed
images at every step of the weight 250 g of specimen elongation are shown in Figure 3.22(b)
and then the results were validated with calibration images generated by Nikon NIS-

Elements - Imaging Software.

(a) Camera and lighting set up (b) The fabric deformation by images from sample S7
for the experiment

Figure 3.22 The experimental design for capturing the images from manual tensile testing device
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4.1 Mechanical properties of elastic fabrics suitable for CGs

4.1.1 Preliminary testing of elastic fabrics to obtain preliminary data of fabrics

Preliminary data results for GSM, thickness, stitch density of wale and course per unit
length, fibre composition of Polyamide (PA) and Elastane (EA), fineness of yarn and
structure of knitted fabrics were determined as per standard testing methods shown in the
Table 4.1.

Table 4.1 Elastic knitted fabric characteristics

Sample GSM Thickness Wale Course PA (%) EA (%) Structure
(g/m?) (mm) per cm. percm. | (dtex/ply) | (dtex/ply)
s1 215.21 0.55 24 35 90.79 9.21 single jersey
(+0.017) | (+0.004) (+0.196) | (+0.196) (44x2) (22)
$2 218.18 0.55 24 35 87.59 12.41 Single jersey
(0.011) | (£0.005) | (20.261) | (£0.261) | (44x2) (33)
s3 260.47 0.50 21 39 74.52 25.48 single jersey
(+0.012) | (£0.004) | (20.196) | (£0.261) | (44x2) (78)
s4 270.87 0.60 19 32 94.38 5.62 Single jersey
(£0.012) | (£0.005) | (£0.196) | (£0.196) | (78x2) (22)
S5 305.14 0.61 19 35 92.94 7.06 single jersey
(+0.01) | (+0.004) (+0.196) | (+0.196) (78x2) (33)
6 318.49 0.57 19 34 83.46 16.54 Single jersey
(+0.01) | (+0.004) (£0.196) | (+0.196) (78x2) (78)
319.66 0.79 21 36 .
S @0.0D) | 0006) | 0392) | o523 | %00 28.00 Locknit
310.00 0.64 20 38
S8 | (0.007) | (20.005) | x0392) | 0392y | 7000 30.00 Interlock

Note: “+"is the upper and lower 95% confidence interval of the mean

4.1.2 Physical testing for performance and serviceability of fabrics

4.1.2.1 Force and elongation characteristics: The results of tensile testing were
experimented according to standard 1SO 13934-1 [112]. In Figure 4.1 (a, b and c) will be
representing the graph of relationship of force-elongation among eight sample tests in three

directions including wale, course and bias respectively.

Figure 4.1 (a, b and c) illustrates the characteristics of force-elongation in wale, course and
bias directions respectively. The maximum force when compares with the same structure of
single jersey from samples (S1 - S6), samples (S4 - S6) are characterized as a group with

high yarn count number of PA (Polyamide: 78 dtex, 2 plies) and the maximum force was
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considered higher than the low yarn count group of PA (Polyamide: 44 dtex, 2 plies) as
found in sample (S1 -S3). Overall, it could be assumed that the size of yarn count in the
samples (S1-S6) with single jersey structure had very much influence on the magnitude of
force value, the bigger yarn count is the higher maximum force value and vice versa.
Moreover, the biggest size of elastane yarn count (78 dtex) also shows higher maximum
force in the groups of samples (S3) and (S6). According to the interlock structure of the
sample (S8), result of maximum force value had shown similar results with single jersey
structure in group with high yarn count number of PA in samples (S4 - S6). Apart from that,

locknit structure does have the highest force value in wale and course directions.
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Figure 4.1 Graphs of force-elongation characteristics in different directions

When considering the extensibilities of the knitted fabric in Figure 4.1 (a, b and c), the results
of extensibilities in group of single jersey structure found that the small number of yarn
count group of the sample (S1 — S3) is higher the percentage of elongation in direction of
wale and course than a big group of yarn count of the sample (S4 — S6). Meanwhile, in the
fabric directions, it could be found that in course direction, there was the highest efficacy

extension in fabric stretched up to 400% as shown in Figure 4.1 (b). Obviously, the locknit
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structure illustrates the percentage of elongation approximately 500% - 600% which seems
to have an extreme extensibility when compared to the single jersey structure and interlock
one. Overall, types of knitted structure and fabric direction signified an influence on the
performance of extensibility. When mentioning the fabric direction, course direction has
outperformed the wale and bias directions and thus, the course direction is rather suitable

for pattern construction along the body circumference.

Table 4.2 illustrates the results of maximum force and elongation of elastic fabrics. The
indicated point on the graphs at the maximum force can be considered as a highest point.
Overall, it was observed that locknit structure work done, and efficiency possessed higher
extensibility values than single jersey and interlock of knitted fabrics structures when

compared.

Table 4.2 Elastic knitted fabrics characteristics of maximum force and elongation at fracture

Wale Course Bias
Sample Max. force Elongation Max. force Elongation Max. force Elongation
(N) (%) (N) (%) (N) (%)
s1 279.89 295.87 333.18 495.68 301.64 280.71
(x£17.077) (£6.852) (£3.941) (£3.941) (£14.183) (£11.922)
$2 283.57 301.24 323.37 511.12 260.18 280.35
(£9.329) (£3.709) (£10.213) (£9.643) (£7.716) (£4.454)
s3 249.38 361.63 366.72 450.85 381.23 295.03
(x£10.970) (£3.191) (+4.656) (£9.723) (£13.876) (£7.270)
sa 347.70 263.63 535.10 392.24 574.21 254.45
(£13.605) (+8.824) (£15.483) (£11.151) (£16.289) (+8.882)
S5 374.12 296.05 537.07 392.20 633.32 263.57
(£19.712) (+8.423) (£18.843) (£6.326) (+£23.889) (£11.492)
s6 342.80 279.88 542.06 378.29 643.20 255.74
(£14.428) (£9.955) (£9.490) (+4.247) (£18.580) (£3.998)
57 795.54 498.14 612.48 583.95 519.77 547.07
(£17.034) (+8.355) (+11.175) (£3.937) (+18.591) (£7.411)
ss 412.92 412.63 437.37 503.64 534.55 364.81
(+10.525) (+9.850) (£7.979) (+4.936) (+15.808) (£8.879)

Note: “+”is the upper and lower 95% confidence interval of the mean

4.1.2.2 Stress and strain behaviour: Referring results of force-elongation curves, they were
then calculated the stress-strain as shown in Figure 4.2 (a, b and c) and the comparative
results of Ultimate Tensile Strength (UTS) or tensile strength, strain and Young’s modulus

were obtained as illustrated in Table 4.3.
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Figure 4.2 Graphs Stress-strain different directions of 8 samples

The graphs in Figure 4.2 (a, b and c) illustrates the stress-strain curves in wale, course and
bias directions. The results were analysed in accordance to the fabric structure and the
samples of single jersey structure (S1 -S6) were compared with different yarn count of
elastane at the number 22 dtex (black), 33 dtex (red) and 78 dtex (blue) and constant yarn
count of Polyamide at 44 dtex (line) and 78 dtex (dash line) as shown in the graphs. It could
be found that the number of yarn count of elastane has a significant influence on the stress

value when yarn count number of elastane has higher stress value.

When considering the knitted fabric structures in Figure 4.2 (a, b and c), containing an
excellent extensibility especially in course direction, sample (S7) in locknit structure
obtaining strain values almost reaches to 6.0 in course direction. While the directions of wale

and bias are considered to perform outstanding in stretching which is almost double the
single jersey and interlock ones.
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Table 4.3 The properties of UTS, strain and Young’s modulus with difference directions

Wale Course Bias

sample UTS _ Young’s UTS _ Young’s UTS _ Young’s
(MPa) Strain | modulus (MPa) Strain | modulus (MPa) Strain | modulus

(MPa) (MPa) (MPa)

s1 10.18 2.96 3.44 12.12 4.96 2.45 10.97 2.81 3.92
(+0.621) | (+0.069) | (+0.183) | (+0.143) | (+0.087) | (+0.057) | (£0.516) | (+0.119) | (+0.276)

$2 10.31 3.01 3.42 11.76 5.11 2.30 9.46 2.80 3.38
(#0.33) | (£0.037) | (+0.079) | (+0.371) | (£0.096) | (+:0.065) | (£0.281) | (+0.045) | (+0.151)

s3 9.98 3.62 2.76 14.67 451 3.25 15.25 2.95 5.17
(£0.439) | (£0.032) | (£0.102) | (+0.186) | (£0.097) | (£0.039) | (£0.555) | (0.073) | (£0.106)

s4 11.59 2.64 4.40 17.84 3.92 4,55 19.14 2.54 7.54
(£0.453) | (£0.088) | (£0.107) | (£0.516) |(+0.112) | (£0.030) | (+0.543) | (£0.089) | (£0.438)

S5 12.27 2.96 4,14 17.61 3.92 4.49 20.76 2.64 7.90
(£0.646) | (£0.084) | (£0.110) | (£0.618) | (£0.063) | (£0.121) | (£0.783) | (x0.115) | (£0.477)

6 12.03 2.80 4.30 19.02 3.78 5.03 22.57 2.56 8.83
(£0.506) | (£0.100) | (£0.120) | (£0.333) |(20.042) | (£0.050) | (0.652) | (£0.040) | (£0.243)

S7 20.14 4,98 4.04 15.51 5.84 2.66 13.16 5.47 2.40
(£0.431) | (£0.084) | (£0.028) | (+£0.283) |(+0.039) | (£0.040) | (0.471) | (£0.074) | (£0.054)

S8 12.90 4.13 3.13 13.67 5.04 2.71 16.70 3.65 4,58
(£0.329) | (£0.098) | (£0.006) | (£0.249) |(£0.049) | (£0.026) | (£0.494) | (£0.089) | (+£0.067)

Note: “+”is the upper and lower 95% confidence interval of the mean

4.1.2.3 Elasticity: The results of hysteresis loops obtained from a cyclic tensile test were

performed on an elastic fabric sample according to standard EN I1SO 14704-1 [105]. The

experiment was determined the limit of patternmaking allow for reduction size of

patternmaking at the maximum 50% of the actual size of block pattern.
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Figure 4.3 The hysteresis loops 5" cycle of S7 in course direction

Figure 4.3 illustrated the hysteresis loops of the sample S7 in course direction and obviously,

at the 1% loading, there was an extremely high force value. Due to the inertia in fabric, the

effect on friction among yarns in course and wale directions at the first time has occurred.
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While after first loading, the friction was less and the results of force values were very close
ones and thus, this research will be aiming at finding out the relationship between force and
elongation at the 5" cycle to calculate the stress-strain results for development
patternmaking method. After the experimental testing, it could be found that there was force
decay over the time while the hysteresis loops graph results indicated that there were both
recovered and un-recovered elongation. The results of elastic recovery calculation are given
below in Table 4.4. The graphs of comparative force decay and elastic recovery are given in
the Figure 4.4 (a and b) respectively.

Table 4.4 The elasticity properties of knitted fabrics in course direction

Wale Course
sample Force decay | Un-recovered Elastic Force decay | Un-recovered Elastic
over time elongation recovery | over the time elongation recovery
(%) (%) (%) (%) (%) (%)
s1 10.86 8.34 91.66 13.12 10.23 89.77
(£0.395) (£0.043) (£0.043) (+0.389) (20.165) (£0.165)
$2 13.66 7.71 92.29 13.88 9.89 90.11
(£0.336) (+0.382) (£0.382) (£0.179) (£0.207) (£0.207)
s3 9.33 6.62 93.38 9.75 8.58 91.42
(x0.680) (x0.101) (£0.101) (£0.466) (£0.446) (£0.446)
sa 17.23 10.97 89.03 18.38 12.94 87.06
(£0.288) (£0.211) (£0.211) (£0.354) (£0.242) (£0. 242)
S5 13.84 9.81 90.19 14.58 11.33 88.67
(x0.318) (£0.197) (£0.197) (£0.352) (£0.408) (£0.408)
S6 11.66 8.33 91.67 14.43 9.29 90.71
(£0.311) (20.111) (20.111) (£0.586) (£0.360) (£0.360)
s7 10.46 6.41 93.59 9.17 7.84 92.16
(£0.348) (£0.209) (£0.209) (£0.565) (£0.192) (£0.192)
ss 8.70 10.27 89.73 7.58 10.72 89.28
(£0.781) (£0.262) (£0.262) (£0.573) (£0.201) (£0.201)

Note: “+”is the upper and lower 95% confidence interval of the mean
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Figure 4.4 Graphs comparative the influence of elastane composition on force decay and elastic recovery
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In this section, One-way ANOVA is analysed and the selected value of significance for all
statistical tests in the study shall be 0.05. Analysis of different combination of factors is
presented in Table 4.5. Analysing factors used for calculations are percentage of elastane of
the fabric, force decay and elastic recovery. The One-way ANOVA statistic results were
found that the percentage of elastane has significantly influenced on the percentage of elastic
recovery (Fcriticai< Fstatisic) and (P < 0.05). Whilst, percentage of force decay has
insignificantly been affected by the percentage of elastane. The statistical analysis indicated
that the group of the percentage elastane, force decay over the time and elastic recovery are

significantly different.

Table 4.5 The One-way ANOVA analysis of influence effect of the elastane on force decay and elasticity

Sianificant Significant
Factor Fstatistic Feritical (FCriltierl]ll :Egzistic) P-Value (P < 005)
Elastane (%) 3.2664 4.1709 Insignificant 0.0808 Insignificant
Force decay (%)
Elastane (%) 941.8839 4.1709 Significant 3.23E-24  Significant
Elastic recovery (%)
Elastic recovery (%)  7688.4973 4.1709 Significant 1.01E-37 Significant

Force decay (%)

Elastane (%)
Force decay (%) 908.3073 3.2043 Significant 4.21E-37 Significant
Elastic recovery (%)

4.1.2.4 Stress relaxation: Stress relaxation is considered as one of the main factors that may
take an effect on compression garment. Concerning the time of stretching, when the fabric
is stressed over time stress in fabric will decrease. This standardized according to standard
EN ISO 14704-1 [105] experiment was conducted to fix strain at 0.5 in the fifth cycle that
could hold the elongation period up to 60 seconds. The results of stress value were compared

and expressed in Figure 4.5.

When considered single jersey structure, the group of Polyamide yarn count 44 dtex of the
sample (S1 - S3) by varying yarn count of elastane at number 22 dtex (black), 33 dtex (red)
and 78 dtex (blue). It was found that the stress value is rather higher when yarn count of
elastane is higher as found in S3, S2 and S1from high to low respectively. Furthermore, the
group of Polyamide yarn count 78 dtex of the samples (S4 — S6) also illustrated that the
stress values did have influence on elastane yarn count, and the stress values are considered
from high to low in S6 (78 dtex), S5 (33 dtex) and S4 (22 dtex) respectively.
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When making comparison of the stress relaxation values, the results showed that when stress
value was at first 10 seconds, the values seemed to go downward dramatically and then
slightly decreased when reached the 30" second and the stress value was almost at steady
state until reached the 60" second. Therefore, based from the findings, stress relaxation is
should be considered in order to help the fabric keep constant the pressure value during

wearing on the body.
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Figure 4.5 Comparative the stress relaxation over the time

Overall, high stress values are suitable for compression garments as found in samples S6,
S8, S7 and S3 while low stress values of the samples S5, S4, S2 and S1 are suitable for
sportswear due to its lower pressure when compared to compression garment. The results of
initial stress and final stress values were calculated to find out the stress relaxation are given
below in Table 4.6.

Table 4.6 The stress relaxation and stress performance between initial and final holding strain at 0.5

sample Initial stress holding Final stress holding over the time Stress relaxation

(Pa) (Pa) (%)

s1 68,625.45 59,621.82 13.12
(+844.033) (£522.580) (£0.389)

$2 80,174.55 69,047.27 13.88
(£1,517.523) (£1,295.204) (+0.179)

s3 281,440.00 254,000.00 9.75
(£2,055.217) (£1,714.076) (£0.466)

s4 175,400.00 143,146.67 18.38
(£3,119.077) (£1,957.123) (£0.354)

S5 219,087.21 187,147.54 14.58
(£3,749.497) (£3,104.075) (£0.352)

6 479,803.51 410,526.32 14.43
(£3,686.624) (3494.010) (£0.586)

57 306,734.18 278,602.53 9.17
(£1,879.029) (£145.853) (+0.565)

S8 335,025.00 309,625.00 7.58
(£15,818.426) (£14,916.356) (£0.573)

Note: “+”is the upper and lower 95% confidence interval of the mean
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4.1.2.5 Dynamic work recovery: Analysis of dynamic elastic behaviour is an objective
evaluation of stretch and recovery performance of elastic knitted fabrics. The analysis of this

dynamics will help engineer improve performance of sportswear and compression garment.

The results of hysteresis loops at fifth cycle from eight samples were analysed then
calculated to determine the DWR% as shown in Figure 4.6. It could be described from the
results depicted in the graphs that there is a significant difference between the area under
loading and area under unloading. Therefore, the lack of energy inside the hysteresis loop is
the energy loss in fabric.
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Figure 4.6 Graphs of Dynamic Work Recovery at the fifth cycle of eight samples

The results of dynamic work recovery were obtained the energy between area under loading
and unloading and then were calculated for the DWR % as illustrated in Table 4.7. When
considering grate dynamic recovery DWR % of sample S7 at 75.04%. has it could be found
that the sample is considered to have high elastane composition at 28%, and in the meantime,
samples S2, S3 and S8 have elastane composition at 12.41%, 25.48% and 30.00% while
DWR% was at 70.21%, 70.01% and 68.25% respectively. In sample S4, has lowest elastane
of 5.62% lowest DWR% of 57.85% were revealed. And thus, it could be concluded that the
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percentage of elastane might be helping for adjustment to improve the performance of fabric
recovery and value of DWR% could be used for further improvement on clothing function
such as active sportswear for athletes and CGs.

Table 4.7 The results of fabric energy between loading-unloading and DWR%

Sample Area under loading curve Area under unloading curve DWR
(Unit: Energy per unit volume) (Unit: Energy per unit volume) (%)

s1 15,347.51 9,868.77 64.23
(+41.972) (+18.876) (£0.120)

$2 17,364.61 12,191.84 70.21
(£34.237) (+18.890) (£0.193)

s3 57,207.02 40,048.89 70.01
(£62.307) (+42.903) (£0.128)

s4 30,244.90 17,413.48 57.58
(£77.251) (£55.905) (*0.177)

S5 39,600.96 24,519.91 61.92
(+88.840) (£31.470) (£0.140)

6 83,571.97 51,829.44 61.99
(£94.929) (£32.361) (£0.062)

57 69,071.64 51,828.46 75.04
(£61.568) (£30.250) (£0.071)

S8 73,008.53 49,826.90 68.25
(£93.681) (+38.883) (£0.066)

Note: “+”is the upper and lower 95% confidence interval of the mean

4.2 Characterization of stretch fabric tensile deformation by image analysis

This novel experiment presented the digital image analysis technic by MATLAB for the
measurement of local deformations of knitted fabrics. The image analysis approach was
selected to calculate the gradient deformation tensor under the extension ranging from 10 %
to 40 % in course direction of knitted fabric. The gradient deformation tensors were obtained
by the analysis of movements of dots painted on the specimen. In this way, the outcome of
this work will help predict the deformation of the lateral strain and will be applied to

calculate appropriate the ECL of pattern construction for compression garment.

4.2.1 Validation of results with simulated images

In order to ensure the accuracy of calculated gradient deformation tensor values, the results
were validated with simulated images generated by MATLAB image processing tool box.
The deformation tensor is obtained by [113, 114]:

F= (1 + uqq Uqo )
T\ Uy 1+ uy,
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(a). No extension (b). 30 % extension in horizontal axis

(c). 30 % extension in vertical axis (d). 30 % extension in bias axis

Figure 4.7 Simulated images from MATLAB image processing toolbox [113]

Figure 4.7 (1-d) shows the simulated images without extension, 30 % extension in
horizontal, vertical and bias axis respectively. The simulated images show that the gradient
tensor deformation values also change in similar percentage with respect to the applied
extension. This successfully validated the concept of image analysis for determination of

elastic distribution properties of fabrics.

4.2.2 Fabric deformation image was extended by tensile testing machine

The in this experimental testing, fabric was extended in the vertical axis as shown in Figure
4.7 (c). In order to make an evaluation of fabric deformation, fabric sample. The Cartesian
components of (1 + u,,) describe the deformation of distance changed in width or shrink
direction and (1 + u,,) describe the deformation of distance changed in length or extended

of fabric direction.
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Gradient deformation tensor in course direction:
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Figure 4.8 Gradient deformation tensor for course direction by tensile testing machine
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Figure 4.8 (a-f) shows the calculated values of gradient deformation tensor for 0 %, 10 %,
20 %, 30 % and 40 % extension in course direction of knitted fabric of the sample S6. It is
clear that the images got stretched along with the points marked on them under different
extension. The calculated gradient deformation tensor values were also found to change in
similar percentage for each case, which proved to have accurate estimation of image analysis
and the results are obtained as shown in Table 4.8.

Table 4.8 Results of gradient tensor deformation in vertical direction
Deformation (cm)

Dimension

Strain 0.1 Strain 0.2 Strain 0.3 Strain 0.4
Width 0.970 0.945 0.930 0.918

(£0.008) (£0.006) (£0.006) (£0.006)
Length 1.096 1.207 1.311 1.418

(£0.007) (£0.012) (x0.012) (x0.013)

Note: “+”is the upper and lower 95% confidence interval of the mean
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Figure 4.9 Deformation behaviour of stretch fabric of the sample S6
The deformation distribution between length and width of stretch fabric is given in Figure
4.9. It was found that the length was higher when the extended level was higher while width
of fabrics was shrunk when fabrics extended. The One-way ANOVA statistic results were
found that the deformation of fabric extended in course direction was significant different at
the (Fsignificance<0.05) are given in Table 4.9.

Table 4.9 Prediction of extension deformation behaviour of knitted fabrics using different fabrics directions

. Standard Adj Feic Feiic Significant
. — *
Equatlon. Y=a+p*x Value Error R-Square Statise Stgnifcance (Fsignificance<0.05)
Intercept | 0.9903 0.0028 N
length Slope 10713 0.0102 0.9997 11111.18 | 8.99E-05 Significant
. Intercept | 0.9830 0.0057 N
width Slope 20.1601 0.0209 0.9557 65.7948 0.0149 Significant
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4.2.3 Comparison of fabric deformation with Engineering stress and True stress

The deformation image results under fabric stretched in width was obtained and then being
applied by predictive equation (Widthp,egicteqa = 0.983 — 0.1691 X Straingyperiment) Of the
sample S6 to calculate the actual width under the strain level from the tensile testing

experiment in order to find out True Stress (TS).

The predictive results of actual width were done and successful to calculate TS is calculated
by the actual width of fabric based on strain level and they were compared with Engineering
stress (ES) is calculated by the initial width of fabric as shown in Figure 4.10. It was found
that TS and ES had close values under the strain level 0 - 0.2 but they are slightly different
in terms of TS stress which was a bit higher than ES from strain 0.2 - 0.4. The results could
be confirmed that under the strain level of fabric stretched when compared stress values
between TS and ES, it is acceptable to use ES instead of TS and the application of the image

analysis was successful and evident enough to prove the stress values.

0.5

Engineering Stress
- —— True Stress /

<o o
w ~
| 1

Stress (MPa)
e

N

1

0.1+

0.0 T T
0.0 0.1 02 03 0.4 05
Strain

Figure 4.10 The comparative the stress values between TS and ES

4.2 .4 Prediction of elastic coefficient of ECL from fabric deformation

Regarding results of the mean values in width dimension in Table 4.8 by image analysis,
they were used to calculate the later strain and elastic coefficient as given in Table 4.10 and
then further predicted to determine the elastic coefficient as shown in Figure 4.11.
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Table 4.10 Fabric deformation of later strain and elastic coefficient

Strain Width (cm) Lateral strain = - 2% Elastic Coefficient =
w ELateralt1
0.1 0.970 -0.030 1.031
0.2 0.945 -0.055 1.058
0.3 0.930 -0.070 1.075
0.4 0.918 -0.082 1.089
1142
@ Elastic coefficient S6
—— Linear elastic coefficient
1.10 4
5 .
£1.08 -
2 Y = 140.2427*X
S R? = 0.9999
1.06 ®
©
(0]
81.04
3 .
o
0.1.02
1.00 T ‘ \ T
0.0 0.1 0.2 0.3 0.4
Strain

Figure 4.11 The prediction of elastic coefficient of the sample S6

The predictive of elastic coefficient are significant (Fsignificance<0.05) as given in Table 4.11

and these predicted equations were done and successful which was helpful enough to find

out the ECL in order to calculate and estimate the accurate size of pattern construction under

the strain level.

Table 4.11 Prediction of elastic coefficient ECL

Predicted the elastic coefficient
o Standard Adj N o Significant
Equation: Y=a+ b*X | Value Error R-Square Fstatistic Fsignificance (Fsignticance<0.05)
Elastic Intercept 1 - N
coefficient Slope 02427 | 0.0131 0.9999 | 107,848 | 5.158E-10 Significant

4.3 Application of Laplace’s law pressure theory on pressure for garments

This research has been conducted to develop mathematical models to predict the strain value

of fabric based on Laplace’s law theory. The experiment was designed in accordance to the

strain values with different of the strain levels of stretched fabric in order to make an

investigation of the pressure value in garments.
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4.3.1 Applying the mathematic modelling for prediction of the strain value

Referring to the elastic behaviour results from the previous experiment, they will be applied
to the actual mechanical characteristic from stress-strain curves at the 5 cycle to predict the

modelling and find out the dependent variable of strain value.

Due to the direction of course is the directly effect on fabric stretched according to the fabric
grain line of clothing production. Course direction is normally used in the body
circumference way and therefore this direction was used for greatly extended along to the
body circumference. Due to this reason the experiment was considered particularly in course

direction to predict the mathematic modelling.

Figure 4.12 shows the elastic behaviour of the elastic fabrics between the predicted strains
(dependent variable) at the magnitude of the fabric stress (independent variable) from
standard EN 14704-1. The results were predicted in the strain values by statistical analysis

of 3 order polynomial fitting-lines which are given on Table 4.12.

Strain

T T
0.0 0.1 0.2 0.3 0.4 0.5
Stress (MPa)

Figure 4.12 The actual mechanical characteristic from stress-strain curves of eight samples

Evidently, sample S6 displayed results with highest stress value that could reach to 0.5 MPa
at 0.5 of strain value and therefore the sample is applicable for use in CG. On the other hand,
the result of the samples S1 and S2 possessed lesser stress values of 0.1 MPa at the strain
0.5 and hence, these fabrics are inappropriate for the high pressure use in CG particularly

when they cause a decrease in the size of patternmaking.
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In Table 4.12, the statistical analysis indicates that the 3™ order polynomial function of the
cubic model are a good fit for the data, the Adjusted R-Square values over 98%, P-value
(Fsignificance<0.05) are all significant and P-value (P<0.05) for the cubic coefficients are

significant.

Table 4.12 The coefficients of the 3" order polynomial fitting-lines

Equation Standard Adj. Significant

£ = ay0® + ay0% + ay0 Value Error P-value R-Square Fsignificance (Fsignificance<0.05)

a; 3.45E-16  1.39E-16 0.0148

S1 a, -6.05E-11 1.27E-11 7.22E-06  0.9986  4.93E-131 Significant
as 9.90E-06 2.78E-07 5.15E-56
a; 1.14E-16  8.84E-17 0.0491

S2 a, -2.71E-11  8.93E-12 0.0031 09880  1.17E-135 Significant
as 8.05E-06 2.15E-07  3.92E-57
a; 1.29E-18 1.07E-18 1.97E-87

S3 a, -3.90E-12 3.92E-13 350E-16  0.9886  2.49E-153 Significant
as 2.78E-06  3.35E-08 0.0334
a; 6.27E-17 8.58E-18 1.02E-10

S4 a; -2.86E-11 1.81E-12 8.10E-28  0.9881 2.79E-138 Significant
asz 6.10E-06 8.99E-08  1.00E-79
a; 2.97E-17 4.00E-18 5.41E-11

S5 a, -1.71E-11  1.10E-12 157E-27 0.9883  1.56E-139 Significant
asz 4.66E-06 7.10E-08 1.11E-79
a 347E-18 3.32E-19  1.84E-17

S6 a, -4.26E-12  2.04E-13 3.61E-37 09886  1.71E-144 Significant
as 2.31E-06 2.95E-08 5.54E-88
a, -8.92E-18  7.78E-19  2.64E-19

S7 a; 2.87E-12 3.19E-13 3.40E-14  0.9885 6.22E-155 Significant
asz 1.58E-06 3.09E-08 2.88E-68
a; -1.52E-18 1.15E-18 0.0494

S8 a, -6.08E-13  5.00E-13 0.0277  0.9874 3.23E-128 Significant
as 1.89E-06 5.17E-08 3.19E-54

The polynomial function equations from Table 4.12 were used to perform the analysis of
modelling results of the strain value of stretch fabric depending on their pressure and
diameter of the cylindrical model by ORIGIN®9.1 software as shown in Figure 4.13 (a, b, c,
d, e and f). The fabric samples of S3, S4, S5, S6, S7 and S8 owing to their fabric stretch
properties possessed high stress values as applicable for prediction the strain and the

mathematical modelling was used from the prediction equation (3.32)

DP\3 DP\? DP
E= (ﬁ) t a4 (ﬁ) +a; (ﬁ)
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Figure 4.13 The stretch fabric effect of pressure and diameter on the strain

Based on stress-strain curves of experiment shown in Figure 4.13 it could be found that the
strain values were changed due to characteristic of fabrics stretched. Considering at the
pressure 1,066 Pa for determining and the range of diameters at 0.22 - 0.28 referring to
diameter of female human body the strain value was predicted of the S6, S7 and S8 found
that the maximum strain values are less than 0.5. Thus, a good performance of elastic fabric
to produce the high compression garment should be considered.

4.3.2 Evaluation of mathematical modelling of pressure garments

The experiment was designed to investigate the predictive modelling application based on
Laplace’s law theory that accuracy enough to find out the pressure values and strain values
of stretched fabric. Additionally, the correction factor was introduced to get rid of the

pressure perturbation from sensor thickness effect.

4.3.2.1 Measurement of pressure garments in vitro model: Conducting an experiment, the
strain value of the fabric stretches on the rigid cylindrical model which made from PVC was
used at 0.79 m circumference the fabric length was applied to determine the strain value by

7



Chapter 4 Results and Discussion

cylindrical circumference at 0.1, 0.2, 0.3, 0.4 and 0.5. In Table 4.13, 4.14, 4.15 and 4.16, the
results of pressure values are represented with different methods. The sample S3, S4, S5 and

S6 were calculated to obtain their stress values as shown in the second column and then

further predicted to the determine pressure value in the third column. Finally, the numbers

from fourth and fifth column were compared for the pressure values by compression tester

PicoPress®.

Table 4.13 Comparison of S3 pressure values between predicted pressure and measured pressure

Strain o =802226¢° - 52934¢? + 379857¢ Measured pressure (PicoPress®)
€ Stress g (Pa) | Predicted pressure (Pa); P = ? (mmHg) (Pa)
0.1 38,258.59 152.06 2.10 (£0.196) 279.97 (£26.131)
0.2 80,271.85 319.05 4.00 (£0.292) 533.28 (+38.953)
0.3 130,853.14 520.08 5.90 (£0.196) 786.59 (+26.131)
0.4 194,815.82 774.31 8.00 (£0.506) | 1,066.56 (+67.469)
0.5 276,973.25 1,100.85 12.00 (+0.292) 1,599.84 (+£38.953)

Note: “+”is the upper and lower 95% confidence interval of the mean

Table 4.14 Comparison of S4 pressure values between predicted pressure and measured pressure

Strain o = 516049¢> + 52508¢” + 163053¢ Measured pressure (PicoPress"®)
£ Stress g (Pa) | Predicted pressure (Pa); P = % (mmHg) (Pa)
0.1 17,346.43 68.94 1.10 (£0.196) | 146.65 (+26.131)
0.2 38,839.31 154.37 220 (£0.261) | 293.30 (£34.841)
0.3 67,574.94 268.58 4.10 (£0.196) | 546.61 (+26.131)
0.4 106,649.62 423.89 6.20 (£0.261) | 826.58 (+34.841)
0.5 159,159.63 632.59 8.20 (£0.261) | 1,093.22 (+34.841)

Note: “+”is the upper and lower 95% confidence interval of the mean

Table 4.15 Comparison of S5 pressure values between predicted pressure and measured pressure

Strain o = 609694£%+116938£2+207991e Measured pressure (PicoPress®)
£ Stress o (Pa) | Predicted pressure (Pa); P = %h (mmHg) (Pa)
0.1 22,578.17 109.48 1.90 (+0.196) 253.31 (£26.131)
0.2 51,153.27 248.04 2.90 (£0.196) 386.63 (+26.131)
0.3 89,383.46 433.42 6.10 (£0.196) 813.25 (+26.131)
0.4 140,926.90 683.35 8.10 (+0.196) 1,079.89 (£26.131)
0.5 209,441.75 1,015.58 11.00 (£0.292) | 1,466.52 (+38.953)

Note: “+"is the upper and lower 95% confidence interval of the mean

Table 4.16 Comparison of S6 pressure values between predicted pressure and measured pressure

o = 2E+06¢® - 88045¢2 + 450182¢

Measured pressure (PicoP ress®)

Strain
€ Stress o (Pa) | Predicted pressure (Pa); P = %h (mmHg) (Pa)
0.1 46,137.75 209.05 3.10 (x0.196) 413.29 (£26.131)
0.2 102,514.60 464.49 6.10 (+0.196) 813.25 (£26.131)
0.3 181,130.55 820.70 11.40 (£0.320) | 1,519.85 (#42.671)
0.4 293,985.60 1,332.05 16.90 (£0.352) | 2,253.11 (+46.906)
0.5 453,079.75 2,052.91 23.00 (£0.292) | 3,066.36 (+38.953)

Note: “+”is the upper and lower 95% confidence interval of the mean
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The results of the predicted pressure values and measured pressure values were compared
as shown in the Figure 4.14 (a-d). It could be observed from the results that the measured
pressure values are over estimating. Due to this reason, the compression tester PicoPress®

might be having some negative effects during measuring on the pressure perturbation.
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Figure 4.14 Comparison of pressure values between predicted pressure and measured pressure

4.3.2.2 The effect of the sensor thickness in vitro model: In this particular part of the
experiment, the compression tester PicoPress® was used for measuring the interface pressure

under the fabric stretch. The effect of the sensor thickness measured on the rigid cylindrical
model is shown in the Figure 4.15.

sin(“f3°+12.39 )

Cpp = W =203

0.05

o= =0.4=2293°

~ 0.1258

y = arccos( 01258 ) = 12.39%°

0.1258+0.003
3.14x0.052

Crp= —22X095°_ _ ( 785

4 x 0.05x 0.05

Rigid Cylindrical Model

Correction factor = m =0.628  Figure 4.15 Effect of sensor thickness under fabric

stretched on rigid cylindrical model
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According to in Figure 4.16, the graph represents the effect of sensor thickness using
PicoPress® and thus the correction factor for calculating from equation (3.41) is 0.628 by
sensor thickness (hg) 0.003 m, sensor diameter (D) 0.05 m and the circumference of the
cylindrical model (€) 0.79 m and body radius (R) 0.126 m. The graph of effect of thickness,
it is very clearly seen that the pressure perturbation effect will not occur when the thickness
sensor is lesser than 0.00025 m. On the other hand, the thickness increase, the pressure
perturbation become increasing continuously. While the correction factor dramatically
decreases during the thickness starts from 0.00025 m to 0.0035 m subsequently the
correction factor decreases gradually.
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Figure 4.16 Effect of sensor thickness between correction factor and Cpp [6]

In Table 4.17, 4.18, 4.19 and 4.20 represent the results of pressure values obtained from
different methods of pressure values (Predicted pressure, Measured pressure and Corrected
measured pressure) shown in samples S3, S4 S5 and S6. The measured pressure were then
multiplied with the correction factor by 0.628 to get the actual pressure which is so called
the corrected measured pressure and the results will be compared as illustrated in mentioned

tables.

Table 4.17 Comparison of S3 pressure values in three different methods at 0.79 m circumference

Strain Predicted pressure Measured pressure Correction Corrected measured pressure
€ (Pa) (Pa) factor (Pa)
0.1 152.06 279.97 (£26.131) 0.628 175.82
0.2 319.05 533.28 (£38.953) 0.628 334.90
0.3 520.08 786.59 (£26.131) 0.628 493.98
0.4 774.31 1,066.56 (£67.469) 0.628 669.80
0.5 1,100.85 1,599.84 (£38.953) 0.628 1,004.70

Note: “+”is the upper and lower 95% confidence interval of the mean
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Table 4.18 Comparison of S4 pressure values in three different methods at 0.79 m circumference

Strain Predicted pressure Measured pressure Correction Corrected measured pressure
£ (Pa) (Pa) factor (Pa)
0.1 68.94 146.65 (£26.131) 0.628 92.10
0.2 154.37 293.30 (£34.841) 0.628 184.19
0.3 268.58 546.61 (£26.131) 0.628 343.27
0.4 423.89 826.58 (+34.841) 0.628 519.09
0.5 632.59 1,093.22 (+£34.841) 0.628 686.54

Note: “+”is the upper and lower 95% confidence interval of the mean

Table 4.19 Comparison of S5 pressure values in three different methods at 0.79 m circumference

Strain Predicted pressure Measured pressure Correction Corrected measured pressure
£ (Pa) (Pa) factor (Pa)
0.1 109.48 253.31 (£26.131) 0.628 159.08
0.2 248.04 386.63 (£26.131) 0.628 242.80
0.3 433.42 813.25 (£26.131) 0.628 493.98
0.4 683.35 1,079.89 (£26.131) 0.628 678.17
0.5 1,015.58 1,466.52 (+38.953) 0.628 937.72

Note: “+"is the upper and lower 95% confidence interval of the mean

Table 4.20 Comparison of S6 pressure values in three different methods at 0.79 m circumference

Strain Predicted pressure Measured pressure Correction Corrected measured pressure
€ (Pa) (Pa) factor (Pa)
0.1 209.05 413.29 (£26.131) 0.628 251.17
0.2 464.49 813.25 (£26.131) 0.628 510.72
0.3 820.70 1,519.85 (42.671) 0.628 954.46
0.4 1,332.05 2,253.11 (+46.906) 0.628 1,414.95
0.5 2,052.91 3,066.36 (£38.953) 0.628 1,925.67

Note: “+”is the upper and lower 95% confidence interval of the mean

Figure 4.17 (a, b, c and d) shows the comparison of pressure values obtained from three
methods of calculation which are compared with different strain values of the circumference
at0.79 m.
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Figure 4.17 Comparison of the pressure values methods with the circumference at 0.79 m. [6]

Apparently, the corrected measured pressure values as illustrated in the graphs are very close

to the ones predicted pressure values. While the means of the measured pressure values by

PicoPress® illustrate that those pressure results are the highest values when compared with

another two methods.

4.3.2.3 Measurement of pressure garments with different circumferences: Relating to the

experiment aforementioned, same method was applied but the circumference was decreased
from 0.79 m to 0.505 m. The body radius (R) 0.0804 m was then calculated by applying
correction factor at 0.712 that was explained to calculate the correction factor below [6].
The results of sample S3, S4, S5 and S6 are shown in Table 4.21, 4.22, 4.23 and 4.24

respectively.

35.65°

sin( 5 t1541 )
Cpp =  3565° =179
sm(T)
¢ == = 0.62 = 35.65°
0.0804 o
y = arccos (0.0804—+0.003) =15.41
_ 3.14%0.05% _
Crp= 4%0.05%0.05 0.785
Correction factor = ————=0.712
1.79%0.785
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Table 4.21 Comparison of S3 pressure values in three different methods at 0.505 m circumference

Strain Predicted pressure Measured pressure Correction Corrected measured pressure
€ (Pa) (Pa) factor (Pa)
0.1 237.93 413.29 (£26.131) 0.712 294.26
0.2 499.20 679.93 (£26.131) 0.712 484.11
0.3 813.76 1,093.22 (£34.841) 0.712 778.38
0.4 1,211.54 1,626.50 (£34.841) 0.712 1158.07
0.5 1,722.47 2,159.78 (£52.261) 0.712 1528.27

Note: “+”is the upper and lower 95% confidence interval of the mean

Table 4.22 Comparison of S4 pressure values in three different methods at 0.505 m circumference

Strain Predicted pressure Measured pressure Correction Corrected measured pressure
£ (Pa) (Pa) factor (Pa)
0.1 107.88 306.64 (£39.591) 0.712 218.32
0.2 241.54 413.29 (£26.131) 0.712 294.26
0.3 420.24 786.59 (£26.131) 0.712 560.05
0.4 663.24 1,213.21 (£26.131) 0.712 863.81
0.5 989.80 1,599.84 (+38.953) 0.712 1,139.09

Note: “+"is the upper and lower 95% confidence interval of the mean

Table 4.23 Comparison of S5 pressure values in three different methods at 0.505 m circumference

Strain Predicted pressure Measured pressure Correction Corrected measured pressure
€ (Pa) (Pa) factor (Pa)
0.1 171.30 279.97 (£26.131) 0.712 199.34
0.2 388.10 413.29 (£26.131) 0.712 294.26
0.3 678.16 933.24 (£38.953) 0.712 664.47
0.4 1,069.22 1,613.17 (£26.131) 0.712 1,148.58
0.5 1,589.05 1,999.80 (+38.953) 0.712 1,423.86

Note: “+”is the upper and lower 95% confidence interval of the mean

Table 4.24 Comparison of S6 pressure values in three different methods at 0.505 m circumference

Strain Predicted pressure Measured pressure Correction Corrected measured pressure
£ (Pa) (Pa) factor (Pa)
0.1 327.10 679.93 (+46.906) 0.712 484.11
0.2 726.78 1,359.86 (+£34.841) 0.712 968.22
0.3 1,284.13 2,546.41 (£46.906) 0.712 1,813.05
0.4 2,084.23 3,359.66 (+£65.181) 0.712 2,392.08
0.5 3,212.13 4,252.91 (£60.972) 0.712 3,028.07

Note: “+"is the upper and lower 95% confidence interval of the mean

In Figure 4.18 (a, b, c and d), the graphs illustrated the comparison results of pressure values

of the pressure correction and pressure prediction methods which are very close when

correction factor was calculated. In this part of the experiment, it could be proven that the

mathematical modelling to predict the pressure based on Laplace’s Law and the correction

factor are applicable for making precise estimation of pressure in vitro model.
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Figure 4.18 Comparison of the pressure values methods with the circumference at 0.505 m. [6]

4.3.2.4 Measurement of pressure garments in vivo model: Relating to the experiment
above, same method was applied at the circumference 0.505 m and correction factor at
0.712. The experiment used rigid cylindrical model as shown in the Figure 4.19 (a) and a

real human body at thigh part similar to the cylindrical shape were compared to find out
pressure values measured by PicoPress® in Figure 4.19 (b).

Microlab

[Firersi a1
L P="e it

(a) Measurement of pressure value in vitro model (b) Measurement of pressure value in vivo model

Figure 4.19 Measurement of pressure values between vitro model and vivo model [6]
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The result of pressure value comparison of sample S6 between the model of vitro and vivo
was shown in Table 4.25. The experiment had been conducted by measuring each strain
level with standing position 30 times. Additionally, predicted pressure and corrected

measured pressure in vitro model were compared with the measured pressure in vivo model.

Table 4.25 Comparison of pressure values with different models between vitro and vivo of sample S6

Strain _ Pressure (Pa)
e Predicted pressure Corrected measured pressure Measured pressure
(Predictive modelling) (Vitro model) (Vivo model)

0.1 327.10 484.11 399.96 (+38.953)
0.2 726.78 968.22 799.92 (£38.953)
0.3 1,284.13 1,813.05 1,599.84 (+£38.953)
0.4 2,084.23 2,392.08 2,266.44 (£38.953)
0.5 3,212.13 3,028.07 3,066.36 (£55.088)

Note: “+”is the upper and lower 95% confidence interval of the mean

Interestingly, pressure values of the soft tissue surface (vivo) at the thigh part show close
results to the predicted pressure values and corrected measured pressures of the rigid body
as shown the Figure 4.20. It could have been assumed that skin human body was soft and
unessentially an influence on the pressure perturbation of sensor thickness during

measurement.

5000

€ Measured pressures on human body
® Corrected measured pressures on rigid body
40004 A Predicted pressures
& 3000 ¢
4
§ ©
8 2000 4
" ®
r 3
1000 | }
0 T T T T T
0.1 0.2 0.3 04 0.5
Strain

Figure 4.20 Comparison of S6 pressure values with different models between vitro and vivo [6]

Regarding the results, finding out the influence of the pressure perturbation according to the
sensor thickness was successful when measuring interface pressure with the rigid cylindrical
model (vitro). While soft tissue surface of the skin human body (vivo) showed that its
pressure values were evidently close with the predicted modelling and thus, it could be
concluded that pressure perturbation had no the effect on skin human body when measured

by PicoPress® at 3.00 mm. sensor thickness.
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4.3.3 Evaluation of mathematical modelling for prediction of the strain value

The objective of this experiment was to design the method that could be used for
investigating the prediction of the strain value on the mathematical modelling. The strain
value of fabric stretch is the main factor to develop the patternmaking for CG and therefore,
the experiment was then carried out to find out the strain values of stretched fabric form the
measured pressure by PicoPress®. Moreover, the correction factor also was computed to get

rid of the pressure perturbation from sensor thickness effect.

Conducting an experiment, the strain value of the fabric stretch in vitro model was used at
0.79 m circumference with similar method. The fabric length was used for determining the
strain value by cylindrical circumference at 0.1, 0.2, 0.3, 0.4 and 0.5. In Table 4.26, 4.27,
4.28 and 4.29 the results of predicted strain values of the sample S3, S4, S5, and S6 from

the corrected measure pressure at 0.79 m circumference were presented.

Table 4.26 Comparison of S3 strain values between experimental strain and predicted strain

Strain | Corrected measured | stressg: o= 2P Predicted Strain & Error
£ pressure (Pa) Pa) he | ¢=129E-18¢°- 3.9E-12¢7 + 2.78E-060 (%)

0.1 175.82 44,306.64 011 -10.00
0.2 334.90 84,394.80 0.21 -3.81
0.3 493.98 124,482.96 0.29 3.96
0.4 669.80 168,789.60 0.36 8.92
05 1,004.70 253,184.40 0.47 5.04

Table 4.27 Comparison of S4 strain values between experimental strain and predicted strain

Strain | Corrected measured | stressg: o= 2F Predicted Strain € Error
£ pressure (Pa) Pa) he | g=627E-170°-2.86E-116° + 6.1E- 06 @ (%)
0.1 92.10 19,341.00 0.11 -7.74
0.2 184.19 38,679.90 0.20 1.61
0.3 343.27 72,086.70 0.31 -4.87
0.4 519.09 109,008.90 0.41 -1.58
0.5 686.54 144,173.40 0.47 5.42
Table 4.28 Comparison of S5 strain values between experimental strain and predicted strain
Strain | Corrected measured | stress g: g= 2P Predicted Strain & Error
€ pressure (Pa) Pa) ho | £=297E-17¢°- 1.71E-110 2 + 4.66E-060 (%)
0.1 159.08 32,859.15 0.14 -35.71
0.2 242.8 50,152.13 0.19 2.78
0.3 493.98 102,035.21 0.33 -9.67
0.4 678.17 140,081.02 0.40 0.28
0.5 937.72 193,692.98 0.48 4.62
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Table 4.29 Comparison of S6 strain values between experimental strain and predicted strain

Strain | Corrected measured | Stress g; o= 2P Predicted Strain & Error
€ pressure (Pa) (Pa) he | ¢=347E-18 03— 4.26E-12 g%+ 2.31E-06 ¢ (%)
0.1 251.17 55,521.79 0.12 -15.72
0.2 510.72 112,896.00 0.21 -5.74
0.3 954.46 210,985.89 0.33 -10.11
0.4 1,414.95 312,778.42 0.41 -2.99
05 1,925.67 425,674.42 0.48 4.19

The results of predictive strain values are very close to the strain value were fixed from
experiment and it was found that the predicted strain at 0.1 are not accurate enough for
estimation possessing high errors around (-7.74% to -35.71%). While the predictive strain
range 0.2 - 0.5 are considered to be more precise. The results represented clearly that the
predicted strain values after taking account of correction factor of the pressure perturbation

are close to the strain values.

Figure 4.21 indicates the correlation of the strain value between the predicted strain versus
experimentally determined strain level at the cylindrical model of 0.79 m circumference. It
can be seen that the correlation of the predicted strain and experimental strain of samples
S3, S4, S5 and S6 are found to be well correlated with adjusted coefficients of determination
0.9948, 0.9896, 0.9807 and 0.9865 respectively in Table 4.30. This indication of the
predictive strain mathematical modelling involving pressure and body diameter parameters

can be used for making estimating the strain for CG accurately.
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057 e Strain S4
A Strain S5
v Strain S6
c 04 — Linear S3
‘© —— Linear S4
£ —— Linear S5
Boazd — Linear S6
°
e
g
o
0.2
0.1+
T T T T T
0.1 0.2 0.3 04 0.5
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Figure 4.21 The correlation of predicted strain VS experimental strain of sample S3, S4, S5 and S6
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Table 4.30 The correlation of predicted strain VS experimental strain of sample S3, S4, S5 and S6
Correlation of the strain from predicted strain and experimental strain

Equation: Standard Adj - o Significant
Y=a+ b*X Value Error R-Square Fstatistic FSlgmflcance (Fsignificance<0.05)
s3 | ntercept | 00230 | 0.0106 | 9945 | 770.0957 | 1.03E-4 | Significant

Slope | 0.8862 | 0.0319
Slope 0.0177 | 0.0159

s4 Slobe | 09308 | 00ssy | 098% |380.6864 | 204E-4 | Significan
Intercept | 0.0410 | 0.0206 N

S5 Stone. | 0.g868 | 0.0621 | 0-9807 | 2089023 | 744E-4 | Significan

sg  nercept | 00316 | 00180 | go65 | 2935320 | 4.33E-4 | Significant

Slope 0.9271 | 0.0541

4.4 Performance of novel tensile measurement device

4.4.1 Measurement of fabric properties by novel tensile measurement device

The experimental of a novel tensile measurement device was considered successful and the
results of loading from the calibration weight and elongation in Table 4.31 were obtained
from the length of fabric extended from five times cycle loading.

Table 4.31 The fabric extension values of sample S6 with different weights and cycle loading

Weight Elongation (mm)
(9) 1%t cycle 2" cycle 3rdcycle 4" cycle 5t cycle
0 0.00 0.00 0.00 0.00 0.00
250 102.50 112.50 113.00 113.50 113.50
500 113.50 125.50 127.00 127.50 128.00
750 123.00 135.50 136.50 138.00 138.50
1,000 131.50 142.50 143.50 145.00 145.50
1,250 141.00 148.50 149.50 150.50 151.00
1,500 150.00 153.00 154.50 155.00 155.00

Referring, the sample S6 results in Table 4.31 were compared with the elasticity of elastic
fabric testing according to standard EN 14704-1 strip test between loading and percentage

elongation as shown in Figure 4.22 (a).

Furthermore, the sample S6 results from the fifth cycle was then calculated to find out the
predictive polynomial fitting line of the strain value and also were compared with standard

tensile testing in Figure 4.22 (b).
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Figure 4.22 Comparison of fabric property results of sample S6 between manual test and standard test

It can be seen in Figure 4.22 (b) that the correlation lines between manual test and standard

test were very close to one another and the strain predicted results were found to have very

strong correlation when making coefficient adjustment of determination from manual tensile

testing at 0.9994 and standard test at 0.9886 as illustrated in Table 4.32.

Table 4.32 The correlation of the strain prediction of the sample S6 with different testing devices

Equation: Standard Adj - o Significant
V= arBIaBoABane | Value Error | R-Square Fotaisic Fsignificance (Fsignificance<0.05)
a 0 -
Standard B1 2.31E-6 | 2.95E-08 -
test B2 437E-12 | 2.04E-13 0.9886 40955.63 | 1.71E-144 Significant
B3 3.47E-18 3.32E-19
a 0 -
Manual B1 1.84E-6 | 1.09E-7 N
test B2 14E-12 | 621E-13 0.9994 453351 1.62E-7 Significant
B3 -2.1E-19 | 8.36E-19

In table 4.33 experimental results of sample S7 was obtained and were plotted in graph as

shown Figure 4.23 (a) in order to compare the fabric characteristic of loading-elongation

curves between manual test and standard test. It could be concluded from the result that

loading-elongation curves with different cycles from manual test contained close values to

the standard test ones.

Consequently, in Figure 4.23 (b) the predicted stain of polynomial fitting line from manual

test was very close to the standard test and the correlation matched well to the adjusted
coefficient of determination at 0.9985 and 0.9997 as described in Table 4.34.
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Table 4.33 The fabric extension values of sample S7 with different weight and cycle loading

Weight Elongation (mm)
(9) 1%t cycle 2" cycle 39 cycle 4% cycle 5t cycle
0 0.00 0.00 0.00 0.00 0.00
250 102.00 104.00 105.00 105.00 107.00
500 114.00 117.00 118.50 118.50 120.50
750 127.00 130.00 133.50 133.00 134.50
1,000 141.00 143.50 145.50 146.50 148.50
1,250 151.00 153.50 154.50 156.50 158.50
16 0.5
S7 S7
14 4 :;igcg;:e Standard test
——3rd cycle 04- ® Manualtest
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Figure 4.23 Comparison of fabric property results of sample S7 between manual test and standard test

Table 4.34 The correlation of the strain prediction of the sample S7 with different testing devices

Equation: Standard Adj B o Significant
V= aBLAxB2ox+Bane | Value Error | R-Square Fstatstc Fsignifiance (Fsignificance<0.05)
a 0 -
Standard Bl 1.58E-06 | 3.09E-08 N
test B2 > 87E-12 | 3.19E-13 0.9985 | 90619.08 | 6.22E-155 Significant
B3 -8.92E-18 | 7.78E-19
a 0 -
Manual Bl 1.49E-06 | 1.14E-07 L
test B2 3.45E-12 | LOBE-12 0.9997 8489.57 2.17E-6 Significant
B3 -9.53E-18 | 2.37E-18

Based from the results obtained from sample S6 and S7, it could be found that the results
from a novel tensile measurement device are very close to the standard ones and thus,
conclusion could be drawn that manual tensile testing device is considerably applicable for
testing measurement on elongation of fabric stretched by using the calibration weight
instead. Additionally, with its low cost and high accuracy in fabric stretched measurement,

this device is considered very beneficial.
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4.4.2 Fabric deformation image by manual tensile testing

The image analysis results were done by NIS-Elements software which is used to calibrate
the deformation of fabric stretched under the different weight interval 250 g. The experiment
put its emphasis on the fabric deformation appearing at the width dimension (lateral strain).
The results of the strain value obtained from fabric extension, width from fabric reduction
and elastic coefficient in length dimension ECL of S6, S7 and S8 are shown in Table 4.35.

Table 4.35 The results of fabric deformation in strain, width and elastic coefficient

g | S S s

(9) Strain (cm) ECL Strain (cm) ECL Strain (cm) ECL
0 | 0000 | i(l)"ggn 1000 | 0000 | i(l)',?)gn 1000 | 0000 | oo 6 | LOO
250 | 0130 | f(')?(fgg) 1033 | 0070 | fd?g(?g) 1020 | 0010 | f(i?(?&) 1.004
500 | 0280 | f(')?(f(f’s) 1070 | 0200 | f(i?(?(;ls) 1053 | 0250 | fd?gog) 1.013
750 | 0380 | f(foz&) 1082 | 0.340 | fd?(?olm 1075 | 0380 | igiggﬂ 1.020
1000 | 0.450 | fd?(?(?n 1101 | 0480 | fd?ozolm 1087 | 0480 | fd?(?gﬂ 1.033

1250 | 0510 | f(fg(;‘g) 1118 | 0580 | f(fé’(f’g) 1111 : i i

In figure 4.24 (a-f), illustration of images processing results of the sample S7 with different

weight at interval 250 g form 0 — 1,250 g is shown.

Length = 0.95 | ength = 0,9€ Length = 0,9 Length = 0,96 Length = 0,97 cm

0.96 Length = 0.99 Length = 0,95 Length = 1,00 -°ndth =0.99 cm

Length = 0.95 | ength = 0,95 Length = 0.97 Length = 0,95 Length = 0,94 cm

=S Lovah = = =0,99 Length = 0.96 cm
=1,00 Length
Length = 0,36 Length = 0.98 Length = 0.92 | angth = 1,00 | ength = 0,93 cm
0.98 Length = 1,00 129" = 0.96 | angth = 1,02 | ength = 0,94 cm
=1,02 Length = 0,95 Length = 1,02 | gngth = =

Length = 0,94 Length = 0,95 Length = 0,96 Length = 0,97 Length = 0,93 cm
0,97 Length = 0,98 Length = 0,97 Length = 0,99 Length = 0,95 cm

Length = 0,98 Length = 0.93 cm

= Length = 0,97 Length = 0,92
1.00 Length = 0,98 | angeh = 0,95 Length = 1.00 | angih = 0,95 cm Length = 0,97 Leng!
Length =101 Length = 1,00 Length = 0.96 Langih = 0.99 | ength = 1,00 cm s

(a) Weigth 0 g. (b) Weigth 250 g. (c) Weigth 500 g.
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Figure 4.24 The fabric deformation of the sample S7

The image analysis results of fabric length and width can be applied to help predict the ECL
of samples S6, S7 and S8 by using statistical analysis as shown in Figure 4.25. The graph
illustrates the obtained linear regressions watch are found to be well correlated with adjusted
coefficient of determination at 0.9998, 0.9993 and 0.9999 respectively in Table 4.36.
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Figure 4.25 The prediction of the elastic coefficient (ECL) of sample S6, S7 and S8
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Table 4.36 Prediction of elastic coefficient by linear regression of samples S6, S7 and S8
Equation: Standard |  Adj

Significant

Y=a+b*X Value Error | R-Square Ftasic Fsignifiance | (£ e<0.05)
S6 '”éf;;eept 0_2%289 o00a5 | 09998 | 5.003E5 | 1.07E-13 | Significant
S7 '”éf;;eept 3 1216 ooioo | 09993 | 9.156E4 | 7.48E-12 | Significant
S8 '”;f;;zpt 0_0289 oosg | 09999 | 1324E6 | 3.42E-12 | Significant

4.5 Defining patternmaking development procedure for stretch fabrics

The final part of the research emphasizes to develop the method how to modification the
size of patternmaking method for stretch fabrics. Through the experiments, the researcher
has integrated the knowledge to predict the strain value based on the factors are the body
diameter and specific pressure required. The main key factor to estimate the size of
patternmaking is the elastic coefficient of ECW and ECL where can be calculated from the

predicted stain and then the patternmaking size will be appraised.

4.5.1 Body measurement

During procedures of the measurement, sense™2 3D scanner was applied to create 3D
image of female mannequin and blender software was then used to analyse and process the
accurately size of the body cross section at main different parts of the female body for the
creation of patternmaking as shown in Figure 4.26 (a).

Body cross sections Body circumferences
FRONT FRONT
100
50 50
0 0
-16 -100  -50 50 100 #1150 -16 -100  -50 50 100 [ 150 mm.
mm.
50 56
BACK BACK
1E0-mm 150 mm.
TOU
—— Upper bust cross section = Bust cross section emmsm Upper bust circumference === Bust circumference
= |_ower bust cross section === Waist cross section s |_OWer bust circumference e \Naist circumference
() Body cross section with different parts (b) Body circumference with different parts

Figure 4.26 The graphs of cross sections and circumferences with different parts of the body
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Figure 4.26 (b) the body circumferences were used for prediction of the strain value in order

to calculate the size of patternmaking of this experiment.

However, at the point of body cross sections in Figure 4.26 (a), clear curves were found to
be occurring and this could lead to a big advantage in terms of analysing the pressure of

clothing at the specific area of the body.

4.5.2 Investigation of elastic fabric performance

The results of circumference (C) in the different parts of the body from Figure 4.26 (b) were
used to calculate the body diameter (D) for the predicted strain value by mathematic

modelling equations as shown in Table 4.37.

In this experiment investigated the fabric performance for producing the compression
garment by defining, specific pressure (P) applied on the body at 1.15 kPa (8.63 mmHg)
which is suitable for medium compression garment and was conducted to make prediction
for strain values. In Table 4.38, the stress values results were calculated by applying pressure
value, diameter and thickness of each fabric into the modelling of polynomial equations in

order to predict strain values ranging in different parts of the body.

Table 4.37 The predictive modelling of strain value of eight samples

Predictive modelling h Predictive modelling h

S1 & =3.45E-1603-6.05E-1152+9.90E-060 0.55 | S5 £=297E-1703-1.71E-110%+4.66E-0660  0.61
S2 £=114E-1603-2.71E-116%+8.05E-060 0.55 | S6 £ =3.47E-1803-4.26E-120%+2.31E-060  0.57
S3 €=1.29E-1803-3.90E-1202+2.78E-060 0.50 | S7  &=-8.92E-1803+2.87E-1202+1.58E-060 0.79
S4 £=6.27E-1753-2.86E-1102+6.10E-060 0.60 | S8  &=-1.52E-1853-6.08E-1302+1.89E-060 0.64

*h is thickness unit mm, ¢ is strain and o is stress unit is Pa.

Table 4.38 The results of predicted strain values with different parts of female body at 1.15 kPa pressure.

Body part D 0=% ; (Pa) Strain ¢ by prediction equation
(m) s1 2 3 sS4 ST | s2 | s3 | 4

Upper bust 0.251 | 262,400 | 262,409 | 288,650 | 240,542 | 46 | 2.31 | 051 | 0.69
Bust 0.276 | 288,545 | 288,545 | 317,400 | 264,500 | 6.11 | 2.81 | 0.53 | 0.77
Lower bust 0.232 | 242,545 | 242,545 | 266,800 | 222,333 | 3.76 | 1.98 | 0.49 | 0.63
Waist 0.228 | 238,364 | 238,364 | 262,200 | 218,500 | 3.59 | 1.92 | 0.48 | 0.62
S5 S6 s7 S8 s5 | S6 | S7 | s8

Upper bust 0.251 | 236,598 | 253,202 | 182,693 | 225,508 | 0.54 | 0.37 | 0.33 | 0.39
Bust 0.276 | 260,164 | 278.421 | 200,886 | 247,969 | 0.58 | 0.39 | 0.36 | 0.41
Lower bust 0.232 | 218,689 | 234,035 | 168,861 | 208,438 | 051 | 0.35 | 0.31 | 0.35
Waist 0.228 | 214,918 | 230,000 | 165,949 | 204,844 | 051 | 0.35 | 0.30 | 0.34

* D is diameter of body circumference, P is pressure unit Pa, h is thickness unit mm, ¢ is strain and o is stress unit is Pa.
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The predicted strain values in Table 4.38 could be evaluated to determine the performance
of elastic fabric that can led to three mains garment applications such as low compression
garment, medium compression garment and medical compression garment applications. For
the investigation of results, compression value at 1.15 kPa based on the comfort sensation

for medium compression [71, 42] were applied to analyse and discuss as follow:

In the group with low level of compression pressure (samples S1 and S2), predicted strain
values, as shown in Table 4.38, were considered to be high and unsuitable for high CG
production. Even though, the fabrics themselves have an immense extensibility, their
predicted strain value results are too high and that could lead to the limitation of pattern
construction. Thus, this group of fabric is optimal to produce fitting garments when pressure

is lowered to less than 1.15 kPa and the sense of discomfort had yet to be found.

Concerning the second group with medium compression pressure (S3, S4 and S5), they
appeared to have an optimal predicted strain at 1.15 kPa with strain approximately at 0.5 as
shown in Table 4.38. From the mentioned, it could be assumed this particular group samples

are suitable for manufacturing medium CG for sportswear, swimming suit, etc.

For samples S6, S7 and S8 known as a group with highest level of compression garment,
the values of the predicted strain are lower than 0.4 at the pressure 1.15 kPa as. With this
particular characteristic, these samples could effectively be used for producing various types
of high compression garment including medical application, athletic application and body
shaping application. And thus, S6, S7 and S8 were selected to determine higher pressure
from 1.15 (8.63 mmHg) to 2.4 kPa (18 mmHg) in order to predict the strain value for high

compression garment and the strain results are obtained in Table 4.39.

Table 4.39 The results of predicted strain values with different parts of the female body at pressure 2.4 kPa

Body part D o= % ; (Pa) Strain ¢ by prediction equation
(m) S6 s7 S8 S6 s7 S8
Upper bust 0.251 528,421 381,266 470,625 0.54 0.52 0.59
Bust 0.276 581,053 419,241 517,500 0.58 0.54 0.60
Lower bust 0.232 488,421 352,405 435,000 0.52 0.52 0.58
Waist 0.228 480,000 346,329 427,500 0.51 0.52 0.58

* D is diameter of body circumference.

Referring strain prediction values in Table 4.39, they were used for the circumferential strain
parameters and the results were calculated to determine the initial circumference by

multiplying the elastic coefficient in width dimension from the equation (3.4).
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ECW = ! and used for an estimation of patternmaking size in width

Ecircumferentialt

dimension as shown in Table 4.40.

Table 4.40 The size of patternmaking with different parts of the body under the pressure at 2.4 kPa

Body part C Co=CXECW ;(cm) ab=cd =CXxXECW x i ; (cm)
(cm) S6 S7 S8 S6 S7 S8
Upper bust 78.8 51.17 51.84 49.56 12.79 12.96 12.39
Bust 86.6 54.81 56.23 54.13 13.70 14.06 1353
Lower bust 72.7 47.83 47.83 46.01 11.96 11.96 11.50
Waist 715 47.35 47.04 45.25 11.84 11.76 1131

*C is the body circumference and C, is initial circumference of fabric.

In Table 4.41, procedural steps of calculating the elastic coefficient in width and length
dimensions in different parts of the body circumferences are offered. Column number (1)
symbolizes the predicted strain modelling of fabric tensile property in order to calculate the
strain values as shown in column number (2) and finally elastic coefficients in width
dimension could be found in column number (3). Likewise, the strain values from column
number (2) were used in order to calculate the elastic coefficient in length dimension by
predicted equations in column number (4) and the values of ECL are obtained as found in

column number (5).

Table 4.41 The elastic coefficient for 2.4 kPa pressure in width and length dimensions in different body parts

Pattern width dimension Pattern length dimension

(Course-wise direction) (Wale-wise direction)
No | Body part (1) ) ®) 4) (5)
Mathema_tlc_modell_mg for Strain ECW Predlctl\_/e_ elastic ECL
predictive strain coefficient

S6 | Upper bust 0.54 0.649 1.124
Bust 3.47E-1803-4.26E-1252+2.31E-060 0.58 0.633 1.133
Lower bust 0.52 0.658 1+0.228%¢ 1.119
Waist 0.51 0.662 1.117
S7 | Upper bust 0.52 0.658 1.100
Bust 5 ) ) 0.54 0.649 1.103
Lower bust -8.92E-1803+2.87E-1202+1.58E-060 0.52 0.658 1+0.1916¢ 1100
Waist 0.52 0.658 1.100
S8 | Upper bust 0.59 0.629 1.035
Bust ] a3 a2 . 0.6 0.625 1.035
Lower bust 1.52E-1803-6.08E-1302+1.89E-060 0.58 0.633 1+0.0589¢ 1034
Waist 0.58 0.633 1.034

4.5.3 Patternmaking development method for stretch fabrics

The patternmaking method introduces the formulas of block pattern construction in Table

4.42 and refers to the fundamental of pattern dimensions chart with the symbols and numbers
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illustrated in Figure 4.27 (a). Besides, the final block pattern construction was linked with
the vertical and horizontal plains as shown in Figure 4.29 (b). Regarding to the body
measurements of mannequin, the following information are obtained including: back length
or nape to waist (nw) = 38 cm, armscye depth (ard) = 15 cm, neck girth (ng) = 36 cm, back
width (bw) = 33 cm, bust girth (bg) = 86.6 cm, and waist girth (wg) = 71.5 cm.

Table 4.42 Fundamental of block patternmaking formulas

No. Details Construction abscissa Formula Calculation(cm.)

1 Centre line at neck 11lv

2 Black length niwl Back length 38.00

3 Armscye depth nlbl Armscye depth 15.00

4 Armhole pitch nlal 0.5K1H1 7.50

5 Horizontal lines 1,b,wl1

6 Shoulder line shl1l 0.2 K1L1

7 Neck width nin2 0.17ng (-1.5cm) 4.62

8 Neck height n2n2l1 1L v 1.3cm 1.30

9 Back width b1b3(b5) 0.5bw (-6cm) 10.50

10 | Back width line b3sh3 L h

11 | shoulder point sh3sh4 1.0cm 1.00

12 | shoulder line n21sh4

13 | Bust width blb4 0.25bg 21.65

14 | Waist width wiw4 0.25wg 17.88

15 | Front neck line n7n71 0.17ng (-1,5cm) 4.62
depth

Note: Lv (k) is a vertical line and Lh is a horizontal line and L1 is a central line

nﬁl :
n21 neck plain She - n6
nl=n7 %N nt Back et Yide, 5‘(\0"\ -
sh4 shoulder plain sh4 S
7 o
n/ ’?eck n7
c c
E E
al a3=a5 2 al |y a3 | a5 N
\ g_ T Armhole T
E E
© Back bodice i
bl =b7 b3 =b5 bd £ bust plain b1 R b4 Front bodice g b7
o
E B F
[e] A R
T c o
K N
T
wl=w7 wi waist plain - w1 aist line w4 Waist Iilne W7
1 2 3 4 5 6 7

Vertical plains

(a) Fundamental of block pattern (b) The patternmaking related to the vertical and horizontal plains
dimensions chart

Figure 4.27 The block patternmaking chart
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Figure 4.28 illustrates the matrix dimension points for the adjustment of patternmaking
development that are related to block pattern (black line). There are nine important matrix
points that present direction of the pattern which were moved by X axis and Y axis. The
pattern in blue line represents the patternmaking at the pressure 1.15 kPa and the green line
is the patternmaking at the pressure 2.4 kPa from the sample S7. In order to define point
number 3, calculation is done by multiplying waist circumference with ECW and then plus
the length dimension from armhole line to waist before multiplying with ECL. In case of
point number 4, calculation can be done by multiplying the bust circumference with ECW.
While in relationship of points number 5 and 6, adjustment of pattern from point number 4

will create a new armhole line and shoulder line.

Figure 4.28 describes the patternmaking by calculating the elastic coefficient of ECW and
ECL of the sample S7 at the specific pressure 2.4 kPa and focuses on only particular area as

the cylindrical shape at the shadow area.

(0,0)
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w
"""""" Neck line - (0, 0) ¢ A (%)
] =
(&)
3
(0,0) ' =
------- Pressure 1.15 kPa B
¢44 (%, 0) 3
------- Pressure 2.4 kPa 9|
. a
E| E
G o| <
----------- Armhole line - (g0) 14.06 cm. g (-x,0) °
86.6 x ECW/4 Eo
86.6 x 0.649/4 = 14.06 cm. o £
"""""" Bust line -------- % - E 5
= = 8 €
©
= &1 32 o
= gl 24
§ 2 -l
G} i
B >
_C o
E o~
71.5x ECW/4 <
71.5x0.658/4 = 11.76 cm. @ @
............. Waist line ... (0,~y) (-x, -y)
’ ! . Newlength __¥ ______

+«— 1176 cm.—*

Figure 4.28 The reduction of patternmaking method based on fabric tensile property of sample S7

4.5.4 Application of patternmaking reduction with standard sizing system

The development of clothing patternmaking method for stretch fabric in this research study
was complete and this brings to an achievement of creating accurate size patternmaking for
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its applications. Furthermore, this research endeavours to create as a guideline for the
fundamental of patternmaking for stretch fabric referring to the standard sizing system which
would be helpful to understand the importance of body measurements that can be applied
and integrated by the elastic coefficient to achieve accurate size of pattern dimensions. Table
4.43 represents body measurement according to standard ASTM D5585 for adult female of
size 6, 7 and 8 for case study example describing the method by multiplying the elastic

coefficient of ECW and ECL from the formulas were discovered.

Table 4.43 Madification standard sizing system of body measurement by applying elastic coefficient

Size (cm) Multiply

Body measurement  Symbol 6 8 10 elastic coefficient
Nape to waist nw 40.6 41.3 419 xECL
Armscye depth ard 18.7 19.0 194 No reduction
Bust girth bg 86.4 89.0 91.4 xECW
Waist girth wg 66.0 68.5 71.1 xECW

back width bw 36.5 37.1 37.8 xECW
Neck girth ng 35.6 36.2 36.8 No reduction
Shoulder length shi 12.9 13.0 13.2 No reduction

Note: ECW is elastic coefficient in width dimension and ECL is elastic coefficient in length dimension.

Eventually, this technique of modifying standard sizing system of the body measurement
could be conducted by applying the elastic coefficients which could help develop the
patternmaking and thus, application of the method could be considered very helpful for the

garment industries to manufacture compression garments in mass production.

4.5.5 Application of patternmaking by using PDS tailor XQ software

In Table 4.44, parameters of body measurement are obtained by applying PDS Tailor XQ
software on the mannequin. The benefit of software for predicting the pattern construction
under the parameters of body measurement and elastic coefficient of elastic material. The
parameters can automatically help determine the size of patternmaking with elastic
coefficients under the regression formulas method. Moreover, the software will also help

define patternmaking through CAD system as shown in Figure 4.29 (a and b).

However, some parts of the pattern dimensions are not precisely as the estimating pattern
reduction method, but the software can adjust the pattern in order to fix the size of
patternmaking such as the construction segment of total chest-width “u6”, chest half-width

“u601” and waist width measuring “u61”.
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Table 4.44 Modification of the pattern construction abscissa PDS Tailor XQ software

Variable | Type Descriptive Text Formula \(/;ITl]J)e
MATERIAL ALLOWANCES
Ed C Length elasticity coeff. of material 1-KEd 1.100
E$ C | Width elasticity coeff. of material 1-KE$ 0.658
Eh C Elasticity coeff. of material at bust 1-KE$*KEh 0.649
ABSOLUTE TERMS OF CONSTRUCTION SEGMEN
B C Garment length L1 38.000
CONSTRUCTION SEGMENTS - NETWORK
ul U Garment length (B+al)*Ed+p1 38.000
u2 U Chest line placing (T39+a2)*Ed+p2 15.000
u3 U | Waist line placing (T40+a3)*Ed+p3 38.000
ué U | Total chest width (0.5*T16+a6)*Eh+p6 28.120
u601 C | Chest half-width 0.5*u6 14.060
ugol U | Arm scye half-width (K801*T16+a801*Eh+p801 3.722
ulo V | Arm scye depression (K10*(T40-T39)+al0)*Ed 0.930
ul7l C | Arm scye depth (0.5*T38+al71)*Ed+pl71 17.907
ul93 C | Arm scye lower part construction 0.5*(u171+ul0) 9.419
ulo4 C Arm scye lower part construction 0.25*(ul71+ul0) 4.709
CONSTRUCTION SEGMENTS - BACK PART
u29 U Back part neck width (0.185*T13+a29)*Eh+p29 5.354
u30 U | Back part neck height (0.065*T13+a30)*Ed+p30 2.286
u32 V | Back part neck radius (0.23*T13+a29)*Es+p29 6.943
u335 V | Shoulder line angle 7335 76.000
u36 V | Back part shoulder line enlargement K36*T47+a36 1.750
CONSTRUCTION SEGMENTS - FRONT PART
us6 U Front part neck depth (0.2*T13+a56)*Ed+p56 5.354
us7 V | Front part neck radius (0.18*T13+a57)*Es+p57 6.273
u6l U Waist width measuring (0.25*T18+a61)*Es+p61 11.760

(a) Pattern construction chart
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I
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7777777777777777 Patternmaking development __ Bust line
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I
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©
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Figure 4.29 The patternmaking by applying PDS Tailor XQ software
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Referring the pattern construction abscissa chart of the construction segments created from
the PDS Tailor XQ software shows the variables of pattern construction segment which are
coordinated as shown in Figure 4.29(a). While Figure 4.29(b) presents the final
patternmaking, for CG at the pressure 2.4 kPa of the sample S7 which created by PDS Tailor
XQ software.

Overall, the PDS Tailor XQ software has a great efficacy to create patternmaking from
stretch fabrics by inputting the parameters of elastic coefficient into the software and the
database in the software could also be linked with the standard sizing system. Besides,
various types of patternmaking garment designs in the software can help create
patternmaking that can be transferred to CAD system. However, the pattern dimension
distances are somewhat slightly different, but the final step can be adjusted for accurate size

of pattern determination.
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5.1 Summary

In this thesis, a new systematic patternmaking method approach by finding out the elastic
coefficient in order to modify the pattern construction for stretch fabrics and procedure to
investigate the elastic fabric performance was developed. The method integrates knowledge
from, multiple disciplines, including body measurement study, the fundamental block
patternmaking, mechanical property of elastic fabric investigation, characterization of fabric
tensile deformation, the interface pressure applied by using mathematical modelling based
on the theoretical of Laplace’s Law and thin-wall cylinder theory and developing the
patternmaking methodology to emphasize the precise pressure value requirement of pressure

garment.

This thesis can be summarised to approach the procedure of the patternmaking development
method to estimate the final size of patternmaking for pressure garment. The elastic
coefficients are the main parameters applied to calculate the pattern abscissa in the width
and length dimensions of patternmaking. Firstly, ECW is the main key to predict the strain
value from the stress-strain curve results. The pattern construction in width dimension
mainly occur the pressure by reduction size of clothing patternmaking. Therefore, the
specific pressure requirement in CG applied the mathematic modelling for prediction of
strain value is calculated in this dimension. Secondly, ECL was used for experiment of the
fabric deformation characteristic analysed by the image processing analysis. Eventually, the
results of ECW and ECL were multiplied by the size of body measurement to modification

the patternmaking in the main critical points from the reduction of matrix dimension.

5.2 Conclusions from the research

Efficacy of elastic fabric for pressure garment is very important to achieve the correct fabric
for the garment applications end used. The mechanical fabric property could be examined
and evaluated the fabric performance by classify type of compression garments applications.
Due to some fabric properties, they are unsuitable to produce high compression garment

applications. Therefore, the propose of this research is to define and evaluate the capacity of
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fabric for compression garments and fill the knowledge gap and develop a systematic pattern
construction method for high performance for pressure garment applications. By conducting
a series of theoretical study and experimental investigation, the objectives of the study have

been achieved and summarised as follows:

Tensile property is the initial examination of the efficacy of fabric by the percentage of
elongation. It was found that a good extensibility should be over than 400 % elongation and
a fabric is suitable for produce the high compression garments such a medical compression
garment where it should have the fabric elongated minimum reach to 500%. As for the well-
fitted garment on the body, the extensibility up to 200% is sufficient to produce the slight

pressure garment less than 1.15 kPa.

The hysteresis loop test, is concerned with the stretch level of the fabric that it should be
optimal stretch for investigating the stress-strain curve from the typical stretch-recovery
cycle. This research defined the optimal elongation of the fabric at 50% that achieve an
effective result and rescue the fabric recovery and deformation change. Further, the stress-

strain cycles found the 5" cycle is applicable to apply for analysis and evaluation.

Elasticity of fabric found the elastane composition of fabric is significantly different of the
influence on the elastic recovery and the results could be concluded that higher elastane
composition will have higher elastic recovery. In elastane in the fabric over 10%, the elastic

recovery has excellently preformed between 90 - 92% of dynamic testing.

Stress relaxation results showed that at the elastane 5.62% in the fabric the force decay
rapidly decreased and reached to 18.38% of stress relaxation from the initial stress holding.
In the fabrics that have elastane over than 25%, then the stress relaxation was lesser than
10%. It could be concluded that the efficacy of elastic fabric for producing the CGs that the
elastane should have minimum at 25% will have a great elastic recovery and less stress

relaxation.

Dynamic work recovery, of this thesis found that the percentage of elastane might be an
influence on the energy loss when fabric high percentage of elastane, the less energy loss
during dynamic test. It could be helpful for the sportswear application to investigate the

fabric performance to improve the garment applications.
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Fabric deformation of knitted structure including single jersey, interlock and locknit. The
fabric deformation results agreed with the theoretical background of the appearance
properties that the single jersey structure has poor dimensional stability and tendency to curl
at the edge of the fabric. While the fabric structures of locknit is a bit tendency to curl at the
edge and interlock is very good dimensional stability and without any curling effect when

fabrics extended.

Image process by MATLAB, was well done and successful by a novel technique method to
simulate the images then processing gradient deformation tensor. This new technique is
accurate in calculation of the gradient deformation tensor under the different extension levels
and it could be predicted the ECL.

Engineering stress (ES) VS True stress (TS), this research examined the results of ES and
TS to compare the stress value. The experiment found that at the strain between 0-0.2, the
TS is quite equal with ES. Then, the stress values are slightly different until the strain at the
maximum 0.5 the TS is a bit higher than ES only 3%. Therefore, it could be assumed that
the fabric stretches at the strain maximum 0.5 that the value of ES can be accepted for

analysis of this research.

The prediction of the strain value from the mathematical modelling was successful for
estimating the predicting strain in order to calculate the ECW. The designing experiment
method investigated and compared with different parameters including fabric samples, strain
levels, diameters and models (vitro and vivo). The results were well done to get the accurate
results and agreement with the mathematical modelling based on theoretical of Laplace Law.
I hope that a new modelling finding will gainful to estimate the fabric stretch depending on

the pressure requirement.

Effect thickness of the compression tester, this research found that the effect of thickness
sensor perturbation has occurred with the solid (vitro) cylindrical model. Therefore, the
correction factor can be calculated to achieve the actual pressure results from compression
tester. While the thickness sensor does not have the effect on the human skin (vivo), so the
correction factor was unpractised. However, this research was used one compression tester
which it is called Picopress ® and it could be assured for this device that it is accuracy and

effective for measuring the pressure value and calculating the correction factor.
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Patternmaking for pressure garment has defined the zone of pressure area into two zone as
described in chapter 3, zone 1% is the zone of pressure area that the main focusing on
determining the specific pressure and the body as assume as the cylindrical model. Zone 2"
the fabric could not stretch around body circumference because this zone of patternmaking
was cut for drawing the armhole line because of this reason the patternmaking in zone 2"

was neglect.

Pattern development well done and successful to used fundamental block pattern and was
applied by using the PDS Tailor XQ software. The experiment found that the PDS Tailor
XQ software quickly computed the patternmaking based on function of elastic coefficient
ECW and ECL. However, the construction formulas are complicated but in the final step
can be adjusted the patternmaking and accuracy size of pattern requirement. Moreover, this
research achieves the solution for coordinate with the standard sizing system of the body
measurements then was applied the elastic coefficient to find out the reduction values before

calculated with the fundamental patternmaking method.

This thesis finding in this study enhance the knowledge of patternmaking engineering
technology for accomplishing a purpose a new systematic patternmaking method for stretch
fabrics. However, the development of patternmaking method is applied to assume the body
shape like the cylindrical shape which related to the Laplace’s low theory for prediction of
the strain values and could be proved that the mathematical modelling for predicting strain
value is considered to be accurate for cylindrical shape from the experimental results. In
fact, the body shape is not exactly cylindrical shape and thus the estimation of the size of
patternmaking is suitable for some parts of the body that is similar to cylindrical shape.
Hopefully, this thesis would be useful for garment industries to produce pressure clothing

applications with high compression products by scientific methodology.

5.3 Recommendation from research

In this research, a lot of efforts have been made to develop the engineering patternmaking
method for stretch fabrics and have applied to the scientific knowledgebase that could be
fulfilled to defined to the future direction of the research activities and it would including
provide the insightful reference to researchers. The recommendation for future research can

hopefully expand the results obtained in this thesis are outlined as follows:
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Analysis the pressure under fabric stretch based on the complex body shape.
Analysis the dynamic pressure testing during body movement or some activities.

Applying the patternmaking to the seamless technology and modification the

patternmaking for well fitted with the body shape.

Simulating part would be supported the developing the strain predictive mathematic
modelling that it will be compared with the finite element method (FEM) to

approximate the pressure value on the simulation model.

The develop the method of patternmaking was done for upper part of the female so
the method could useful to design with another part of the body or it would help to
support other compression applications areas.
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Appendix

The structure of stretch fabrics samples

Single jersey structure (S1 — S6)
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Appendix

Locknit structure (S7)
Back side

Front side
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