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Abstract

This thesis focuses on the development of a nelantqae which enables a novel type
of front panel for female body armour to be engiadeproviding female contour, high

level protection, and therefore comfort in wearing.

The traditional cutting and stitching method canused to form a dome shape to
accommodate the bust area but it gives rise to messkagainst projectile impact at the
seams. A novel type of fabric with the advantagemiauldability is needed as an
alternative to the conventional plain woven fabinc making female body armour
without the need of cutting or folding but easenanufacture. Dome-shaped fabric and
angle-interlock woven fabric are two potential daates. The analysis and
comparisons determine the selection of the fabrtb wuperior dome depth which is

more suitable for the female body armour applicatio

Ballistic evaluations on the selected fabric weegried out from two aspects: the
overall ballistic performance investigation and ffa@ametric study. The result provided
a better understanding of kinetic energy absorptipability of single-piece selected
fabrics. Additionally, the ballistic performance fabric panels was further evaluated in
the factory in order to ensure the selected faloald achieve the commercial

requirement.

After the investigations of mouldability and bdiiisresistance of the selected fabric, a
mathematical model was created, which determinegéittern geometry for the front

panel of the female body armour. This mathematiwadlel takes the body figure size
and bra size as the input, and the output is to@lg@iof the front panel of female body

armour. This work enables the speedy creation &bt panel of the female body

armour in the selected fabric. This is an imporiavance and a novel approach for
making seamless female body armour with satisfadiallistic performance.
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Chapter 1

Introduction

The police and members of armed forces may be deglin extremely dangerous
situations and face the risk of serious injuryataf wounding, whilst carrying out their
duties. Unfortunately civil safety does not haveasitive outlook and is seriously
threatened by violent crime. In the UK the Briti€ime Survey demonstrated that
crime rose steadily from 1981 to the early 199@skmg in 1995. Then crime dropped
and showed little overall change though an excaptd a statistically significant

reduction of 10% occurred in 2007/2008. The fregyeof weapon usage in violent
crimes has been stable over the past decade, abeutin five (21%); though it

decreased in recent years due to a reduction imgbeof limitation weapons, a rise of
2% of violent crimes was found in the use of shofgas well as handguns in
2008/2009 [1]. The situation was even worse in W& Based on the data from the
Graduate Institute of International and Developnteidies, and US Bureau of Justice
Statistics, there were 3.6 firearms homicides [@£,d00 population in the US, which
was 30 times more than in the UK and 8 times mioae in Germany in 2000 [2]. The
firearms offence had not changed for almost terrsyagaremained 7% of all violent

crimes from 1999 to 2008 in the US, reported by Rieau of Justice Statistics [3].
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The civil safety is confronted with even bigger lidr@ages as modern conflicts and
warfare are more likely to take place in congestdshn streets than war zones, and
some of them have become serious terrorist att@ksthe September 2001 New
York Attacks, the October 122002 Bali Bombings and the July’ 2005 London
Bombings). Military soldiers are to cooperate witle police officers to guard the civil

safety instead of only appearing in the battlegeld

Civil safety has raised the concerns about the rapoe of body armour, which could
improve the potential to save lives during conflidBdody armour is an integral part of
the fighting kit of a wearer as it plays a key rafe protecting police or military
personnel from enemy threats, warfare tactics aithng systems [4-10]. The National
Institute of Justice has reported that the ristatdlity from firearms assaults is 14 times
higher for officers who are not wearing body armthan those wearing body armour.
Figure 1.1 indicates that American police offickese significantly benefited from the
introduction and development of body armour, aswshby a decline in the officer

deaths [11].
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Figure 1.1 Trends in officer homicides in the US,965-2000 [11]
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1.1 The Problem

It is true that females have become an importameféor guarding the national safety
which cannot be ignored. For example, in Europe peecentage of female law
enforcement officers in service increased from 2804he force in 1996 to between
30% and 50% in 2004. The US has already closedHi@wang parity between men and
women in service [12]. In terms of the percentayj@a@men serving in the military, the
ratio approached 9.1% in 2006 in the UK [13]. Th® §Aw the ratio rise dramatically
from 1.6% in 1973 to 10.8% in 2007 [14]. Women haeen breaking barriers in civil
guards and military organisations and will contirtaebreak barriers. However, even
though considerable efforts have been made to weptbe performance of body
armour in various aspects (such as ballistic ptmecbreathability and comfort to the
wearer in response to operational requirementseapdriences of police and military
forces [15-25]), most of them are primarily con@gtrfor male wearers. Nevertheless,
as more and more female police officers and sadchee exposed to hostile conditions

and environments, the need to protect their lielnmes increasingly important.

On the other hand, female body armour has not imeproved in parallel. The apparent
reflection is that most female officers and solslistill wear unisex body armour but
with smaller sizes. This is obviously unsuitableedo the physiological differences
between women and men; incorporating the femabotmto a male-based system, may
result in disproportionate protective and functicserifices. It has been acknowledged
that breasts are very sensitive organs; they cabriliged easily but recover slowly.
Breast injuries can result in dystrophic calcifioas (calcification of degenerated or
necrotic tissue), lesions (localised pathologidenges in a bodily organ or tissue) or
the death of the breast organ; therefore the walifel@ale may lose a breast or even

her life if extensive internal bleeding occurs [28loreover, without a good customised
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fit, body armour can become a distraction to thgeduof female wearer (as she may
feel uncomfortable or even pain on some parts)clviwill obstruct her mobility and

leave her life in danger.

The traditional cutting and stitching method wotddn dome shapes to accommodate
the contour of a female bust. Nevertheless, seanmdoged in garment production are
easily penetrated by small projectiles or fragmeaitelose ranges. Butted seams are
particularly vulnerable [27]. Overlapping seams amech stronger in fabric stitching
(due to more friction between the fabrics and thsgahowever, the small ballistic
missiles still can break them directly by penetgtand severing the loop of threads
among the seams. Fabric folding is another wayotonfthe dome shape but the
downside is that there are too many layers whiehfalded under the armpits, which
apparently leads to discomfort in wear. In additittre weakness of stitches against the
projectile impact still exists as many stitches r@guired during the folding procedure.
Therefore, an improved method for making protectwel comfortable female body

armour is imperative.

1.2 Aims and Objectives

The aim of this project was to research for a neghiique to enable a novel type of
female body armour to be engineered, which woutvige the high level of protection

associated with the female contour thus making @&rfd comfortable to wear without

the need for cutting and stitching.

The first objective was the selection of the teghes that would develop domed fabrics

with no requirement for cutting or folding. Threergnsional dome-shaped fabrics and
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angle-interlock woven fabrics were mainly consideréhe former type, characterised
by dome shapes woven directly from the loom, cduddtaken into account in the
design of the bust area; the latter, classifiedrees of typical three-dimensional woven
structure fabrics, possessed good mouldability @requently could integrally form
the required crater shape. Their deformation dejsit studied and compared in order to

select the better type. A series of experimentgwerformed to achieve this purpose.

1) Experimental investigations was undertaken to olesdre correlation between
the deformation depth of three-dimensional domestafabrics and the
relevant governing parameters - weaves, dome saBus ratio, number of
circles, weft linear density, weft density and skage. The outcome could
provide important empirical understanding of thengdformability of the dome-

shaped fabrics.

2) The dome formability of angle-interlock woven faisriwas also studied. The
results were compared with that of dome-shapedidaldor the purpose of
distinguishing which one possessed better defoomatepth. The comparisons
would be worthwhile in the selection of techniqudes engineering the novel

female body armour.

The second objective focused on the ballistic eatedn of the selected fabrics. The

single-piece fabrics as well as fabric panels vwexqgerimentally evaluated, in order to

understand the ballistic-resistant properties efd¢blected fabrics.
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1) By using the ballistic range at the University oaithester, the overall ballistic
performance of the single-piece selected fabricss weaaluated via the
comparisons of kinetic energy absorption betweerstiected fabrics and other
different fabrics. Additionally, the ballistic perimance of the selected fabrics

was extensively investigated under the parametinidies.

2) Fabric panels were evaluated in the ballistic téstgvestigate if they could
qualify in the commercial market for the NIJ stambaThe whole test was
strictly carried out at the in-house range of tiefaborating factory and the

result provided valuable evidence if the selectdti€ qualified.

The third objective was to work out a procedurgattern cutting for the front panel of
the female body armour based on the fabric typecssd. Mathematical modelling was
carried out to determine the pattern geometry. Gdoty size and bra size were taken as
the input, and the profile of the front patterntloé female body armour was the output.
With this procedure, the front panel of the femlately armour was quickly created.
This indicated that a novel approach for makingansess front panel of female body

armour, with the satisfactory ballistic performanceuld be established.
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1.3 Thesis Layout

Chapter 1 is the introductory chapter. Introductioh body armour, ballistic
performance of body armour, and current and pakntemale body armour
technologies are mainly reviewed in Chapter 2. Ginegent main technologies include
unisex tailoring, cutting and sewing, folding, depping, and moulding. But these
technologies have different drawbacks in the shppdormance, protection, wear
ability or comfort so that alternative routes- #Hadimensional dome-shaped fabrics and

angle-interlock woven fabrics are taken into act¢oun

In Chapter 3, preliminary work on the female bodynaur technology with the
application of three-dimensional dome-shaped fabiscillustrated. The relationships
between the dome formability of dome-shaped faband the relevant governing

parameters (e.g. weaves, dome size) are investigate

Chapter 4 focuses on investigating the mouldabdityangle-interlock woven fabrics.
Analysis and comparison between dome-shaped falamck angle-interlock woven
fabrics also have been exhibited in order to sdlezttype with the better deformation
depth. Based on this, more extensive study of ¢hected fabrics’ ballistic performance

Is investigated, as illustrated in Chapter 5.

Chapter 6 presents the pattern creation for thet fimmale body armour panel. On the
basis of employing the selected fabric which hasdgdome formability as well as
satisfactory ballistic performance, a mathematiwaldel simulating pattern geometry

for the front panel of female body armour has bestablished, which would lead to
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quick creation of front female body armour paneddzhon the input of the body figure

and bra sizes. Chapter 7 ends the thesis with gsiocls and future work.
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Chapter 2

Literature Review

This chapter mainly aims to review the followingpasts: (1) introduction of body
armour, (2) ballistic performance of body armoud g8) the current and potential
female body armour design technologies. Two importgpes of fabric, dome-shaped
fabric and angle-interlock woven fabric, are alseviewed because of the possibility to

be used for female body armour.

2.1 Introduction of Body Armour

2.1.1 History

Body armour is a virtual requirement for police awddiers especially when anti-social
behaviour and global terrorism seem to dominate hbadlines of today’'s news in

recent years. Inadequate safety measures could froutline professionals at

unnecessary risk and cause intolerable injuridsaom. In fact, the inclination to wear
body armour is nothing novel; various types of mate have been used to protect
humans from injuries in battles and other dangemitigations throughout history.

Ancient tribes used animal skins and other natuaterials to protect their bodies. The

warriors of ancient Rome and medieval Europe caleheir torsos in metal plates
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before going into battles [28]. With the developmnehcivilisations, body armour was

advanced and mainly classified into the followihgee categories [29]:

® Armour made of leather, fabric, or mixed layersooth, sometimes reinforced by
quilting or felt;

® Chain mail, made of interwoven rings of iron orete

® Rigid armour made of metal, horn, wood, plasticsome other similar tough and

resistant material

However with the advent of more effective weapoms guns and cannons in the™5
century, body armour had to be highly improved asfaprojectiles at high speed.
Utilising traditional body armour seemed impossiatemost of them were not reliable
enough against firearms. Silk, which was alreadysmtered by the Japanese in the
medieval period, was not recorded as the firstais®ft body armour in the USA until
the late 18 century. However, the soft body armour made &f sis only effectively
against low-velocity bullets travelling at 400 nestrper second or less, but not new
generation ammunitions travelling at more than B@@res per second at that time [30].
In the First World War various experiments wereriear out to develop soft body
armour; linen, tissue, cotton and silk were conedrim the padded neck defence and
vests in the UK. The Americans developed bullebprbody armour by using
overlapping steel plates sewn to strong fabric gatsiagainst pistol projectiles around
the 1920s and 1930s, such body armour could offed grotection but was quite heavy
and uncomfortable [29]. The body armour with effieefprotection against ammunition
fragments known as flak jacket was developed inSeeond World War. However, the

flak jacket was not good enough against most pastdlrifle threats. In addition, as the
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flak jacket was sewn with steel plates, the disathges in weight and lack of
conformability blocked it to be applied widely [33 technical breakthrough of body
armour research appeared in the 1960s, during wtmehfirst ballistic nylon was
invented. This newly invented armour which was mafieallistic nylon had reduced

weight but improved ballistic protection [29].

The revolution in modern body armour generation Wasight about by DuPont after
the introduction of its new aramid fibre called in 1965. This kind of fibre,
which is five times stronger than steel on an equaight basis, is widely applied in
reliable lightweight bullet-proof body armour [3Ilowadays, such high-strength and
high-performance materials in the application ofiyparmour are fairly popular around

the world.

2.1.2 Categories
Body armour mainly functions to protect the humarsa from firearm-fired projectiles
and fragments from explosions. They can be dividealtwo main categories based on

ballistic threats, i.e. soft body armour and havdybarmour as detailed below [32-35].

2.1.2.1 Soft body armour

Soft body armour is used to absorb the impact gnteogn small calibre handguns and
shotgun projectiles, and small fragments from esipks such as hand grenades [36].
Soft body amour is constructed of many layersafifile woven or laminated fabrics or
other ballistic resistant fabrics. The number ofels is around 7-50 layers based on
protection levels and fabric styles. The areal i fabrics is around 90-250 gfrin

which condition the ballistic performance could &ecurately demonstrated. Those
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layers of fabrics are assembled into a ballistioghaThe ballistic panel is in turn
inserted into a carrier, an outer layer of garmfafrics with no general ballistic
resistance which provides a means of supportingsandring the armour garment to the
user. The ballistic panel may be retained or rerddvem the carrier [37]. The whole
armour garment is generally manufactured in thenfof vest in consideration of the
wearer’'s mobility during anti-crime activities orilitary tasks. Covert vest and overt
vest are the two main styles [38], as shown in ledul. The covert vest is concealable,
worn underneath a shirt, sweater or casual hoaaé,the overt vest is worn over the

uniform.

@) (b)

Figure 2.1 Body armour: (a) covert vest; (b) overvest [38]

The fabric of soft body armour is made from syntheblymeric lightweight fibrous
materials that exhibit greatly improved ballistesistance performance [29]. The two
main types of fibres used in soft body armour aramé&d and high-performance

polyethylene. Well-known brands of aramid fibres &evlaf® registered by DuPont,
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Twarorf and Technofa by Teijin Aramid. Dyneemfa by DSM and Spectfa by

Honeywell belong to the high-performance polyethglggroup. In contrast to aramid
fibres, the polyethylene fibres, characterised bghér strength but lower specific
density, have good resistance to moisture, UV-ragd abrasion. Other important
ballistic fibres are ballistic nylon and PBO, alixiey are rarely used in today’s market.
More details will be demonstrated in the followisgction. The energy absorption

properties of ballistic fibres have been illustchie Figure 2.2 [39].
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Figure 2.2 Energy absorption properties of high peiormance fibres [39]

Para-aramid fibres

A para-aramid fibre consists of long synthetic poflyde chains in which at least 85%
of the amide linkages are attached directly to ®vomatic rings. The polyamide,
known as para-phenylene terephalamide, is prodtroed the reaction between para-
phenylendiamine and terephthaloyl chloride at l@mperature in a dialkyl amide
solvent including hexamethylphosphoramide, N-metpyirolidone and dimethyl

acetamide [40]. These highly oriented chains witbrg inter-chain bonding largely

determine para-aramid fibre’s unique chemical ahgsgal properties, such as light
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weight, high impact resistance, high strength, kewe thermal and dimensional
stability, flame resistance and cut resistance s&lexcellent characteristics make para-
aramid fibres superior in many protective applmasi. The molecular structure [41] and
the scanning electron micrograph (SEM) [40] of ¢gbipara-aramid fibre- Kevlar are

shown in Figure 2.3.

(b)
Figure 2.3 Kevlar: (a) molecular structure [41]; (b filaments SEM [40]

Kevlar® is a trade mark of para-aramid fibre registeredt®y DuPont Company. The
first Kevlar known as Kevl&r 16 was invented in 1965. Over the four decades of
innovations, high tenacity and light weight of Kewhave been dramatically improved.
Currently the most common types used in ballistipligations are Kevl&r29, Kevlaf

49 and Kevlat 129. Kevlaf 29 was the first and is now still the original fayproduct
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type used in life protection. Kevfad9 is a well-known type of high modulus fibre and

Kevlar® 129 is renowned for its high tenacity. Their mialeproperties are listed in

Table 2.1 [31]. The fibre types with the most usezhve structures in the fabric panels

for soft body armour are listed in Table 2.2 [42].

Table 2.1 Mechanical properties of various fabric$31]

Kevlar® 29
_ Kevlar®49 Kevlar® 129
Standard tenacity, . .
High modulus High tenacity
-andard modult
Decitex 1670 1580 1670
Density (g/cr) 1.44 1.44 1.44
] (cN/tex) 207 201 238
Tenacity
(Gpa) 3000 2900 3427
(cN/tex) 5160 7517 6810
Modulus
(Gpa) 74 105 95
Elongation at break (%) 3.5 25 3.4
Decomposition
o (°C) 427-482 427-482 427-482
temperature in air
Table 2.2 Weave structures [42]
Linear density Fabric density ) Areal Breaking strength
Thickness )
Weave warpxweft warpxweft (mm) density warpxweft
mm
(denier) (per inch) (g/n?) (kg/cm)
Kevlar® 29 and Kevlaf 129
Plain 840x840 31x31 0.3048 220.59 161x170
Plain 1500%1500 24%24 0.4318 319.00 197x214
Plain 1000x%1000 31x31 0.3810 281.67 161x166
Plain 840x840 26%26 0.2540 196.83 134x143
Plain 1500%1500 17x17 0.3048 223.98 139x145
Plain 1420%1420 17x17 0.2794 220.59 152x152
Plain 1000x%1000 22%22 0.2540 281.67 116x130
Plain 400%400 32x32 0.1524 108.60 80x77
2x2 Basket 1500%x1500 35%35 0.5842 468.32 322x325
2x2 Basket 1420%x1420 35x35 0.5842 464.93 349%x357
Plain 200x200 40%x40 0.1270 71.27 60x58
Plain 3000x3000 17x17 0.6096 461.53 286x322
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8x8 Basket 1500x1500 48x48 0.8128 638.00 393x411
4x4 Basket 3000%3000 21x21 0.7620 546.37 357x357
4x4 Basket 3000x%3000 24x24 0.7620 610.85 416x447
Kevlar® 49

Plain 1420%1420 17x17 0.3048 217.19 125x134
Crowfoot 195x195 34%x34 0.0762 57.69 38x38

8H satin 380%380 50x50 0.2032 166.29 118x116
Plain 195x195 34%x34 0.0762 57.69 46x46
Plain 380x380 22x22 0.1016 74.66 53x53
Plain 1140%1140 17x17 0.2540 169.68 112x115
Crowfoot 1140%x1140 17x17 0.2286 169.68 111x114
Plain 1420x1420 13x13 0.2540 162.89 102x107
4x4 Basket 1420%x1420 28x%28 0.4826 363.12 243%232
4x4 Basket 2130%2130 27%22 0.6350 461.53 326%263
8x8 Basket 1420%x1420 40x40 0.6604 509.04 327x320

Polyethylene fibres

Polyethylene fibre consists of ultra high molecweight polyethylene (UHMWPE) by
gel spinning due to thermoplastic characteristidMWPE has a structure composed of
extremely long molecule chains with n (number &f tepeat unit) greater than 100,000.
The molecular structure is shown in Figure 2.4 [4Bhe highly parallel oriented
molecule chains are the main characteristic offive® microstructure of UHMWPE

fibres which give its property of high strength dangh modulus but low density.
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Figure 2.4 Polyethylene molecule [43]
Others

Ballistic nylon is a polyamide fibre which has begsed in ballistic applications for a
long time. The history of nylon fibre usage dateskito the Second World War. As

para-aramid and polyethylene fibres become dominanprotective applications
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nowadays due to their superior mechanical propertiglon fibre is stepping down

from the stage of history.

PBO is a new high tenacity fibre under the traddémizyion® by Toyobo which has
extraordinary high compressive strength. It coss$trigid-rod chain molecules of poly
(p-phenylene-2, 6-benzobisoxazole). The molecukh®swyn in Figure 2.5 [44]. It has
strength and modulus almost double that of paramardibre and shows the 100°C
higher decomposition temperature than para-araibie.f However, it may degrade
under UV light and visible light so rapidly thathas become controversial to use body
armour made of PBO fibres especially after thedence of it failing to protect police
officers in 2003. In 2005, Zylon was banned frore usthe ballistic applications by the

National Institute of Justice of U.S. government][4

-0

n

Figure 2.5 Poly (p-phenylene-2, 6-benzobisoxazoleplecule [44]

2.1.2.2 Hard body armour

Hard body armour is used against higher level teresich as rifle rounds and metallic
components. It is constructed by inserting cerametal or plastic plates into the
pocket which is on the inside or the outside of #uoft body armour to provide
additional protection. Nowadays, armour grade ceasnnclude aluminium oxide,
silicon carbide and boron carbide. The materialho$e plates possess additional stab-

resistant or puncture-resistant abilities due &rttough and rigid properties [29].
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Hard body armour is much more weighty and bulkmremt soft body armour because it
contains rigid ceramic or other types of platesunegl in front and back of the human
torso (though it could offer higher ballistic proten from bursts of fire from
submachine guns). Due to its weight and bulkinggs,impractical for routine use by
police officers but is more likely to be worn bylitairy personnel for short periods in
the battle against high level threats. Soft bodgaur is more suitable for routine tasks

as it is much more lightweight and comfortable.

2.1.3 Functions

The main function the body armour should possedmlisstic resistance as the most
frequent threat faced by police and members of drfoeces is from firearms and
fragments. Furthermore, stab resistance is impbliacause pointed and sharp-edged
weapons are notable fatal threats to the police maititry personnel, especially the
prison officers, due to the large amount of attagkk such weapons during their duties
[45]. Other additional functions of body armour afeo considered in order to protect

wearers as much as possible.

2.1.3.1 Ballistic resistance

The ballistic resistance of body armour is demaustt in the form of absorbing the
kinetic energy coming from a flying projectile. Bodrmour consists of multiple layers
of very strong fibres, which can absorb and dispéne energy of the impact across a
general area when a projectile strikes it. Addaioenergy is absorbed by each
successive layer of material until the projecties lbeen stopped or the projectile may
penetrate all layers if it possesses very strongtld energy. Multiple layers also assist

in reducing the effects of blunt trauma, causedhgyforce of the impacting projectile
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against the armour, resulting in non-penetratinigrival injuries such as bruises, broken
ribs or other injuries to internal organs. The tgpitest apparatus for ballistic testing

has been shown in Figure 2.6 [46].

10m (min}
i Sm (min) .
I2m+ (L1m
[
-.— = e R s
HG3, RF1, RF? and 5G1 HG1/A, HGI and HG2 | !
Threai Levels Threat Levels i i |
—— :
Body Armour
Velocity Measuring Mounted on
Equipment Plastilina® Tray

Figure 2.6 Typical test apparatus for ballistic teng [46]

The two most important ballistic test standardstheeNIJ standard—-0101.04 produced
by the US National Institute Justice (NI1J) [47] ahd HOSDB standard [46] for the UK
police, published by the Home Office Police ScignDevelopment Branch (HOSDB)
at the request of the Self Defence and RestraibtGGummittee of the Association of
Chief Police Officers (ACPO). Seven formal ballstesistant body armour
classification types have been established in decme to the NIJ Standard—0101.04,
which are listed in Table 2.3 [47]. In the HOSDRrslard, the ballistic body armour is
classified into five categories as shown in Tabke [26]. Additionally, most countries
have their own ballistic standards to correlatehwiite corresponding national security
systems, some of which have been demonstratedhle P25 [48].In all standards, the
body armour protection is evaluated on the abibtystop projectiles with the smallest

possible depth of the back face signature.
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Table 2.3 NIJ standard-0101.04 P-BFS performance sesummary [47]

Test Variables

Performance Requirements

Hits Per BES Hits Per Total
Armour Test Test Bullet Reference  Armour Denth Armour Shots Shots Shots Shots
Tvpe Round  Bullet Weight Velocity at 0° Maxir?wum at 30° Per Per Per Req’
yp (30 ft/s)  Angle of Angle of Panel Sample Threat dq
Incidence Incidence
022 2.69 329m/s 44mm
1 calibre i 4 ) 2 6 12 24
R LRN 40gr. (1080 ft/s) (1.731in)
! 0.380 48
) 6.29 322m/s(10 44mm
2 ACP 4 ) 2 6 12 24
FMJ RN 95gr. 55 ft/s) (1.731in)
9mm
8.0g 341m/s 44mm
1 FMI- - oagr. (1120 fUs) 4 (1.73in) 2 6 12 24
RN
A 20 48
11.79 322m/s 44mm
2 S&W 180gr. (1055 fiis) 4 (1.73in) 2 6 12 24
FMJ
9mm
8.0g 367m/s 44mm
1 FMI- oagr. (1205 fis) 4 (1.73in) 2 6 12 24
RN
I 357 48
10.2g  436m/s(14 44mm
2 "J"gg 158gr. 30 ftls) 4 (1.73in) 2 6 12 24
9mm
8.29 436m/s 44mm
1 ';“ﬁf 124gr. (1430 fts) 4 (1.73in) 2 6 12 24
A a4 48
15.69 436m/s 44mm
2 Mag 4 : 2 6 12 24
SIHP 240gr. (1430 ft/s) (1.73 in)
7.62
mm 9.69 847m/s 44mm
o 1 NATOF  148gr. (2780 fs) 6 (1.73in) 0 6 12 12 12
1J
0.30
; 10.8g 878m/s 44mm
v 1 calibre 1 - 0 1 2 2 2
M2 AP 166gr. (2880 ft/s) (1.731in)
1 * * * * * 44mm * * * * *
Special (1.73in)
* User Specified
. Panel = Front or back component of typical armour ample
. Sample = Full armour garment, including all componat panels (F & B)
° Threat = Test ammunition round by calibre.
Table 2.4 HOSDB ballistic performance levels [46]
- Upper
- Minimum D .
Performance Ammunition Bullet Range Prediction Velocity
Level Calibre Description Mass(g) (m)g Limit (m/s)
(mm)
9mm FMJ 8.0
Dynamit Nobel (124grain) 5 365 +10
omm DM11A1B2
HG1/A 44
Soft Point Flat Nose 10.2
0.357” Magnum ; .
9 Remington R357M3 (158grain) 5 390 £ 10
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9mm FMJ 8.0

omm Dynamit Nobel (124grain) 5 365 +10
HG1 DM11A1B2 o5
" Soft Point Flat Nose 10.2
0.357" Magnum Remington R357M3 (158grain) 5 390+ 10
9mm FMJ 8.0
omm Dynamit Nobel (124grain) 5 430 + 10
HG2 DM11A1B2 o5
" Soft Point Flat Nose 10.2
0.357"Magnum oo mington R357M3 (158grain) 5 455 + 10
Federal Tactical
Bonded
Carbine 5.56x45  >-26mm(:223) 4.01
HG3 . 10 25 750 + 15
NATO (62grain)
C o T LE223T3
1in 7" Twist
Law Enforcement
Ammunition
BAE Systems
Rile e o3
RF1 1 irz.fs’rr}r:vist Radway Green  (144grain) 10 25 830 £ 15
NATO Ball
L2 A2
BAE Systems
Royal Ordnance
Rile RO e a7
RF2 7.62mm o 10 25 850 + 15
1in 12" Twist Radway Green  (150grain)
NATO Ball L40 Al
7.62x51mm
High Power (HP)
Shotgun Winchester Loz. 284
SG1 12 gauge Rifled Lead Slug : 10 25 435+ 25

True Cylinder 12RS15 or 12RS

E (437grain)

Table 2.5 Ballistic standards: (a)German Schutzklasen; (b) Russia-Gost 50744-95; (c) CEN prEN

ISO 14876-2 [48]
(@)

Maximum
Performance Ammunition Bullet Velocity Back face
Level Description Mass(g) (m/s) Deformation
(mm)
SKL 9mmx19 FMSJ DM 41SR Ruag 8.0 365+5 18-22
9mmx19 FMSJ DM 41SR Ruag 8.0 410+ 10 18-22
SK1 9mmx19 QD-PEP MEN 5.9 475+ 10 (36-44 for
9mmx19 Action 4 Ruag 6.1 460+ 10 contact shot)
SK2 0.357 Mag BFM Dynamit Nobel 7.1 580 £ 10 18-22
SK3 5.56mmx45 FMJ + P SS109 FNB 4.0 920+ 10 18-22
7.62mmx51 FMJ DM111 MEN 9.55 830+ 10
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SK4 7.62x51 FMJ AP P80 FNB 9.75 820+ 10 18-22
(b)
Maximum
Performance Ammunition Bullet Velocity Back face
Level Description Mass(g) (m/s) Deformation
(mm)
1 9mm Makarov PM 5.9 290-315 17
7.62mm Nagan 6.8 265-285
5 5.45mm PSM 25 310-325 17
7.62mm Tokarev TT 55 415-455
2a 18.5mm 12 gauge 35.0 390-410 17
3 5.45mm AK 74 3.4 870-890 17
7.62mm AKM 7.9 710-725
4 5.45mm AK 74 3.4 870-890 17
7.62mm SVD 9.6 820-835
7.62mm AKM
5 Steel Core 7.9 710-725 17
6 7.62 SVD 9.6 820-835 17
(©)
Maximum
Performance Ammunition Bullet Velocity Back face
Level Description Mass(g) (m/s) Deformation
(mm)
1 9ImMmx19 FMSJ 8.0 360 + 10 44
2 9ImMmx19 FMSJ 8.0 415+ 10 44
3 9ImMmx19 FMSJ 8.0 425+ 10 44
0.357 Mag FMJ 10.2 430+ 10
4 5.56mmx45 M193 3.6 970+ 15 44
7.62mmx51 NATO Ball 9.4 830+ 15
5 7.62x51 AP 9.7 820 + 15 44

Hardened Steel Core
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S 12/70 gauge Brenneke Solid Lead Slug 32 425+ 25 44

2.1.3.2 Stab resistance

Stab resistance of body armour is generally imptav&ng very tightly woven fabrics

or very closely spaced laminated layers, in ordezaunteract the high impact forces of
stab threats coming from pointed knives, ice piekspikes [37]. As the threat impacts
the armour, the materials either deflect the tlsreat slightly stretch before breaking or
being severed (due to their very high levels ofilenstrength and cut/tear resistance)
while the impact force is distributed over a largeea of armour. Multiple layers are

also used to dissipate the impact energy from 8iedmts. Typical test apparatus for

knife and spike testing is shown in Figure 2.7 [49]

T
Velocity N o
Measaring —f | |
Equipment Knife or Spike
25mm £ 2mm ~ E— I
l \
= ] Body Armour
T Mounted on
Composite Backing
Material

Figure 2.7 Typical test apparatus for knife and sgke testing [49]

Stab-resistant body armour was placed into twogcaites, based on the kind of threats
it is designed to shield [37]. The first categosydiesignated the ‘edged blade’ class; it
shields engineered or high-quality blades. The s@amategory, which is named the

‘spike’ class, protects from the types of improdiseeapons commonly found in
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correctional facilities. Within each of these twategories, there are three levels of
protection from low to high based on the energy thauld impact the body armour
during an attack. The titles of these levels hagenbgiven according to the HOSDB
body armour standards for the UK police (2007),vn@s KR1 & KR1+SP1 (the low
protection level), KR2 & KR2+SP2 (the medium prdiee level) and KR3 &

KR3+SP3 (the high protection level), as shown ibl&&.6 [49].

Table 2.6 Description of Knife and Spike ProtectiorLevels [49]

Energy Maximum Energy Maximum
Protection
Level E1 Penetration Level E2 Penetration
Levels
(joules) at E1 (mm) (joules) at E2 (mm)
KR1 24 7 36 20*
KR1+SP1 24 KR1=7,SP1=0* KR1=36,SP1=N/A KR1=20*SP1=N/A
KR2 33 7 50 20*
KR2+SP2 33 KR2-7,SP2=0* KR2=50,SP2=N/A KRA=20*SP2=N/A
KR3 43 7 65 20*
KR3+SP3 43 KR3=7,SP3=0* KR3=65,SP3=N/A KR3=20*SP3=N/A

2.1.3.3 Other functions

Apart from the aforementioned, body armour may ateed to have additional
functions e.g. UV resistance, heat resistance,dfaoof or waterproof, to accommodate
the harsh environment associated with armed conshatnical and biological warfare
and extreme climates. Many manufacturers are cangpetith each other by providing
functional materials in order to enhance the variproperties of the body armour. For

example, Milliken & Company has released Abranfsbric, which is an innovative

flame-resistant fabric for protective vests by pdavg higher protection against flames

and burns in a more durable, printable fabric wiie benefits of improved light-
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fastness and strength [50]. TenCate also produassefresistant fabrics (Defender M
Fabrics) to be used in military applications [SWith regard to waterproof functions,
the water-repellent treatment on the ballistic makecould be provided by using

GoreTe®. According to the manufactur€spreTe® is a water-resistant fabric made of
expanded Teflon which allows perspiration to evaporate but présenoisture from

reaching the ballistic material [37]. Fierce conifpat prevails in the market of body
armour application; manufacturers may need to dgvdifferent technologies to ensure
their superiorities. More current research of badyour is reviewed in the following

section.

2.2 Ballistic Performance of Body Armour

As the major function of body armour is to protaghinst firearm-fired projectiles and
fragments from explosions, numerous studies haea loarried out to investigate the
ballistic performance of body armour in the lasbtdecades [52-74]. Materials and

structures are the two main aspects scientistsem@hrchers have focused on.

2.2.1 Materials
2.2.1.1 Aramid

A lot of investigations have been performed on ta@nage and energy absorption
behaviour of para-aramid armour plates as aramelsegarded as the most widely used
ballistic protective materials. Silvat al [75] investigated the ballistic resistance of
Kevlar® 29 reinforced vinylester armour plates experimigntand theoretically. A

study done by Hayhurstt al [76] investigated the damage and energy dissipatio
behaviour of para-aramid armour plates with diffénely numbers under high velocity

impacts with heavy particles. Akdemat al [77] examined the effect of production
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parameters upon the terminal ballistic propertiespara-aramid composite armour
under different conditions. Additionally, Simoes al [78] used finite element analysis
modeling to investigate the damage behaviour o&aaamid armour under various
threats. Clegget al [79] discussed the damage behaviour on the parmai@drarmour
plate which consists of 19 plies subjected to tisred 1.1 g weight under ballistic
impact. Further, Riewal@t al [80] produced armour plates and helmets made from
para-aramid materials and tested their ballistifgpenance under a water immersed
condition. Colakoglu [81] studied the ballisticrfmemance of two different polymer
matrix composites for armour design. And finallyaiddition to that, Linet al [82] also
researched the damage behaviour of para-aramiduamphates under ballistic impact of

four different projectile geometries by using eteatmicroscopy.

The state-of-art technology is often more intergsaind worthwhile to be paid attention.
DuPont has just released a new type of ballistitena known as KevlarXP™ which

is announced to provide 15% reduction in backfasferthation and 10% reduction in

overall weight, whereas to maintain its performanctextreme field conditions that

officers face (e.g. heat, humidity and mechanicabny [31]. However, as this is the

latest ballistic innovation of DuPont, the cosk tjuality guarantee and the service life

are still requested to stand the test of time.

Dupont’s strong competitor Teijin Aramid, promofBsaron CT Microfilameritwhich
is a highly resistant aramid yarn made from 1,086ividual filaments with an
extremely fine filament diameter. 50% more filanseate used in this type of yarn than

traditional aramid yarn [83]. The body armour withe usage of Twaron CT
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Microfilament® which is quite lightweight and comfortable has beecepted by the

law enforcement and military soldiers.

2.2.1.2 High-performance polyethylene

DSM introduced DyneenfaHB50 in 2007, which was an ultra-strong and ligityht
polyethylene material. The panels made with DynéeRia50 were able to absorb the
impact rifle threats such as AK47 and Nato Blalwas upgraded to HB80 in 2009 was
claimed as the highest ballistic performance ueational (UD) product on today’s
market [84]. However, DSM is often trapped in patémfringement issues; this
apparently negatively affects the development @f ballistic materials. There is still a

long and harsh way to go for DSM to well defendsitste-of-the-art technologies.

Honeywell has updated ballistic materials from $peshiel® 1l SA-3113 to Spectra
Shield® Il SA-1211, which has strong protection againsl Kireats and substantial
reduction in blunt trauma. The state-of-the-arhtextogy of Honeywell is Gold Shietd

GN-2117 promoted in 2009 which has demonstratetb Uf% reduction in weight but
provided higher surface durability and chemicalistemce in comparison with
Honeywell traditional Gold FIé&kmaterial [85]. However, it is of interest to netithat

this innovation combines Honeywell’'s patented Shtechnology with aramid fibre not
its own polyethylene fibre. The advantages of adafibire in respect of higher melt
temperature and friction coefficient may be thedes to enlighten Honeywell on this
innovation. Nevertheless, the invention of GoldekhiGN-2117 will obviously expand

Honeywell’s portfolio of ballistic materials for ednced armour systems.

a7



2.2.1.3 Potential materials

Nanomaterials

Nanotechnology is predicted to produce revolutigrdranges via bringing far-reaching
consequences in various areas, in which nanostaectuaterials have been considered
to have great potential in replacing the traditlawunterparts in order to make stronger
lightweight armour [86]. But it is unclear whethibis type of material could provide
improvements over heavy armour. Nevertheless, iamobased garments are now

considered to provide protection against projestile

The new type of carbon nanotube fibre exemplifigdiz development carried out by a
group from the Department of Materials Science Bredallurgy at the University of
Cambridge is an example as shown in Figure 2.8s Tibre which is made up of
millions of tiny carbon nanotubes is very stronightweight and good at absorbing
energy at very high velocity. Researchers fromgiweip declared that their material is
already several times stronger, tougher and stiffan fibres currently used to make
protective armour. The super-strong body armoutherlaw enforcement and military
personnel could be incorporated with this typeiloffef [87]. However, the daily output
of this product is very low and it is hard to m#et industrial demand. Further research

is required to increase the productivity.

Figure 2.8 lightweight but super-strong carbon nantube filaments [87]
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Wool

The incorporation of wool fibres into aramid falsrics verified to make positive
contributions to the ballistic performance of thabrics as more energy is absorbed
because of the increase of friction between ya88% [The blending-in of wool also can
benefit wearer comfort and excess moisture managefMiee downside is that the wool
Is incorporated as yarn at the weaving stage raliaer as fibre at the spinning stage due
to the large difference in fibre properties betweayol and aramid. The connection
between wool and aramid is not strong and a spémoah is required to insert them

together as parallel yarns to make fabrics.

Ramie

There also has been a suggestion to use ramie making of bulletproof panels as it is
one of the strongest natural cellulose fibres [89je bulletproof panels made from
ramie fibre reinforced composites are lighter inighe and much cheaper than
conventional counterparts made from ceramic platesnid composites or steel-based
materials. The ballistic testing of bulletproof péstmade from ramie fibre reinforced
composites for NIJ level I, 1A and IV was prelinarily investigated and the results

were promising.

There are large scales for potential ballistic maleto develop. Nevertheless, synthetic
materials (aramid and high-performance polyethyleare currently still the primary
ballistic materials which are commercially appli@dbody armour designed to defeat

high velocity ballistic impacts of projectiles.

2.2.2 Structures

Not only materials but also structures could infice the ballistic performance of body
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armour, in which woven, nonwoven and multi-compdrsgructures are mainly used in

the application of body armour.

2.2.2.1 Woven structures

It has been acknowledged that woven structurescedlyeplain weave is the most
widely used in body armour applications. The baliperformance of layered woven
fabrics can be influenced by weave structure, yaumt, warpxweft construction. The
corresponding parametric studies have been extgsiwestigated by Ashok [42] and
the results are shown in Table 2.2. Plain weavé Vuitear density 1420 denier and
fabric density 17x17 (picks/inch x ends/inch) ig thptimal setting as a compromise

among breaking strength, weight and cost savings.

Apart from that, boundary conditions affect thelisit performance of woven fabrics.
Shockeyet al [90] found the ballistic performance of fabric che increased by
clamping on two opposing sides of fabrics. CunBif][investigated the influence of
fabric sample dimensions on ballistic propertiengisKevla® and Spectfa fabric
samples. The result was shown that the fabric sssnplth smaller dimensions could
provide higher energy absorption capability. Cankl &oster [92] developed the narrow
fabrics which were empirically conformed to absonbre energy than wider fabrics
against ballistic impacts, especially when gripped a two-sided configuration.
However, narrow fabrics introduced lines of wealsnelsetween strips when
incorporated into a fabric panel. Another problemswhe difficulty of producing the
whole fabric panels using the narrow fabrics. Itsvaggested to glue fabrics to an
insubstantial mounting frame made from simple pghgne composite. However, it

was a time-consuming procedure and the relatesti@lperformance of fabric panels

50



still needed to be verified as no systematical stigations have been carried out. But
generally speaking, those researches may encotuaper theoretical and empirical

work on the effects of boundary conditions.

It also has been noticed that the ballistic perboroe of a woven fabric can be
improved by using weft yarns which have higher téiyahan warp yarns, suggested by
Chitrangad [93]. The weft crimp is often lower thiae warp crimp during the weaving
process [94]. Therefore in the fabric constructigeft yarns exhibit more tension than
warp yarns and are easier to be stretched to lagaikst the ballistic impact. With the
tenacity increases in weft yarns, equal warp anét wemps can be expected and
therefore the same amount of deformation in warpwaeft directions will be achieved.

Such fabric construction enhances the energy atisor a higher level.

Stitching is another important factor influencitng tballistic performance of the layered
woven fabrics [95-97]Karahanet al [98] developed three stitches types which were
used to combine the fabric layers with differentiners to form the panels, as shown in
Figure 2.9. A dramatical reduction of 6.7% in traunepth was observed with type c
stitching compared to the type a under the sitnabiosame fabric ply number. Bilisik
and Turhan [99] made a further study of this aspgcintroducing multidirectional
arrangement of fabric layers. Unstitched and stiicivere defined as two classifications.
Both of them were further made of four structurpety. The first two were totally
layered Kevla? 29 fabric and Kevl&r 129 fabric; then came the third one with half
layered Kevla? 29 and half layered Kevf@rl29. The last one was 12-layer KeVl&9
fabric oriented +45° to the fabric axis and 2-lay@vlar® 129 at the bottom. The
conclusion of trauma depth positively affected bicking was verified again as lower

value was found on multi-axis stitched structutezugh there was no apparent energy
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dissipation difference between multi-axis stitclaed unstitched structures. However it
came into notice that stitching cannot be too deasealense stitching increased the
rigidity of fabric panel which made wearer unconddte if such fabric panel was

inserted into the carrier for making the body armou

(a) (b) (©)
Figure 2.9 Stitching types: (a) sewn only 2.5cm ifge from the edges; (b) sewn 2.5cm inside from
the edges and in diamond shape;(c) sewn 2.5cm insifftom the edges and then with 5¢cm intervals
in bias type [99]

2.2.2.2 Nonwoven structures

Unidirectional fabric structure (a kind of nonwovstnucture) is also used in the body
armour applications. The unidirectional fabric isngrally composed of laminating
layers of fabric at right angles. The layer of fabis just made of yarns paralleling
together densely. As there are no interlacementiénstructure of the unidirectional
fabric, the energy absorption of unidirectionalrfatshould be different from woven
fabric. Karahan [98] did the comparisons of eneaggorption between unidirectional
Kevlar® fabrics and woven Twar6rfabrics, and the result showed that the former one
could absorb 12.5%-16.5% more energy. However, toisld not give a definite
conclusion that unidirectional fabric is betterrthaoven fabric regarding the ballistic
performance as aramid fabrics from different congmmre used. As Dyneefhis
normally used in unidirectional fabric, the compan of ballistic energy absorption
between unidirectional Dyneefhdabrics and woven Dyneeffiafabrics are more

worthwhile, which will be a part of the researclmamstrated in Chapter 5.
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2.2.2.3 Multi-component structures

The state-of-the-art technology of body armour aede is to use multi-component
structure instead of only using same material stres in making ballistic fabric panels,
as multi-component structures show advantagesliistimaperformance. Howard [100]
found that the structure of using a nonwoven faaimga woven fabric instead of
Spectr§ shield alone could provide a stronger capabilggiast projectiles fired from
handguns at the speed of 350-430 m/s. Unlike plaave fabrics constructed from
many interlaced points which could cause stresseweflection and in turn the addition
of stress waves may contribute to fibre breakinggahof time, nonwoven fabrics do not
have interlaced points and thus are structuralliybcompounds. Ballistic performance
could be highly improved by using nonwoven fabficscompose the cushion layers.
Cushion layers together with impact layers comphbseballistic fabric panels. Cushion
layers are the inner layers which are close to mutoeso with the function to prevent
non-penetrating damage (blunt trauma); impact kgee the outer layers which make a
key role to resist bullet penetration and thus ravemally made of bulletproof fibres.
Lou et al [101] considered to design impact layers and auskhayers to resist bullet
penetration and non-penetrating damage respectivValy study offered a new solution
to buffer the non-penetrating damage using thetielasshioning structure combined
with nonwoven fabric and chloroprene rubber. Thosnbination could help dissipate
impact energy through the friction between the poene rubber and fibres. Lin [102]
also suggested enhancing the ballistic performaisogy cushion layers. But the novel
compound cushion materials were made by needledhmug and thermal calendering
on the basis of a sandwich structure. The sandsticicture was composed of polyester
filaments laid on the pre-punching polyamide welthwow-melting point polyester

staple fibres. It was demonstrated that apparefiehbeaffect can be achieved by using
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this type of cushion layer. Optimistic view was dakto enhance the ballistic
performance of a bulletproof vest by replacingahginal cushion layer with this novel

counterpart.

2.2.3 Others

Coating is also an important way to improve thditad property of fabrics. Ahmasdt

al [103] suggested that natural rubber coatings gh modulus can be used to improve
ballistic performance. Gadoet al[104] studied ceramic and cermet plasma coatings o
fibre fabrics which are supposed to enhance prigtegerformance of the lightweight
protection. High performance polyethylene (HPPHjritacoated with elastomer has
been analysed and it claims to have enhanced mulfire performance [105].
Additionally, Kevlaf® fabrics are suggested to be sprayed on with ST&(ghiEkening
fluid) in very thin coats for the purpose of cregtiliquid body armour. STF is a
material containing nanoparticles which solidifigstantly against sudden impact
[106]. A complete protection can be provided indte& just covering vital organs by
using this liquid body armour. Moreover, fibres wmmhwith zinc oxide nanowires could
also be considered in the development of fabricehvbould produce power from body
movements. Such kind of fibres is supposed to sateumuscles and give wearers
greater strength for physical movements [106]. bbdy armour made by this kind of
fabric could enable soldiers or police officersmarch faster, lift heavier objects and

carry more weapons.

Apart from that, Rao and Singh [10®eveloped the polymer nanocomposite

transparent panel and tested its impact resistdeteviour experimentally and

theoretically. It was shown that the use of naadipulate reinforced polymeric
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adhesives exhibits enhanced impact resistanceah@dis colleagues [108] researched
the influence of the particle size of silica on thallistic performance of fabrics
impregnated with silica colloidal suspension. Theult indicated that silica colloidal
suspension impregnated fabric with smaller padiebehibits a lager increment of inter-

yarn friction at the onset shear strain for shbakening.

This section mainly reviews the current technolsegi¢ ballistic performance of body

armour. However, most of the studies seem to seale armed forces as body armour
panels are normally researched in the form offlates. As female police and soldiers
become more important in civil and national safepgcial technologies of female body

armour to address the problem of unique femal®tars imperative in recent years.

2.3 Female Body Armour Design Technologies: Statd-the-art

The female body armour technologies need to prothdeight shape together with the
right ergonomics for the benefit of female wearn@rserms of protection, wearability
and comfort. The current main technologies to de$gmale body armour are unisex

tailoring, cutting and sewing, folding, overlappirand moulding.

2.3.1 Unisex tailoring

This technology, which is the most traditional a@etvenient route, has been used since
the invention of body armour. Such methods puleligtmphasis on the difference in
torso between male and female, and the similae sayld specification are employed
during manufacture. Obviously, well-fitted femaledy armour could not be produced

by this method. It has apparent drawbacks butatilis a large market because of easy
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operation and wide acceptance for quite a long.tidweually some accommodations
have been adopted nowadays, such as enlargingrti®l@ openings for more spaces
to avoid restricting movement for female officdrfowever, the weakness in fitting the
female torso still exists. Other ways to improves tbhape performance while to

guarantee the protections are currently being sough

2.3.2 Cutting and stitching

Apart from the said method, most companies mayepréd cut and stitch the

composites to create the bust cups to enhance cofofofemale wearers. The full

coverage body offered by the American Security.iseta typical example [109].

Detailed female size measurements are often derdandethe charts provided by the

Second-Choice Company, as shown in Figure 2.10][110

SEE MEASUREMENT LOCATIONS ON FIGURE 0 - Q SHOULDER SEAM TC NIPPLE.
~ [USE & STRAIGHT RULER.)

@ - Q NIPPLE TO 1" ABOVE SERVICE BELT.
[\FSE A STRAIGHT RULER.)

g - 0 NIPPLE TO NIPPLE.
[\SE A STRAIGHT RULER.)

€) - © NIPPLE TO SIDE SEAM.

[WSE A STRAIGHT RULER.)

@ . ﬁ BRA STRAP TO ERA STRAP.
[USE A CLOTH TAPE MEASURE)

€) - €) STERNUM TO 1" ABOVE SERVICE BELT.
START THIS MEASUREMENT FROM TOP OF
STERNUM NOTCH. (use & CLOTH TAPE MEASURE)

{) = (&) REAR MEASUREMENT. SIDE SEAM TO SIDE SEAM
ACROSS BACK 2" ABOVE THE SERVICE BELT.
(SE A CLOTH TAPE MEASURE)

(B = (&) BACK MEASUREMENT. FROM BOTTOM OF UNIFORM

SHIRT COLLAR TC TOP QR SERVICE BELT.
[USE CLOTH TARE FOR THIS MEASUREMENT)

Figure 2.10 Female size measurements [110]

However, such a method also has its negative asfileztseam that is created by

stitching the materials to shape the bust areayallwacomes the weakest point against
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impact due to the discontinuous yarns on that ateaply reducing the armour’s
ballistic-resistant ability. The laboratory is ofteastructed to locate such a place to test

the minimum level of ballistic protection.

2.3.3 Folding

The TruFit 2 series of body armour from PACA islassical example of female body
armour manufactured by folding, as shown in Fig2uEl [111]. The two-dimensional
reinforcement could shape a three-dimensional foyniolding, namely, bending one

part to lie on another according to the certairs axi

STANDARD FEATURES:

® Durahle 65/35 poly/cotton outershell
®Breathahble Akwadyne™ linner
lining

®VersaStrap™6-point removahle
strapping system

®Front and real shirt tails

OPTIONS:

® Armour Ice™ active cooling inserts
®MAC outershell

® (Juilted outershell

@5" X 8"flexible blunt trauma insert
@ Elade plate

Figure 2.11 Female body armour by folding [111]

As with cutting and stitching, folding creates distinuities in the structure, which
decreases the torso protection ability. Additionalearers may feel uncomfortable

under their armpits where ridges may be sharpepddlting many layers.
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2.3.4 Overlapping

This female body armour comprises a contoured fpoatective panel composed of a
plurality of superimposed layers of protective pilef ballistic fabric made of aramid
polymer yarns. The front protective armour panelstoured by providing overlapping
seams joining two side sections to a central seafdhe panel so as to cause the front
protective armour panel to be contoured to theature of the bust of a female wearer
of the body armour garment to impart good balligirotection and comfort to the
wearer. Hook and eyes fasteners are attachedtic fapes at the top edges of the front
and rear sections so that the garment is therelnle raasily adjustable in length to fit

various sized female busts and torsos [112].

The usual means of cutting and seaming fabrics fa&yn producing torso protecting
body armour having good ballistic protection praigsras well as being comfortable to
wear for long periods of time because seams em@layehe making of clothing are
easily penetrated by small arms missiles at clasge. For this overlapping method, the
close seams having conventional numbers of ovdrigplayers would permit small
projectiles that impact directly at the seam edggsenetrate through the body armour
by getting under the edges of the overlapping saadhfollowing a path more or less

parallel to the overlapped and seamed portionalwid.

2.3.5 Moulding

The method now used is a kind of deep drawing @®icevhere the specimen is
mounted against a support medium, which mimicsciapliance of a human torso.
The process requires no additional finishing openator the use of chemicals to fix the

deep drawn shape. Subsequently, the moulded fiygcs are placed on top of each
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other to form a garment part and joined by a semmatéd in the middle of the panel, for
instance. The positive point of this system is thathigh wear comfort of non-stitched
bullet-resistant body armour is fully preserved,saswn in Figure 2.12 [12]. Apart
from that, (BA105-23) Ballistic, Knife, Spike, Sgges & Slash, HG1/KR1+SP1 female
covert body armour invented by the MC PRODUCTS camypalso is a typical

example, which features a moulded bust area, asrslmoFigure 2.13 [113].

Figure 2.13 Female body armour by moulding, producg by MC PRODUCTS [113]

On the other side, moulding method also has apparamwbacks, such as unbalanced

density in different areas, shear deformation, resttan in the yarns, crimp loss, sliding
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of fibres and local wrinkles [114]. Additionallyush a method also incorporated the

limitation in the size-choice of bust area of feenabdy armour.

These aforementioned five technologies have beedelwiapplied nowadays but their
own individual shortcomings block them from devetapfurther; a new method of
producing the female body armour with bust aregpshasing continuous yarns is

required.

2.4 Possible Technologies for Potential Female Bodymour

The difference in chest between men and women megjuhe fabric to cover the
curvaceous female torso naturally without wrinkbesreases. However, the traditional
plain woven fabric, widely used in the female baalsnour application, hardly achieves
this requirement as it has limitations to shapethinee-dimensional structure because it
is formed by intersecting weft yarns with warp yain-plane. Therefore, cutting and
sewing, folding are necessary to be adopted whisnito-dimensional fabric forms a
three-dimensional shape to match the bust areaelenwthese methods have different
disadvantages, as mentioned above, so that a née i© being investigated. Three-
dimensional dome-shaped fabrics and angle-intenomken fabric could be two major
considerations since both of them could form afreetater shape due to the particular

weaving procedures. More details would be demoiestras follows.

2.4.1 Three-dimensional dome-shaped fabrics
This bust area design could be taken into accoantha design of making three-
dimensional dome-shaped patterns. There are méirdg methods to make 3D shells:

shaping weaving, varying take-up rate and emplowyiifigrent woven structures. The
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former two have an apparent problem of inconvengetration on the loom so that the
latter one is treated as the major consideratibeiriworking procedures, principles and

other relevant information will be reviewed.

2.4.1.1 Shape weaving
Shape weaving allows the first time fabrication‘taflor-made’ reinforcements with

continuously running filament yarns. The purposetto$ process is to produce the
three-dimensional dome-shaped fabrics by varyirgwarp and weft thread spacing
combined with a novel interlacing technique. Unsiech a circumstance the jacquard is
not only used for the design but also for productfifferent surface areas and
interspersing these. Areas that are woven ‘tocelaate placed in an environment that is

‘too small’ and they bulge out to form an obviobhsee-dimensional shape [115].

The specific process is: firstly, a jacquard maehis chosen to make such fabrics
because it is preferable for making any desiretepatt any place on the woven three-
dimensional shell. The next step is the yarn aearant for getting the pattern. There
are two sets of yarns, the warp yarn and weft yarterlacing these two mutually

perpendicular sets of yarns forms a resulting pfaioric. The running warp yarns

should be parallel to each other and differentefilengths are used according to the
geometrical shape of three-dimensional domes. T yarns are inserted between
the individual lowered and raised warp yarns oacyiard machine. In order to move
any yarn in a predetermined position before we$ertion, the warp yarn passes a
special beating up device. A specially controllegreent taking up device is used to
manufacture the woven fabric with inserted thremahsional domes. During this

process, the key point lies in the coordinationMeein the mechanical motion and the
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additional installed elements, and the operatioa eteering computer, which controls

the weft insertion data for the shape and the paffel5]. Figure 2.14 shows the result.

1 k.
Figure 2.14 Shape weaving [115]

Shape weaving has many advantages in making thmegndional shell fabrics; it has
low weight, high mechanical properties and homogasesurfaces with no seams. It
can also reduce personnel costs, minimise wasteatérial and improve reproductive
power and better quality control. It seems to lgp@d new solution to enhance quality,
reduce costs and potentially increase domestic e@mmEnt. Nevertheless, the big
problem is that such woven fabrics should be fabed on certain machines, which
indicates the restriction against the popularisatd this state-of-the-art technology,
especially compared with the moulding route, whalmost all shuttle looms could
weave two-dimensional fabrics without special opers and specialist knowledge,

which then are moulded to become the three-dimaak@omes.

2.4.1.2 Varying take-up rate

Altering weft density by varying the take-up rate dbtain relaxation and change in
yarns configurations in the fabric is also an d@ffecmethod to make three-dimensional
dome-shaped fabrics. With the introduction of thefie roller (a profile roller is a

facility fixed in the front of the loom to help gheathe dome effect), the take-up rate can
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continuously increase while leading to a decreaghe weft density in the applied area;
after the peak profile, the take-up rate startdetcrease, which causes a raise in the weft
density. Eventually, a higher take-up rate in thddie of the fabric causes concavity -
when viewed from the front of the loom — a curvetl fine while the profile is still in
contact with the fabric, which is shown in Figurd® [116]. When a dome-shaped
fabric is placed onto a flat surface, which is m®natural alignment, the weft yarns are

curved into the most relaxed positions, as showfigare 2.16 [116].

Figure 2.15 Fabric contact with the profile at itsbeginning and top positions [116]

Figure 2.16 A dome-shaped hardened fabric [116]
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The dome shown in Figure 2.16 is a little oval-gthp the warp direction because of
yarns having already interlaced to weave beforertneduction of the profile roller and
still under weaving after the usage of profile @oll The profile roller is the most
important assistance in  manufacturing this threeedisional shell, which
fundamentally determines the size and the shapeoaie. However, the specific
relationship among the specification of profileleal the take-up rate and the dome
effect has been little researched, and many coatpliccalculations and experiments
still require to be done. It is hard to manufacttive dome-shaped fabrics according to
certain prescribed patterns. A new profile rolleaynmeed to be produced for which cost

also needs to be taken into account.

2.4.1.3 Employing woven structures

Employing different woven structures is anotherteoto make dome-shaped fabrics.

This has been researched and presented by Tayharmade the three-dimensional

dome-shaped fabric using plai% twill, twilled hopsack, 8-end sateen weaves

arranged from outer to centre ring, as shown imfei@.17 [116]. This arrangement is

inspired by the principle of the honeycomb weaver#/idetails would be demonstrated

in the following section. Although the plainzs twill, twilled hopsack and 8-end

. . .2 .
sateen weaves were used in the above mentioneatchsthe plalnﬁtwnl and 5-end

satin weaves, the three most typical weaves willsel in the current research.
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Figure 2.17 Dome made of plain7 twill, twilled hopsack, 8-end sateen weaves: (aglsematic

diagram; (b) fabric sample [116]

Principle of honeycomb weaves

Honeycomb weaves are a group of weaves formingrdyossed cell-like appearance of
fabric, as shown in Figure 2.18. The surface ofwleave looks like the honeycomb
cells made of wax by the bees. These so calletuiagl fabrics are characterised by
orderly distribution of hollows and ridges. The gbo floats of warp and weft threads

show hollows, and the longer floats of warp andtvilefeads show the ridges of the
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honeycomb [117]. The shorter the float, the tigller area, where it is easier to extend
or invade because of the higher tension formedhenother side, the longer the float,
the looser the area, where it tends to shrink. @asethis principle, the dome will swell
out on the surface by employing weave structuréls lwng and short floats in a weave.

Namely, weaves of different floats and tensiondatte used to make domes.

XIS

D
DO0CC

Figure 2.18 Honeycomb weave structure [117]

Types of weaves to make dome-shaped fabrics

Three typical types of weave — plain, twill, andis&ateen are used to make three-

dimensional dome-shaped fabrics, based on thehesfglioat. Plain,2—2 twill and 5-

end satin weaves are used and their structureshaven in Figure 2.19 [118]:
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Figure 2.19 Weave structure: (a) plain; (b)—2 twill; (c) 5-end satin [118]
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Plain weave is the simplest but tightest basic weaxhich is formed by repeating on
two ends and two picks. The first end passes dweffitst pick and under the second
pick; the second end reversed this action, and @geane down and one up. The weave
is executed by passing each filling yarn succegsioeer and under each warp yarn,
alternating each row. This weave provides the gstatumber of intersections and
shortest average float length in a given spaceghvhas the largest possibility to invade

other areas.

Twill weave is characterised by a diagonal ribtwill line. Each end floats over or
under at least two consecutive picks and the pahiastersection move one outward
and one upward, or downward, on succeeding pickgroduce the diagonal line.

Compared with plain weave, this weave has longat$land smaller tensions.

Satin weaves have the longest floats and the sshallenber of intersections, in which
the most apparent shrinking phenomenon could berebd. The tension difference
among different weaves will lead to the centrelsf tesign to grow out of the fabric
plane. These three weaves and their arrangementsngoloyed in the design plan of

this research and more information demonstratéchiapter 3.

2.4.2 Angle-interlock woven fabric
2.4.2.1 Structure

Angle-interlock woven fabric is also an alternativethe traditional woven fabric in
shaping three-dimensional domed-pattern since dtduwvantages in good formability,
indicating it could form 3D bust area without cotfiand sewing. The angle-interlock

woven fabric consists of layers of weft yarns e laid straight and bound by a single
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layer of warp yarns to lock the layers of weft yatngether [119-121].The stuffers
(warp yarns) are oriented along the longitudinakction. The fillers (weft yarns) are
oriented transverse to the loom feed direction, aral inserted between layers of

stuffers. The stuffers and fillers form an orthogbarray.
SSSSSES
QOO

@)

Figure 2.20 Angle-interlock woven fabric: (a) throwgh-the-thickness; (b) layer-to-layer [121]

Various types may exist in the geometry of 3D anglerlock preform, depending on
the number of layers interlaced, the pattern oka¢@nd the presence of laid-in yarns.
Basically, there are two main types of angle-imekl weaves: through-the-thickness
angle-interlock weave (TTAW) and layer-to-layer Eamterlock weave (LLAW). The
TTAW is a multilayered weave in which warp weaves/él from one surface of the
preform to the other, holding together all the tayef the preform. The LLAW is a
multilayered preform in which warp weaves traveinirone layer to the adjacent layer,
and back. A set of warp weaves together hold a&llléyers of the perform [120, 122-
125]. The schematic arrangements of TTAW and LLAWhwdeal geometry are shown
in Figure 2.20 [121]. The present study focusesthan through-the-thickness angle-
interlock woven fabrics with no suffer yarns asyttee characterised by low shear

rigidity, which make them widely application in matechnical applications [125].
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2.4.2.2 Properties

As one of the prospective woven structures studadtextile composites, angle-
interlock fabrics have attracted considerable mebeaattention, ranging from

mechanical analysis to CAD/CAM studies of such ifzgr

Sun and co-workers [126] focused on the researctoofpressive behaviour of 3-D
angle-interlock woven fabric composites at varistrain rates. The results showed that
the stress-strain curves are rate sensitive andpmssive stiffness, maximum
compressive stress and corresponding compressaia ate also sensitive to the strain
rate. Naiket al [120] presented a three-dimensional woven comgagiength model
for predicting the failure behaviour of three-dimEmal angle-interlock woven
composites under on-axis uniaxial static tensibing and shear loading. Sheng and
Hoa [127] put forward a three-dimensional geometriodel for predicting elastic
constants of 3D angle-interlock woven fabric coniigss Good agreement was shown
between the prediction and the experimental reshiis et al [128] developed a new
fractional formula to describe the angle-interlagiven fabric construction in a more
concise and efficient way for the computer-aidedigle (CAD). The weaving plan of
angle-interlock woven fabric with a large numbedayfers could be easily and simply
characterized by this method. Chetnal [129] established mathematical models on the
purpose of visualizing their 2-D and 3-D in CAD/CAddftware. The study served as a
first attempt to enable evaluation of their physarad other properties. Apart from that,
mouldability behaviour is important to mention hstproperty is closely related to the
current study. Cheet al [120, 130-131] also investigated this aspect esttety and

verified that this kind of fabric owns highly adwageous mouldability properties.
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2.4.2.3 Mouldability

Among various properties of the angle-interlock emvfabric, mouldability is quite
attractive in the female body armour applicatioritaglows the fabrics to be perfectly
crater shaped without wrinkles or folding tracesstitches from cutting and stitching
[121], as shown in Figure 2.21. Mouldability is itkeid as ‘the fabric’s ability to deform
into a 3-D shape’ [120]. The aim of moulding isofatain a smooth fibre alignment over
a doubly curved surface in order to meet the machhand geometrical requirements;
this capability of fabrics is referred to as ‘maalhdity’ [125]. The mouldability of
woven fabrics depends greatly on shear deformatesistance, which comes from
friction between the warp and weft yarns at thessowers [120], and bending and

compression of the yarns.

Figure 2.21 the deformed fabric [121]

Compared with multilayer woven fabrics, angle-ifdek woven fabric owns lower
value on shear rigidity. It can be seen in Tableaghd 2.8, the two structures of angle-
interlock fabrics, KF3-A and KF3-B, have a lowereahing modulus and a lower
Young’'s modulus than their multi-layer counterpavith similar frequency of stitching

f [130]. This can be explained from the fact that dngle-interlock woven fabric has

substantially fewer crossover points per unit ahemn the equivalent layered fabrics,
which reduces friction between the warp and wefhgaat the crossovers. Moreover,

the angle-interlock structure requires less benaing compression of yarns for shear
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deformation [120,125,130,131]. This property mattes angle-interlock woven fabric

potential in the application of well fit female bodrmour.

Table 2.7 3-layer fabric: stitching frequencyf [130]

Fabric KF3-1 KF3-2 KF3-3 KF3-4 KF3-5 KF3-6
f ye 2/8 va 2/6 y8 38
(0.167) (0.250) (0.250) (0.333) (0.125) (0.375)
Table 2.8 Test results [130]
_ E, E, Gy G,
Fabric f
(MPa) (MPa) (g/cmdeg) | (g/cmdeg)
KF3-1 0.167 2120 2200 0.85 0.89
KF3-2 0.250 1930 2630 1.19 1.15
KF3-3 0.250 1830 2390 1.11 1.23
KF3-4 0.333 1680 2330 1.48 1.39
KF3-5 0.125 2080 2560 0.91 0.91
KF3-6 0.375 1460 2680 1.49 1.50
KF3-A 0.167 1720 2130 0.53 0.53
KF3-B 0.250 1560 2290 0.64 0.61

2.4.2.4 Ballistic resistance

Apart from the consideration of mouldability, bsfic-resistant property could be
another requirement if the fabric is applied in teeale body armour. In the angle-
interlock weave structure, yarns can be arrangedsurise, lengthwise and in the
thickness direction resulting in strength in thiegividual directions, their interlacing
warp yarns between adjacent weft yarns layers e@hatrength and stiffness in
through-the-thickness direction, and also leadsaroincreased impact and fracture
resistance [125]. This theoretically explains thagle-interlock woven fabric owns
ballistic resistance. However, ballistic experingeate necessary to be carried out to

investigate if angle-interlock woven fabrics ardéedio be used as ballistic materials.
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2.5 Remarks

This chapter has mainly reviewed the important etspef body armour (history,
categories and functions), the ballistic perfornean€ body armour, and current and
potential female body armour technologies. On thgp@se of the compliance of the
female torso, different methods have been appsiadh as cutting and sewing to create
the bust cups, folding, overlapping or moulding.e3& methods could provide more
flexibility and comfort to female wearers and thHere better protection could be
predicted. However, those technologies are notepetiut accompanied with various
negative factors. For example, the downside ofciitéing and sewing method is that
the yarns are discontinuous in certain areas asvhiode fabric is required to trim in
order to make the three-dimensional block to fe turvaceous female torso. Those
areas are often very weak and fragile and thusagthe projectile hardly. The female
body armour owning the structural integrity madehweontinuous yarns is required.
Three-dimensional dome-shaped fabrics and angtelack woven fabrics are
considered as both of them could form an entireecishape without traces or wrinkles.
The former is shaped based on the honeycomb pienaiq the latter is mouldable due
to low shear rigidity. Their dome formability wibe further investigated in order to

select the more suitable type in the applicatiofenfale body armour.

72



Chapter 3

Preliminary Work: Dome-shaped Fabrics

for Female Body Armour Panels

As mentioned in Chapter 2, dome-shaped fabricsdcbel taken into account when
novel solutions are required in the applicationfevhale body armour. Dome-shaped
fabrics have acknowledged advantages in low wastéageaterials, high performance
and mechanical properties (e.g. light weight, gaedistance to pressure), and
satisfactory appearance to make 3D dome shape wrifsaming and cutting marks to
reduce the possibility of breakage. Therefore the of fabric is suitable for making

armours by fitting female curvaceous torso properly

In this chapter, seven groups of experiments haenlset up to demonstrate the
correlations between the deformation depth of dshegped fabrics and the relevant
governing parameters. The more understanding ofdlaionships, the more suitable
the dome formability could be estimated; theretiwee better front female body armour
panel could be predicted. ScotWeave CAD softwaeyla key role in designing

dome-shaped fabrics.
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3.1 Design Principle

Dome-shaped fabric could be produced by a mixttiveeaves with long and short float
lengths as an analogy to honeycomb weave structlifes formation of honeycomb

weaves requires long floats of warp and weft yatmsmake the ridges of the

honeycomb, the short floats of warp and weft yamshow hollows, which lie in a

lower plane. This is because short-float weavesenamkight area where it is easy to
expand and long-float weaves make a loose areaewbkerasy to shrink. Therefore, a

dome shape could be formed by using such a weawbination.

Tayyar [116has produced a dome-shaped fabric sample to deratmtte principle of
honeycomb weaves, as mentioned in section 2.4fiChapter 2. Nevertheless, it has
been noticed that Tayyar utilised this principlé bat obeyed it rigidly. Based on the
structure of honeycomb weaves, long and shortflea¢ supposed to arrange in outer
and inner ring respectively to create the dome-stiafabric. However, Tayyar's

experiments demonstrated the opposite arranger&maves in concentric rings of the

dome-shaped pattern. Her dome-shaped fabric was madrranging plain,z—2 twill,

twilled hopsack and 8-end sateen weaves from otgtecentre ring. The lack of
conformity between the honeycomb structure prircignshd Tayyar's experiments may
be attributed to 1) the shape of dome and 2) mamp \&nd weft yarns required when
weaving dome-shaped fabrics. The tension is unbathm different directions of the
dome shape and in turn the layout of warp and weafihs is also unbalanced to make
the dome-shaped fabric. Additionally, unlike horayb weaves in which only a few
yarns are required to interlace with each othdotm one repeat of the structure, many

more yarns are required to finish one repeat ofomedshaped weave structure.
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Therefore, the principle of the honeycomb weavena simply feasible in the

production of dome-shaped fabrics.

3.2 Design of Dome-shaped Fabrics

This preliminary work aims to investigate the irfhce of different parameters on dome
formability of dome-shaped fabrics on the basisTafyyar's research. The weave
parameter is taken into account as it is a fundaahefement of the fabric construction.
As the weave arrangement in concentric rings ofdin@e-shaped pattern is currently
unclear, it is necessary to investigate this asfiestt i.e. the dome shape could be
produced in the form of long and short floats agethin outer and inner concentric
rings respectively or the opposite counterpartaihbAdditionally, six other important

parameters (e.g. size of dome-shaped pattern,sraalio, number of concentric rings of
the dome-shaped pattern) have been set up to stenlyeffect on dome formability. All

these parameters are established on the basibrmé &ettings with the assistance of

ScotWeave CAD software.

3.2.1 Fabric settings
3.2.1.1 Warp and weft densities of fabrics

A Saurer 4x4 box pick& pick shuttle loom was usedriake the dome-shaped fabrics,
as shown in Figure 3.1. 100% polyester with 33weas used for the warp with density
100 ends per inch and 100% polyester with 62.8Mmax used for the weft with density
40 picks per inch. Because the linear density oft waighly was twice than that of

warp, 4x8 design paper was used to draw rings tvagiee the circular shape. The

dome effect was not perfectly round, but was atiteptable.
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Figure 3.1 Saurer 4x4 box pick & pick shuttle loom

3.2.1.2 Arrangements of dome-shaped patterns on tligbric

It seemed inappropriate for single domes to wesnelly line or side by side along the
cloth width (shown in Figure3.2 (a)) as each wedeenanded different warp length
causing unbalanced warp tension. Therefore it wggested to reduce this problem by
shifting the patterns in the weave design, i.emluoing one pattern at the top and two
symmetric halves at the bottom. The integral patétrthe bottom would form when the

second repeat came, as shown in Figure 3.2 (b).

@)
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Figure 3.2 Arrangements of dome-shaped patterns

3.2.2 ScotWeave CAD software

The design was accomplished assisted with the gnogBcotWeave Version 0043,
shown in Figure 3.3, was used to design the dorapeshfabrics. Artwork Designer

and Jacquard Designer were two main programs.dridimer program, the basic data,
such as the image size, base weave size, appeopvedt/warp repeats and repeat
height/width, were set up; the numeric input andtAwarp yarns and dissimilar weaves
for different areas were set up in the latter paagr All the set-up information was

recorded on a floppy disk, which was inserted i computer for manufacturing, as
shown in Figure 3.4. This software would also pdai¢ey role in the weave structure

and dome-shaped design.
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Figure 3.3 ScotWeave version 0043

Figure 3.4 Loom control unit

3.2.3 Setting of dome-shaped pattern
3.2.3.1 Size of dome-shaped pattern

The size of the dome-shaped pattern was practidaflgrmined by three factors - the
scope of weaving capability of the loom, the testpe of the dome tester and the

apparent test results expected.
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The Saurer 4x4 box pick & pick dobby loom was usetthis research. It had a 60.7 cm
reed width to determine the cloth width, and tHyreams behind to offer warp yarns and
control the warp tension. The reed setting waschahged during the whole procedure
of weaving. As shown in Figure 3.5, the circle batehe mouldability tester has the

diameter 29.21 cm (11.5 inch), based on which,srimgth the diameter 7.62 cm (3

inch), 15.24 cm (6 inch) and 22.86 cm (9 inch) waeéermined for the dome-shaped
patterns. They were used to form different groapdemonstrate variance according to
the various parameters employed. The same thrésrmpafor every design were woven
to obtain an average value. All the average vaindbe group would be analysed to

obtain the experimental results.

Figure 3.5 Mouldability tester

3.2.3.2 Design groups

For the purposes of convenience of operation amairobg results for comparison, the

premise has been hypothesised as follows:

In the design of these experiments, the conceni@s’ number is 3 and the radius ratio

1:2:3 is arranged from the centre ring to the ouRain, 2—2twill and 7-end satin are
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employed to form the dome and the ground weavehef fabric is granite 8s.

Additionally, the dome with the diameter of 9 insh@amely, 22.86 cm, is used as the
original one when comparing other domes under mffe parameter considerations.
Because ‘inch’ is the unit applied in the ScotWepvegram, it is used to design the
patterns, but converted into ‘cm’ to keep uniformthwother data in test results. Other

specifications or alternatives will be mentioneexteptional circumstances.

In total, there are 24 different patterns desigmadegorised into 6 groups, on the basis
of varying single parameter one by one:

e 12-Patterns in group one, by changing the weaves;

« 3-Patterns in group two, by changing the size ohelo

« 3-Patterns in group three, by changing the raditis;r

e 4-Patterns in group four, by changing the ring narap

« 3-Patterns in group five, by changing the weftdindensities;

» 3-Patterns in group six, by changing the weft dessi
The correlation between the dome formability an@ tshrinkage is also under

consideration but no new patterns need to be spécif

Changing weaves

Weaves are the fundamental part of the woven feaiternation of weaves would give
an influence on the dome effect of the fabric. l&awe structures have been used to

investigate this influence, shown in Figure 3.6.
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2
5-end Satin 9-end Satin — Twill

Figure 3.6 Weave structures

Seqguence of weaves

The principle of the honeycomb is applied to deteenthe sequence of weaves, which
has been mentioned in Literature Review: the tigbaves makes the fabric to expand
and the loose weaves makes the fabric to shrirdedan these, domes could be shaped

by means of making weaves with different floats.
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The sequence of weaves from outer ring to centigeig investigated firstly. One group

of concentric rings with the same diameter 9 incre$ the same number 3, given plain,

2 . , . .
—2'[WI|| and 7-end satin from outer ring to centre vesiawn on the design paper, and

the other with the same weaves but in an opposgaence, as shown in Figure 3.7.
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Figure 3.7 Sequences of weaves: (a) a repeat desgidin artwork; (b) plain, —2 twill and

2
7-end satin arranged from outer ring to centre; (c)7-end Satin, — twill and plain arranged

from outer ring to centre

The consideration of the twill weaves employedhia buter ring or the centric place
could be neglected because twill weaves do not bHaveshortest or longest floats, and
therefore cannot show the apparent changes compatteglain or satin weaves. The
design in Figure 3.7 (b) will be treated as thedlamental model when parameters vary
on the basis of Tayyar’s practical result in whilkh dome-shaped fabric is produced by
weaves with short and long floats arranged froneotd inner ring. The weaves with
the shortest float to the longest float will be éoypd from the outer ring to the centre,
regardless of which types of weaves are employet how many concentric rings
compose a pattern. The production from the traasfsr to the loom will be shown in

the next section of manufacture.
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Weaves are primarily divided into three categon®ain, twill and satin/sateen. Each of
them has sub-branches, which could be applied avevdifferent dome-shaped fabrics.
The major method is that two types of weaves ungbawhile the third is replaced by

its representative derivatives in order to obsé¢needifference on the dome depth of the

fabrics.

1) Plain and plain derivatives
. . . : o 2 3
In this section, plain weave is replaced by itsiv@dgives - —2Hopsack and—3

hopsack respectively in the outer ring, as showirigure 3.8. The difference in the

dome depth will be observed after manufacturingwaiticdbe analysed later.

143-24-08-05 Weer 1D 21873
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Figure 3.8 Plain and plain derivatives: (a)—2 hopsack arranged in the outer ring; (b)—3 hopsack

arranged in the outer ring

2) Twill and Twill Derivatives

2— 3—, 4—, 4—, 4—43—2 horizontal waved weave ané—2 vertical waved

2' 2" 2 3

weave twills are selected for employing in the neddircle of the dome, while
maintaining plain and satin unchanged. The pattentis the middle circle of2—2,
3 4 : . - .

—Zand - twills respectively were divided into the same up® based on
lengthening the float on the surface; the domes Wit middle circle made of4—2

4—3 4—4 respectively were compared based on lengthenmdidhat on the back; the
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dome with commong—2 twill were compared with the one with 3/2 horizainivaved

3 . I
weave and the other W|th—2 vertical waved weave twills in another group.

3) Satins

5-end satin, 7-end satin and 9-end satin are ustggkicentre of the dome in succession.

Their influence on the differences in depth of doene will be listed later.

Size of domes

The domes with the diameters of 3 inches, 6 inelmeks9 inches were used when taking

into account the relationship between the dome dbitity and the size of dome. Their

. Iy : .
weave sequences in the domes were the same, lai| p—2 twill and 7-end satin

arranged from outer circle to inner circle.

Radiusratio

Different circle area ratios affect the dome foritigh In this part, three domes with
different circle area ratios were designed for cangmn. The first one was the original
one (3 circles, 9 inches) with the radius ratia2i3 from inner circle to outer. The
radius ratios of the other two were 1:3:6 and 3:Ee6pectively. All the weave

sequences remained unchanged.

Number of concentric rings

Here the domes with 3 rings, 4 rings, 5 rings andn@s were given in succession.
Weaves with a gradual increase in the length @tfilwould be arranged from the outer

circle to inner circle separately, as shown in Feg8.9.
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Figure 3.9 Numbers of concentric rings: (a) designf the dome with 3 rings; (b) design of the dome
with 4 rings; (c) design of the dome with 5 rings(d) design of the dome with 6 rings

Linear density

In this section, yarns with different weft lineagraities 62.8 tex, 49.2 tex, 32.8 tex and
24.6 tex, decreasing one by one, were employedectsply in weaving the
dome-shaped fabrics. The information of dome-shdpbdc design in Figure 3.7 (b)
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was used — a group of concentric rings composedi¢segn. The related specification

includes the radius ratiol: 2:3; the diameter ef dter circle is 9 inches; plainz,—2

twill, 7-end satin were arranged from outer citdeentre.

Weft density

Within the same design, the variation in weft dgnkgading to the difference in dome
formability is also an important aspect to investegy Weft densities—15.7 picks/cm,

12.6 picks/cm and 9.6 picks/cm would be used ampies.

Shrinkage

Apart from the aforementioned parameters, shrinkegéed have an effect on the dome
depth and their relationship will be disclosed Ibg@rving the difference in the length

of picks/ends and the depth of dome before and ditewashing process.

Broadly speaking, seven groups were establishddthAlexperimental results will be
demonstrated and analysed in the section 3.6 Mea&mt and Analysis of Dome

Formability.

3.3 Manufacture

The Saurer 4x4 box pick & pick shuttle loom witle thlectronic jacquard was used for
weaving the fabrics, and 33 tex and 62.8 tex ptdyegarns were used for warp and
weft respectively. The designs of the fabrics @eédiy using ScotWeave software were
stored on a disk, as already mentioned in sectidnThe information on the disk was

transferred to the jacquard loom for weaving. Feg8r10 shows the loom from different
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angles. It could be observed that two weaver's Iseamre used for weaving these

fabrics.

|

: |

T

;

=

Figure 3.10 Weaving

3.4 Manufacturing Phenomenon

A total of 24 different fabric samples were mantdiaed from the designs described in
section 3.2. The problems and solutions associatéidl weaving these fabrics are

described below.

3.4.1 Curved cloth fell

The first phenomenon was in the curved cloth fEtie same new pick was not beaten
up to the same horizontal line when the weaves w#ferent across the fabric width,
as shown in the two photographs in Figure 3.11. fabeic area made of plain weave
tends to expand most obviously, especially in tbdieal direction, followed by the
twills and then the satin weaves. Such effect maye the principle of honeycomb
structure, i.e. shorter-float weaves lead to tigiiddric and longer-float weaves make
looser fabric. When tighter and looser fabrics preduced side by side, the tighter
fabric section tends to invade into the looser itabections. For the plain weave, the
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weft yarn interlaces with the warp yarn so compatitht the tension inside is greater
than that within twill and satin weaves. Therefaifee plain weave has the tightest
structure and inclines to expand. Whereas satirvegan an opposite situation, have
the least number of intersections and tend to medairic sections which can be easily
pushed in or shrink. This is a general occurrenkenaweaving almost all fabrics with

different weaves in this research.

Figure 3.11 Curved cloths fell phenomenon

3.4.2 Slack warp ends

The slack warp ends were observed during the wgapnmocess. The warp ends

responsible for forming the satin fabric sectiorcdrae slack after a while, because of
fewer intersections compared to other fabric sestidn contrast, the warp ends for the
plain fabric section becomes over tight. The temsicrease and decrease in the warp
ends can be compensated by shifting the pattertieinveave design, which has been

demonstrated in section 3.2.

3.4.3 Loose selvedges
Loose selvedge is another apparent phenomenonveldseuring the weaving process,

l.e. bulging selvedge is more likely to be produedten certain weaves (especially

hopsack weaves) are applied. Figure 3.12 illusraités situation: whegg hopsack
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weave combined with other weaves to constructdbed, the selvedge section created
by the hopsack weave expands out and becomes lgo$e. This is because the
hopsack weave structure does not allow the warg &mde bundled together enough,
and the result only could be expanded out. Howebes, makes little influence on the

patterns used for the measurement because albtitepatterns would be chosen away

from the selvedge.

Figure 3.12 Loose selvedge

3.4.4 Weave compatibility

Figure 3.13 (a) shows some longer floats formedhensurface of the fabrics. This is
because of the different woven structures usedijrigao the longer floats appearing on
the intersection connecting the twill weaves wiik plain weaves, as shown in Figure
3.13 (b). This weave compatibility problem, whickslsmaller effect on the relationship
between the dome formability and different paramsethan the appearance of the

fabrics. Adding more intersections could avoid thisblem if required, as shown in

Figure 3.13 (c).
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Twill

-
2

(b) (©

Figure 3.13 Weave compatibility: (a) longer float penomenon; (b) intersection connection; (c) add
intersection

3.5 Manufactured Fabrics

Twenty four different woven fabrics were made foistresearch. Figure 3.14 shows
two examples of fabrics, which were woven basetherdesigns about weave sequence

in the first group mentioned in section 3.2. Theriashowed in Figure 3.14 (a) uses the

.2 : . : :
plain, — twill and 7-end satin weaves from the outer ringthie centre; while the

fabric shown in (b) uses the opposite sequence heket weaves. Analysis is

demonstrated in section 3.6.
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(b)

2
Figure 3.14 Production sample: (a) plain,—2 twill and 7-end satin weaves from the outer ringd

2
the centre; (b) 7-end satin,—2 twill and plain weaves from the outer ring to thecentre

The fabrics manufactured were washed at a temperaful5°C for 65 minutes with no
detergent then naturally dried for 24 hours. Measwant of dome effect was taken
before and after washing. Results and analysighierrelationship between the dome

formability and different fabric parameters aresareted below.

3.6 Measurement and Analysis of Dome Formability

This section describes the measurement and analysiome effect of the fabrics
produced. The yarn used for making the fabrics ®@3% polyester with the linear
density of 62.8 tex for the warp and 33 tex for wneft. The fabrics were allowed to
relax under standard laboratory conditions (20+2A@ 65+2% R.H.). The fabrics were
washed at a temperature of@5for 65 minutes with no detergent. Measurementewe
taken before washing and after washing. In ordeoltain the data with reasonable

accuracy, each design was woven three times, nasied b and c, and their average

values were calculated.

The dome depth and the diameters (of the desiginedlar area in both warp and weft

directions) were measured to find out the relatigmbetween the dome formability and

94



different structural parameters. As has been exgthithe fabrics were measured twice,
I.e. before washing and after washing. For the &rpurpose, more attention would be
paid to the dome depth after washing, because dh®lss reached the permanent
geometry; for the latter purpose, the samples wbelccompared before washing and

after washing.

3.6.1 Tools for measurement
A tape was used for the measurement of diametessip and weft directions, and the

dome mouldability tester for measuring the dometilep

The mouldability tester has been shown in Figufe Jhe base has a groove that
engages with the ridge to grip the fabric duringaming. The probe with a scale is to
measure the depth of the dome. To test the defaymalepth, the fabric is placed
evenly on the base without extending, and the sofhén placed gently on it. At the
same time, the groove and the ridge are engagédingdhe fabric. Then the probe is
gently pushed down to deform the fabric. The totheftester is lifted slightly while the
fabric is being pushed downwards to permit theiatar enter the ring. Just before the
fabric starts to wrinkle, the scale value is reatlch is regarded as the depth of the
fabric deformation. The depth is then used as a@exnof the fabric’s mouldabiltiy

[119].

3.6.2 Sample details
In total, 24 samples have been woven which are damseS1, S2 ... up to S24. The
specifications for all samples are listed in TaBlé. The woven structures have been

demonstrated in the section 3.2.3.
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Table 3.1 Specification of all samples

Dome Radius| Linear Fabric
S Diameter Ratio | Density Density
ample | . .
N in warp | Weave(outer to inner) (outer | (warp X (warp X
ame . ;
direction to weft) weft)
(cm) inner) | (tex) (per cm)
2 . .
S1 22.86 Plam,—ZTWIIIJ-end Satin | 3:2:1 | 33X62.8 | 39.4X15.7
.2 . .
S2 22.86 7-end Satm,—ZTWIII, Plain | 3:2:1 |33%X62.8 | 39.4X15.7
2 2 .
——Hopsack, — Twill,7-end
S3 22.86 2 2 3:2:1 |33X62.8 | 39.415.7
Satin
3—Hopsack 2 Twill,
sS4 22.86 3 2 3:2:1 |33X62.8 | 39.415.7
7-end Satin
.3 . .
S5 22.86 Plain, —2TWIII ,7/-end Satin| 3:2:1 | 33X62.8 | 39.4<15.7
.4 . .
S6 22.86 Plaln,—2 Twill, 7-end Satin 3:2:1 | 33X62.8 | 39.4<15.7
4 . .
S7 22.86 Plain, —3 Twill, 7-end Satin3:2:1 | 33X62.8 | 39.4<15.7
4 . .
S8 22.86 Plain, —4TWIII,7-end Satin 3:2:1 | 33X62.8 | 39.4<15.7
.3 .
Plain, — Horizontal Waved
S9 22.86 2 3:2:1 | 33X62.8 | 39.415.7
Twill , 7-end Satin
Plain,3— Vertical Waved
S10 22.86 2 3:2:1 |33X62.8 | 39.415.7
Twill, 7-end Satin
2 . .
S11 22.86 Plain, —ZTWIII, 5-end Satin| 3:2:1 | 33X62.8 | 39.4<15.7
2 . .
S12 22.86 Plain, B Twill, 9-end Satif 3:2:1 | 33x62.8 | 39.4X15.7
2 . .
S13 7.62 Plaln,—zTWIll, 7-end Satin| 3:2:1 | 33X62.8 | 39.4<15.7
2 . .
S14 15.24 Plaln,—zTWIll, 7-end Satin| 3:2:1 | 33X62.8 | 39.4<15.7
2 . .
S15 22.86 Plain, — Twill, 7-end Sating:3:1 | 33xX62.8 | 39.4X15.7
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2 . .
S16 22.86 Plaln,—ZTWIII, 7-end Satin| 6:5:3 | 33X62.8 | 39.4<15.7

Plain, 2 TWiII,2 Twill,
S17 22.86 1 2 4:3:2:1| 33X62.8 | 39.4X15.7

7-end Satin

Plain,z— Twill 2—TWi||,
1 2 5:4:3:2:
S18 22.86 33X62.8 39.4X15.7

3—2 Twill, 7-end Satin 1
Plain, 2—TWi||, 2—TWi||,
S19 22.86 . . T 33X62. . .
3—TWI||, 4 Twill, 7-end | 2:1 33X62.8 | 39.415.7
2 2
Satin
2 . .
S20 22.86 Plain, —2TWIII, 7-end Satin| 3:2:1 | 33X49.2 | 39.4X15.7
2 . .
S21 22.86 Plain, —2TWIII, 7-end Satin| 3:2:1 | 33X32.8 | 39.4X15.7
2 . .
S22 22.86 Plain, — Twill, 7-end Satin3:2:1 | 33X24.6 | 39.4X15.7

2 . .
S23 22.86 Plaln,—2 Twill, 7-end Satin3:2:1 | 33X62.8 | 39.4<12.6

2 . .
S24 22.86 Plaln,—2 Twill, 7-end Satin3:2:1 | 33X62.8 | 39.4X9.6

*The bold characters indicate that parameters havehanged.

3.6.3 Investigations
3.6.3.1 Categories of groups

For the purpose of investigating the relationshgiween fabric parameters and the
depth of domes, 7 groups of fabrics have been medno observe the influence of the
following structural parameters on the dome forriigbi

(1) Weave selections and weave sequence,

(2) Dome size,
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(3) Radius ratio,

(4) Number of circles,

(5) Weft yarn count,

(6) Weft density in fabrics,

(7) Shrinkage.

Table 3.2 lists the details of these 7 groups bfitassamples.

Table 3.2 Categories of groups

weaves and th
dome
formability

\1*4

[1°)

Choice
weaves

of

\1%4

j =

twill, and 4—2 twill)

GROUPS PARAMETERS ROUTES
Sequence of weaves Comparing sampl
1 and sample 2
1.Weaves of outer
circle-plain  and  plain
derivatives  (plain, 2 Comparing sampl
2 11, sample 3 an
sample 4
Hopsack and 3—3 P
Hopsack )
2.Weaves of middle
T*;e. " circle-twills (>— twill, >— | Comparing sampl
relationship 2 2 |1, sample 5 an
between

sample 6

U

S

3.Weaves of middle circle

twills (4—tWi||, 4—twi||,
2 3

2 will
4

Comparing sampl
6, sample 7 an
sample 8

U

S

v

4 \Weaves of middle

circle-twills  ( 3—2 twill,
3 . .
—2 horizontal waved twill|
waved

and 3—2 vertical

twill)

Comparing sampl
5, sample 9 an
sample 10

\1*4

j =
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5.Weaves of inne
circle-sateen and  satirn
(5-end satin, 7-end satin, a
9-end satin)

:Comparing sampl
A 1, sample 1 an
Sample 12

U

L

The
relationship
between size 0
dome and the
dome
formability

TDiameter of domes-7.62cm, 15.24cm, 22.86¢

Comparing sampl
trh3, sample 14 an
sample 1

Ty (D

The
relationship
between radius
ratio and the

~

D

Radius ratio 1: 2:3,1:3:6, and 3:5:6

Comparing sampl
1, sample 15 an

U

L

dome sample 16
formability
The
relationship Comparing sample
between the 1 psam gle f7‘
number ofl Number of circles- 3, 4, 5 and 6 ’ P
. sample 18 and
circles and the
d sample 19
ome
formability
The
relationship : 6
between the , . Comparing samplg
: Wetft linear densities-62.8 tex, 49.2 tex, 32.8|tdx sample 20
weft linear
, and 24.6tex sample 21 and
density and the
d sample 22
ome
formability
The
relationship Weft densities-15.7 picks/cm, 12.6 picks/cf@omparing sample
between  the :
.. [and 9.6 picks/cm l,sample 23 ang
weft  density sample 24
and the dome P
formability
Comparing
samplel,sample3
The and sample4
relationship before and after
bet\_Neen the Shrinkage in both warp and weft direction Washlng_;
shrinkage and Comparing
the dome samplel3, sampl
formability 14 and sample

before and afte

washing.
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5.Weaves of inner circle-sateen 4
satins (5-end satin, 7-end satin, &
9-end satin)

irghmple 1 and samp

ndomparing sample 1(

11

The relationshig

between size of domeDiameter

of domes-7.62cn

=]

Comparing sample 12
sample 13 and sample

and the dome 15.24cm, 22.86cm 1

formability

The relationshig Comparing sample 1
between radius ratip sam ple 13 and spam e
and the dome Radius ratio 1: 2:3,1:3:6, and 3:5:6 15 P P
formability

The relationshig

between the numbe
of circles and the
dome formability

irNumber of circles- 3, 4, 5 and 6

Comparing sample 1
sample 16, sample 1
and sample 18

The relationshig
between the
linear density and th
dome formability

weft Weft linear densities-62.8 tex, 49

ptex, 32.8 tex and 24.6tex

gomparing sample ]
“Sample 19 sample 2
and sample 21

-tl)-gtevveen retlﬁletlonﬁép Weft densities-15.7 picks/cm, 12.&€omparing sample
densit d Tepicks/cm and 9.6 picks/cm l,sample 22 ang
y and the dom sample 23
formability P
Comparing

The relationship
between the shrinkag
and the dome
formability

eShrinkage in both warp and we
Direction

fafter washing;

samplel,sample 2 ar
sample 3 before an

Comparing samplel?
sample 13 and sam
1 before and aft%
washing.

0

d

r
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3.6.3.2 Group 1. weaves V.S. dome formability

Seqguence of weaves

2 : : . .
Samples S1 (woven sequence: Plat;: Twill, 7-end satin from outer to inner circle)

2
and S2 (woven sequence: 7-end sat%PE Twill, Plain from outer to inner circle) were

compared. The data obtained is shown in Table 3.3.

Table 3.3 Data on dome depth when the weave sequemnas changed

Depth of Dome (cm)
Sample a b C Average
S1 2.00 | 2.00 | 2.00 2.00
S2 2.50 | 2.40 | 2.60 2.50

Depth of Dome (cm)
Sample a b (o Average
S1 3.20 [ 3.20 | 3.10 3.17
S2 3.40] 3.70 | 3.50 3.53
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35

25 4

15 A M Before washing

Depth of dome
{cm)
[

W After washing

05 A
1]
P-2/3T-75 75-2/3T-P
Weave sequence
(from outer ring to centre)
Symbols Sample
P-2/2T-7S S1
7S-2/2T-P S2

Figure 3.15 Comparisons of Sample 1 and Sample 2

S1 represents the weave sequence of pl%ig, twill and 7-end satin arranged from

outer circle to inner circle based on Tayyar’'s expents and S2 represents the weave

.2 : . . . .
sequence of 7-end satm? Twill, Plain from outer to inner circle according the

principle of the honeycomb weave structure. As showFigure 3.15, firstly it could be
observed that weaves with different floats coulckendome-shaped fabrics no matter
which weave sequence is selected, i.e. short aigdfloats are arranged in the outer and
inner rings respectively or in the opposite wayc@elly, the dome depth of S1 is
smaller that that of S2, this may indicate the ifakith the weave sequence according
to the principle of a honeycomb weave structurelccadfer better dome formability.
The dome effect was more apparent when the loosgewsas applied in the outer ring
for shrinkage performance and the tight weave agpln the inner ring for expansion

performance. Theoretically, the shorter the fldlag tighter the fabric, which tends to
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expand; the longer the float, the looser the falwitich tends to shrink. The dome will

bulge out with different weave combinations.

Choice of weaves
1) Changing the weave for the outer circle

To understand the behaviour of the dome with tlfferéint outer ring weaves, samples

S1, S3 and S4 were compared, as they are the saatleaspects except for their outer

circle weaves: S1 uses plain weaves,%@z, Hopsack, and 843—3 Hopsack (listed in

Table 3.1).

The dome depths for all these fabric samples, befmd after washing, are listed in

Table 3.4.

Table 3.4 Data on dome depth when the weaves of theter ring were changed

Depth of Dome (cm)
Sample a b C Average
S1 2.00 2.00 2.00 2.00
S3 2.50 2.50 2.60 2.53
S4 3.00 3.00 3.00 3.00

Depth of Dome (cm)
Sample a b (% Average
S1 320 | 320 3.0 3.17
S3 3.50| 3.40| 3.60 3.50
S4 3.90| 4.00| 3.80 3.90




45
4
35
g 3
'E 25
55
== 2
E 15 W Before washing
1 B After washing
0.5
ﬂ .
Plain 2/2Hopsack 3/3Hapsack
Weaves of outer circle
(plain or plain derivatives)
Symbols Sample
Plain S1
2
—— Hopsach S3
2
3
—3 Hopsack sS4

Figure 3.16 Comparisons of Samplel, Sample2 and Spla 3

It can be observed that S4 has the largest deptlorog, while S1 has the lowest depth

of dome. For S4,3—3 hopsack weaves were used for the outer circle. 33grplain

: 3
weaves were used for the outer circle. The woveuctire of —?’hopsack weaves

have larger float lengths than plain weaves, detnatirsg that, whenever the longer
float weave is used in the ringed structure, thegés average float length tends to
contribute more to the dome depth. Besides, thehwgstreatment could have a

dominant effect on the dome depth; all domes bedanger after washing.
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2) Changing the weaves for the middle circle

To understand the behaviour of the dome with tHéemint middle circle weaves,
samples S1, S5, S6, S7, and S8 were compared.tddye was divided into two parts.

In the first part, face floats were varied onlytlre middle ring weaves: Samples S1, S5

and S6 were comparecl?—2 twill weaves for 81,3—2twill weaves for S5 and

4—2twill weaves for S6 were used for the middle cisclksted in Table 3.1).

In the second part, back floats were varied onlthexmiddle circle: Sample S6, S7 and

S8 were compared,4—2twill weaves for 85,4—3twill weaves for S6 and4—4twill

weaves for S8 were used for the middle circlesedisn Table 3.1). The dome depths

for these fabric samples, before and after waslairglisted in Table 3.5 and Table 3.6.

Table 3.5 Data on dome depth when the weaves of thmiddle ring were changed for Sample 1, 5
and 6

Before Washing
Depth of Dome (cm)
Sample a b C Average
S1 2.00 | 2.00| 2.00 2.00
S5 210 | 210 210 2.10
S6 210| 220 | 2.20 2.17
After Washing
Depth of Dome (cm)
Sample a b C Average
S1 320 | 320 3.10 3.17
S5 330 | 320 3.20 3.23
S6 335| 3.30| 3.30 3.32
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35
3
o 25
£
2o 2
pch
E W Before washing
17 W After washing
05
ﬂ -
2/2Twill 3,2 Twill 4/2Twill
Weaves of middle circle
(Twills)
Symbols Sample
2 Twill S1
2
3 .
— Twill S5
4 .
— Twill S6

Figure 3.17 Comparisons of Sample 1, Sample 5 andi8ple 6
Figure 3.17 shows the difference in the dome dbgtbhanging the face float length of
the twill weaves for the middle ring. It can be eh&d that the depth of the dome
increases as the average float of the weaves Besdaoth before and after washing.
However, the increase in dome depth is less apparetengthening the float of the
twill weaves for the middle circle than by lengthenthe float of plain weaves for the

outer circle, compared with the situation in Fig8r&6.

Table 3.6 Data on dome depth when the weaves of thiddle ring were changed for Sample 6, 7

and 8
[ eeforewasing |
Depth of Dome (cm)
Sample a b (o Average
S6 210 | 220 220 2.17
S7 220 | 220 230 2.23
S8 220 | 2.30[ 230 2.27
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Depth of Dome (cm)
Sample a b c Average
S6 3.35| 3.30[ 3.30 3.32
S7 3.30 | 340 3.40 3.37
S8 350 | 340 350 3.47
4
35

25

15 +

Depth of dome
{cm)

M Before washing

W After washing

05 -
a -
A4/2Twill 443 Twill 4/aTwill
Weaves of middle circle
[twills)
Symbols Sample
4— Twill S6
2
4 .
— Twill S7
4— Twill S8
4

Figure 3.18 Comparisons of Sample 6, Sample 7 andi@ple 8

Figure 3.18 illustrates a similar trend as showFRigure 3.17. The depth of dome tends
to increase when the average back float becomeggioihe change in the dome depth

is also not obvious.

In addition, the variation of dome depth by emphaythe weaves with the same float

: . 3 ,
length but different woven structures was also stigated. —21'WI|| weaves,
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3—horizontal weaved twill weaves, aig;’d5 vertical waved twill weaves for the

middle circle were used in S5, S9 and S10 respagtiv

Table 3.7 Data on dome depth when the weaves of theddle circle were changed for Sample 5, 9

and 10

Depth of Dome (cm)

Sample a b C Average
S5 210 | 210 210 2.10
S9 190 [ 1.90| 2.00 1.93
S10 2.10| 2.00| 2.00 2.03

Depth of Dome (cm)

Sample a b C Average
S5 3.30| 320 3.20 3.23
S9 3.20 3.10 3.25 3.18
S10 3.30 3.20 3.15 3.22
35
3
1] 25
£
$. 2
£
2L ;¢ |
E W Before washing
1 -
W After washing
05 A
ﬂ .
3/ 2 Twill 3/ZHWT 3/2VWT
Weaves of middle circle
[twills)
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Symbols Sample
3— Twill S5
2
3 3 , .
—2 HWT(—2 Horizontal Waved Twill) S9
3 3 . .
—2 VWT( —2 Vertical Waved Twill) S10

Figure 3.19 Comparisons of Sample 5, Sample 9 andr8ple10

This chart indicates that the weaves with the stoa length could affect the depth of

the domes differently. In Figure 3.19 the dome wowéth 3—2 horizontal waved twills

weaves for the middle circle has the lowest demimmared with the domes with

3—2twill and3—2vertical waved twill as their middle weaves. Th&§atence in dome

depth between S5 and S10 is not very apparentsaime tendency could be observed

before and after washing.

3) Changing the weaves for the inner circle

To understand the behaviour of the dome with tifferéint inner circle weaves, samples
S11, S1 and S12 were compared, as they are saatleaispects expect for their inner
circle weaves: S11 woven with 5-end satin, S1 wiénd satin, and S12 with 9-end

satin (listed in Table 3.1).

The dome depths for all these fabric samples, beémd after washing, are listed in
Table 3.8.
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Table 3.8 Data on dome depth when the weaves of timer ring were changed

Depth of Dome (cm)

Sample a b C Average
S11 1.80 [ 1.80| 1.90 1.83
S1 2.00 | 2.00[ 2.00 2.00
S12 210 220| 2.00 2.10

Depth of Dome (cm)

Sample a b C Average
S11 280 | 295| 290 2.88
S1 320| 320 3.10 3.17
S12 3.10| 290 | 3.00 3.00

35
3
o 25
£
3 7
£s .
E W Before washing
1 .
W After washing
05 A
ﬂ .
S-end 5atin 7-end 5atin Q-end 5atin
Weaves of inner circle
(5atins)
Symbols Sample
5-end Satin S11
7-end Satin S1
9-end Satin S12

Figure 3.20 Comparisons of Sample 11, Sample 1 aBample 12
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Figure 3.20 shows the changes in the dome deptistatf by changing the weaves for
the inner circle. Before washing, the dome withn@-esatin weaves has the largest
depth, indicating that weaves with the longer agerfioat affect on the depth of the
dome. But after washing, depth of the dome, cangisif 7-end satin, increases and the
comparison shows that its depth is higher thardtirees consisting of 5-end satin and
9-end satin respectively. This indicates that damade from weaves with suitable
average float lengths could make a deep dome, wideshort or too long floats are

hard to shape a dome.

To conclude, it is clear from the above discussitias the float length directly affects
the height of the dome. The longer average floadgeto contribute more to the dome
depth, whenever the longer float weave is usetierringed structure. The dome depth
becomes deeper by increasing the weaves’ floatheiog the outer circle than for the
middle circle or the inner circle. It also has shotlat the dome made from weaves
with the same length of float can have the differdepth. Figure 3.20 is a typical
example, where different results are obtained lygusvills of the same float length but
different structures for the middle circle. In auh, the float which is too long or too
short may have a negative effect on the dome deftdr washing treatment, as

demonstrated in Figure 3.21.

3.6.3.3 Group 2. size of dome V.S. dome formability

In this section, the influence of the dome sizetter dome depth was investigated by
choosing the outer ring with the diameter of 7.62 @ inch), 15.24 cm (6 inch) and

22.86 cm (9 inch) for S13, S14 and S1 respectivEhe weave arrangements of domes
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2 : . :
are all the same — 7-end satmﬁ twill and plain weaves are arranged from the inner

circle to the outer circle.

Table 3.9 Data on dome depth when the size of domes changed

Depth of Dome (cm)
Sample a b C Average
S1 2.00 | 2.00| 2.00 2.00
S13 150 [ 140 1.40 1.43
S14 1.80] 1.70f 1.70 1.73

Diameter of Outer Ring

(cm)

Depth of Dome (cm)
Sample a b C Average
S1 320 | 320 3.10 3.17
S13 2.90| 290]| 2.90 2.90
S14 3.00| 3.00] 3.10 3.03
3.5
3
u 25
£
&~ 2
s E
== 15
E M Before washing
1 W After washing
05
o -
7.62 15.24 22.86
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Symbols Sample
7.62 S13
15.24 S14
22.86 S1

Figure 3.21 Comparisons of Sample 14, Sample 13 aBdample 1

It is clear that the depth of dome increases alwitlyy the increase in the dome diameter.
Larger is the size of the dome, the deeper is #@hd Figure 3.21 shows that this
phenomenon is more apparent before washing thanaéshing. Besides, the smaller
dome is easier to shrink, more influenced by thehway. S13 has the smallest outer

ring. Its dome depth increases most after washing.

3.6.3.4 Group 3. radius ratio V.S. dome formability

In this group, the relationship between the radiaso and the dome depth is
investigated. Three samples (S1, S15 and S16)difigrent radius ratios (from centre
ring to outer ring) are used in this study, namé&h2:3, 1:3:6 and 3:5:6 respectively.

The measured data is listed in Table 3.10.

Table 3.10 Data on dome depth when the radius ratiwas changed

Before Washing
Depth of Dome (cm)
Sample a b C Average
S1 2.00 | 2.00 | 2.00 2.00
S15 170 [ 160 [ 150 1.60
S16 220 | 230 2.30 2.27
After Washing
Depth of Dome (cm)
Sample a b C Average
S1 320 | 320 3.10 3.17
S15 2.80 | 2.80| 2.90 2.83
S16 3.40| 330 3.40 3.37
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Figure 3.22 Comparisons of Sample 1, Sample 15 aBample 16

The same trend before and after washing is showkigare 3.22. The dome with the
radius ratio 1:3:6 from the centre ring to the outeg has the lowest depth while the
dome with the radius ratio 3:5:6 reaches the largepth. In this group the data
suggests that the dome composed of a larger immgand a smaller outer ring tends to

have the larger depth.

3.6.3.5 Group 4. numbers of circles V.S. dome fornbdity

In this group, the number of circles is increasedliserve the difference in the depth of
dome. Four samples S1, S17, S18, and S19 were eseld,of them are of same size

(diameter 22.86 cm for the outer ring) but consgsbf different number of circles (3, 4,
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5, and 6). As number of circles increase, the fleagths in the dome weave gradually

increase from outer ring to inner ring. The resates shown as follows:

Table 3.11 Data on dome depth when the number ofngs was changed

Depth of Dome (cm)
Sample a b C Average
S1 2.00 | 2.00| 2.00 2.00
S17 220 | 220| 2.10 2.17
S18 230 | 230 | 240 2.33
S19 250 | 250 260 2.53

Depth of Dome (cm)
Sample a b c Average
S1 320 | 320 3.10 3.17
S17 3.00| 3.00[ 3.00 3.00
S18 310| 3.20( 3.10 3.13
S19 3.00| 330 320 3.17
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Symbols Sample
3 S1
4 S17
5 S18
6 S19

Figure 3.23 Comparisons of Sample 1, Sample 17, Splel8 and Sample 19

Figure 3.23 indicates that the washing has a brefo the depth of dome, reflecting
not only on shrinking the fabrics to shape a deejene, but also on rearranging the

order.

The depth of the dome increases as number of tigg are increased, when the dome
shaped fabrics are not washed, However, after wgslhe dome with 3 rings shows
the higher depth than all the domes tested, evgrassing the depth of the dome with 5
rings and that with 6 rings. This may be an exceptor error happened in the
experiment. Broadly speaking, the more rings aeduthe larger is the dome depth,

both before and after washing.

3.6.3.6 Group 5. weft linear density V.S. dome forability

In this section, 3 kinds of different dome-shapabrics were woven with the weft
linear densities 49.2 tex, 32.8 tex and 24.6 tdéve dorresponding samples are named as
S20, S21 and S22 respectively (listed in Table.3.1)

Table 3.12 Data on dome depth when the weft lineatensity and the diameter of outer circle in the

warp direction were changed

Before Washing
Depth of Dome (cm)

Sample a b C Average
S20 2.40 2.40 2.50 2.43
S21 2.60 2.70 2.50 2.60
S22 2.60 2.70 2.50 2.60
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Diameter of Outer C ircle
in the Warp Direction (cm)

Sample a b C Average
S20 26.50 26.50 26.50 26.50
S21 26.30 26.20 25.80 26.10
S22 26.00 26.00 25.90 25.97

Depth of Dome (cm)

Sample a b C Average
S20 3.20 3.20 3.10 3.17
S21 3.40 3.30 3.30 3.33
S22 3.40 3.50 3.50 3.47

Diameter of Outer Circle
in the Warp Direction (cm)

Sample a b C Average
S20 23.60 | 2350 | 23.10 23.40
S21 23.40 | 2340 23.20 23.33
S22 23.20 | 23.20| 23.00 23.13
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Figure 3.24 Comparisons of Sample 20, Sample 21 aBdmple 22

In terms of dome formability, the depth of dome drees deeper when finer yarns are
employed. The lower the linear density, the dedperdome will be. Figure 3.24 (a)
shows that the dome made from thicker weft yarndddo have a lower depth than the
dome made from thinner weft yarns. Compared withfther yarns, the thicker yarns
lack elasticity and flexibility to form a deeper mde. More friction needs to be
overcome when the coarser yarns are beaten ughettabrics. In addition, it is well
known that the weaves with the shorter float telodsxpand while the weaves with the
longer float tends to shrink. Dome-shaped fabries shaped using the weaves with
short float in the inner circle and the weaves withg float in the outer circle. The
usage of thick picks makes the weaves’ expansiah simminkage motions difficult
because of little spaces left among the neighbguysioks. Therefore, it is hard to shape

the deep depth of the dome.
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For the longer length in the warp direction, asvamon Figure 5.24 (b), it is mainly
because of different warp and weft densities, aifterdnt warp and weft linear
densities used. The warp density is set as 100ieadsand the weft density is set as 40
picks/inch to balance the tension between the vaag weft yarnsThe dome-shaped
fabric is acceptable round. In this section, theati@mn of weft linear densities make this
elongated effect more apparent, which demonstieges that the weft linear density
has an effect on the dome shape. The larger iswtfe linear density, the more

elongated is the warp direction of the dome.

3.6.3.7 Group 6 weft density V.S. dome formability

In this section, the relationship between the wleftsity and the dome formability was
observed. 15.7 picks/cm, 12.6 picks/cm and 9.6gbick are applied for S1, S23 and

S24 respectively (listed in Table 3.1).Test resatessshown in the Table 3.13:

Table 3.13 Data on dome depth when the weft densityas changed

Before Washing
Depth of Dome (cm)
Sample a b C Average
S1 320 3.20| 3.10 2.00
S23 230 230| 230 2.30
S24 2.80 | 290| 2.80 2.83
After Washing
Depth of Dome (cm)
Sample a b C Average
S1 320 3.20| 3.10 3.17
S23 3.20 | 3.30| 3.30 3.27
S24 340 | 350| 3.50 3.47
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Figure 3.25 Comparisons of Sample 1, Sample 23 aBample 24

Figure 3.25 indicates that the lower the weft dgnsihe deeper the dome formability is.
It is because the expansion of weaves with a dhaat and the shrinkage of weaves
with a long float, make the dome-shaped fabricse Ruthe low weft density, there are
more spaces among the neighbouring warp yarndfirgsin more convenience in such
expansion and shrinkage motions. Therefore, theedaith the larger depth could be

formed.

3.6.3.8 Group 7. shrinkage V.S dome formability

All of the fabrics have shrunk after washing. Itolsserved that for all dome-shaped
fabrics: (a) the shrinkage is always larger inwlaep direction than in the weft direction
and (b) the dome becomes more obvious in the tthreensional shape after washing.
The previous group of changing the weaves for theerocircle-plain and plain

derivatives is used as an example.
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Table 3.14 Diameters in warp and weft direction forSample 1, Sample 3 and Sample 4

Diameter of Outer Circle
in the Warp Direction (cm)

Sample a b C Average
S1 26.10 | 26.40 | 26.20 26.23
S3 24.90 | 25.00 | 25.00 24.80
S4 2420 | 2420 | 24.20 24.97

Diameter of Outer Circle
in the Weft Direction (cm)

Sample a b C Average
S1 21.60 | 2210 | 21.90 21.87
S3 24.90 | 25.00 | 25.00 24.97
S4 2420 | 2420 | 24.20 24.20

Diameter of Outer Circle
in the Warp Direction (cm)

Sample a b C Average
S1 23.90 | 23.90 | 24.00 23.93
S3 2240 | 2250 | 22.60 22.50
S4 2140 | 21.80| 21.90 21.70

Diameter of Outer Circle
in the Weft Direction (cm)

Sample a b C Average
S1 21.70 | 2210 | 22.20 22.00
S3 21.70 | 22.00 | 22.10 21.93
S4 2150 | 2220 | 22.20 21.97
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Figure 3.26 Two charts about the group of Sample Bample 3 and Sample 4

In terms of shrinkage, more apparent changes happarthe warp direction than in the
weft direction, as shown in Figure 3.26 (a). Tmslicates that washing gives more
influence on warp yarns. The washing treatmentsh&dpgely in the removal of warp
and weft tension in the fabrics. Because the higiep density but the lower warp
linear density employed to weave the fabrics, thenycrimp distribution is much more
apparent in the warp direction than in the wefteclion. This results in a larger

shrinkage in warp direction.

The graph in Figure 3.26 (b) has been analysekarséction of choice of weave in the
first group. A comparison of graphs X and Y shohes there is a similar trend between
the dome depth and the shrinkage of warp yarns.dépéh of the dome-shaped fabrics
becomes large when the shrinkage of its warp ybat®mes large; the depth of the
dome-shaped fabrics becomes small when the shenkédgts warp yarns becomes
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small. More yarns are required to bend the shagpdtneg in more curved dome effect.
On the other side, more curved dome makes thekstggnmore apparent. However,
there is no direct relationship between them. Tégation of both dome depth and the

shrinkage result from the washing treatment.

In conclusion, after washing, yarns shrink in betarp and weft directions and this
change reflects more in the warp direction. Besid@shing treatment makes the dome
becoming deeper in its depth. This is a universallt that could be demonstrated by

almost all experiments in this research.

3.7 Remarks

In this part of the research work, the variationfaimability of dome-shaped fabrics
woven on a conventional loom was extensively ingastd by varying different

parameters (i.e. woven structure, size, radius,ratimber of rings, weft linear density
and weft density). Nevertheless, an apparent phenomwhich could not be neglected
is that the dome depth of such fabric specimenseig limited, which may severely

restrict the range of female figure sizes that migh accommodated. The deformation
test results for all the dome-shaped fabrics amvehin Figure 3.27, and the main

results are listed as follows:
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Figure 3.27 Deformation test results of dome-shapefdbrics

1. Dome-shaped fabrics could be made using weave catidms with different floats
both in the weave sequence of long and short flagnged in outer and inner
concentric rings respectively and in the opposiguence. The former weave
sequence would offer a larger dome depth, which evew is not sufficiently
pronounced, just 2.5 cm and only increases to 8mb3ven after laundering and
relaxation. This could be used for the slight feenfibure, but obviously not

satisfactorily produce a bust cup for the largendie sizes.

2. Domes made from weaves with a longer float givagnredome depth. The dome
depth is more sensitive to changes in the outen tha inner circle. But this
shaping was not always reliably created. Underagertircumstances, the dome
made from weaves with the same length of floatltawe a different depth. If the
float is too long or too short, the dome depth carseepen enough. The dome

depth of specimens measured in this group is ar@uied4 cm and specimen S4 is
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the deepest (3.9 cm) after laundering and relarafithe dome volume provided
here is still quite limited to be used for bustaaespecially with the large size

would lead to a poor fit and a lack of comfort female wearers.

For the relationship between the size of dome hadlbme formability, it could be
observed that the bigger dome is easier to forma tyeater depth. Besides, the
smaller dome is easier to shrink, more influencedtiie washing treatment.
However, it is guessed this result is available icertain range, beyond which, the
size is hard to form a dome, or it would show dedént trend. This is an aspect
needed to be investigated in the future. The doepthdof specimens is still very
limited, only 3.17 cm, 2.9 cm and 3.03 cm respetyivafter laundering and
relaxation. Laundering and relaxation could givesipee influence on shaping
deeper domes on the basis of the original volunue tiiee results are still not good

enough as the range of female figure sizes wilids¢ricted.

For the relationship between circle areas and timeedformability, it may safely be
concluded that a deeper dome could be obtainedhlayging the centre area of the
dome rather than the outer area of the dome. lhkeaforementioned results, there
may be a limitation beyond which that this prineijd unavailable. The dome depth
of specimens in this group changes from 2cm, 1.6&i7cm to 3.17cm, 2.83cm
and 3.37 cm respectively after laundering and edlar. The dome depth is still

very limited.

For the relationship between the number of cireled the dome formabilifythe

dome depth may be regarded as rising when the mggsase no matter whether it
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is before or after washing. The dome depth of spens is around 3cm after

laundering and relaxation.

For the relationship between the linear densitytheddome formability, weft yarns
with lower linear densities could lead to the aatof fabrics which may form

deeper domes, because there is more space amomgigidouring warp yarns
making the weaves’ expansion and shrinkage motasy.eTherefore, a deeper
dome is more readily formed. In addition, the wafear density has an effect on
the dome shape. The larger is the weft linear tgndie more elongated is the
warp direction of the dome. The dome depth of spens is 3.17cm, 3.33cm and
3.47cm respectively after laundering and relaxatidrese still could only be used

for slight female figures.

For the relationship between the weft density dreddome formability, it is seen
that the lower the weft density, the greater theaeldormability is. The dome effect

is not apparent, around 3cm to 3.5cm after laundeaind relaxation.

For the relationship between shrinkage and thehdeptiomes, it can be observed
that the shrinkage of yarns and the depth of ddmeesmes larger or smaller at the
same time. But both of them are influenced by tlashing treatment and actually
there is no direct relationship between them. Waghiffects the warp yarns more
apparently than the weft yarns; namely, the wamn ghirinkage is greater than the
weft yarn shrinkage. Besides, it is observed thaat all domes become larger

after washing than before washing.
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The aforementioned conclusions derive from the empmntal investigation analysis
and could be regarded as general suggestions iminvgedome-shaped fabrics, which
will give a positive influence to the study and idesof fabrics for the bust area of
female body armour. However, it has been noticed ¢imly a limited depth of dome
could be obtained from the shaping of fabrics bynimalating the weaving process
even after laundering and relaxation. The domehdeptfabric in these specimens is
around 1.5cm to 2.5cm and increases to only 2.5wmMcim after laundering and
relaxation. Specimen S4 has the deepest dome 3duong all specimens after
laundering and relaxation which however is stillyosuitable for the slight female
figure. The limited dome volume would apparentlgtriet the range of female figure
sizes. The geometrical limitations of this techeiquecessitate a change of approach

and hence angle-interlock fabrics will be invesiga

Angle-interlock woven fabric offers good mouldatyilias mentioned in Chapter 2,
which may compensate for the weakness in respettteotomparative shallow dome
depth provided by the dome-shaped fabric. Thus, aihgle-interlock woven fabric
would be considered on the research of female ladyur. The mouldability of
angle-interlock woven fabric would be further intrgated and which will be compared

with that of dome-shaped fabric in the next chapter
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Chapter 4

Mouldability of Angle-interlock Woven
Fabrics and Its Comparison with Dome-

shaped Fabrics

The three-dimensional bust area near net shapdd asittinuous yarns to make the
front panels of female body armour could be prodidet only by dome-shaped fabrics,
but also by angle-interlock woven fabrics, becatingelatter have good mouldability.
The mouldability of angle-interlock woven fabricash been briefly introduced in
Chapter 2. This chapter aims to provide a more cehgnsive investigation on this
issue from both theoretical and experimental pooftsiew. Shearing, locking angle
and shear rigidity are believed to be essentialcepts that influence the fabric
mouldability [125]. The angle-interlock woven fabris compared with the dome-
shaped woven fabric in order to select the typén whe better deformation depth for
making the front panel of female body armour. Obslyg, the larger the deformation
depth, the more apparent bust area could be forifiee. selected fabric would be

further considered for the ballistic evaluatiorthis female body armour research.
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4.1 Theoretical Analysis

4.1.1 Shearing

The mouldability of angle-interlock woven fabricashbeen generally analysed in
Chapter 2 of Literature Review. It is known thae tmouldability of woven fabrics
depends greatly on shear deformation resistancearBlg is one of the important
aesthetic characteristics of fabrics: when a famiditted to a surface, it conforms
mainly by a shearing of the angles between warpveeitl yarns [132]. This shearing
angle relates to the shear strain, which occurremieates a deformation of a material
substance in which parallel internal surfaces stidst one another. The shear strain is
induced by a shear stress in the fabrics, whicldesved from the force acting
tangentially on a plane in the material or alonge in the case of a two-dimensional

sheet. Equal force in the opposite direction isinegl to balance [132].
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Figure 4.1 Simple shear deformation in a unit cel]132]

Figure 4.1 depicts the shearing behaviour of wdeaéinics ABCD represents a simple
square-constructed fabric, whose sides are injtiprpendicular and parallel to the
direction of the simple sheaAB andCD represent the warp yarns and and BC

represent the weft yarns. When two equal and oppémicesF are applied parallel to

the sides of the fabric, shear stress would ocealnich induces the shear strain,



illustrated astang , indicating the deformation conforming to thearing behaviour.

4.1.2 Locking angle

@ is influenced byy, which annotates the angle between warp and wafisyafter
shearing, as shown in Figure 4.1. Before any dedtion occurs, the shearing angle,
is 9C° for woven fabrics. When shearing starts to happles,angley reduces. As a
matter of facty =90° -8, wheretang indicates the shear strain. The locking angle i

the shearing angle achieved just before the maxirshear strain happens, i.e., the
yarns begin to jam thus preventing further she&ordeation in the fabric. Any further

increase of shear load would cause wrinkles to &apPpl33-135]. In this

contexty, yexingange = 90° =,

o Wheretang, indicates the maximum shear strain.
The locking angle is used as a characteristic védueredicting a fabric’s ability to
conform to a particular surface, namely, fabric fdability. Maximum shear strain may
happen due to structural jamming in warp, weft,both yarns. Roedel [125] has
researched this aspect of angle-interlock wovenmidabcomprehensively. Important

results are listed as follows:

locking angle strongly depends on the individu&fiadensity;

* adecrease in warp and weft yarn density leadm#dler locking angle resulting
in better mouldability;

» weft yarn locking mechanism dominates the fabrmarjang for angle interlock
fabrics;

» for a given overall weft density of the angle ifbek fabric, an increase in weft

yarn layers improves mouldability.

13C



4.1.3 Shear rigidity

Shear rigidity is an expression of the fabric’dialiresistance to shear deformation, and
it is induced by the frictional interactions at timer-yarn contact points. The reversal
points between warp and weft yarns where undulati@mpens over and under each
other, often become the highest frictional resistaareas as the yarns produce large
contact areas with each other [125]. As the threthghthickness angle-interlock woven
fabrics have few reversal points considering thaweerepeat and the total number of
weft yarns per unit length, it is understandablat thuch designs would lead to low
shear rigidity. This has already been mentionethénexplanation of the test results of
shear rigidity when comparing the angle-interlockven fabrics to its multi-layer
counterparts in Chapter 2. This could also be detnated by comparing the cross-
sections of the 4-layer through-the-thickness angkrlock woven fabric and the plain

woven fabric, as shown in Figure 4.2.
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Figure 4.2 Warp yarn path per unit length, cross-setional view

It is seen in Figure 4.2 that there are 5 revepsamts in the plain weave structure
whereas there are only 2 reversal points in théeainterlock structure over the same
length. This indicates that the shear rigidity céfie by the latter fabric is much lower
than that offered by the plain woven fabric. Thie angle-interlock fabric provides
much better mouldability than its plain counterpavhich verifies the theory that a

fabric with low shear resistance would lead to gouoduldability. This argument

131



supports the possibility of replacing the plain wovfabric by the angle-interlock

woven fabric in making the front panels of femabelyp armour.

4.2 Empirical Analysis

The mouldability of angle-interlock woven fabricashbeen studied theoretically by
calculating the locking angle from the structurargmeters of the fabrics [125].
Experimental investigation is another way of stadyihe moulding performance based
on the structural parameters. The dome, shapeddig-anterlock woven fabrics due to
its mouldability is compared with that of the dosteaped fabrics to identify the more

suitable fabric for female body armour.

Extensive research on angle-interlock woven fabhn&s been empirically investigated
by Chenet al [119] who have systematically designed and produsmegle-interlock
woven fabrics with different structural parametensgd assessed their mouldability. For
this investigation, a total of 42 angle-interlockowen fabrics were made on a
conventional dobby loom with a maximum of 16 hefadanes. 100% polyester yarns of
65.4 tex were used for both warp and weft. The vaagh weft densities for these fabrics
are listed in Table 4.1. The details have been mdga on the basis of strictly obeying
to the original data for more clear demonstratiime empirical work has illustrated that
increases in weft density lead to decreases ofrahefiton depth for all fabrics. It also
indicates that the fabric becomes more mouldablthasnumber of weft yarn layers
increases. These results will be compared withetttdsiome-shaped fabrics. However,
as the angle-interlock woven fabrics and dome-gthdglerics are different types, it is
important to take into account their linear deesitand areal densities when generally

comparing their dome depths. The areal densitiesgle-interlock woven fabrics have
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not been included in the original document, butcolihcould be calculated and the
results have been demonstrated in Table 4.1. Aadidensity in tex indicates the mass
of yarns in grams per 1000 meters and warp/weftsitienndicates the number of

warp/weft yarns per cm, the areal density @/mman be calculated based on the

following equation:
W :1lc[nl(1+ C,)+n,] (4.1)

Where,w = areal density,
T =yarn linear density,
n, = warp density,
n, = weft density,
C,= warp yarn crimp, which is assumed toloe for the angle-interlock woven

fabrics considered.

Table 4.1 Angle interlock fabrics made from polyesr fibres [119]

Warp densit Weft densit Areal densit
Wett layers endefemy oicksiemy | @
7.9 207.06
9.4 216.87
2 21.6 11 227.33
12.6 237.79
14.2 248.26
7.9 221.44
9.4 231.25
2 23.6 11 241.72
12.6 252.18
14.2 262.65
7.9 235.83
9.4 245.64
2 25.6 11 256.11
12.6 266.57
14.2 277.03
15.7 258.07
18.9 279.00
3 216 22.1 299.92
24.4 314.97
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27.6 335.89
15.7 272.46
18.9 293.38
3 236 22.1 314.31
24.4 329.35
27.6 350.28
15.7 286.84
18.9 307.77
3 25.6 22.1 328.70
24.4 343.74
27.6 364.67
23.6 309.73
28.3 340.47
4 21.6 33.1 371.86
37.8 402.60
23.6 324.12
28.3 354.86
4 236 33.1 386.25
37.8 416.99
Linear density: 65.4 tex for both warp and weft yans
Yarn crimp is assumed as 10% which only happens fawarp yarns
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Figure 4.3 Effects of fabric parameters on deformabn depth [119]

As mentioned in Chapter 3, dome-shaped fabrics haea systematically designed and
researched in order to investigate their dome forlitya The deformation depth results
of these fabrics are shown in Figure 3.27. All febrwere also woven from 100%
polyester yarns. Their areal densities also areutated based on the equation (4.2) and

the results are listed in Table 4.2.
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1
= 1_0[ nT, @+C,) +n,T,1+C,)]

Where,w = areal density,

n, = warp density,

n, = weft density,

T,= warp linear density,

T,= weft linear density,

4.2)

C, = crimp of warp yarns, which is assumed tosein 2D fabrics considered,

C,= crimp of weft yarns, which is assumed to4s¢ in 2D fabrics considered.

Table 4.2 Dome-shaped fabrics made from polyesteayns

Dome
diameter Radius ratiop Warp Wetft Areal
. Weave . . .
Sample| in warp (outer to inner) (outer to density density density
direction inner) (ends/cm) | (picks/cm) | (g/m?)
(cm)
2 . :
S1 22.86 Plaln,—ZTW|II,7-end Satin* | 3:2:1 39.4 15.7 237.76
2 . :
S2 22.86 | 7-end Satln,—ZTWIII, Plain | 3:2:1 39.4 15.7 237.76
2 Hopsack 2 Twill,7
S3 22.86 2 P "2 ’ 3:2:1 39.4 15.7 237.76
end Satin
3 Hopsack 2 Twill, 7
sS4 22.86 3 P o 3:2:1 39.4 15.7 237.76
end Satin
3 . :
S5 22.86 Plaln,—ZTWIII ,7-end Satin | 3:2:1 39.4 15.7 237.76
4 : :
S6 22.86 Plaln.—2 Twill, 7-end Satin | 3:2:1 39.4 15.7 237.76
4 . :
S7 22.86 Plaln,—3 Twill, 7-end Satin | 3:2:1 39.4 15.7 237.76
4 . :
S8 22.86 PIa|n,—4TW|II , 7-end Satin | 3:2:1 39.4 15.7 237.76
Plain 3 Horizontal Waved
in, —— Horiz Y
S9 22.86 2 3:2:1 39.4 15.7 237.76
Twill, 7-end Satin
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3
Plain,—— Vertical Waved

S10 22.86 3:2:1 39.4 15.7 237.74
Twill, 7-end Satin
.2 . .
S11 22.86 Plain, —2TWI||, 5-end Satin | 3:2:1 39.4 15.7 237.74
.2 . .
S12 22.86 PIa|n,—2 Twill, 9-end Satin | 3:2:1 39.4 15.7 237.74
.2 . .
S13 7.62 Plain, —ZTWIII, 7-end Satin | 3:2:1 39.4 15.7 237.76
2 . .
S14 15.24 Plain, —ZTWIII, 7-end Satin | 3:2:1 39.4 15.7 237.76
Plain 2 Twill, 7-end Satin
S15 22 86 In, 5 will, In|6:3:1 39.4 15.7 237.76
2
S16 22.86 _2 6:5:3 39.4 15.7 237.76
Plain, Twill, 7-end Satin
2 2
S17 22.86 Plain, 1 Twill, 2 Twill, 4:3:2:1 39.4 15.7 237.76
7-end Satin
2 2
Plain 1 Twill 2 Twill
S18 22.86 3 ’ ’ ’ 5:4:3:2:1 39.4 15.7 237.76
2 _ . .
Twill,7-end Satin
2 2
Plain, 1 Twill, 2 Twill,
S19 22.86 3 4 6:5:4:3:2:1| 39.4 15.7 237.76
2 Twill, 2 Twill,7-end
Satin
2
S20 22.86 _2 3:2:1 39.4 15.7 215.55
Plain, Twill, 7-end Satin
2
S21 22.86 _2 3:2:1 39.4 15.7 188.78
Plain, Twill, 7-end Satin
2
S22 22.86 —2 3:2:1 39.4 15.7 175.39
Plain, Twill, 7-end Satin
2
S23 22.86 —2 3:2:1 39.4 12.6 217.51
Plain, Twill, 7-end Satin
2
S24 22.86 —2 3:2:1 39.4 9.6 197.92
Plain, Twill, 7-end Satin

*The bold characters indicate parameters where chages occurred.

Linear density: 33 tex for warp yarns and 62.8 texor weft yarns, except 49.2 tex, 32.8 tex and 24

tex were used for weft yarns of sample S20, S21aB8@2 respectively.
Yarn crimp is assumed to be 4% for both warp and wk yarns
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Figure 4.3 indicates that the deformation depthanfjle-interlock woven fabrics is
around 55-75 mm and Figure 3.27 suggests thateafeerdation depth of dome-shaped
fabrics is around 15-30 mm (before washing) an@2%am (after washing). It can be
observed that the angle-interlock woven fabricsegaty have larger dome depth than
the dome-shaped fabrics considering the similaritieareal densities (237 ¢fn It can
also be seen in Figure 4.3 that heavier anglelodlenvoven fabrics (e.g. 386 gfmi02
g/n’ and 417 g/ still lead to large deformation depth. The prjei of moulding
angle-interlock woven fabrics is different from thimr dome-shaped fabrics. The
mouldability of angle-interlock woven fabric is lesly determined by its structure
consisting of layers of straight weft yarns andrayle layer of warp yarns binding the
layers of weft yarns together. This unique 3D gtreee demonstrates fewer cross-over
points which lead to lower shear rigidity of théoifi@, as has been demonstrated in
Section 4.1.3. As a result, the angle-interlock @rofabric is easy to be shear-deformed
even though it has higher areal density. On therotfand, the dome-shaped fabric is
formed by organising different weave structuresaigoncentric circles based on the
honeycomb principle. In 2D fabrics, short yarn toaontribute to a tight fabric area
which tends to extend or invade into the adjacatiri€ area because of the high
frequency of yarn intersection. Similarly, longdte would lead to a loose fabric area
and this area can be pushed to shrink if it isdsesi tight fabric area. Based on this
principle, the dome swells out on the surface byleging weave structures with
appropriately arranged weaves with long and shoat$. The dome has already formed
when the dome-shaped fabric is taken off the lodims is different from angle-
interlock woven fabric for which additional force required to deform into a dome.
However, the comparisons in Figure 4.3 and FiguBy ®iave demonstrated that the

weave structure of angle-interlock woven fabricenpts the formation of larger domes.
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As a matter of fact, angle-interlock woven fabisca very mouldable type of fabric,
which can even be shaped into an integral helmeit §I?5]. Angle-interlock woven
fabrics are more suitable than the dome-shapedfatar making the curvaceous front

panel of female body armour by conforming to 3D désrtorso.

For the application of female body armour, a kifitkevlar® fibre (Kevlaf® 49) is used
for making angle-interlock woven fabrics. The malddity of this type of fabric is
studied as Kevldr is the most widely accepted material for soft baalynour
applications. The experimental results show thataihgle-interlock woven fabrics from
Kevlar® yarns create dome depth over 70mm tested usinQdhee Tester, and this can
been seen in Figure 4.4(a). This is comparativéhéodeformation depth from their
polyester counterparts, which are shown in FiguB Angle-interlock fabrics made
from Kevlar® are more mouldable than those made from polyéistess because of the
lower friction between Kevl&ryarns. It is also seen in Figure 4.4(b) that tbene
depth of Kevlaf angle-interlock woven fabrics decreases when thedt \density
increases, as seen in polyester angle-interlockicbThe increase in weft density
reduces the spacing between the weft yarns ancehadffects the fabric locking angle

[125].

Table 4.3 Angle-interlock woven fabrics made from Kvlar® fibres

Warp densit Weft densit Areal densit
Weft layer (endglcm) g (oicksiom) oY
3 6.7 20.8 439.17
4 12 26 609.02
4 12 28 640.58
4 12 30 672.13
4 12 32 703.69
5 12 34 735.24
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Figure 4.4 angle-interlock woven fabrics made of Kvlar®yarns: (a) deformation depth V.S. areal
density; (b) deformation depth V.S. weft density

4.3 Remarks

Angle-interlock woven fabrics have been theorelycahd empirically demonstrated to
have good mouldability. In addition, angle inteKdabrics are simple and easy to make.
This is an advantage the dome-shaped fabrics divanat. Therefore, angle-interlock

woven fabrics become a good candidate for makingafe body armour based on this



mouldability. However, there is no knowledge ofgleninterlock fabrics’ ability in

ballistic protection. Satisfactory body armour mbstable to resist the penetration of
high velocity projectiles and at the same timewallninimal transverse deformation, to
reduce blunt trauma [136]. The ballistic resistff¢ctiveness of angle-interlock woven

fabrics will be evaluated and analysed in the clsgpter.
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Chapter 5

Ballistic Performance of Angle-interlock
Woven Fabrics

The previous chapter has identified the angledod&r woven fabric as a candidate
fabric type for female body armour from the perspecof mouldability of the fabric.

As a continuation of this research, the ballis&efprmance of angle-interlock woven
fabrics will be examined. Three objectives arefgethis work, which are (i) a study of
energy absorption characteristics of single pidcangle-interlock woven fabrics, (i) a
parametric study on angle-interlock woven fabrmstallistic performance, and (iii) an
evaluation of fabric panels made from angle-inteklevoven fabrics against the NIJ

standard.

5.1 Background

The manner in which the fabric responds to impaatling and dissipates the kinetic
energy of an impacting projectile is a complex &swhich varies under different
impact conditions. In simple terms, an impact wita same impact energy may happen

with two separate situations: low velocity impagt @ large mass (drop weight) and
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high velocity impact by a small mass (debris, hulktc.). The former is generally
simulated using a falling weight or a swinging peladn and the latter using a gas gun
or some other ballistic launcher [137h this research the ballistic performance of

angle-interlock woven fabric will be assessed uniderigh velocity impact.

5.1.1 Energy absorption mechanism

When the projectile hits the fabric, two waves takace [92]. One is the longitudinal
wave travelling in the plane of the target platdisTwave travels through the yarns
which are directly hit by the projectile, known @smary yarns. The yarns not directly
hit by the projectile are known as secondary yawnisch are also travelled through by
this wave because they interact with the primamnyd138]. Another wave, known as
the transverse wave, propagates outward from tipagtrzone to make deformation in
the perpendicular direction to the fabric plane.eThabric deformation due to the
transverse wave is shaped like a cone with the aéimpaint at its vertex [92]. Figure 5.1

depicts the propagation of the two waves [139].
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Figure 5.1 Impact wave propagation: (a) topiew; (b) side view [139]

Impact energy could be converted into various forinsluding yarn failure, fibre
pull-out, fibre fracture, cone formation on the kdace of the target [137, 138, 139].
The impact energy conversion is governed by sevabrs, such as the material
properties of the constituent fibres, boundary ootk of the sample fabric, projectile
geometry, and so on. Among all these, friction leemvyarns is quite important. The
increase of friction between yarns may require moreact energy to overcome and
therefore will lead to the increase in the ability absorb the impact energy [140].
However, it must also be noticed that if the foatis so high that the relative movement
of yarns is impossible, the fabrics’ capability absorbing impact energy could be
correspondingly reduced. This is because the yawvement is also an important way

of absorbing the impact energy [141].
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5.1.2 Loss of kinetic energy

In principle, the energy absorbed by the targetridabn penetration assessing the
ballistic performance of the fabric is measuredthg decrease in projectile kinetic
energy, which is determined from the projectile atipvelocity and the exit velocity.

The overall loss of kinetic energy of the projexid defined as [92]:

I DR B
AE =2 (V) = (V) (5.1)

where AE s the loss of kinetic energy
mis the projectile mass

V, is the impact velocity

V, is the exit velocity

The impact velocityV, can be calculated from the flying time of the puatile t,
between two detectors placed df distance apart. The impact velocity, can be

then calculated from

V, = 9 (5.2)
t0
The exit velocity V, can be achieved using the same method, by megsurajectile

flying time t; between the two detectors with a distarde between them behind the

target fabric. After that, the overall loss of Kiseenergy carried by the projectile can be
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calculated according to Equation (5.1). The enéogg of the projectile is an effective
way to measure a fabric’s capability of absorbimgrgy, which is difficult, if not

impossible, to measure directly.

5.2 Energy Absorption of Angle-interlock Woven Fabrcs in
Comparison to Other Fabric Structures

The purpose of this section is to investigate thergy absorption of different fabric
structures to benchmark the overall ballistic penfance of angle-interlock woven
fabrics by the energy loss test. In addition to d@hgle-interlock woven structure, four

other weave structures have been involved in thisstigation.

5.2.1 Fabrics
5.2.1.1 Structures

Plain weave

Plain weave is the simplest weave, characterisetthdyightest woven structure as has
been detailed in Literature Review. It is the mesdely used woven structure in the

body armour application.

Plain weave with leno insertions

Leno weave is a type dftructure in which a pair of warp yarns is interted by
embracing a pick of weft yarn in each of the iniees [142].lt has a firmer gripping on
the weft yarns and can be produced easily in bfalics. The primary purpose of such

structure is to limit yarn movement, and therefibvefabrics with stable dimensions can
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be formed. Plain weave fabrics with leno inserticare expected to have better
dimensional stability than those without leno itieers, and should have better

restraining of the weft yarns. Figure 5.2 showslém® weave structure.

1= l VA
{

) z> MR

= C—)-

C N ]

. "/’ .,:—_--

Figure 5.2 lllustration of leno weave

Plain weave with weft yarn cramming

Weft yarn cramming in weaving is performed by siogptake-up, at the same time
keeping all other actions as usual during weavkapric weave structure keeps the

same. When weft yarn cramming takes place weft gansity increases.

\ Weft
- cramming
- / yarns

Figure 5.3 Weft yarn cramming

Four-layer cellular fabric

The four-layer cellular fabric with plain weaveutture is shown in Figure 5.4. This is
performed by connecting the adjacent two layersttogy in the evenly spaced intervals.
8 warp yarns and 104 weft yarns compose one repgiabf the weave structure. The

conjunction area is characterised by 8 weft yamd tvice the yarn density in both
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warp and weft directions.
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Figure 5.4 Four-layered cellular fabric

5.2.1.2 Specimen details
As a joint effort in the Protective Textiles ResgaGroup, twenty-one different woven
fabrics have been designed and manufactured irUtheersity of Manchester. The

detailed specifications are listed in Table 5.1.

Table 5.1 Specifications of various fabrics

Yarn densities Yarn counts
i ) warp weft warp weft Weave structure
Fabrics | Fibre type .
(ends/cm) | (picks/cm) | (tex) (tex)
Broad plain woven fabric (one
F1 Kevlaf® 49 7.5 7.5 158 158
layer)
Broad plain woven fabric (two
F2 Kevlaf® 49 7.5 7.5 158 158
layers)
Broad plain woven fabric (four
F3 Kevlaf® 49 7.5 7.5 158 158
layers)
Broad plain woven fabric with
F4 Kevlaf® 49 7.5 7.5 158 158| leno insertions in every 2cm
intervals
Broad plain woven fabric with
leno insertions in warp and
F5 Kevlaf® 49 7.5 7.5 158 158 ) ) )
cramming yarns in weft both ip
every 2cm intervals
Broad plain woven fabric with
F6 Kevlaf® 49 7.5 7.5 158 158| leno insertions in every 4cm
intervals
Broad plain woven fabric with
F7 Kevlaf® 49 7.5 7.5 158 158| leno insertions in warp and
cramming yarns in weft both ip
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every 4cm intervals

F8

Kevlar® 49

7.5

7.5

158

158

Broad plain woven fabric with
leno insertions in every 6cm
intervals

F9

Kevlaf 49

7.5

7.5

158

158

Broad plain woven fabric with
leno insertions in warp and
cramming yarns in weft both i
every 6¢cm intervals

F10

Kevlaf 49

7.5

7.5

158

158

Broad plain woven fabric with
leno insertions in every 8cm
intervals

F11

Kevlaf 49

7.5

7.5

158

158

Broad plain woven fabric with
leno insertions in warp and
cramming yarns in weft both i
every 8cm intervals

F12

Kevlaf 49

7.5

7.5

158

158

Broad plain woven fabric with
leno insertions in every 10cm
intervals

F13

KevlaPf 49

7.5

7.5

158

158

Broad plain woven fabric with
leno insertions in warp and
cramming yarns in weft both i
every 10cm intervals

F14

KevlaPf 49

7.5

7.5

158

158

Broad plain woven regular
two-layer fabric

F15

KevlaPf 49

7.5

7.5

158

158

Broad plain woven interchang
two-layer fabric

D

F16

Kevlaf 49

7.5

7.5

158

158

Broad plain woven regular
four-layer fabric

F17

Kevlaf 49

7.5

7.5

158

158

Hand loom made plain woven
fabric with weft winding in
every 6¢cm intervals

F18

F19

F20

F21

Kevlar® 49

12*

26

28

30

32

158

158

Four layer angle interlock
fabric with densities
12ends/cm and 26picks/cm

Four layer angle interlock
fabric with densities
12ends/cm and 28picks/cm

Four layer angle interlock
fabric with densities
12ends/cm and 30picks/cm

Four layer angle interloc
fabric with densities

12ends/cm and 32picks/cm

F22

Dyneemd’

6.73

6.73

176

176

Broad plain woven fabric
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Broadplain woven fabric with
F23 leno insertions in every 4cm
intervals
F24 Broad unidirectional fabric

*The bold characters indicate that parameters havehanged.

The fabrics were then cut into the size of 24 cnRéycm, clamped by a pair of metal
clamps for an energy loss test. As shown in Figuke needles, which were planted
onto one part of the clamp around an aperture thighdiameter of 15.2 cm, were used
to lock the target area by penetrating the fabiriee target area was further guaranteed
by screwing the two clamps together in the foumeos. This full-clamped state was

suggested to offer the same condition for all dstst

Bolt — ] | B

Needles — -

Projectile

Target fabric
Figure 5.5 Fabric clamp
5.2.2 Experiments
5.2.2.1 Energy loss test
The energy loss test was used to investigate tirec&ballistic performance. The firing
range for energy loss test consists of a firingickewith a 7.6 mm rifle barrel, target

holder, and velocity detectors. These are arramgech enclosed environment and the
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firing apparatus is shown in Figure 5.6.

Figure 5.6 Testing apparatus
A blank cartridge was used to propel the projediddd in a sabot. The projectile is a
steel cylinder with a diameter and a length of dinth 5.56 mm, weighing 1.06 g, as
shown in Figure 5.7(a). Pulling the trigger causes projectile to be forced out from
the barrel towards the target fabric at a high cigjp typically 480m/s. The time
detectors then picked up the travelling time of phejectile before and after the fabric
target. The loss in kinetic energy carried by thgqztile after going through the fabric
can be calculated using Equation (5.1). In thisugetthe distances between the two
pairs of time detectors were 47 cm (front) and 38r2(rear) respectively. Figure 5.7(c)

sketches the construction of this firing range.
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IR beam= Detectors Fring dewice

+
Steel box

(c)
Figure 5.7 Construction of the testing apparatus:
(a) steel projectile; (b) plastic sabot; (c) scheatic diagram
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5.2.3 Test results and analysis
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Figure 5.8 Energy absorption of various fabrics nomalized by per areal density

Figure 5.8 shows the results of energy loss tesaliofabrics. To indicate the energy
loss caused by the same amount of materials, tjegbite energy loss in Figure 5.8 is
normalised by dividing the fabric areal density ¢fenf). Relatively speaking, the
overall ballistic performance of angle-interlock wea fabrics is quite low as F18, F20,
F21 and F19 are ranked as tie 2" ,39 and & respectively from the bottom. All the
2D woven fabrics have shown capabilities to absorbre energy than the 3D
angle-interlock woven fabrics. This is believedtodue to the difference of the number
of interlacements contained in the fabrics, whildirectly related to the yarn gripping
effect. More interlacements lead to tighter yarnpging. There are more yarn
interlacements in a 2D woven fabric compared tdaaBgle-interlock woven fabric;

and the interlacements help to transfer energyéoadjacent yarns. Consequently, the
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stress wave in a 2D plain woven fabric propagabea targer area of woven fabric
whereas that in a 3D angle-interlock woven faleitds to be more localised. As a result,
the 2D plain woven fabric would absorb more projecimpact energy than the 3D

angle-interlock woven fabrics.

As the plain woven fabric is the conventional typehe body armour application, it is
of interest to compare the angle-interlock wovdsrits with the plain woven fabrics to

benchmark the ballistic performance of the angterlack woven fabrics. As can be
seen in Figure 5.8, the plain woven fabrics abswmidre kinetic energy than the
angle-interlock woven fabrics. The top view of stures of plain and 4-layer

angle-interlock weaves are shown in Figure 5.9af@ (b) respectively. It could be
observed that in the same unit area, there are mtgdacements in the plain weave
than the 4-layer angle-interlock weave. Additiopathe former also has shown more
interlacements than the latter in the cross sectidnich already has been illustrated in
Chapter 4 where the shear rigidity of the angleriotk woven fabric is investigated.

Furthermore, the energy loss is normalised by digidhe fabric areal density for the
purpose of comparison based on the same amounatefial. Interlacements are quite
important for the fabric to absorb the impact egetgterlacements serve like pivot
points to stabilise the structure in order to emeathe yarn gripping by increasing
friction between yarns. When the fabric receivesirapact, the impact energy will

dissipate among the warp and weft yarns, and \iltistributed on interlacements for

further dissipation. More interlacements may make tenergy distribution and
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dissipation more effectively because better grigpai yarns in the fabric helps the
impact energy to propagate to a larger area ofidabi¥evertheless, the energy
absorption mechanism is a complicated procedutaented not only by friction but

also by other factors. It is necessary to mentiat if the friction between yarns is too
high, e.g. to a level that blocks the yarn movemanthe fabric, the impact energy
absorption by yarns displacement will be minimisaal] the mechanism for the energy
to be absorbed is left to the yarn breakage orfiis & the reason that the unidirectional
fabric (F14) made from high performance polyethglestemonstrated lower energy
absorption on weight basis than the single layevemndabrics (e.g.F23, F22 and etc.)
and even than a certain type of angle-interlockemofabrics (F19), as shown in Figure

5.8.

Warp Tarn Warp YTarn

—] K HL | | YMoogurao Poax oo d
“-eﬁl—e—heyle — :‘ WeareRepeat ':

Weft Yarn ' Wefi Yarm ———

3 ] i

(@) (b)

Figure 5.9 Weave structure: (a) plain; (b) 4-layeiangle-interlock
Additionally, based on all the designed and martufad fabrics so far, comparisons
are also made on other various fabrics’ abilityabsorbing impact energy. Important

findings are listed as follows:
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Fabrics with leno insertions in warp and crammigng in weft show better
performance of impact energy absorption than tbeunterparts without weft
yarn cramming. F7 (Broad plain woven fabric withdeinsertions in warp and
cramming yarns in weft both in every 4cm intervaks)the best in terms of
impact energy absorption. This is because weft yaamming could also

improve the yarn gripping effect to increase footiamong weft yarns by
increasing weft density. More kinetic energy is @omed against this additional
friction. However for BPLWC (Broad plain woven fabrvith leno insertions in

warp and cramming yarns in weft) fabric itself, ioml setting exits; in this

research, fabrics with 4cm insertion intervals hsedter than other settings.

Further investigations may be required in this gmeegion.

F17 (Hand loom made plain woven fabric with weftnding in every 6cm
intervals) performs better than F8 (the fabric wsdme insertion intervals of
leno weave). This may because much tighter warpsygrip the winding weft

yarns compared to leno weave structure.

3D cellular fabrics and the same layer 2D plainitatihe two and four layered

cellular fabrics perform better than the assembilyr the same layer 2D plain

woven fabric of similar yarn densities.
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« Dyneem& plain woven fabrics absorb less impact energy @ew to their
Kevlar® counterparts. These results may verify that the $owface friction of

Dyneem@ fibre affects its ballistic-resistant performance.

« For the unidirectional and woven Dyneémfabrics, the former one shows
reduced ballistic performance that the latter dnd, may have better trauma

proof ability.

5.3 Parametric Study of Ballistic Performance of Agle-interlock

Woven Fabrics

The above-mentioned section mainly focused on thexadl ballistic performance of

angle-interlock woven fabrics and it showed thas tkind of fabric demonstrates
relatively low capabilities against the ballistimpact. For the purpose of better
understanding of the ballistic resistance of amglerlock woven fabrics, a parametric

study of the angle interlock fabrics on the balligerformance was carried out.

5.3.1 The fabrics

A series of angle-interlock woven fabrics with di#nt structural parameters, as shown
in Table 5.2, have been produced using the Sa0@iVldobby loom with maximum 22
heald frames, which has a loom speed of 160 pidksite and the maximum width of
1.2m. A negative let-off mechanism was used in ratiig the weaver’s beam and

balancing the warp yarn tension. KeVl&9 with 158 tex, the commonly used yarns for
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ballistic protective applications, was used to mé#ke angle-interlock woven fabrics

[143].
Table 5.2 Fabric specifications
Yarn density Yarn count Areal
Fabrics | Fibre Type Warp Weft Warp | Weft density | Weave structure
(ends/cm) | (picks/cm) | (tex) | (tex) (g/m2)

F18 Kevlar® 49 12 26 158 158 609.02 "
F19 | Keviar® 49 12 28 158 158 640.58 ’ _ayer

5 angle-interlock
F20 Kevlar 49 12 30 158 158 672.13 .

woven fabrics
F21 | Kevlar® 49 12 32 158 158 703.69
F22 | Kevlar® 49 8 26 158 158 542.76
F23 Kevlar® 49 8 28 158 158 574.31
F24 Kevlar® 49 8 30 158 158 605.87
F25 | Kevlar® 49 8 32 158 158 637.42
F26 | Kevlar® 49 10 28 158 158 607.44 y
-layer

F27 | Keviar® 49 10 30 158 158 639.00 _y

s angle-interlock
F28 Kevlar 49 10 32 158 158 702.11 .

woven fabrics

F29 | Kevlar® 49 12 26 158 158 609.02
F30 | Kevlar® 49 12 28 158 158 640.58
F31 Kevlar® 49 12 30 158 158 672.13
F32 Kevlar® 49 12 32 158 158 703.69
F33 | Kevlar® 49 12 34 158 158 735.24

5.3.2 Experiments

These fabrics were ballistically tested in the gdaoh state for energy absorption at the
room temperature using the firing apparatus. Bedoraing to the test result analysis, it
is necessary to mention that features displaye@Dnwoven fabrics such as yarn

slippage, fibre fracture and cone formation, cao dle identified in 3D angle-interlock

woven fabrics during the ballistic test.

5.3.3 Some observations
Figure 5.10 (a) shows a typical sample after shgotthen clamping has been removed.

It can be seen that some of the primary yarns arkeb whilst some others are pulled
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towards the impact point where the projectile hasegrated the target fabric. The
arrows signify the direction of primary yarn motiohhis is similar to the situation
where a single layer plain woven fabric is impacteg where the longitudinal and
transverse waves would be generated. Primary yaamsl the ballistic impact directly,
which however could not consume a lot of kinetiergly and therefore exhibits fracture
and pull-out as two typical localised damages m ¢kntral impact zone, as shown in
Figure 5.10 (a). Another apparent phenomenon iptiieng of the primary yarns from
the fabric edge, more serious than the situatiantlie plain woven fabrics. This
indicates that the angle-interlock woven fabricwvendower gripping power to the
constituent yarns because of the fabric structlingrdly, cone formation phenomenon
is quite noticeable. As a matter of fact, the catiape that is seen in Figure 5.10(a) is
not the cone caused by the transverse movemenheofptojectile. It is rather a
combination of the actions from the impact of theojgctile, the sabot, and the
oscillation of the fabric. The cone formation calissy the projectile takes place in a
very short period after the impact (a few microsels). The fabric works like a net to
block the flying projectile, which performs a coalicdeformation towards backface of
the target fabric; at the top of the cone localidathage takes place. Like other types of
ballistic fabrics, fabric areas associated with $eeondary yarns are not much affected
by the impact. Measures need to be taken to ge¢ misuch areas to be involved in
absorbing energy. Efforts are being made to imprthee situation for all types of
ballistic fabrics at the University of Manchest€he property of low shear rigidity of

angle-interlock woven fabric is determined by itdsque structure consisting of layers
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of straight weft yarns bound by a single layer @rpvyarns from back to face, as has
been detailed in Chapter 4. Generally speaking, ahgle-interlock woven fabric
displays not only normal features of the energyogtion mechanisms but also new
characteristics, e.g. low gripping of the yarns.wdwer, as angle-interlock woven
fabrics have a multi-layer of straight weft yartisey should be able to take on the
impact more directly by yarns than other typesabirics if the gripping on yarns can be

improved. This remains to be explored for futursegech.
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(b)
Figure 5.10 the impacted fabric (a) the final statéb) during the impact (snapshot)

5.3.4 Test results and analysis

5.3.4.1 Data processing

The original data obtained during the energy less @re attached as Appendix A. The
the time used by the projectile to travel throughaa of detectors before impact, and
the time used to travel through the detectors aftg@act, were the original data caught
during the energy loss test. Due to the importaosfcthe data, the following actions

were taken to eliminate the less meaningful datafthe set.

1) For each sample group, theandt; were averaged respectively. Data were only

selected if they were within £¥0 of the average values;

2) The selected values fog andt; were averaged again respectively. The average
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data were employed to calculate the impact andwetdcities and the energy

loss using Equations (5.2) and (5.1), respectively.

Table 5.3 Ballistic results

Eabrics Areal density Vo A E E AE —Areaf dEensi y

(g/nT) (m/s) (m/s) ) ) ) (J.glerd)

F18 609.02 483.04 439.99 123.63 102.57 21.06 345.80

F19 640.58 469.65 418.14 116.87 92.64 24.23 378.25

F20 672.13 486.04 437.20 125.17 101.28 23.89 355.44

F21 703.69 483.66 429.93 123.95 97.94 26.01 369.62

F22 542.76 466.58 422.24 115.35 94.47 20.88 384.70

F23 574.31 477.84 440.28 120.98 102.71 18.27 318.12

F24 605.87 49451 451.05 129.57 107.80 21.78 359.48

F25 637.42 485.91 44472 125.10 104.79 20.31 318.63

F26 607.44 501.07 447.10 133.03 105.92 27.11 446.30

F27 639.00 480.57 420.83 122.37 93.84 28.53 446.48

F28 702.11 476.75 417.93 120.43 92.55 27.88 397.09

F29 609.02 485.24 428.71 124.76 97.38 27.37 44941

F30 640.58 513.47 473.62 139.70 118.85 20.85 325.49

F31 672.13 478.25 434.70 121.19 100.12 21.06 313.33

F32 703.69 492.04 429.01 128.28 97.52 30.76  437.12

F33 735.24 489.07 444.06 126.74 104.48 22.25 302.62

The results after data selection are shown in Tal8e whereV,, V,, E,, E and

AE represent the impact velocity, exit velocity, impanergy carried by the projectile,
residual energy carried by the projectile, and #mergy loss due to penetration,
respectively. In order to eliminate the effect lo¢ amount of fibre materials in each of
the fabrics, the energy loss were normalized byateal density for the purpose of

comparisons.

This study aimed to examine the influence of strecton the energy loss. Structural

parameters considered include the number weft Yayar, weft density and warp
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density of the angle interlock fabrics. The relasibips are depicted in Figure 5.11.
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Figure 5.11 Energy loss normalized by areal density.S. parameters: (a) weft layers; (b) weft
densities; (c) warp densities

5.3.4.2 Analysis

It could be seen from Figure 5.11 that the trendlirtases is not clearly obvious. This
section will try to give explanations from four féifent angles, which are (a) the
clamping state; (b) yarns hit by the projectilg; tfee impact angle of the projectile; (d)

the impact velocity.

Clamping

Fabric clamping is important as boundary conditimfilsience the ballistic performance
of the fabrics. Fabrics were clamped for energg kest, and the clamp held the fabric
by four fastening screws in the corners of the glavith needles evenly distributed in a
circular arrangement, as shown in Figure 5.5. Harean angle-interlock woven fabric

contains multiple layers of weft yarns leading ttheek fabric, and that requires more

165



clamping power, compared to the situation of clamgpihe single-layer 2D woven
fabric. Figure 5.12 illustrates the clamping of iayer angle-interlock woven fabric
and the single layer plain woven fabric for compani. The thickness of the former is
almost five times than the latter, which indicatieat the angle-interlock woven fabric
requires much more clamping power to be stabilas®dl therefore it is more difficult to
be clamped well. Additionally, the weft yarns irethngle-interlock fabric are straight
and only interlaced with a single-layer of warpngarTherefore, the weft yarns are not
well gripped by the fabric and hence easy to md¥es makes tight clamping more
difficult. The difficulty to offer the exact unifte clamping state may be an important

factor leading to the randomness of results.
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Figure 5.12 Clamping state: (a) 5-layer angle-intéock woven fabric; (b) plain woven fabric

Yarns hit by the projectile

The number of warp/weft yarns hit by the projectib@y lead to the complication of
energy absorption of the fabric. In a fabric thetsjmhe projectile hits is composed of
warp and weft yarns. The projectile may hit thengarthe interlacements, or the gap
between yarns. If the projectile hits quite a fearng, the results will be quite
complicated. In an ideal situation where the whesld area of the projectile touches the

fabric, the numbers of warp and weft yarns hit oy projectile, denoted adl, andN |

respectively, can be calculated as follows:

N, = 0;”0 (5.3)
dpro
N, = xn, (5.4)

where, d,, is the diameter of the projectiled, is the distance between the

neighbouring warp yarnsd , is the distance between the neighbouring weft yaers
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weft layer as the angle-interlock woven fabric hasulti-layer structure; anad, is the
number of weft layers. Figure 5.13 illustrates ithpact area hit by the projectile on the

angle-interlock woven fabric. The impacted fabnieanis equal to the end area of the

projectile. Therefore the diameter of the projectd ,, would determine the length

pro

d d
and width of the fabric which is impacted oad— and —*= give the numbers of warp
e pl

and weft yarns directly hit by the projectile. Ttagter value needs to multiply the

number of weft layersn,, to obtain the total number of weft yarns influeddy the

projectile as the thickness of the angle-interlack/en fabric is considered.

Warp Yam

—
Weft Yam

The impact area
hit by the projectile

<, Layer1

~Layer2

>, Layer3

Figure 5.13 The impact area hit by the projectile

d.and d, could be achieved by:

d, = 1 (5.5)
ne
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(5.6)

=

where n,andn are the warp/weft density. Substituting (5.5) abd) into (5.3) and

(5.4) respectively leads to

(5.7)

N =d__n (5.8)

Taking 4-layer angle-interlock woven fabric with #2ds/cm and 26 picks/cm as an
example (the relative details are shown in Tali@, 5he number of warp and weft yarns

covered by the end area of the projectid,andN, can be easily calculated as 7 and

15, respectively.

This indicates that for this fabric, the projectileeds to work directly with 7 ends and
15 picks during the ballistic impact. More possilas will be created when more yarns
are under an attack. Failure of a yarn at a diffetecation will cause a different

reaction from the rest of the yarns. It can be sageneral that the consideration of the
numbers of warp and weft yarns hit by the projeatibntribute to the uncertainty in the

ballistic results.

The impact angle of the projectile

The above-mentioned analysis is considered undeidéal state where the flat end of

the cylindrical projectile perfectly hits the tatdabric for all the experiments, as shown
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in Figure 5.14 (a). However, in real situations pinejectile may impact on the fabrics in
any orientation as indicated in Figure 5.14 (b)nsamguently, the randomness of the
kinetic energy absorption by the fabric will occliis well accepted that the smaller the
impact area, the larger the stress will be causeale fabric when the identical force is
applied to the fabric based on the definition oést (a measure of the average amount

of force exerted per unit area of a surface withareformable object [144]):

s=F (5.9)

where ¢ is the stress
F is the total tensile or compressive force

A is the area where force acts upon

According to this principle, the force-exerted argdarger in Figure 5.14 (a) than in
Figure 5.14 (b) since in the former case the enith@fcylinder fully touches the fabric,
which results in smaller stress and hence smallamsin the fabric. More energy will
have to be used to cause a bigger strain in thecfab order to break the fabric.
Consequently, the exit velocity will be lower ame tenergy loss will be larger based on
Equation (5.1) when all other conditions are suppd® be unchanged. The different

angles of projectile hitting the fabric would letadthe difference in energy loss.
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Figure 5.14 Portions of projectile when impacting e fabric: (a) full end section; (b) edge segment

The impact velocity

The impact velocity may also have affected the ltesaf the ballistic impact. During
the impact test, it was seen that the impact vslogj, fluctuated from round to round
of shootings, as demonstrated in Table 5.3. Thimamly due to the variation in the
amount of explosive powder in the cartridges. #nsg not likely to have exactly the
same explosion every time. Therefore, keeping itiygact velocityV, constant seems
hard to achieve. As an attempt to eliminate thi@nfce of the variation in velocity, the
energy loss results normalised by the impact vslo®}, are shown in Figure 5.15.
Comparison between Figure 5.11(c) and Figure 5)1&g¢es show that the projectile

velocity influences the energy loss.
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Figure 5.15 Energy loss normalized by impact velotyi V.S. parameters: (a) weft layers; (b) weft
densities; (c) warp densities

The reasons for the randomness of the energy ésssts are quite complicated. Apart
from the above-mentioned possibilities, the inidnfactors could not be neglected,
such as the yarn count, materials of the yarnswaale structure which is considered
to be fundamental. The structure of angle-interleakven fabrics is composed of
several layers of straight inserted weft yarnsriated with a single layer of warp yarns
from face to back. Low shear rigidity is its appdreharacter which indicates yarns are
easy to move within the fabric under the impactsiBes, the angle-interlock woven
fabric has a multi-layer structure; the thicknekthe fabric could add more possibilities
in ways energy is absorbed by the fabric. Furtineestigations may be required to

address this issue.
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5.4 Ballistic Evaluation of Angle-interlock Woven Fabric Panels

Figure 5.8 indicates that the angle-interlock wovVaorics, when compared to woven
fabrics with other constructions, tend to have loweagpability for absorbing the impact
energy carried by the projectile. The reason fat ttan be attributed to the lower
gripping power of the angle-interlock fabrics t@ithconstituent yarns, based on single
piece of fabric and on the size of the fabric sasgR4cm x 24cm). However, it is of
interest to know the performance of this type diriigs when it is used in real size as a
ballistic panel. This section reports on the eviduaof the ballistic performance of
angle-interlock woven fabric panels according te tNIJ standard with the kind

assistance from Armourshield Ltd in Greater Mantdres

5.4.1 Description of the ballistic test

Assisted by Armourshield Ltd, ballistic tests weaaried out against the NIJ standard
using their ballistic range, and the setup of tege is shown in Figure 5.16 (a), (b),
and (c). 4- and 5- layer angle-interlock woven fiebmade from Kevl&r 49 of 1500
denier were layered up and placed at the targetl sta shown in (b). These fabrics were
woven on a conventional shuttle loom -‘Arbon 100 M&de by Adolf Saurer™, which
has a weft insertion rate of 160 picks/minute amel maximum width of 1.2 m. A
negative let-off mechanism was assisted in comiglthe warp beams and balancing
the yarn tension. As a matter of fact, fabrics likese can be manufactured on most of
the standard modern looms, regardless of the we#riion methods and the let-off
mechanism. The numbers of layers of angle-interfatkics were inserted into black

plastic bags as would for other fabric panelshasve in Figure 5.16 (d).
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Figure 5.16 Shooting experiments: (a) ballistic rage; (b) specimen prepared for shooting; (c)
shooting position; (d) specimen after shooting

Certain numbers of layers of the angle-interlodiritss with the same parameters were
cut into the size of 3% 35 cnt and sewn loosely together as would for other &abri
before putting into a black pocket as for the mglohreal body armour. The number of
layers is calculated on the basis that the panshofple fabrics has the same mass as
the panel of standard fabrics. For the NIJ typ&rihour, a panel would consist of 25-32
layers of fabrics with 220 gffrper layer. Therefore, based on the ‘same mas®tipte

the number of layers of angle-interlock fabrids, can be calculated as follows.

N, = (5.10)
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Where W, is the areal density per layer for the angle-lotd fabric, W, the areal
density per layer for the standard fabric, aNg the number of layers for the standard

fabrics.

The number of layers of the angle-interlock woverics for specimen can be
determined from Equation (5.10) knowing the areahgities of the angle-interlock

woven fabrics.

Before shooting, the fabric panel in the black &g attached to the front of the target,
backed with Roma Plastilifiawhich is used to imitate the torso charactesstt a
human and to measure the level of impact traunra fiee projectiles. The indentation
on the Roma Plastilifaafter shooting, together with the number of layefrabrics
penetrated, determine the ballistic performancae fgbric. Roma Plastiliffashould be
warmed up to 37°C, similar to human body tempeeatand its softness is then

measured by a weight drop test.

The ballistic test was carried out in a large, lotmick and solid concrete tube, divided
into two parts to achieve the shoot range of 5 thEmhm respectively. At the end of the
tube, the box where the ballistic fabric panel \a#tached was located in the centre.
Simultaneously, the relevant technical data for ithpact test were recorded by the

computer software.
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5.4.2 Results and analysis

In this experiment, there were seven angle-int&neoven fabric panels for the ballistic
performance test. One panel was used each times@né of packages were shot at
twice in order to compare the results with or withthe additional protective assistance.
The structural parameters of the fabrics and the dbtained through the test are listed

in Table 5.4.

Table 5.4 Technical data for the impact tests

Threat Level Calibre A Bullet Type A Backing Type rdp Test
NIJ Type Il 9 mm 9mmFMJ  Roma Plastiling 19 mm
. Areal density ) The number of
Weft Ends Picks Layer Velocity Trauma
(g/m2 per penetrated
layers (percm)  (per cm) s (m/s) (cm)
layer) layers

333.1 4.1 4

4 12 26 626.76
795.99 3.6* 0

4 12 28 664.84 9 347.72 3.7 4
335.75 4.1

4 12 30 704.41 8
345.96 2.7 4
329.58 3.65 5

4 12 32 738.79 8
328.18 3.3%* 4

5 12 28 668.65 9 332.27 4.4 4

5 12 32 733.98 8 336.56 3.6

5 12 34 768.93 8 350.2 4 4

3.6*: Bullet Type — 30.06 AP, TL 1012SC4 plate
2.7**: Bullet Type — 9 mm FMJ, 3 x poly TP
3.3**: Bullet Type — 9 mm FMJ, 2" diamond stitch

According to the NIJ standard, a body armour paaskes the test if the panel stops the
projectile from penetrating the panel and the degftthe backface signature (trauma)
does not exceed 4.4 cm. It could be seen thahalpanels made from angle-interlock
fabrics satisfied the NIJ type Il standard. Suchesult is a significant finding as it

provides evidence that the angle-interlock fabrilers adequate ballistic protection.
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This indicates that the angle-interlock woven fedriare qualified for ballistic

protection.

3 @ 4-layer angle-interlock
— woven fabrics

W 5-layer angle-interlock
woven fabrics

1 4]
o5 |1 |

O T T T T T T T
627 627 665 704 704 739 739 669 734 769

Trauma depth(cm)
N

Areal density (g/m ?)

Table 5.17 Trauma depth V.S. areal density

Table 5.17 depicts the relationship between thedaeal density and the trauma depth.
It is observed that there is no obvious trend betwine areal density and the trauma
depth. Higher areal density doesn’t indicate bdbalistic performance. This may be
due to the fact that the projectile can go easitgugh a loose woven fabric by piercing
between the yarns, while then it can also peneteatsly tight woven fabrics by
rupturing the yarns upon impacting. The 4-layerledgterlock fabric with 12 ends/cm
and 28 picks/cm and the 5-layer angle-interlockritabwith 12 ends/cm and 32
picks/cm have shown the lowest trauma depths agdiedallistic impact as they relate

to the smallest trauma depths of 3.7cm and 3.6spectively.

In addition, increasing thickness of the angle+iotek woven fabrics seems to influence
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on trauma depth, given the same warp and weft yemsder the same test standard. As
shown in Figure 5.18, the trauma depths are diftef@ 4-and 5-layer angle-interlock

woven fabrics. But there is no clear trend betwibenthickness of the structure and the
trauma depth, and more testing data from furtheestigation are needed to establish a

conclusive relationship.

O 4-layer angle-interlock
woven fabrics

B 5-layer angle-interlock
2 woven fabrics

Trauma depth(cm)

12e/28p 12e/32p

Warp/weft density per cm

Figure 5.18 Warp/weft density V.S. trauma depth

4-layer angle-interlock woven fabrics

O without protective
assistance

B with protective
assistance

Trauma depth(cm)
N
(&
|
1

626. 76 704. 41 738.79
Areal density(g/m 2

Figure 5.19 4-layer angle-interlock woven fabricstrauma depth V.S. areal density
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In the experiment, a type of thin plastic plate e used among the layers of fabrics
in some panels to see its influence on the trauemhd The result is shown in Figure
5.19. Under the same condition, the trauma depthced with the protective assistance
for all cases tested. In particular, the traumatdepduced from 4.1cm to 3.6cm when
the TL 1012SC4 plate was attached for the 4-laygjleainterlock fabrics with 12

ends/cm and 26 picks/cm and the areal density 62@/i?. More strikingly, the

number of fabric layers penetrated was sharplygedudrom 4 to zero. This suggests
that incorporation of materials such as plasti¢gggdamproves the overall performance
of panels against ballistic impact. It, howevemaéns to be further investigated as how

such plastic plates can be applied into female tzwthour.

5.5 Remarks

This chapter reported the outcome from the batlisst of the angle-interlock fabrics
with the aim to validate the usefulness of the 3@v&n fabrics for making female body
armour. The overall ballistic performance of angierlock woven fabrics in

comparison to other fabrics investigated for bodwyaur application is quite low.

Almost all other tested fabrics show stronger eyeapsorption capability than
angle-interlock woven fabrics. Besides, the paramedtudy of the angle-interlock
woven fabric is very complicated and currently modency could be found. Further
investigations will be required. Nevertheless, tadlistic tests for fabric panels of
angle-interlock woven fabrics demonstrate quitearclpositive results. It has been

clearly shown that all the angle-interlock wovebrfes tested meet or exceed the level
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Il performance defined in the NIJ standard and theyno less than the conventional
fabrics used for ballistic protection, in termshufth the layers of penetration and the
depth of the backface signature. Moreover, theydrlangle-interlock fabric with 12

ends/cm and 28 picks/cm and the 5-layer angletodieffabric with 12 ends/cm and 32
picks/cm showed better ballistic performance. Irdigoh, it has shown that the

incorporation of a thin plastic plate can dramadlyceeduce the trauma depth and the
panel penetration. These findings will allow theglerinterlock fabrics to be used for

making female body armour.
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Chapter 6

Pattern Creation for Seamless Front Female
Body Armour Panel using Angle-interlock

Woven Fabrics

The angle-interlock woven fabric offers an optiomtake female body armour as it can
form integrally the required dome shape withouttiogt or moulding because of its
extraordinary mouldability. The ballistic impactsteag has proved that the angle-
interlock woven fabric provides no less ballistierformance than other commercially
used fabrics according to the NIJ standard. Baseth® extraordinary mouldability and
the satisfactory ballistic performancthis chapter presents a mathematical model to
determine the pattern geometry for the front paridemale body armour. The raised
bust area was divided into seven different partsttie modelling, using the simplest
surfaces possible. This mathematical model takestdy figure size and bra size as
the input, and the output is the profile of thenfrpattern of female body armour. The
front panel of female body armour could be quiakigated on the basis of utilising this
mathematical model, which may indicate that a namroach for making seamless

female body armour with satisfactory ballistic penhance is established.
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6.1 Key Problem

In the former research, it has been shown thatatigde-interlock woven fabric has
good mouldability as well as satisfactory ballisperformance. Based on these
characteristics, it is of great interest to invgate the possibility of making female
body armour from the angle-interlock woven fabricse key problem is the pattern
making for the female ballistic vest, whose finahfiguration is three-dimensional and
without cuts or folding, a problem which is desedlin some literatur®ecause of the
fabrics capability in moulding, the front patterhtibe female body armour will have to
contain sufficient area so that when the fabridased up to accommodate the bust the

body armour would come to the normal shape.

Therefore, an effort to establish a mathematicatlehdor the determination of the
boundary profile of the front panel for female boalynour based on the use of the
angle-interlock woven fabric is required. The elard formability or mouldability of
the angle-interlock woven fabric will be used foaking the front panel of the female

body armour.

Compared with the male, the female has more coatplic curvaceous torso, which
indicates difficulty to construct corresponding iaféting mathematical model of body
armour. A size 12 female torso mannequin is shasvaraexample in Figure 6.1, where
it is obvious that suitable surface must be usedesxribe the bust area with accuracy.
This indicates that more fabric is needed to colerthree-dimensional bust area when
shaping the front pattern of the female body armbunormal clothing pattern making,

darts and folding are used to accommodate the &emadt area, but for body armour
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those techniques become inappropriate. Seekinghétbematical relationship between

the bust area and the block projection is the e this mathematical model

Figure 6.1 Size 12 female mannequin

A mathematical model is supposed to agree withtiagismeasurements within a
specified accuracy and can be used with confidémgeedict future observations and
behaviour [145].To develop a reasonable model, it is important &g pttention to
features that reflect the observed phenomenoncerifly and accurately, while the
unnecessary features are neglected to avoid iredeesmplexity and difficulties in
solving the given problem. Therefore, the mathecahtmodel for the front panel of
female body armour is supposed to be simple entugjive useful information, but it
should also be sophisticated enough to give theined| information with sufficient

accuracy.

6.2 Construction of Mathematical Model

The mathematical model for the front panel of tleen&le body armour can be

constructed by combining two components: the pattiout the bust-cup area and the
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bust-cup part. The former is also known as thelbfmojection, on which bust-cups of
with different sizes are located. The modellingha# block projection and the shape of

the bust area are described as follows.

6.2.1 Block projection

The block projection can be created on the basighefclassic coat block, which is
suitable for close fitting coats and easy fittingeo garments [146] The method for
making the front block is used to generate thetfpamel block projection of the female
body armour. The dart area is omitted as this bleakeant to be the projection of the
front panel. The area from the waistline to thelihgis also omitted because it is not
necessary for the body armour vest to cover thema.aFigure 6.2 shows how the
projection block is created from the classic cdatk A half block is considered in

pattern-making because of the pattern symmetry.
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The Classic Coat Blocks

For close fitting coats and easy fitting overgarments.

MEASUREMENTS REQUIRED TO DRAFT THE
BLOCK (example size 12}

Refer to the size chart (page 11) for standard
measurements.

bust 88cm shoulder 12.25¢m
nape to waist  4icm back width 34.4cem
waist to hip 20.6cm dart Tem
armscye depth 21 cm chest 32.4cm
neck size 37¢m front shoulder  4lcm

to waist

Important Note  The easy fitting block has a reduced
dart for less bust shaping. Reduce the standard dart
measurement by half. The instructions for the easy
fitting block are shown mn brackets.

Square down from 0: square halfway across the block.
0-1 2cm.

1-2  armscye depth plus 4cm (6¢m); square across,
2-3  half bust plus 10cm (I5¢m) [i.e. for 88cm bust:
(88 + 2) + 10 = 54cm]. Square up and down, mark
this line the centre front line.

3-4 =0-2{add 0.3cm for each size 16, 18 and 20
add a further 0.8 cm for each of the remaining larger
sizes.) Example for size 20, 3-4 = 0-2 plus .9cm.
I-5 nape to waist measurement plus 0.5cm; square
across to 6.

§-7 waist to hip measurement; square across to 8.

Back

0-9 one fifth neck size plus 0.4em (0.8em); draw in
back neck curve [-9.

210 half the measurement 1-2; square out.

1-11 quarter armscye depth measurement; square
out.

2-12 half back width plas 1.5em (dcm); square up
te 13 and 14.

14-15 Zcm; square out.

9-16 shoulder measurement plus 2cm (3.5cm).
These measurements include shoulder ease of 0.5cm.

Front
4-17 one fifth neck size plus 0.2ecm (0.6¢cm).
4-18 one fifth neck size plus 0.3cm; draw in front
neck curve 17-18.
17-19 dart measurement (half dart measurement}.
Jeint point 19 to peint 14,
19-20 the measurement 9-16 minus | cm.
20-21 LScm {lcm); join 1921 with a slight curve.
3-22  half chest plus half the measurement 17-19
plus Tem (dem). Square up.
22-23 one third the measurement 318,
22-24 half the measurement 3-22 (square up 3cm to
mark bust point). Join 17-24 and 19-24 to form dart.
22-25 half the measurement 12-22; square down to
26 and 27.
Draw armscye as shown m diagram touching points
16, 13, 25, 23, 21: measurement of the curves:

from 12 from 22

sizes  8-14 2.75cm (3.25¢cm)  2.25cm (2.75cm)
sizes  16-20 3.25em (3.75¢cmj  2.75¢m (3.25¢cm)
sizes 222 3.75cm (4.35cm)  3.25¢m (3.75¢m)

Note For simple shapes (i.e. kimono block) for mass
production, equaliize the side seam by making:

2-25 half the measurement 2-3; square down to
point 26 on the waistline and 27 on the hipline.

Sleeve Draft the one-picce slecve (page 22) or a two-
piece sleeve (page 24) to fit armscye.

(@)
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Figure 6.2 Block projection making: (a) procedure & making classic coat block [146]; (b) classic
coat block design; (c) block projection
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The block projection described above is based o B2, and is treated as the base type
in this work. Block projections of other sizes che obtained by grading. Pattern
grading is about identifying the coordinates of cifi@ points on the pattern for a
different size, which can be either larger or serallhese points are moved following
X and Y coordinates which tell the computer thediion of movement; measurements
are given to identify the position of the new poihlis coordinate movement is known
as a grade rule. Grading rules are usually caledl&d one-tenth of a millimetre. The
amount of movement in the X direction is writtersfj followed by the Y direction,

illustrated in Figure 6.3 [146].

shoulder point grade
» _(magnified)

N grade in millimatres
Size 14

Figure 6.3 Grading method [146]

There are many grading rules to calculate the nesitipn of specific points, but the
basic principles are similar. In this situatiorseaies of key points are chosen to sketch
the projection block for size 12. The coordinat®gioris at the intersection of the bust
line (X) and the central front line (Y), and thisshown in Figure 6.4(a). Figure 6.4(b)
illustrates the graded projection blocks using B#d software system (PAD Systems

International Ltd, Hong Kong, China). The key peinand their corresponding
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coordinates for the pattern projection of size flsted in Table 6.1. Table 6.2 shows

the grading rules in order to achieve pattern ptmes of other sizes. It should be

noticed that the increments among sizes are diffetetermined by different regions.

Therefore, the calculations after grading alsoedrDifferent body measurements are

used by UK and other European countries; their lt®esafter grading have been

illustrated respectively in this context.

Figure 6.4 Block projection: (a) marking key points (b) grading

Table 6.1 Block projection: key points’ position

il

(b)

Block Projection for Size 12
. Position
Key Points X v
A 0 10.3
B 4.5 12.6
C 7.9 19.0
E 9.4 23.8
F 17.1 21.2

4
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G 16.3 16.2
| 16.3 11.3
J 16.9 7.7
K 17.9 4.2
M 19.2 2.2
N 21.0 0.5
Q 21.75 0.0
S 21.75 -8.3
T 21.75 -15.8
Vv 12.8 -15.8

W 5.8 -15.8
Z 0 -15.8

Table 6.2 Block projection: coordinate movement (ajor UK sizing; (b) for European sizing

a)

Key [Figure| Coordinate Change | Key |Figure| Coordinate Change
Points | Size X Y Points | Size X Y

8 0.00 -0.40 8 -0.03 -0.37

10 0.00 -0.40 10 -0.03 -0.37

A 12 0.00 0.00 B 12 0.00 0.00

14 0.00 0.40 14 0.03 0.37

16 0.00 0.40 16 0.03 0.37

8 -0.20 -0.56 8 -0.24 -0.70

10 -0.20 -0.56 10 -0.24 -0.70

C 12 0.00 0.00 E 12 0.00 0.00

14 0.20 0.56 14 0.24 0.70

16 0.20 0.56 16 0.24 0.70

8 -0.54 -0.70 8 -0.60 -0.55

10 -0.54 -0.70 10 -0.60 -0.55

F 12 0.00 0.00 G 12 0.00 0.00

14 0.54 0.70 14 0.60 0.55

16 0.54 0.70 16 0.60 0.55

8 -0.66 -0.41 8 -0.71 -0.30

10 -0.66 -0.41 10 -0.71 -0.30

| 12 0.00 0.00 J 12 0.00 0.00

14 0.66 0.41 14 0.71 0.30

16 0.66 0.41 16 0.71 0.30

8 -0.75 -0.20 8 -0.87 -0.15

10 -0.75 -0.20 10 -0.87 -0.15

K 12 0.00 0.00 M 12 0.00 0.00

14 0.75 0.20 14 0.87 0.15

16 0.75 0.20 16 0.87 0.15

8 -0.99 -0.11 8 -1.25 0.00

N 10 -0.99 -0.11 0 10 -1.25 0.00

12 0.00 0.00 12 0.00 0.00

14 0.99 0.11 14 1.25 0.00
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16 0.99 0.11 16 1.25 0.00
8 -1.25 0.25 8 -1.25 0.50
10 -1.25 0.25 10 -1.25 0.50
S 12 0.00 0.00 T 12 0.00 0.00
14 1.25 -0.25 14 1.25 -0.50
16 1.25 -0.25 16 1.25 -0.50
8 -0.54 0.50 8 -0.24 0.50
10 -0.54 0.50 10 -0.24 0.50
\Y 12 0.00 0.00 w 12 0.00 0.00
14 0.54 -0.50 14 0.24 -0.50
16 0.54 -0.50 16 0.24 -0.50
8 0.00 0.50
10 0.00 0.50
z 12 0.00 0.00
14 0.00 -0.50
16 0.00 -0.50
b)
Key |Figure| Coordinate Change | Key |Figure| Coordinate Change
Points | Size X Y Points | Size X Y
8 0.00 -0.20 8 -0.10 -0.35
10 0.00 -0.20 10 -0.10 -0.35
A 12 0.00 0.00 B 12 0.00 0.00
14 0.00 0.20 14 0.10 0.35
16 0.00 0.20 16 0.10 0.35
8 -0.16 -0.44 8 -0.20 -0.50
10 -0.16 -0.44 10 -0.20 -0.50
C 12 0.00 0.00 E 12 0.00 0.00
14 0.16 0.44 14 0.20 0.50
16 0.16 0.44 16 0.20 0.50
8 -0.45 -0.50 8 -0.49 -0.41
10 -0.45 -0.50 10 -0.49 -0.41
F 12 0.00 0.00 G 12 0.00 0.00
14 0.45 0.50 14 0.49 0.41
16 0.45 0.50 16 0.49 0.41
8 -0.54 -0.32 8 -0.57 -0.26
10 -0.54 -0.32 10 -0.57 -0.26
| 12 0.00 0.00 J 12 0.00 0.00
14 0.54 0.32 14 0.57 0.26
16 0.54 0.32 16 0.57 0.26
8 -0.60 -0.20 8 -0.69 -0.15
10 -0.60 -0.20 10 -0.69 -0.15
K 12 0.00 0.00 M 12 0.00 0.00
14 0.60 0.20 14 0.69 0.15
16 0.60 0.20 16 0.69 0.15
N 8 -0.79 -0.11 0 8 -1.00 0.00
10 -0.79 -0.11 10 -1.00 0.00




12 0.00 0.00 12 0.00 0.00
14 0.79 0.11 14 1.00 0.00
16 0.79 0.11 16 1.00 0.00
8 -1.00 0.25 8 -1.00 0.50
10 -1.00 0.25 10 -1.00 0.50
S 12 0.00 0.00 T 12 0.00 0.00
14 1.00 -0.25 14 1.00 -0.50
16 1.00 -0.25 16 1.00 -0.50
8 -0.50 0.50 8 -0.12 0.50
10 -0.50 0.50 10 -0.12 0.50
\Y, 12 0.00 0.00 wW 12 0.00 0.00
14 0.50 -0.50 14 0.12 -0.50
16 0.50 -0.50 16 0.12 -0.50
8 0.00 0.50
10 0.00 0.50
Z 12 0.00 0.00
14 0.00 -0.50
16 0.00 -0.50

6.2.2 Block for the bust area
After making the block projection, the bust area fiemale body armour is
geometrically modelled with the assistance of theinBceros software (McNeel,

Seattle, USA). Three models have been considergidhvare explained below.

6.2.2.1 Model One

The two-dome-shaped model for the bust area istifited in Figure 6.5, with (a)
showing the physical shape and (b) the flattenetea shape. In this model, the
flattening of the domes is carried out under theuagption that the material for the
domes is spread out in the radial directions. tibgious that this model is not feasible
because of the strange shape. In addition, theakbom of the two domes would create
potential problems in pattern making, this beirigstrated in Figure 6.5 (b) showing

where there is a need for excessive amount ofdd&atween the two domes.
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Figure 6.5 Model One: (a) 3D shape: (b) shape aft@ressed
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6.2.2.2 Model Two

To address the extra fabric requirement issuebtis¢ area is considered as an entirety,
created by linking the two domes in the second maodeich is shown in Figure 6.6.
However, it is easy to see that the problem fog thodel is that it over-simplifies the
bust surface. The surface of the top half for thkeld-dome has been proven to be too
steep to be practical for real body armour. In thizdel, the flattening is also assumed
to be done by distributing the raised portion otenals in the radial directions. Figure
6.6 (c) shows the inaccuracy in the marked redi8CD, where excessive material is

included because of the way of calculation.
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Figure 6.6 Model Two: (a) 3D shape; (b) shape afteressed; (c) practical effect



6.2.2.3 Model Three

To overcome the drawbacks of the previous modetsmale but more realistic model
for the front panel for female body armour has bestablished based on the
observation of the mannequin. Observing the marindgom the side view, the upper
half of bust area can be roughly represented usitrgangular prism which is joined
with lower half of the bust area. The angle betwé#®n slope of the breast and the
vertical line going through the body is approxinhat83° based on measurement, as
shown in Figure 6.7. Based on observation and meamnt, the bust area is divided
into 7 portions in the establishment of the georoatmodel, which are

» atriangular prism representing the upper halhefliust area;

* aquarter of cylinder for the lower half of the basea;

* two one-eighths of a sphere at ends of quarteylofder;

» two quarters of a cone surface at the ends ofidgegular prism; and

» the flat area that makes up the rest of the franep

Figure 6.7 Bust measurement

As observed from the experiments, it was found thatdome forming of the angle-

interlock fabrics comes mainly from the contribuatiof fabric in the warp and weft
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directions, whereas the contribution from the ottiegctions is not significant, and this

has been indicated in Figure 6.6 (c).

This can be explained from the fact that the angierdock structures consist of layers
of straight weft yarns and a single set of warmgawhich locks the layers of weft yarns
together. The cross-over points in the fabric ang between the warp yarns and the top
and the bottom layers of weft yarn, leading to foxmtion against fabric shear which is
an important element in fabric draping and mouldidg addition, the limited
interlacement density in the angle-interlock falereates more room than other 3D
woven fabrics for the yarns which allows the faliocbe sheared to a greater extent.
Together, these lead to low shear modulus of tlgeanterlock fabrics. It has been
proven that the smaller the shear modulus, the mmeldable the fabric [104]. The
formation of double curvature would require a largeea of fabric to form the surface.
As has shown earlier, such extra fabric area vallpbovided mainly in the warp and
weft direction, and the fabric region between tharpvand weft direction will be
sheared to suit the dimension change. In compatsdhe fabric area requirement in
the warp and weft direction, that in the obliqueediion is much smaller, and this can
be seen from the observation. Therefore, in motiebet only the fabric area
contribution will be considered during the formatiof double curvature in the warp
and the weft directions, ignoring the contributioom the oblique direction. According
to this assumption, the pattern block will onlyend in the warp and weft and weft
directions during the flattening process. Figur8 & the illustration of this model
showing the shape of the bust area. The detenmmaif the flattened shape is

explained in the next section.
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Figure 6.8 Model Three: (a) 3D shape; (b) shape &ft pressed
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6.3 Establishment of a Mathematical Model for Patten Generation

The mathematical model of half of the front pankefemale body armour for size 12
based on a standard mannequin is to be createdd@n tb generate the front pattern
shape. The solid lines in Figure 6.9 sketch thgeptmn block, called BlockBB (block
before flattening), and the dashed lines sketchblbek after BlockBB is flattened,
named as BloclBA (block after flattening). In Figure 6.9}, is the point where the tip
of the nipple is located, arld, is its projection on the pattern platgU , is the height
of the breast, whose valuelis. In this model which represents a half of the frpanel,
the bust area is described geometrically by foomp$ shapes joining together. These
are (i) a triangular prism for the upper half of thust area, (ii) a quarter of cylinder for
the lower half of the bust area, (iii) a one-eigbfiherical segment at the end, and (iv) a
connection area between the triangular prism aadsfiherical end. Crossing at point

U,, lineU,"U,"and theX -axis divide the bust area into these four partesg four

parts shared the same heidththat is equal to the height of the breaz%.
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7y # . Block BB
Lx =~ “‘-“=hd££4___f--“j {T BlockB4 .____

Figure 6.9 Mathematical model of half front panel 6 female body armour

6.3.1 Geometric data for breast

Before calculation, an important factor worth ngtiis that the breast has irregular
shape. The curve lengths between the nipple artdofdbe breast in various directions
are different [147]As shown in the Figure 6.10 the curve lengths betwthe nipple
point and the root points at the central, bottord side positions are named asDB,

arcDC andarcDS and it is clear thaarcDS > arcDC > arcDB.

To simplify the model in this situation without aftt the accuracy too much, the breast

is assumed to be a partial spherical surface, laaditc lengths from the nipple to the
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root plane in different directions are the samedéinthis assumption, the length of
arcDC will be used as the curve length since it is thedimm value among@rcDB,

arcDC andarcDS L is used to represent this length in this context.

areDS

. Band Size | 79 | 75 | 80 | 85 | Increment

Position | ¢ Size em) | Gem) | emd | cemd | dem)
A 65 | 69 | 13 | 17 0.4

arcDF B 60 | 74 | 75 | &4 0.5
C 73 | 70 | 85 | 91 0.6

A 71 | 76 | 81 | %6 0.5

el B 75 | 81 | 87 | 93 0.6
C 75 | %6 | 93 | 10 0.7

A 75 | 8 | 85 | © 0.5

el B 70 | 85 | 91 | 97 0.6
C %3 | 9 | 97 | 104 0.7

Figure 6.10 Geometric data for breast [147]



6.3.2 Mathematical equations

In Figure 6.9, the dashed lines and curves formbtbek shape, blocRA, when the
bust area is flattened. Blo&kA is obtained by extending BlocBB (block before
flattening) according to the calculated shifts bk tkey points. The equations to
demonstrate the corresponding relationships betwéden original coordinates

(Xop: Yop:Zop) Of the key points on the edge of the pattern dred dorresponding

after-flattening coordinate§X ., Y, Z) of these points will be described as follows.

In this model, the raised parts above the c@ig,Q’ will contribute upwards, and the

parts below that will contribute downwards.

6.3.2.1 Portion 1 triangular prism representing theupper half of the bust area

In this portion, the triangular prism segment wourifluence on the key points on the
top edge of the pattern by enlarging their coordinalues in the Y-axis direction and
no change will be made in the -axis direction as this triangular prism segmerliyon
influences the length of the block when pressee. rEtationship between the triangular
prism and the pattern shape is shown in Figure. @bt exampleB" represents the
after-flattening coordinate of the key pobht The lineB,B" is parallel toY -axis and
intersectingX -axis at the poin,. The line B,B, is parallel td1, the height of the bust.

The value oB" is achieved by extending the length of the IB@& on which the

segmentB,B' is replaced byB,B" when the block is pressed to be flat.
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Figure 6.11 Triangular prism segment

Annotating B andB" as (X Y ,0) and (X;",Y; ",0) respectively, it could be easily
achieved thaX,"= X, andY,"=Y; —B,B'+B,B'. Additionally, B,B' equals t®@DA',

and B,B' equals toO A 'as inAO'OA", %:tanﬂa and%:sinma ,

H . H
+

tara sina

whereO'O=H . Y;" could be expressed4s'=Y; -

Therefore, for an arbitrary point on the top edfthe pattern, coordinate change will
only happen in th&-direction and could be expressed as below:
XFP = XOP

H H
- +

tara sina

(6.1)

Yer = Yop

Zep = Zgp
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where in this casei :é,a =33°. The value ofx is the value for angleB;B B, and
T

is measured from the female mannequin, as showigure 6.7.

6.3.2.2 Portion 2 cone surface at the end of theidngular prism

The bisection method is applied to the connecticra detween the triangular prism
segment and the spherical segment. The bisectidhoohés defined as a root-finding
algorithm which repeatedly divides an interval aiffand then selects the subinterval in
which a root exists [148]The flattening of this surface (represented bytti@gular
mesh in Figure 6.12) will cause dimension changehm pattern in bothiX and Y

directions.

Figure 6.12 Cone surface segment
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In Figure 6.12U, Q andU,'U, are divided into three equal segments respectively

Therefore, the curves on the mashXmirection are supposed to reduce proportionally

from arcU,Q'to the pointU, ', namely their length ararcU,Q' ,%arcuzQ' and

%achZQ'. Therefore, in order to get after-flattening psinthe original key points
need to move alongX direction with the distanceqarcU,Q-U,Q") ,
%(achZQ'—UlQ') and %(achZQ'—UlQ') respectively. BecausesedorU,U,Q' is
known as the cross-section of the breast whickssraed as 1/8 sphere, it is easy to get
the formula U,Q'=U,U, :%achZQ' . Additionally, knowing arcU,Q'=L

andJ,Q'=H wherel andH are defined as the curve length and the heightebteast

respectively, the above-mentioned distances coulee Iepresented as

(L _2 L) ,E(L _2 L) andl(L _2 L) respectively.
m 3 m 3 T

The similar method is applied to get after-flattgnicoordinates in Y direction.

Generally speaking, when flattening, the influeatpoints on the edge of the pattern in

theX direction will be

2
X =Xqtn(L——L
FP opP ( s )

YFP = YOP (6'2)

Zep = Zop
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and in theY direction the influence will he

(xGP:xOP
Io . oL 2L
Y.. =Y, +n - 6.3
epop (ﬂSiﬂO’ Mara) 6.3)
N
Zop = Zop

wheren takes value of 1, 2/3 or 1/3 as the surface igddwiin 3 sections in botk and
Y directions. Obviously, more precise result coudalshieved theoretically when more
intervals are used, but for pattern making the@ise division give sufficient accuracy.
In equation (6.2) and (6.3), is the arc length from the nipple to the bust nebich in
this model has been assumed to be equal from pdenio any other point on the bust

root.
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6.3.2.3 Portion 3 One-eighth spherical segment

Figure 6.13 Spherical segment

Flattening of this portion of the bust area woulsbaaffect the edges in bo¥andY
directions. Step length is made along the heighthef spherical segment, annotated
asAD . Among each step length, small curves duplicatiegcurve of breast could form

both in planeU,U,Q" andU,U,U,". The surface of the spherical segment could be

treated as the result of extracting these cunama the planes.

Using arcU. U, in the planeU U Q"' as an example to illustrate the influence of the
flattening in X direction, it can be easily calculated tratU.U, :%n(H —-AD) as

sedorU U,U, OsedorU ,U,Q'in which sedorU U, Q'is considered as a cross-section
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of 1/8 sphere. Therefore, the corresponding e>'((math5'U6'=%n(H —AD). When

flattening the block,arcU;'U, Wwould replace its projection lind,'U, and its

subtraction indicates the extent of the flatteningX direction., i.e., theX value of
original coordinates of the key points needs toamyd in order to achieve the

corresponding after-flattening coordinates.

The influence of flattening inX direction could be represented by the following

equation:

1
~Xep = Xop +(H _AD)(EH_]-)

< YFP :YOP (6-4)

LZep = Zop
\

where H _2t and AD is the step length from the centre of the spheyegathe height.
T

Similar method would be applied for investigatirtte tinfluence of flattening iy

direction. The equation could be represented devis!

Xep = Xop

Yoo = Yo +(H -AD)( 7-1) (6.5)
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where H :é and AD is the step length from the centre of the spheyegthe height.
T

6.3.2.4 Portion 4 a quarter of cylinder for the lover half of the bust area

When flattening this portion of the bust area, genof the pattern edge will only be
caused in of the pattern edge¥rdirection. Because this portion represents thesfow
breast, it is such arranged that the points onldlweer edge of the pattern move
downwards during flattening. The positive directminy axis is upwards; therefore the
‘growth’ of the lower edge of the pattern is a neagaone, which in this caselis-H .

Equation (6.6) represents the relationship betwhenoriginal and the after-flattening

coordinated of points on the lower edge of thegpatt

[ =
|

Figure 6.14 One-quarter-cylinder segment
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J Yo =Yoe tH-L (6.6)

6.3.2.5 Portion 5 rest segment

In this simplified scenario, the rest of the pattés not affected by the 3D pattern
flattening process, and therefore the corresponpogts are unchanged. It needs to be
mentioned here that practically all parts of tharitaare affected to some extent because
the fabric is a continuous material which facigsideformation/strain to be distributed.
In this simplified model, it is assumed that thei# be no dimensional change as the
change in such areas is much smaller than causedlatigning other parts as

aforementioned. This is reflected in Equation (6.7)
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Figure 6.15 Rest segment

Xep = Xop
Yer = Yop (6.7)
Zep = Zop

6.3.3 Model modification

According to the model described above, the caledlprofile of pattern for the front
panel of the female body armour is shown in Fighud6 (a), where it is obvious that
there are places where the curve is not continudhis is caused by the simplified
assumption that the raised fabric will only be mistted along the warp and weft

directions when flattened. To reduce the error,chieulated pattern profile is modified
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by connecting the vertex points by a simple cuRaa. instance, an asymptote is drawn
between point€)” andT and pointdJ,” andT. The modified pattern profile is shown

in Figure 6.16 (b) for body size 12 with bra si&B7

(b)

Figure 6.16 Modification of the calculated patternprofile: (a) the calculated; (b) the modified

21C



6.4 Verification of the Model

To verify the correctness of the mathematical modedimple experiment was carried
out. Using the mode described above, a patterrthierfront panel of female body
armour was created and drawn on an angle-intefflaoiic. Figure 6.17(a) shows the
front panel pattern after shaping, and (b) the cnmspn of the block projection to the
raised pattern. As can be seen, the calculatedrpatt Figure 6.16(b) has an irregular
boundary because of the consideration of the dommipr the bust. When the angle-
interlock fabric has been domed up as shown inrBigul7(a), the boundary curve
retracts to almost the normal shape for a froneppattern. The comparison shown in
Figure 6.17(b) indicates a satisfactory agreememivéen the raised pattern and the

projection block, despite minor disagreements meplaces.
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(b)

Figure 6.17 Validation of the front panel of femalebody armour: (a) 3D shape; (b) comparison

6.5 Multi-layer Front Panel of Female Body Armour

The relationship between the thickness of fabricd the pattern block for different
layers of fabrics needs to be investigated forgheose of manufacturing the whole
front panel of female body armour. One ballistimglanormally contains multiple
pieces of fabrics, which indicates that the ouaget is larger than the inner layer while
still keeping uniformity in the design as the camtsurface induced by the female torso
needs to be fully covered. The pattern block of der layer can be achieved by
grading that of the inner layer if the intervalsufmed as\;) between them is knowi;

Is equal to the increment of the bust gifth.exists because of the thickness of fabrics
(named ad\t). Ntis obtained via measurement. Therefddecan be calculated if the
mathematical relationship betweBhandNt is known. Figure 6.18 is the cross-section
of the mannequin viewed from the top of the hedte dotted line indicates the bust
girth (named a$) which is used to make the original block for first layer of the

multi-layer garment. The full line indicates theanbust girth (named ds) when the
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second layer is added. The gap (marked as the wieddarea) betweehandL is

unchanged at any point because this gap is actiattyed by the thickness of fabrics,
Nt. Therefore, keepinig L andNt unchanged, their mathematical relationships cbeld
considered on the assumption that they make a nboiceircle, as shown in Figure

6.19

Figure 6.18 Cross-section of mannequin viewed frothe top of the head

- >
r Il
- = >

Figure 6.19 Concentric circle composed of, L and Nt
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In Figure 6.19] is the perimeter of the inner circle, which cobklexpressed as:
| =2m (6.8)

wherer is the radius of the inner circle.could then be expressed as:

= (6.9)

L =2/R (6.10)

where R is the radius of the outer circle and could be e byr+N, . As

I . .
knownr = Py the equation folL can be converted into
T

L=1+2m, (6.11)

Equation (6.11) minus (6.8) indicates | which means the increment of bust girth
between the first layer and the second layer, emtvords, the interval$y;. Therefore,
the mathematical relationship betweédérandNt can be achieved as:

N. = 27N, (6.12)

Equation (6.12) means that the ratio between ttervals and the thickness of fabrics
is27 :1. The thickness of angle-interlock woven fabricedug this research is around
0.3cm. Therefore, the corresponding intervals bebtnt@e outer layer and inner layer of
fabrics could be calculated around 2cm accordingeqoiation (6.12). Table 6.3(a)
illustrates the coordinate movements of originackl projection with 2cm intervals

graded by PAD system, (b) the coordinate valuesewo¥ block projection and (c) the
illustration of new block projection. The patterlodks for more (larger) outer layers
may also be achieved using this ratio for gradiAg. just the number of layers

increases, the thickness of fabrics is increasetidgame amount (2cm) for each layer.
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Table 6.3 New block projection: (a) the coordinatemovements with 2cm intervals; (b) the
coordinate values, (c) the illustration

@
Original Coordinate Change | Original Coordinate Change
key points X Y key points X Y
A 0.00 0.16 B 0.01 0.15
C 0.08 0.22 E 0.10 0.28
F 0.22 0.28 G 0.24 0.22
| 0.26 0.16 J 0.28 0.12
K 0.30 0.08 M 0.35 0.06
N 0.40 0.04 Q 0.50 0.00
S 0.50 -0.10 T 0.50 -0.20
V 0.22 -0.20 w 0.10 -0.20
Z 0.00 -0.20
(b) (©)
Key Coordinate values rf e
Points W v / J
At 0.0 10.5 / y
B 45 127 7 \
Ca 2.0 19.2 4 l
Ex 55 241 - )
Fe 17.3 215 4,
(e 16.5 164 LY
e 16.6 115 S
Ja 17.2 7.8 :
K 18.2 4.3 :
Iula 19.5 23 [
N 214 05 |
Qe 223 0.0 :
S 2.3 5.4 —————— e
Ta 2723 -16.0 **T he new hlockp rojection
WV a 130 -16.0 indirated by the full line iz graded
W 5 q 160 from the origmal b loc kp rojec ton
= 00 160 indicated by the dotted lne.
A»n+*: ley poinis for new hlo ckp rojecton afier
Zemintervals

After the new block projection has been produckd,gdattern block with the bust-cup
part can be designed using the same mathematicdé¢lhmg detailed in section 6.3.
Figure 6.20 shows the front panel pattern of bodg 42 with bra size 85C after
shaping.
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Figure 6.20 the front panel pattern of body size 1@ith bra size 85C after shaping

Based on the new pattern block, the outer layappfopriately-profiled angle-interlock
ballistic fabrics can be produced which is subtlgdgd to fit the inner layer to make a
two-layer front panel of female body armour. FigG6r21l shows the result: (a) top view:
the outer layer entirely fits the inner layer; @dle view: two neighbouring layers of
fabrics are laid together very closely; (c) 3D viewe inner layer of front panel of
female body armour has already been shaped, whidemonstrated by peeling off a

corner of the outer layer and a half of the oudgef.
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(©)

Figure 6.21 Two-layer front panel of female body amour: (a) top view; (b) side view; (c) 3D view



6. 6 Remarks

Based on the ballistic evaluation of angle-intetldabrics which was reported in the
former research, this chapter is an attempt taugahathematical relations to calculate
the flattened pattern shape. The use of anglelaaterfabric for female body armour
will diminish the drawbacks such as wrinkles anrifadiscontinuity which negatively
influence ballistic protection. In order to credke front panel pattern correctly, this
section has described the establishment of a matieahmodel which calculates the
boundary curve of the pattern by taking into coestion of the body size and bra size.
In the successful model, the bust area is repreddiyt some simple geometrical shapes.
When flattened, the fabric material is assumedgtridute mainly in the warp and weft
directions. A modification procedure has been jpmvérd to improve the accuracy of
the pattern profile. The experimental results haklewn satisfactory accuracy of the
pattern shape for the front panel of female bodwaoar, which leads to the correct
shape of the final domed front panel, despite somm®r disagreements. This model is
ready to be implemented into computer programmesialised for designing female
body armour using the type of fabrics describecetbasn the wearer’s body and bra
sizes. Moreover, the mathematical relationship betwthe thickness of fabrics and the
pattern block for different layers of fabrics alsas been solved and correspondingly,

the multi-layer front panel of female body armoauld be created using this work.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

The main objective of this research was to devalowvel type of female body amour
panel with the fibre continuity for wearing comfaahd for protection performance
against impact in contrast to the current methaatt ss cutting and sewing. The new
fabric used for making the front panel must thamfpossess two features, i.e., (i) the
three-dimensional dome shape so as to fit the dufe@ale torso and (ii) performance
against ballistic impact comparative to the fabtised for normal body armour. The

work carried out and the achievements are concladddllows.

(a) Investigation of dome formability of dome-shapelria
A series of dome-shaped fabrics have been sucdiggsfaduced on a shuttle loom
with the assistance of a commercial CAD/CAM progmam ScotWeave. The
principle of honeycomb weaves was adopted to p@dlame-shaped fabrics with
weaves with different float lengths arranged inomaentric sequence. The dome
depth of such fabrics was noticeable. Investigatiovere carried out on the

relationship between the parameters of the dompeshtabric and the dome depth.
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(b) Mouldability of angle-interlock woven fabrics
Previous work demonstrated that the angle-interlwoken fabrics are mouldable.
Angle-interlock woven fabrics with different strucél parameters were designed
and produced from Kevi8ryarns. The mouldability of angle-interlock woven
fabrics were theoretically explored and practicaflgasured. The results indicated
that the angle-interlock woven fabrics can shapgeladeformation depth than the
dome-shaped fabrics and therefore it is more deiti@o making curvaceous female

body armour, subject to satisfactory performanceresg ballistic impact.

(c) Evaluation of angle-interlock woven fabrics for listic performance

Two methods were used to evaluate the ballistidfopmance of the angle-interlock
fabrics. The first is the parametric study for gyeabsorption using the in-house firing
range and compartive study against the commonlg tedarics for ballistic protection.
The studies revealed that whilst the structurabppeaters of angle-interlock fabrics do
not have a clear influence on the ballistic perfance, this type of fabrics tends to be
less energy absorbent than other various fabricause of the weaker gripping power
on the constituent yarns in the angle-interlockrita The second method used to
evaluate the ballistic performance of the anglefiotk fabrics is the NIJ level Il test
carried out in a collaborating company. All the plsrmade from angle-interlock fabrics
passed the aimed level Il criteria according to M@ standard. It showed that the
angle-interlock fabrics is not less protective thia@ existing body armour fabrics based
on the same amount of materials. This, in conjonctwvith the good moudability,
obviously shows that the angle-interlock woven if@brare acceptable for making

female body armour.
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(d) Mathematical modeling for the front panel of femladely armour

The angle-interlock fabrics are a type of fabriattts mouldable. In pattern making for
the front panel of female body armour, it is impaoitto have the correct pattern profile
so that when the fabric is raised to form the dotine,pattern periphery conforms with
the body armour design. A mathematical model wa®ldped to generate the shape of
the front panel of female body armour based oruigeof angle-interlock woven fabrics.
The mathematical model was constructed by combimmg components: the part
without the bust-cup area and the bust-cup paré fBnmer was also known as the
block projection, on which bust-cups with differestes were located. This was created
on the principle for making clothing blocks, andfetient sizes can be achieved by
grading. The results for UK sizing and Europeanngihave been demonstrated with
the assistance of the PAD software system. In fitanal model, the bust area was
divided into 7 portions including a triangular pnis a quarter of cylinder, two
one-eights of a sphere at ends of quarter of ogtinivo quarters of a cone surface at
the ends of the triangular prism, and the flat ahed makes up the rest of the front
panel. Mathematical equations were set up to catieltthe contribution to the pattern
profile for each of the 7 portions. Experimentauks showed a good agreement with
the outcome from the mathematical modeling. Witls thathematical model, the front
panel of female body armour is able to be desidpased on figure size and bra size. As
the ballistic panel is composed of many layers,dutr layer is larger than the inner
layer but the same as that in the design when cayd¢he contour female torso. The
mathematical relationship between the thicknes$abfics and the pattern block for
different layers of fabrics also has been investigawhich indicates that the whole

multi-layer front panel of female body armour caeb produced.
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7.2 Future Work

It has been shown that angle-interlock woven fabcan be an effective alternative in
the application of female body armour as they hgo@d mouldability and satisfactory
ballistic protection in this project. However, theare still some aspects that require

further research; important work is listed as fafo

(a) A finite element model is required in order to ehate experimental errors in
the ballistic shooting tests. The analysis of cotagponal simulation may
provide valuable information to reflect the resporoupling between the
fabric specimens and the projectile. Additionallyg, bulky fabric specimens are

required.

(b) The next important aspect is the implementatiothefmathematical model of
the front panel of female body armour into the catep programs. After the
body and bra size are input into the software,pitedile of the front panel of
female body armour will be calculated as the outmutbmatically. With this

software configuration, high efficiency in pattemeation can be demonstrated.

(c) The last but not the least point is the manufacture ballistic testing of the

front panel of female body armour. The whole frpahel needs to be produced

and then its ballistic performance is requirededurther investigated.
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Appendix A: original data obtained during the enegy loss test

Fabrics Fabricl Fabric2 Fabric3 Fabric4 Fabric5 Fabric6
to* t** to ty to ty to ty to ty to ty

4LAI12x26 0.981 0.831 0962 0.801 1.017 0.931 0.958.79 0.991 0.869

4LAI12x28  1.03 0.916 0962 0.826 1.072 0919 1.129.983 0.939 0.802 0931 0.776

4LAI12x30 0.957 0.828 0.942 0.778 0905 0.776 1.009.977 1.054 0986 1.054 0.986

4LAI12x32 1.046 0.967 0952 0.801 0912 0.754 0.97D.846

5LAI8x26 ~ 1.103 1.093 0.948 0.797 1.081 0.904 0.93p.771 0.993 0.871

5LAI8x28 0.956 0.823 0.994 0.858 0.94 0.768 1.027.83D 1.001 0.825

5LAI8x30 0915 0.745 1.023 0.929 0.919 0.767 0.939.789 0.999 0.835

5LAI8x32 0927 0.784 0.894 0.741 1.022 0.812 1.026.919

5LAI10x28 0.944 0.812 0.945 0.815 0.925 0.802

5LAI10x30 0.867 0.731 1.04 1.016 1.02 0.955 0.9 30.7 0.985 0.862

5LAI10x32 1.023 0993 0.946 0.782 0.914 0.778 0.998.886 1.045 0.874 0.992 0.884

5LAI12x26 0.956 0.824 0.968 0.838 0.907 0.76 1.101.053 0.936 0.799 1.076 1.001

5LAI12x28 0.903 0.756 0.856 0.705 N/A 0 0.987 0.832

5LAI12x30  N/A 0 0.985 0.877 N/A 0 0.99 0.817 1.0170.849 0.939 0.788

5LAI12x32 0.924 0.799 0.978 0.875 N/A 0 0.974 0.879.968 0.855 0.932 0.815

5LAI12x34 0.932 0.767 0.993 0.841 0.968 0.873 0.958.795 0.954 0.8

to*: the time used by the projectile to travel throudh a pair of detectors before the impact
t;**: the time used by the projectile to travel through a pair of detectors after the impact
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