TECHNICAL UNIVERSITY OF LIBEREC
Faculty of Textile Engineering [

Knife Stabbing Resistance of Woven Fabrics

Muhammad Usman Javaid, MIT

SUMMARY OF THE THESIS



Title of the thesis: Knife Stabbing Resistance of Woven Fabrics

Author: Muhammad Usman Javaid

Field of study: Textile Technics and Materials Engineering
Mode of study: Part time

Department: Department of Material Engineering
Supervisor: Ing. Jana Salacova

Committee for defense of the dissertation:

Chairman:

prof. Dr. Ing. Zden&k Kiis FT TUL, katedra odévnictvi

Vice-chairman:

doc. Ing. Vladimir Bajzik, Ph.D. FT TUL, katedra hodnoceni textilii

prof. Ing. Michal Sejnoha, Ph.D., DSc. (oponent) Fakulta stavebni CVUT, katedra
mechaniky

prof. Ing. Miroslav Vaclavik, CSc. VUTS a.s.

doc. Ing. Lukas Capek, Ph.D. (oponent) FT TUL, katedra technologii a struktur

doc. Ing. Rajesh Mishra, Ph.D, B.Tech. FT TUL, katedra materialového inzenyrstvi

Ing. Petr Henys, Ph.D. FT TUL, katedra technologii a struktur

Ing. Brigita Kol¢avova Sirkova, Ph.D. FT TUL, katedra technologii a struktur

Ing. Blanka Tomkova, Ph.D. FT TUL, katedra materiadlového inZenyrstvi

The dissertation is available at the Dean's Office FT TUL.
Liberec 2019



ABSTRACT

This research focused on the stabbing response of woven fabrics. Woven fabric investigated in
this work had an equal set of warp and weft Twaron® para-Aramid filament yarns. In this
work, isotropy of single sheet and multiple-sheets stacked together was analyzed at different
orientations of knife stabbing. During knife stabbing a knife penetration angle (KPA) is formed
between the knife cutting axis and warp yarn of the fabric. The study was conducted at five
different cutting angles i.e. 0°, 22.5°, 45°, 67.5°, and 90°. Quasi-static knife penetration
resistance (QSKPR) and dynamic stab resistance (DSR) of the woven fabrics were studied in
this work.

The main objective of this research was to study the behavior of dry woven fabrics whose
surface was modified to change their friction. The selection and application of these
modifications were made in such a way to keep the comfort and flexibility characteristics
minimally affected. We adopted three surface modification techniques; 1) SiO> deposition, 2)
Ozone treatment along with SiO» deposition and 3) TiO» deposition. Furthermore, the effect of
treatment was characterized against surface topology, anti-stabbing behavior, mechanical,
comfort and friction properties of developed fabrics.

This research discovered a new method of SiO> deposition, using Water Glass (WG) as a
precursor. The deposition of SiOz was investigated and confirmed using Scanning Electron
Microscopy (SEM), Fourier Transfer Infra-Red (FTIR) spectroscopy, and Energy-Dispersive
X-ray (EDX) spectroscopy. The concentration of WG showed the direct relation for an increase
in QSKPR. At 40% solution of WG the QSKPR was observed about 200%.

The QSKPR measured at 67.5° KPA for untreated fabric was found statistically significantly
higher than the mean QSKPR measured for all KPAs. Moreover, the QSKPR seems to follow
a specific pattern for different KPAs, irrespective of fabric treatment.

The coefficient of friction of fabric surface was well improved by the deposition layer of SiO».
Hence, the yarn pull-out force was increased for treated fabrics as compared to untreated. It
was also observed that, treatment with Ozone before depositing SiO», reduces the adverse effect
on comfort and flexibility characteristics of fabric.

The quasi-static stabbing was found to be the complementary response to warp and weft yarns,
due to their orthogonal orientation. This response was modelled with the Fourier function, that
fits well to the quasi-static stab of different fabrics. It was also observed that the behaviour of
this response is directly proportional to fabric’s coefficient of friction and inversely
proportional to the gap between yarns.

The interaction of the knife and the fabric was recorded on CCD camera, during QSKPR
measurements. It was observed that the shape of the knife profile plays a major role. The blunt
edge of the knife finds maximum resistance and causes the major peak in the force-
displacement curve. While after the complete penetration of blunt edge, individual yarns cut
one by one. It is proposed that SiO; deposition increases inter-fiber friction, as a result the
filaments of the yarn behave as single assembly rather as individual filament against the sharp
edge of the knife.

Yarn sliding resistance, individual yarn cutting behaviour and yarn pull out force was measured
for warp and weft directions of treated and untreated fabrics. It was found that the major
response of stabbing resistance depends upon inter yarn friction, while intra-yarn friction
accounts for penetration energy of individual yarn.

QSKPR was measured for two sheets, oriented at three stacking angles (SA). The 45° SA was
found to exhibit better response of QSKPR than 0°and 90° SA. A modified version of NIJ
standard-0115.00 was followed to verify the dynamic stab resistance at 45° SA. It was found
that 45° SA exhibits isotropic stab resistance in all KPAs. Furthermore, treated fabrics showed
200% higher stab resistance than untreated fabrics.

Keywords: Stab Resistance; Silicon dioxide; Titanium dioxide; Ozone; Aramid; Woven;
Sodium Silicate; Water Glass



Abstrakt

Tato prace je zameéfena konstrukci a hodnoceni vlastnosti vrstvenych textilnich struktur
s zvySenou odolnosti proti pronikani nozl. Kazdéa vrstva je tkand textilie vyrobend z para-
aramidového vldkna Twaron® se stejnou dostavou ve sméru osnovy a utku. Je analyzovana
anizotropie odporu proti pronikdni noze jedné i vice vrstev tkaniny. Orientace odporu proti
pronikani je charakterizovana ithlem penetrace noze (KPA) mezi osou fezani nozem a smérem
osnovy tkaniny. Tento uhel byl mé€nén v péti smérech fezu, tedy 0°; 22,5°; 45°; 67,5° a 90°.
Byla zkoumana kvazi-statickd odolnost proti pronikani noze (QSKPR) a dynamicka odolnost
proti pronikdni noze (DSR) tkaninou.

Zakladnim cilem této prace je iprava povrchu vldken tak, aby se zménily jejich tfeci vlastnosti.
Vybér a aplikaci téchto tiprav je tieba provést tak, aby nebyly negativné ovlivnény vlastnosti
charakterizujici komfort. Ze tfi predbézné vytipovanych technik modifikace povrchu byly
vybrany dvé, které byly detailn¢ zkoumany. Jedna se o depozici oxidu kiemicitého (SiO2) na
povrch textilie, dale vystaveni textilie ptisobeni 0zonu spolu s depozici SiO2 a depozici oxidu
titani¢itého (TiO2) na povrch textilie. Byly sledovény jednak mechanické vlastnosti upravené
tkaniny, dale komfortni vlastnosti, odolnost proti boddni nozem a zmény povrchu vlaken.
Byla vyvinuta nova metoda pro aplikaci SiO2 na povrch textilie s pouzitim vodniho skla (WG)
jako prekurzoru. Depozice SiO2 byla analyzovana a potvrzena pomoci skenovaci elektronové
mikroskopie (SEM), infracervené spektroskopie s Fourierovou transformaci (FTIR) a
spektroskopie rentgenového spektra (EDX). Koncentrace Byla nalezena vyznamna souvislost
mezi koncentraci WG a ristem QSKPR. Pii koncentraci 40% WG ke zvyseni QSKPR o vice
nez 200%. Navic se ukdzalo, ze pro neupravené tkaniny vykazuje QSKPR specificky pribch
pro rizna KPA.

Depozice SiO2 na tkaninu zvysila koeficient tieni vlaken v tkaniné. Ukazalo se, ze u
upraveného vzorku je tfeba vySsi sily k rozestoupeni pfizi v tkaniné nez u vzorku
neupraveného. Zvyseni koeficientu tfeni vlaken ve tkaniné s deponovanym SiO2 bylo
srovnatelné s tkaninou vystavenou plsobeni ozonu s nanesenym SiO,. Nicmén¢ u tkanin s
nanesenym Si02 byla zjiSténa relativné vyssi ohybova tuhost.

Bylo zjisténo, ze kvazi-statické pronikani noze je silné ovlivnéno interakci osnovnich a
utkovych niti, coz bylo popsano modelem na bazi Fourierovy funkce. Tento model se dobie
hodi pro hodnoceni kvazi-statického pronikani noze pro rizné tkaniny. Bylo také ovéteno, ze
kvazi-statické pronikani noze je pfimo imérné souciniteli tfeni tkaniny a nepfimo umérné
vzdalenosti mezi nitémi.

Rozdily v chovéani upravené a neupravené tkaniny pii pronikani noZe byly analyzovany pomoci
CCD kamery béhem QSKPR méteni. Bylo pozorovano, Ze klicovou roli hraje profil noze. Tupa
hrana noze zvySuje odpor a na kiivce tlakové sily zplisobuje vyrazny pik. Naopak po uplném
proniknuti tupého kraje nozZe jsou jednotlivé nité pietiznuty jedna za druhou. Lze konstatovat,
ze depozice Castic SiO2 zvySuje tfeni mezi vlakny uvnitt pfize, a proto se vlakna v upravené
ptizi chovaji jako jednolitd masa proti ostré hrané€ noze.

Byl méfen odpor ptize proti prokluzu, chovani ptize pfi fezani a sila nutnd pro vytazeni ptize
z tkaniny ve sméru osnovy 1 utku v upravené a neupravené tkanin€. Vyssi odolnost proti kvazi-
statickému pronikani noZe vykazuje osnova ve srovnani s itkem v obou textiliich (upravené i
neupravene).

QSKPR byla métena také na dvou vrstvach orientovanych vzajemné pod riznym thlem
kladeni (SA) tj. 0°, 45° a 90°. Bylo zjisténo, ze SA 45° vykazuje relativné lepsi odolnost proti
kvazi-statickému pronikani noze do tkaniny. Stejné vrstvy ptipad byly vyhodnoceny pomoci
testu podle modifikované normy NIJ-0115.00. Bylo zjisténo, ze 45° SA vykazuje izotropni
odolnost proti kvazi-statickému pronikani noze ve vSech KPA. Upravené textilni struktury
vykazuji dvakrat vyssi odolnost proti kvazi-statickému pronikani noZe nez neupravené.

Klicova slova: odpor proti profezani; Oxid kfemicity; Oxid titaniCity; Ozon; Aramidy;
vrstvené textilni struktury; vodni sklo
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1. Introduction

Protective textiles have become an important branch of technical textiles [1]. Textiles are
playing a major role in wearables that assure life safety in various types of critical applications
[2]. The introduction of gunpowder has changed the requirement of a body armour. The old
solutions for body protection using metal and leather, silk or flak jacket armour became
ineffective [3], [4]. Those solutions were no guarantee of life-saving against high-velocity
gunfire or was bulky enough to restrict comfortable use [1]. The soft body light-weight armour
became possible only after the birth of Kevlar® by DuPont™ in 1970s [5], [6].

In search of the best system of protection against ballistic threats, last few decades have
produced considerable research on body protection armour. These armours are lighter than
metallic armour solutions and easier to wear and carry. The solution was found in use of
polymer-fibre composites, with synthetic fibres of high strength and high moduli like
Dyneema®, Twaron®, and Kevlar® and thermoset polymer matrix. These solutions have
better bulk properties and distribute the localized energy of impacting bullet to a larger area
and dissipates its penetrating energy [7].

The latest requirement imposed on body protection armour is protection against sharp objects.
Personal protection, against the attacks of sharp objects like the knife, has become increasingly
important especially for police personnel [8]-[10]. The design of bullet resistant protection is
different from the armour protecting against sharp objects like a knife or spike. In various
condition of body protection against sharp objects and spikes is required. Such kind of attacks
are evident where access to gunpowder and firearms is restricted by territory law, for example
as in European countries or in prison facilities around the world [11], [12]. Generally, the bullet
attacks are for army personals in some critical situation or in the battlefield, were the attack is
expected. In contrast, sharp objects’ attacks are unexpected, and the required period of
protection is incessant and extended [13]. So, wearer’s comfort also becomes a pre-requisite of
armour design to produce light-weight and comfortable armour [14]-[17]. Also, the diversity
of protection against various types of threats makes it difficult for a single solution to be viable
in different kinds of situations. Generally, bullet resistant armour may not protect against
knives or spikes or vice versa [18].

The characteristics of fibre-polymer composite inherit from the qualities of fibre and polymer
to provide synergy for protection [19], [20]. In this scenario, it becomes important to study the
response of stab resistance at the level of textile itself. This work is an effort in this direction
and it investigates the interaction of knife and fabric.

2. Aims and Objectives

2.1. To study stab resistance of para-aramid woven fabrics at various knife penetration
directions

Aramids are the one of the major class of fibres used in fiber-reinforced composites/laminates
for soft and hard body protective systems [5]. And, it is proven that their longitudinal
mechanical properties largely dominate their transverse characteristics. For example,
compression, bending, and flexural properties are far weaker than tensile properties [21], [22].
The fibre damage results in delamination, cracking and fibrillation [23], [24]. However, it is
preferably used in cut resistant and stab resistant application by commercial body protective
products [25], [26]. The impact produced from symmetrical objects, like bullets in case of a



ballistic protection and sharp protruded objects like ice-pick in case of a stab resistance, is
homogenous and generally perpendicular impact resistance is measured and reported and
relative angle change between impacting object and resistance surface is not focused [15].
However, for the case of the stabbing of the knife the impact can be in various directions. It
can be a fruitful study to observe how a para-Aramid respond when at least transverse angle of
yarn with a knife is changed.

The most frequently followed methods of testing stab resistance performance are a drop-weight

tower and quasi-static penetration of a sharp object into target textile protection [28]. In both
these cases, the reported work, for textile fabric-based protection, a very small numbers of
studies mentioned the measured angle of knife penetration [9] or tried to find out the effect of
change in relative angle between attacking object and protecting surface [5, 16, 18]. However,
the effect of blade orientation with respect to a single fibre and the single yarn was studied,
which proved sensitivity of change in force required to cut the fibres or yarns with a change in
cutting angle [30]-[34]. Cutting resistance is itself an intrinsic property of material but the
orientation of fibrous assemblies in textile structure, their geometry and interaction of these
elements within, can play a major role to improve cutting resistance. If we need to observe the
cutting characteristics of textiles we need to see anisotropy at the material level (polymer and
fibre level) and at textile structure level (yarn and fabric level). Since material level anisotropy
is already highlight, there is a need to observe how woven fabric behave against change in
orientation of knife stab.

2.2. To observe the interaction of knife and yarns of the fabrics

Out of the two methods of stab resistance measurements, the quasi-static method of loading
provides the possibility of controlled perpendicular penetration. The provision of a pneumatic
platform to hold the fabric in position, provides the ability to control the penetration at the
specific orientation of knife blade with respect to the warp of the fabric. The results of stabbing
are reproducible and provide the ability to record the interaction of knife and yarns of fabric on
camera. While, the drop-weight tower is the accepted method of stab testing by NIJ, only
measures if protection fails or not for given energy of penetration.

2.3. To observe the effect of change in friction on the stab resistance of fabrics

The force of friction is the major resistance against yarn movement and absorption of impact
energy when no binding agent holds the yarns of fabric together. To change the friction between
the surface of the yarn of woven fabrics were modified. But to keep the characteristics of soft
body protection, the surface of fabrics was modified with minimal effect on their comfort
properties, like air permeability and bending rigidity. The most economical ways of changing
the surface for increased friction were adopted.

2.4. To observe the effect of stacking orientation and knife penetration direction

The orientation of different sheets in a stack, of multiple-layer laminate, can superimpose warp
and weft of different sheets or can distribute them in different directions. It would be beneficial
to observe if the super-imposing or distributing warp and weft of different sheets in multiple-
sheets helps to improve stab resistance.

3. State of the Art
3.1. Structure and properties of para-Aramids

One of the most popular high-performance fibre used for the protective application is
poly(para-phenylene terephthalamide) (PPTA), available with commercial names like Kevlar®



and Twaron® [7]. They are aromatic polyamides known as Aramids, that also includes “a
manufactured fiber in which the fiber forming substance is a long chain synthetic polyamide
in which at least 85% of the amide (—CO—NH-) linkages are attached directly to two aromatic
rings” [5], [6]. Para-Aramids are high tenacity, high modulus fibres, they are gel spun from
liquid crystalline solution, with a known structure as shown in Figure 1, and few of their
mechanical properties are given in Table 1.

Figure 1: Polymeric Structure of Twaron® (poly-para-Phenylene-terephthalamide) (PPTA)

Para-Aramids were first produced for tire reinforcement [5], [6], [30] they are very anisotropic
fibres in nature and split readily when mechanically fractured [30], [34]. They are highly
crystalline and have long straight chain molecules aligned parallel to the fiber axis. In
transverse direction to the fiber axis, they have Van der Wall’s and hydrogen bonding which
accounts for fibrillization and anisotropy of fibre mechanical character. These fibres show
plastic deformation on compression that is the reason for their higher cutting strength and,

therefore, is used in high impact protective textiles. [23]
Table 1: Para-Aramids Mechanical Properties [5]

. Tenacity | Initial modulus | Elongation at break
Type of Fibber (MN/tex) (N/tex) (%)
Kevlar® 29 2030 49 3.6
Kevlar® 49 2080 78 2.4
Kevlar® 149 1680 115 1.3
Twaron® 2100 60 3.6
Twaron® High-Modulus 2100 75 2.5
Technora® 2200 50 4.4
D
______ K
P&
(b} .
Figure 2: Showing molecular packing of PPTA
crystal (a) hydrogen bonding in AB plane and Figure 3: Radial pleated structure of para-Aramids
absence in CD plane, (b) showing separate sheets [23]
when viewing along chains [23]




The structure of PPTA crystal lattice is shown in Figure 2. It is observable that transverse plane,
AB, having amide linkage, has a fewer density of covalent bonds than the plane, CD, having
rings. Also, the amide linkage in the plane, AB, has a higher number of hydrogen bonding and,
therefore, are firmer than the layer above and below to this plane (above and below the paper).
That is the reason of anisotropy in a direction perpendicular to the fibre axis. Although fibre is
highly crystalline and oriented at fine structure level, axial pleating of crystalline sheets exists
in radial orientation as shown in Figure 3.

3.2. Role of Inter-yarn friction on impact loading

It has already been established that friction plays a very important role in resistance against
impact loading [7], [35]-[37]. Increasing inter yarn friction can improve the performance
against impacting load without added weight [36], [38]. A study has also highlighted the
importance of yarn to knife and yarn to yarn friction during stab resistance [39]. The cutting
force is dependent on the frictional coefficient and the normal force at the point of cutting
during knife penetration [40]. There is another study about the cutting behaviour of knife/blade
when it slides normally through the fabric. The outcome of the study reveals that there are two
types of friction; macroscopic gripping friction and friction at the blade tip due to cutting of
material. As the energy required to break the molecular chains is much smaller, most of the
energy is dissipated in friction. Normal load produces friction at the edge of the blade. If the
coefficient of friction between the blade tip and cutting point is increased the cutting resistance
is reduced. But generally, the lateral gripping force is higher due to which the cutting resistance
of the material is higher. Elastic modulus, the structure of material and velocity of the cutting
blade significantly affect the friction and the resulting cutting resistance [31].
3.3. Anisotropic behaviour of High Modulus fibres against sharp blades

Mayo & Wetzel examined the failure stress of various organic and inorganic high performance
single fibres when cut with the sharp blade, while cutting angle was changed from transverse
to longitudinal orientation. They showed that the failure stress of both type of fibres was
decreased by increasing the cutting angle while inorganic fibres exhibited less sensitivity to
change in failure stress with the increase in longitudinal angle, Figure 4(a). It was also
concluded that inorganic fibres fail in isotropic fracture while organic fibres, like para-aramids,
had mixed mode of failure that involved cut failure, longitudinal and transverse tensile failure
and transverse shear failure, owning to their structural anisotropy. [30], [33] Similar, studies
on high performance Zylon® yarn [41] and Zylon®, Spectra® and Kevlar® yarns [32] concluded
the similar results of the drastic decrease in yarn fracture energy as the knife cutting angle shifts
from transverse direction to longitudinal direction, shown in Figure 4(b).

(a) 800 T T T T 0.15 . . . l ) : ] | ] r
700 H
-~ 012
600 =
[
g 3
S 500 oy = o009k
2 =
E 100 + g
i 2 0.06f
3 @
2 300 - e
=) S
Q
200 0.03
100
0.00 | — ||
o Lu L . ) . 45 60 75 90
0 10 20 30 40 50 :
Longitudinal angle, & (degrees) Slice angle, deg.

(a) (b)
Figure 4: (a) Cut resistance of single fiber para-Aramids measured at different cutting angles by Mayo &
Wetzel [30], (b) Effect of Yarn cutting angle on cutting energy measured by Shin & Shockey [41]



3.4. Importance of Blade Orientation in Cutting Resistance of Fabric
Most of the research conducted to measure the stab resistance of woven fabrics does not
mention the knife penetration angle. Either fabric is loaded without mentioning the knife
penetration angle [42], [43] or one angle is selected [9] and comparison of different angle is
not made. However, very few studies mentioned the effect of change in knife orientation with
respect to protective fabric.[27], [29] These studies showed that changing relative angle
between knife penetration direction and surface of textile significantly affect the resistance of
protective textile [44]. However, such study that involves observing the knife’s transverse
orientation with respect of warp and weft of fabric is not yet performed. This suggests
investigating if such anisotropic behaviour of stab resistant in such orientation of knife and
fabric is present.

3.5. Effect of plies orientation textile resisting against impacting load
Importance of orientation of plies in resisting against ballistic impact situation is already
established. The literature established this fact either numerically [45], [46] or/and
experimentally. It has been shown that plies oriented at an angle can absorb up to 20% higher
amount of impact energy than aligned plies. There is an optimum level of plies orientation that
improves this impact resistance [46]. However, the effect of orientation of plies on stab
resistance could be a good area of study. It can verify the benefits of angle plied achieved in
ballistic impact for knife stabbing resistance.

4. Materials and Methods:
4.1. Materials:
4.1.1. Fabric

Woven fabric investigated in this research was composed of high modulus multifilament
Twaron® 2200 yarns, with linear density of 1620 dtex (1000 filaments, 5.86 TPM). The weave
of the fabric was 1/1 plain and a balanced construction, with equal yarn linear density and equal
set of warp and weft was used. The style of the fabric was KK220P and it was sourced in loom
state from G. Angeloni srl Italy. The greige fabric was having an areal density of 220 g/m?.
[47]

Table 2: Fabric Parameters

D Warp / Weft ve Warp Sett  Weft Sett  Areal Density  Thickness
Yarn (ends/cm)  (picks/cm) (g/m?) (mm)
Off-Loom Twaron © 11 6.45 6.34 220 0.28
2200 (1000 f) Plai
Neat 1620 dtex ain 6.41 6.40 218 0.32

The detailed specifications of Neat fabric are given in Table 2. The optical micrographs of
treated and untreated fabrlcs are shown in Figure 5
il
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Figure 5: Microscopic image of (a) Neat, (b) S3 and (c) S4 fabrics



4.1.2. Water Glass

Sodium Silicate aqueous solution (36-40% concentration) is a low-cost product, available in
market, known as Water Glass, is used as source of SiO. It contains Sodium Oxide (Nazz) and
Silicon dioxide (Silica, SiOy). It is an industrial product and is used in various industries like
detergent, paper pulp bleaching, municipal and waste water treatment, concrete, abrasive and
adhesive [48].

The water glass (VODNI SKLO Vizuveg of KITTFORT, CAS: 1344-09-8) is used as a
precursor of SiO> in the current study. It has been reported to be a silica source [49]. It is
alkaline in nature and precipitates into SiO2 when reacted with weak acid, like acetic acid. A
generalize reaction of SiO2 deposition can be given as:

+

H
NaxSiyOz > SlOZ + Na+ (1)

4.1.3. Titanium dioxide (TiO>)

Titanium dioxide used in this work is (AEROXID® TiO2 P25 by EVONIK INDUSTRIES) a
hydrophilic fumed powder. It has high purity (TiO2> 99.50%) and high specific surface area of
35-65 m?/g. It consists of primary aggregate of partials with an approximate partial size
approximate 21 nm and density 4 g/cm?®. Anatase to Rutile weight ratio of 80/20 [50], [51].

4.2. Methods

The summery of methods followed in this work is shown as tree diagram in Figure 6.
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Figure 6: Summery of methods followed in this work

4.2.1. Surface Modifications
4.2.1.1.  Neat Samples Preparation

Before any chemical application the surface of raw samples was made clear from process add-
ons that may have been applied on the fabric surface. For this purpose, different trials were
made and finally Methanol washing was chosen as sufficiently effective method. So, 99.99%
Methanol, (CH3OH) (P-Lab Czech Republic), washing was conducted for 3 min in a vibrating
bath (at 150 rpm), with a bath ratio 1:50. Afterwards, samples were rinsed and dried. The fabric
samples in this state are called “Neat” samples and used as “untreated” fabric for comparison
with surface modified samples. Neat samples are denoted with “N” in this work. The process
of methanol washing is illustrated in Figure 7(a).
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Figure 7: Step of surface modifications for different techniques, (a) Methanol Washing steps for Neat samples,
(b) Steps followed for TiO2 Treatment, (c) Steps followed for SiO; treatment, and (d) Steps followed for
Ozonization and post-treatment with WG
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4.2.1.2.  Surface Modification by SiO-

WG, used in this work, was 40% aqueous solution of Sodium Silicate. It was diluted to different
concentrations to produce S1, S2, S3 and S4 samples, details can be found in Table 3. Each of
these sample was immersed in Sodium silicate solution. And was padded at squeezing pressure
of 1 bar at linear speed of 1 m/min, to gain a wet pick up of 50+10%. The samples were then
immersed in 5 g/l Acetic acid for 15 min, a bath ratio of 1:20 was maintained enough to dip the
samples well in the solution. To facilitate the reaction and deposition of SiO> the container was
continuously shaken at 150 rpm. After that it was rinsed and hot-air oven dried. An illustration

can be found in Figure 7(c).
Table 3: Different concentrations of Sodium silicate solution

Sample Identification S1 S2 S3 S4
Water Glass Conc. 4% 8% 20% 40%

4.2.1.3.  Surface Modification by Titanium dioxide

Agqueous solution of hydrophilic TiO> was prepared with the help of sonification. The
concentration of TiO2 was increased from 0.01 g/l to 0.5 g/l in five different solutions as
identified in Table 4. Each sample was dipped in respective solution of TiO> with a liquor
ration of 1:25. Roller padding was followed with nipping pressure of 1 bar, followed by hot-
air oven drying at 100°C for 10 min, the process is illustrated in Figure 7(b).

Table 4 Details of different TiO, Solutions
Sample ldentification T1 T2 T3 T4 T5

TiO, Concentration (g/l) 0.01 0.05 0.1 0.25 0.5

4.2.1.4.  Ozone Application
Ozone medium was prepared from distilled water in which weighted fabric samples were
immersed. The oxygen was concentrated by Krober O2 (Krober Medizintechnik GmbH,
Germany) at 3.0 I/min flow rate. The Ozone gas was generated by Ozone Generator
TRIOTECH GO 5LAB-K (Czech Republic), and its concentration was monitored by



LONGLIFE TECHNOLOGY LF-2000. At the end of the stream flow Ozone gas was
destroyed. The set-up of application of the Ozone medium is illustrated in Figure: 8.

ATMOSPHERE S
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Oxygen Ozone Aqueous Concentration Ozone
Concentrator Generator Ozone Media Meter Destroyer

Figure: 8 Illustration of Ozone Medium Set-up
Neat fabric samples were exposed to the Ozone in the agueous medium, for 60 and 120 min.
To check the combined effect of Ozone and WG, 120 min ozone treated samples were, also,
deposited with SiO- (following the same procedure as described in 4.2.1.2 for Neat samples).
The details of exposure time of these samples are given in Table 5 and treatment steps are

shown in Figure 7(d).
Table 5: Details of Ozonized and SiO, Deposited Samples

Sample Identification 17 2Z 2ZS3 2754
Ozone Medium Exposure (min) 60 120 120 120
Water Glass Concentration - - 20%  40%

4.2.2. Stab Resistance Measurements
4.2.2.1. Details of Knife and Measurement Procedure of Quasi-Static Knife
Penetration Resistance (QSKPR)

The testing procedure, for the measurement of quasi-static knife penetration resistance, was in

accordance to recently reported method followed by various researchers. [28], [40], [52], [53].

(b) (©
Figure 9: (a) Universal Testing Machine (TESTOMETIC M350-10CT), (b) Cross-head installed
with knife and (c) Geometry of CKB-2 (K1)

Universal testing machine TESTOMETIC M350-10CT, shown in Figure 9(a), was used to
penetrate the fabric samples quasi-statically at constant rate of penetration of 8.33 mm/s. The
fabric held in a pneumatically operated platform at 7.5 bar with inner diameter of circular
opening of 45.55 mm. Samples were pre-tensioned at 1 N force. Samples size of each fabric



sample was 100 mm x 100 mm £5 mm. The knife was held in cross-head with 1000 N load cell
and was vertically penetrated the fabric for 42 mm. Its response in terms of force-displacement
curve was recorded and force at peak resistance was noted.

The knife material, shape and sharpness directly effects the response of the fabric. [11], [32],
[41], [44], [54] Owing to this important factor the knife used in this procedure, was wood
crafting stainless steel knife, namely CKB-2 of OLFA Japan. To obtain consistent shape and
sharpness for different measurements, commercially available knives were utilised.

The shape of knife can be observed, as K1, in Figure 9(c). It is visible that one edge of knife is
sharp and other side is blunt. The first 6 mm of the tip of knife profile has inclination on both
direction with 50° angles while after this tip the blunt side is parallel to the length of knife.
While sharp edge has 15° inclination for a maximum vertical length of 52 mm. Maximum width
of knife is 20.8 mm and thickness of 1.2 mm. One important observation must be noted here
that width of the knife (that causes cut in the fabric) increases rapidly for first 6 mm due to
both-sided inclinations, however, after that knife profile width increases in single-side
corresponding to 20° angle of inclination. To keep the knife to knife sharpness variation, on
average, one knife was used for a set of 18-24 samples, with equal probability of selection
among different KPAs.
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The QSKPR was tested for five different Knife Penetration Angles (KPA= a = (°, 22.5°, 45°,
67.5°, and 90°), as illustrated in Figure 10. KPA here refers to the angle made between axis of
warp yarn length and blade cutting axis, while blade penetrates the fabric vertically downwards,
as illustrated in Figure 11. For each KPA at least 10 samples were tested for single sheet stack
and 6 samples for multiple sheet stack, and mean results were computed.

4.2.2.2.  Video Analysis Setup

The interaction of knife and fabric samples during QSKPR measurement was recorded on video
using SONY HDR-SR12E camera at 25.0 fps. A setup was developed to reflect rare side of
fabric penetration to focus at camera lens, as shown in Figure 12.

Each frame of recorded video was separated into an image file using MATLAB program. The
extracted frames were analysed to observe the interaction of knife with each yarn fractured. By
using image analysis software, Digimizer, knife edge displacement and strain of each yarn was
measured before rupture. Then comparison of Neat and S4 fabrics was conducted, found in
section 5.6.

4.2.2.3. Dynamic Stab Resistance (DSR) Measurement Procedure:

DSR was performed following the modified version of NIJ Standard-0115.00 [55]. The drop-
weight tower testing equipment was used, as shown in Figure 13(a), and damping material
layers shown in Figure 13(b). K1 knife was used to penetrate for DSR, consistent with QSKPR



measurements. The effect of change in knife penetration angle on stabbing resistance was
observed, while density of the samples was kept similar. Change in penetration depth for two

potential energies, of dropping knives 0.74 J and 1.47 J, was compared.
Table 6: Dynamic stab resistance Samples details (95% confidence interval in parenthesis)

Fabric Sheets Stacking Areal Mass  Thickness  Fabric Density
ID Angle (g/m?) (mm) p [ke/m?]
N 8 45° 1765 2.60 (+0.02) 678.85
S4 8 45° 1812 2.73 (£0.04) 663.74
; 3 Fabric
I B Sample
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Figure 13: (a) Drop-weight measurement set-up for DSR, (b) Backing / Damping material
arrangement and (c) lllustration of 8 sheets stacking orientation

The drop-weight measurement equipment was available with laser distance measurement
device with high accuracy. The knife was dropped under gravity from two fixed heights of 10
cm and 20 cm. The data was recorded by a custom written program in National Instrument
Software that acquires the data from load cell, distance measurement sensor and accelerometer
and presents data for acceleration, drop distance, resistance force with sampling rate of 50 us.
DSR of different samples were compared for KPA of 0°, 45° and 90°. Eight sheets of single
layer fabric sample were placed one over another at 45° stacking angle and were sewed,
illustrated in Figure 13(c). The details are available in Table 6.

4.2.3. Imaging and Topography Analysis
4.2.3.1. Fourier Transformation Infra-Red (FTIR) spectroscopy

To verify the chemistry of the deposited layer, the treated samples were analysed for Fourier
Transform Infra-Red (FTIR) spectroscopy. A Thermo Fisher FTIR spectrometer, model
Nicolet iN10, was used in this work.

4.2.3.2.  Scanning Electron Microscopy (SEM)
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Fabric samples were also scanned for their surface topological differences using Scanning
Electron Microscope (SEM) VEGA TESCAN TS5130 at 20 KV for 2000X magnification.
Fibres removed from post-penetrated fabric samples in quasi-static knife penetration resistance
testing were also scanned to observe the plastic deformation mode.

4.2.3.3.  Energy-Dispersive X-ray (EDX) Spectroscopy

To observe the atomic composition of deposited layer, EDX was performed at 20 KV. The
atomic composition of treated and untreated surfaces was determined. The peaks of the
detected elements were obtained, and percentage composition was computed.

4.2.3.4.  Optical Microscopy

Optical microscopy was conducted to observe the surface changes and structural parameters.
For the structural measurement image analysis was performed. To obtain the fabric cross-
sectional images, fabric samples were immersed in epoxy resin, cured, dissected and polished.
Afterwards, microscopic images were taken under different lighting conditions.

4.2.3.5.  Laser Scanning Confocal Microscopy (LSCM)

To observe the microscopic changes at knife cutting edge, it was 3D scan using LSCM. Laser
scanning helped generates three-dimensional surface map. Scanned data was analysed for
roughness at tip of knife edge and change in its sharpness after stabbing.

4.2.4. Mechanical Characterization
4.24.1. Tensile Testing

The tensile strength of warp and weft yarns removed from different fabric samples was
recorded. Measurements were made following the ASTM D2256 standard; on Universal
Testing Machine TIRATEST. Samples gauge length was 20 cm with loading speed of 100
mm/min. 20 samples were tested for each selected set of yarns.

4.2.4.2. Yarn Pull Out

To observe the interaction of individual yarn with interlacing yarns yarn pull out test was
carried out. The method followed is in accordance with already available in literature [56]. The
details are described as follows:

12 cm

________ ? i : Pulled out Yarn

Jll I Uﬂllﬂllﬂﬂﬂllﬂllﬂﬂﬂllﬂ%

e T A

SS“SS
i

) Frayed Yarns

10 cm

13 cm

Figure 14: Description of yarn pull-out setup
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A rectangular sample of size 12 x 13 cm? was taken. Fabric was unravelled 1 cm from three
sides, skipping the side that is to be gripped, as shown in Figure 14. A cut of 2 cm was made,
as shown by red dashed line, at distance of 2 cm from edge, to make the pulling yarn’s one end
free. The cut was made exactly at the centre, which makes sliding end of pulling yarn free. The
pulling yarn was gripped in tensile machine’s jaw from frayed side of sample. Force-
displacement curve was plotted for complete pull-out of yarn. At least 10 samples for each
fabric direction, warp and weft, was measured. The average resistance offered by each
interlacement was also computed.

4.2.4.3. Individual Yarn Cutting Resistance

[II‘ O /,§ ‘?1 * \\:Tz
4

(a) (b)
Figure 15: (a) Illustration describing setup for individual yarn cutting
resistance measurement and (b) Free body diagram for resolution of forces at

yarn rapture point
To find out cutting resistance of single yarn, warp and weft yarns were removed from Neat and
S4 fabrics. A custom-made yarn holder was used to present the yarn to universal testing
machine. One end of each yarn was tied with the fixed support and other was hanged through
a free pully with a constant load. The yarn with minimum constant tension, 2.18 N, was
introduced in front of the sharp edge of knife. The knife contacts the yarn at midpoint of length
L and divides it into two components L, and L,. The knife was fitted to cross-head of the
universal testing machine through a 50 N load cell that was operated at 8.33 mm/s vertically
downwards while knife edge displaces the yarn horizontally in x direction as represented in
Figure 15(b). The force and vertical displacement were noted for each individual yarn for its
complete cutting, and energy was computed. As knife sharp edge make constant angle with its
vertical length the corresponding knife edge travel D was computed and reported. The setup is
shown in Figure 15(a) and free-body diagram in Figure 15(b). The details of testing results can
be found in section 5.7. The objective was to observe the force and energy required to cut
individual yarns, at minimum constant yarn tension.
4.2.4.4.  Yarn Sliding Resistance

The penetration of knife into the fabric cause formation of a slit that is made by cutting the
yarns coming in way of the knife edge. If there is no fracturing of the yarns by knife, the knife
penetration would only displace the yarns. It is the sharp edge of the knife that cut through the
yarns before displacing the yarn to a considerable distance. Through video analysis it was
observed that extent of each yarn sliding before cutting by knife is between 1 to 2 mm (Figure
37(b)) before it is fractured. So, an experiment was designed to see the resistance offered by
different fabrics when yarns in the fabric are displaced without fracturing.

In this devised method, a very fine (0.1 mm) thickness steel wire was used to hold the lower
part of the fabric while a loop, of the same wire, was passed through the fabric to be fixed in

12



the upper jaw of universal testing machine. The bottom 1 cm of fabric sample was fixed in
lower jaw along with the fixed wire. The sample size was 10 X 11 cm. The setup devised is
illustrated in Figure 16. Each fabric sample was displaced to maximum 10 mm distance and
force-displacement response was recorded. The cross-head was operated at constant speed of
100 mm/min, with a load cell of 100 N. The results of yarn sliding resistance can be found in
section 4.2.4.4.

Cross-head pulling direction

10 cm

5 cm <—i— Pulled steel wire loop.

___________

Steel wire looped through fabric
center, gripped in upper jaw.

10 cm

Steel wire looped through fabric
center, gripped in lower jaw.

~_— Fabric gripped in lower jaw.

T

B " =~
|'\ ) | { J

Figure 16: Yarn sliding resistance measuring setup

4.2.5. Comfort and Friction Characterisation
4.25.1.  Air Permeability

Air permeability of different samples were measured using air permeability tester (FX-3300)
following the standard method 1SO9237.
4.25.2.  Surface Feel and Comfort Properties

Effect on comfort and fabric touch characteristics was analysed using M293 Fabric Touch
Tester of SDL Atlas. Fabric bending rigidity, thickness, surface friction, and surface roughness
were measured. Measurements was made at face and back of the samples and average was
recorded.

5. Results and Discussions:

All the results mentioned in this work represents the mean values of the corresponding
measurements. The error bars in figures and values in parenthesis represent the 95 %
confidence interval (CI), unless specifically mentioned otherwise.

5.1. Comfort Characterization:
5.1.1. Air permeability

Air permeability of various fabrics was measured using the procedure mentioned in section
4.2.5.1. The results are shown in Figure 17. The higher air flow through ozone treated samples
in comparison to Neat fabric indicates that Ozone application makes structure more open.
While air permeability of SiO> deposited fabric reduces significantly. Therefore, it can be
inferred that increasing amount of deposited SiO: fills the fabric pours and fabric become less
permeable to air.
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Figure 17: Air permeability of various Figure 18: Bending rigidity of treated
treated fabrics and untreated fabrics
5.1.2. Bending Rigidity

The bending rigidity was measured using Fabric Touch Tester. The bending rigidity of various
fabrics were measured at face and back of each fabric, in warp and weft directions, and their
mean was computed. Bending rigidity, along warp and weft, of various fabrics is shown in
Figure 18. It is apparent that SiO> treatment turned fabrics more rigid, while ozonized fabric,
even after treatment with SiOy, is found to be most flexible of all treated and untreated fabrics.

5.1.3. Coefficient of Friction

The coefficient to friction of various fabrics were measured using Fabric Feel Tester the
average measured values in warp and weft direction can be found in Figure 19. It is evident
that the application of SiO> has increased the coefficient of friction. The order of increase in
friction from least to highest friction is like: Neat — S3 — 2ZS4 — S4.

Coeflicient of Friction of Various Fabrics Surface Roughness of Various Fabrics
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Figure 19: Change in coefficient of friction
from Neat to treated fabrics

Figure 20: Surface roughness in terms of
waviness amplitude and wavelength

5.1.4. Surface Roughness
The surface roughness was measured using Fabric Feel Tester, the results are shown in Figure
20. From these results it can safely be said that there is not much change in roughness of the
fabric samples before and after treatment, however, weft of Neat and S3 shows some variability
in the wavelength of waviness.
5.2. Effect of Different surface modifications on QSKPR and Penetration Energy
5.2.1. Silicon dioxide Deposition
Neat fabric was treated with WG in four different concentration (4%, 8%, 20% and 40%) using
padding rollers followed by acid treatment to deposit SiO> layer as described in section 4.2.1.2.
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Each fabric was tested for QSKPR in three different KPA (0°, 45° and 90°) and their mean
QSKPR and penetration energy at peak resistance was computed.

It was founded that, on increasing the concentration of WG directly proportional increase was
observed in QSKPR and penetration energy (PE) at peak resistance, as shown in Figure 21.
The coefficient of the first order polynomial model fitted to the data, along with goodness of
fit, can be found in Table 7.
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Figure 21: Effect of WG treatment on QSKPR and Energy at peak resistance

Table 7: Coefficients of 1st degree polynomial fit for QSKPR and PE vs WG Conc. and goodness of fit

Coefficients of Model
(Upper and lower bound of 95% CI1) P1 P2

QSKPR 0.233 (0.221, 0.246) 10.47 (10.19, 10.75)

PE 0.666 (0.456, 0.876) 32.75 (27.95, 37.54)
Goodness of fit SSE R-square Adjusted R-sq. | RMSE
QSKPR 0.0131 0.9997 0.9995 0.0810
PE 3.745 0.9893 0.984 1.368
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Figure 22: SEM images of different treated samples showing surface topography of (a) Neat, (b) S3, (c) S4, (d)
2-hour Ozone treated, (¢) Ozone and WG treated and (f) Titanium dioxide treated T5 fabric samples
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It is judged that on increasing the concentration of WG results higher amount of SiO»
deposition, as is evident from weight gain of up to 8% for S4, the deposited layer is observable
in SEM images in Figure 22(b) & (c). The deposition of SiO, makes yarn stiffer and increase
the fabric’s coefficient of surface friction. Also, the air permeability results showed the pours
are filled with deposited layer which reduced the air permeability significantly for SiO:
deposited fabrics. Also, fabric density (mass per unit volume) increased due to the higher
compactness of the fabric. All these parameters are adding to increase the QSKPR and PE at
peak resistance.

5.2.2. Ozone and WG Treatment

It is believed that Ozone treatment can affect the para-Aramid [57]. Therefore, Neat samples
were exposed to aqueous 0zone medium for 60 and 120 minutes. The Ozone treatment setup
and procedure is described in section 14.2.1.4. The results of these treatments as comparison
of fabric treated with Ozone only and with Ozone and WG is shown in Figure 23 and effect of
WG concentration on 2ZS4 fabric is shown in Figure 24 and their coefficient of first order
polynomial fit and goodness of fit in Table 8.
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Figure 23: Effect of Ozone treatment time on Ozonized only and Ozone + WG treated fabrics

Table 8: Coefficients of 1st degree polynomial fit, for QSKPR and PE vs WG Conc. and goodness of fit, for 120
min O3 Treatment

Coefficients of Model
(Upper and lower bound of 95% CI) P1 P2
QSKPR 0.2489 (-0.4823, 0.9802) 12.68 (-6.205, 31.56)
PE 2.139 (-0.05399, 4.333) 39.55 (-17.08, 96.18)
Goodness of fit SSE R-square Adjusted R-sq. | RMSE
QSKPR 2.65 0.9493 0.8985 1.628
PE 23.84 0.9935 0.9871 4.882

Ozone treated samples did not showed any physical changes at the fibre surface, as is
observable in SEM images shown in Figure 22(d), unchanged flat surface is resembling the
Neat fibres as seen in Figure 22(a). The ozone treatment improved the comfort and mechanical
properties, as discussed in section 5.1.2, but its stab resistance performance was not
significantly improved, as shown in Figure 23. However, ozonized samples were also treated
with WG and fabric with both treatments showed proportional increase in QSKPR and
penetration energy as WG concentration was increased, as shown in Figure 24. Although, only
WG treated fabrics had better QSKPR but ozonized and SiO> deposited samples had
comparable QSKPR, as found in Figure 27, with better comfort properties. It can be observed
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that 2ZS4 has comparatively less air permeability and lesser bending rigidity, as shown in
Figure 17 and Figure 18 respectively.
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Figure 24: Effect WG concentration on QSKPR and Penetration Energy of Ozonized and WG treated fabrics

5.3. Deposition of the SiO2 Layer
The deposition of SiOz layer was verified by following surface analysis techniques.

5.3.1. SEM images:
The physical presence of the deposited layer was observed in SEM images as shown in Figure
22(a), (b) and (c), for Neat, S3 and S4. Fabric surface topologies, of these fabrics, are
confirming the physical presence of the deposited layer. For S3 and S4 samples, the deposited
layer is apparent not only on the fibres surface but also in the gaps between fibres. Additionally,
S4 sample shows the irregular edges of the deposited layer. In contrast, the untreated Neat
sample has the smooth and clear surface.

5.3.2. FTIR Spectroscopy
The FTIR spectra of treated and untreated samples are shown in Figure 25. The peak between
1000 to 1100 cm?, for silica powder curve, is due to the characteristic stretch vibration of Si-
O [58]. The differences, in the curves of the untreated and the treated samples indicate the
changes occurred after SiO> layer deposition. This change is noticeable in curve of treated
fabric where silica powder peak overlaps Neat fabric at 1070 cm™, as shown in the Figure 25.

Si-0-Si st.Vib.
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Figure 25: FTIR spectra of untreated and treated samples and silica powder
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5.3.3. EDX Analysis
The atomic composition of treated and untreated surfaces was determined by EDX analysis.
The peaks of the detected elements can be found in Figure 26 and the percentage of different
atoms partaking are given in the Table 9. The presence of Na and Si atoms were found only on
treated samples while the comparative occurrence of Si and O atoms were found to be
maximum on S4 samples and concentration of Na has reduced on S4 samples as compared to

S3.
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Figure 26: EDX analysis of (a) Neat, (b) S3 and (c) S4 samples.

Table 9 Element Analysis by EDX

. Atomic (%)

Fabrics C o Na Si
N 84.64 15.36 - -
S3 83.65 14.96 0.66 0.73
S4 77.96 18.77 0.26 3.01

The evidences obtained from SEM, FTIR and EDX analysis confirm the deposition of SiO> on
the surface of treated samples, that can be summarised as:

1. The physical presence of the deposited layer is observable in SEM images,
2. The presence of Si-O stretch vibration peaks in FTIR spectroscopy curves and
3. The presence of Si, O and Na atoms as evident by EDX.

5.4. Change in surface friction

The coefficient of surface friction of different samples was also analysed, and the results are
given in Table 10. The values in parenthesis show the Student’s t-Distribution at 95%
confidence interval. The coefficient of friction is found to be increased in order of
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S4>27S4>S3>N. It may indicate that the deposition of SiO> causes the surface to become
irregular and coarser and hence resulting in the higher coefficient of friction for fabric surface.
Furthermore, a greater amount of deposition of SiO; on treated samples resulted in a greater

increase in frictional coefficient (as evident from Table 10).
Table 10: Coefficient of friction of different fabrics

Fabrics Type Neat S3 S4 2754
Average Coefficient of Friction, pg ~ 0.24(0.02) 0.26(0.02) 0.31(0.02) 0.30(0.01)

5.4.1. The effect of surface friction changes on QSKPR:

The comparison of QSKPR force of treated and untreated samples at different penetration
angles is expressed in Figure 27. The error bars represent the Student’s t-Distribution at 95%
confidence interval. The mean values of each fabric tested at all selected angles are represented
with the horizontal line.

The bar chart establishes the statistically significant increase in penetration resistance, in the
order of S4>27S4>S3>N. There is more than two-fold increase in mean penetration resistance
from 11.88 N for Neat fabric to 25.55 N for S4 fabric. The reason of this behaviour may be due
increase in frictional coefficients of treated samples which resulted in the higher knife
penetration resistance. The key observations of the Neat fabric failure against the knife
penetration were yarn to yarn sliding, lack of fibres gripping and partial yarn cutting. This may
be reasoned to the open-structure of fabric, lack of fibre binding forces and lack of warp-weft
friction. However, the behaviour of S4 sample was changed, where failure occurred due to the
individual yarn cutting in one or fewer steps without yarn slippage. It may be associated with
the increase in friction and knife load distribution to the neighbouring yarns. Comparison of
force-displacement curves of Neat and S4 samples indicate this behaviour, as presented in
Figure 28.
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Figure 27: QSKPR of different surface modified fabrics
Close observation of the force-displacement curves discloses two facts:
1. Total numbers of peaks have reduced, for full penetration of 42 mm.
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2. Peaks for S4 sample were relatively higher than Neat fabric, which can be related to more
yarns responding simultaneously i.e. more load distribution from single yarn to
neighbouring yarns because of reduced yarn slippage.

These phenomena are evident in cases when the knife does not cut the warp or weft normally

i.e. in cases of penetration angles of 22.5°, 45°, and 67.5°. For other cases, at the penetration

angles 0° and 90°, the number of peaks for S2 and Neat samples are same. Sparse density of

yarns causes individual yarn presentation to the knife sharp edge.

(a) : ‘ . S4

Figure 28: Force-displacement curves of Neat and S4 samples at different knife penetration angles (best of
various samples)

5.4.2. The Relation of QSKPR with the amount of deposition and friction

Another analysis made from Figure 27 is that the QSKPR increases linearly with the increase
in amount of SiO> deposition on the fabric surface. This is true for all the penetration angles.
In the similar manner, it is also found that the QSKPR is related to fabric surface friction. To
investigate the relation, mean surface frictions were plotted against mean QSKPR for Neat, S3
and S4 samples, as shown in the Figure 29. It is clear there is a strong dependence of variable
Rt (QSKPR) on the independent variable pg (coefficient of surface friction). So, for the given
amount of SiO> deposited in this study, it can be stated that:

Ry = f(.us) O
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Figure 29: Effect of change of surface friction on QSKPR
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1st degree polynomial linear model fitted, is shown in equation (2) and the coefficients of the
model and goodness of fit of this model are shown in Table 11.

f(x) = pix + p;

)
Table 11: QSKPR vs Fabric Friction fitted model coefficients and goodness of fit
Coefficients of Model P1 P2
(95% confidence bounds) | 185 1 (142.9, 233.4) -32.84 (-45.46, -20.22)
SSE R-square Adjusted R-sq. RMSE

Goodness of fit

0.724 0.9938 0.9907 0.6017

5.5. The effect of KPA on QSKPR

The effect of the penetration angle on QSKPR is presented in Figure 27. The Neat fabric shows
the increase QSKPR with the increase in penetration angle from 0° to 90°, with the highest
resistance at 67.5° penetration angle. The similar behaviour is observed for the surface
modified fabrics.

However, it should be noted that the higher penetration resistance at the 67.5° penetration angle
is not statistically significantly different, for any fabric type. Only for Neat fabric, the
penetration resistance for this angle is statistically significantly different from the means all
Neat samples (as seen horizontal blue line in Figure 27). This analysis was performed for t-
distribution test at 95% confidence level and given in Table 12. Moreover, all fabrics show
comparatively higher penetration resistance at 67.5° KPA as is evident in Figure 27 except

2754,
Table 12 Analysis of Variance (ANOVA) for QSKPR of Neat fabric at 67.5°

Angle Neat fabrics mean resistance  Mean resistance at 67.5° P
67.5° 11.88 14.1(12.25, 15.95) 0.017

5.5.1. Orientation of yarns at different penetration angles

The differences between the penetration resistance forces at different penetration angles can be
linked to the orientation and availability of yarns to the knife edge. In Figure 30(a), the knife
edge travelling at different penetration angles are shown with dotted lines. There can be three
possibilities with respect to the knife travel (tr) for each consecutive yarn cutting:

1. At penetration angles 0° and 90°, one direction yarns, either wefts or warps are cut, and
knife travels a distance equal to one pick spacing, denoted here with ‘p’, as shown in Figure
30(b) as to and teo. This distance is the smallest of three cases but as compared to knife
travel, the warp and weft density is sparse, and the knife edge does not face consistent
resistance from fabric. This is the reason that the QSKPR drops to zero after each yarn
cutting, before the next yarn starts resistance against knife, as evident in Figure 28(a) and
Figure 28(b).

2. For 45° penetration angle as seen in Figure 30(c), the knife engages warp and weft in
orthogonal pairs. The distance travelled is V2p for each next pair. This is the maximum
distance for all three cases. Also, yarn to yarn slippage is highest among all cases. That is
the reason, QSKPR force-displacement curves shows higher numbers of peaks, and
relatively least resistance is observed at 45°. And in the case of higher yarn to yarn friction,
as in S4, the number of smaller peaks has reduced, as evident in Figure 28(e).
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Figure 30: (a) Illustration of the path, knife edge travels at different KPA, (b) yarn to yarn distance and knife
travel (t) at 0°, 90°, 22.5° and 67.5° and (c) at 45°
2p

Va2’
as clear in Figure 30(b), that is nearly equal to one pick spacing, 1.083p. And both warp
and weft yarns offer the resistance simultaneously, although more resistance is offered by
yarn that is cut near to its transverse direction. The knife travelling finds less gaps and
relatively more steady fabric response is exhibited as is evident from QSKPR force-
displacement curves, apparent by fewer peaks and less bumps as shown in Figure 28(c) and
Figure 28(d).

The dominated higher resistance at 67.5° as compared to 22.5° and at 90° than 0° angles may

be linked to the higher mechanical strength of warp yarns.

The distance knife should travel for each penetration angle is negatively relating the QSKPR,

that can be expressed as:

Ry =f (i)

tr

3. Inthe case of 22.5° and 67.5° penetration angles the knife edge travels a distance of

©)

5.5.2. Warp and Weft complementary cutting behaviour

Tensile Strength of different yarns
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Figure 31: SEM images of fibres removed from post- Figure 32: Comparison of the ultimate tensile
penetrated fabric samples. strength of warp and weft yarns, removed from
respective fabric

There seems to be the complementary response of warp and weft when penetration angle
changes. This is also supported by the post-penetration fibre damage analysis, removed from
damaged Neat fabric samples (Figure 31). It was observed that transverse knife penetration
caused maximum load sharing as evident from plastic deformation at 0° and 90° penetration
angles, as given in Figure 31(a) and Figure 31(b). Since warp yarns are also showing cracking,
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fibrillation and fibre rupture along the length, which may be attributed to higher stress at break
of warp yarns than weft yarns. This finding is supported by the fact that the tensile strength
exhibited by warp yarns, of any fabric, is higher from their respective weft yarns. The ultimate
tensile strength of yarns removed from different fabrics is shown in Figure 32. The an-isotropic
cutting behaviour of textile fibres and yarns is already recorders [30], [32], and it is known that
woven fabric show anisotropy for their mechanical characteristics, when examined at off-axis
from warp or weft directions.[59]

For all the other cases the tip of damaged warp and weft yarns is in accordance with the angle
at which knife cut the respective warp or weft yarn. The fibre that is cut at an angle closer to
the transverse direction, shows higher plastic deformation, cracking and fibrillation. When the
cutting angle decreases to lower penetration angles, a clear sharp edge is observed at the tip of
the damaged fibre and plastic deformation mechanisms also diminish.

The orthogonal orientation of warp and weft makes the QSKPR complementary to 90° i.e. the
sum of cut angles of warp and weft fibre is 90°. So, the fibres cutting at the smaller angle
contribute less resistance than cutting at the higher angle. When yarns with the higher tensile
strength are cut at higher angle, more QSKPR is exhibited. This angle dependence of QSKPR
can be written as: [60]

Rst(warp) = f(awarpSina)

(4)
Rst(weft) = f(o_weftSinﬂ)
(5)
Considering orthogonal orientation of warp and weft:
Za L 2p
= sinfi = cosa
Therefore, the equation (5) becomes:
Rst(weft) = f(O'ngtCOSCZ)
(6)
For fabric response, combining equation (4) and (6):
Ry = Rst(warp) + Rst(weft)
Ry =f ((Uwarp Sin(a)) + (Uweft COS(“)))
()

Here, Ry, is QSKPR measured in N, 6,,4,-, and g,,.¢, are the warp and weft ultimate tensile
strength in measured in cN/tex and «a is the knife penetration angle in degrees.

5.6. Video Analysis
To understand the interaction of knife and fabric the video of knife penetration, during quasi-
static stab testing, was captured on CCD camera. The method and setup followed can be found
in section 4.2.2.2. For comparison Neat and S4 fabric samples are analysed at 0° KPA.
The force-displacement curves are shown for Neat fabric in Figure 33 and for S4 fabric in
Figure 35. These curves are labelled at different points mentioning fracture of certain yarns as
numbered in Figure 34 for Neat fabric and in Figure 35 for S4 fabric.
The knife penetration can be viewed in two parts, first yarn is fracturing on blunt side and
second sharp side of the knife. The yarn fracture on both sides are discussed below.

5.6.1. Blunt side yarn fracture
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In both cases, of Neat and S4, as the knife starts to penetrate, the yarns interacting with blunt
side of the knife are pushed aside, resulting a force like yarn pull out unless they are fractured.
It is observable for yarn number 4 in Figure 34(B)-(D) and for yarn number 3 in Figure 36(B)-
(D). After completion of first 6mm of knife penetration the blunt side get parallel to the length
of knife, so further pressure from blunt side ends and only sharp side causes the pressure and
yarn fracture. This initial fracture of yarn on blunt side is the major cause of higher peak in
force-displacement curve.
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Figure 34: Camera images showing knife
Figure 33: Force-Displacement curve for Neat fabric  penetration for Neat fabric at 0° KPA, different yarn
at 0° KPA, label pointing fracture of different yarns  fractures are labelled, at E, H and K knife penetrates
without yarn fracture.
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Figure 35: Force-Displacement curve for S4 fabric Figure 36: Camera images showing knife

at 0 KPA, showing point of different yarns fracture  penetration for S4 at 0° KP4, different yarn fractures
are labelled.
5.6.2. Sharp side yarn fracture

In Figure 33 and Figure 35 every peak is labelled with corresponding sub-figure and yarn
number found in Figure 34 and Figure 36, respectively for Neat and S4 fabrics. Each peak is
produced exactly before fracture of corresponding yarn. It can be seen that the fabric resistance
falls to zero due to the gaps between yarns, for Neat fabric as mentioned at E, H and K in Figure
33 and Figure 34. While, for S4 fabric knife does not find a gap enough that resistance falls to
zero. Moreover, the force-displacement curve’s contours for Neat fabric are depicting
inconsistent resistance from each individual yarn cutting, i.e. partial cutting of yarn which is
also evident in recorded videos.

On the contrary the S4 yarn fracturing curves making clear peaks, as seen in Figure 35 at label
C, D, E, F and G, that indicates the strong resistance offered by S4 individual yarns and
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complete yarn cut in one step without any partial cutting. This behaviour shows the intra-fibre
cohesion that make filaments of the yarn behave as single assembly.
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Figure 37: (a) Mean Strain % of S4 and N compute from image analysis, (b) Travel of knife edge before each
yarn rupture and (c) Illustration of yarn strain before fracture

2

l
— — 2
L= () +¢

(21, — 1)100
!

(8)

Strain % =

)
The other reason of higher peak of S4 than Neat is the stiffer yarn behaviour of S4 yarns. The
image analysis performed for the image-frames extracted from recorded video, as shown in
Figure 37(c), proves this finding. Mean strain measured (by Equation (8) and (9)) at rupture of
S4 yarns was found to be lower than Neat yarns, as shown in Figure 37(a). Furthermore, the
absorption of energy is higher for preceding yarns than following yarns, in case of S4 as shown
for yarn number 5 and 6 in Figure 37(b).

5.7. Cutting Resistance of Individual Yarns
To examine how yarns behaviour against knife blade when no interlacement is there like in the
fabric. The warp and weft yarns were removed from the treated and untreated fabrics. Their
resistance against same (K1) knife edge was recorded as was used to penetrate the fabric. The
details of device and procedure are already discussed in section 4.2.4.3.
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The mean cutting resistance and energy versus knife vertical displacement and knife edge
displacement was recorded for 10 yarns. The results are shown for Neat warp in Figure 38 and
S4 warp in Figure 39. Few things are noteworthy here:

1. Near about all yarn are completely fractured for same knife displacement, similar cut

resistance and cut energy.

2. Both Neat (warp and weft) yarns and few S4 weft show partial fracture, Neat yarn around
midway of complete fracture displacement at around 5 mJ cut energy and S4 weft later than
midway at around 12 mJ.

3. S4 warp does not show partial fracture but cut in one go. And fracture of complete yarn
completes earlier than Neat yarns, for both S4 warp and weft.

These results are summarized in Table 13.
Table 13: Individual Yarn Cutting Statistics

Mean Values at Peak Resistance for:
. Cutting Yarn Cutting Knife Edge Knife Length
Fabrics . . .
Resistance Energy Displacement  Displacement
[N] [mJ] [mm] [mm]
Neat Warp  2.48 (0.13) 17.75 16.78 46.1
Neat Weft  2.58 (0.19) 18.83 16.31 44.8
S4Warp  2.54(0.17) 18.94 14.70 40.4
S4 Weft  2.46 (0.23) 17.17 14.89 40.9

From these results it can be inferred that S4 yarns have developed enough inter-fibre cohesion
that they persist partial yarn fracture to larger extent, than Neat yarns, but once cutting starts
complete yarn cuts in one step. While Neat yarn individual filament resist against separately
and yarns fracture by parts, showing absence of inter-fibre cohesive force.
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Figure 38: Mean curve for cutting resistance and
cutting energy verses vertical and knife edge
displacement for Neat warp

Figure 39: Mean curve for cutting resistance and
cutting energy verses vertical and knife edge
displacement for S4 warp

5.8. Yarn pull out force

The force required to pull out yarn from the fabric can give an estimate of friction due to yarn
to yarn sliding. Yarn pull out force was measured for warp and weft of Neat and S4 fabrics
following the procedure as described in section 4.2.4.2.

Each yarn was pulled out for a total of 40 interlacement. For each interlacement yarn get lose
and tight as free end passes over different interlacements, this is evident from pull out data
shown in Figure 40. The peaks, from yarn pull out (force-displacement) data, were plotted as

26



shown in Figure 41. These points were fitted with linear regression 2" order polynomial, as
found in Equation (10), the Table 14 contains the coefficient of fitted model and Table 15
shows the goodness of fit and analysis of variance. Mean pull-out resistance was computed for
every peak in measurement curve by dividing the interlacements contributing to the resistance.

Then mean for every fabric direction was com

puted and shown in Table 16.

Neat Fabric Warp Pull out

| Higher peak due to
| I Static Friction

y = -0.0128x ~ 0.8665
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Figure 40: Force-displacement curve of Yarn Pull-
out test

Figure 41: Yarn Pull-out resistance against opposing
interlacements of yarns for warp and weft of Neat
and S4 fabrics

f(x) = pix* + pyx + p3

(10)
Table 14: Yarn pull-out coefficients of fitted models
.| Pull-out Equation Coefficients
Fabric | .~ .
direction P1 D, P3
Neat Weft 0.000197 (0.000042) | 0.0135(0.0019) | 0.0115 (0.01837)
Warp 0.000128 (0.000016) | 0.0147 (0.0007) | -0.0055 (0.00723)
4 Weft 0.000332 (0.000029) | 0.0157 (0.0013) | 0.0429 (0.01279)
Warp 0.000436 (0.000035) | 0.0114 (0.0016) | 0.0638 (0.01561)
Table 15: Goodness of fit 2" degree polynomial fit
Fabric DU ssE | Resquare | D90 agi Rsq. | RMSE | # Coef.
irection freedom
Neat Weft 6.55E-04 0.999189 14 0.999073 | 0.006838 3
Warp 1.01E-04 0.99985 14 0.999829 | 0.002691 3
s Weft 3.17E-04 0.99979 14 0.99976 | 0.004758 3
Warp 4.73E-04 0.999694 14 0.999651 | 0.00581 3

S4 warp and weft show significantly higher mean resistance than Neat warp and weft. Weft of
both fabrics shows slightly higher resistance than respective warp, which may be related to
higher crimp of weft than warp.

Table 16: Mean pull-out resistance of each interlacement

Pull-out Force per interlacement, [N]

Fabric Warp Weft
Neat  0.0172 (0.0008) 0.0185 (0.0009)
S4 0.0248 (0.0013) 0.0255 (0.0011)

5.9. Yarn Sliding Resistance
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In the video analysis it was observed that on average each yarn is displaced from 1-2 mm before
it was cut by sharp edge of the knife, sliding over opposing yarns. Once this sliding resistance
is known we can observe how it is contributing to the stab resistance of the fabric.

We can measure the resistance offered by the yarns of the fabric when they slide over opposite
yarns. To measure this sliding resistance a setup was designed using a thin wire as
photographed in Figure 42 and the procedure explanation is given in section 4.2.4.4. The results
are shown in Figure 43, for warp and weft yarns of Neat and S4 fabrics.
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Figure 42: Fabric samples installed on Universal
Testing Machine, yarn sliding resistance
measurement.

Figure 43: Fabric Sliding resistance, measured using
wire loop pull up, in warp and weft direction of Neat
and S4 fabrics

The sliding resistance for 10 mm was recorded for warp and weft of Neat and S4 fabrics, for
10 samples each. The interpolated mean values were plotted. This data was fitted with second
degree polynomial (as in Equation (10) and mean resistance at 1 and 2 mm is shown in Table
17. The coefficient of fitted model, analysis of variance and goodness of fitted data are shown
in Table 18 and Table 19.

Table 17: Yarn sliding resistance for different fabric in warp and weft direction

Fabric sliding resistance (N)

Fabric Direction Warp Weft
Sliding Distance 1mm 2mm 1 mm 2 mm
Neat 0.51 0.89 0.39 0.71
S4 2.17 4.58 1.68 3.48
Table 18: Parameters of fitted model
Eabric Equation Parameters
P1 P2 pP3
Neat Warp 0.623 (0.0048) 0.225 (0.0498) 1.12 (0.108)
Neat Weft 0.562 (0.0073) -0.374 (0.075) 1.439 (0.163)
S4 Warp 0.038 (0.00075) 0.231 (0.0078) 0.207 (0.0168)
S4 Weft 0.033 (0.00051) 0.211 (0.0053) 0.131 (0.0114)
Table 19: Goodness of fit for 2" degree polynomial fitted model for slide resistance of different fabrics
Fabric SEE R-Sq. df Adj.R-Sq. RMSE # Coef.
Neat Warp 37.678 0.999 332 0.999 0.337 3
Neat Weft 85.633 0.999 332 0.999 0.508 3
S4 Warp 0.914 0.999 332 0.999 0.052 3
S4 Weft 0.421 0.999 332 0.999 0.036 3
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5.10. Effect of Layers orientation

The minimum requirement of penetration energy defined by stab resistance standard (NIJ
Standard—0115.00) cannot be fulfilled by single layer of Neat fabric. Also, stab resistant textile
must have sufficient thickness to resist against stab. Therefore, multiple-sheet textile was
required. Since orientation of fabric with respect to knife changes for each stack when more
than one sheet is stacked at different stacking angle (SA). Therefore, stacking angle was studied
for two-layered textile. Stacking angle is the angle between warp direction of two consecutive
layers.

Three different SA 0°, 90° and 45° were analysed for Neat fabric samples. The orientation of
different stacking angles is shown in Figure 44. Each of this orientation was tested for QSKPR
in five KPAs i.e. 0°, 22.5°, 45°, 67.5° and 90°.

WW0 W90 WW4s
—_—
0% Stacking Angle 907 Stacking Angle 43° Stacking Angle

Figure 44: Stacking of two sheets at different stacking angles, arrows representing warp direction of respective
fabric

5.10.1. Effect of Stacking

The QSKPR of different combinations of stacks is shown in Figure 45 and penetration energy
in Figure 46. The mean QSKPR and mean Penetration Energy are represented by horizontal
lines in each case. A comparison with Figure 27 discloses the fact that mean QSKPR of two

sheets stack has arisen from 7 to 10 times than mean QSKPR of single sheet. This evident the
synergic effect of multi-sheet stack.
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Figure 45: Change in QSKPR of different fabrics Figure 46: Change in Penetration Energy of fabrics
with different Stacking Angles at different KPAs with different Stacking Angles at different KPAs

5.10.2. Effect of Stacking Angle and KPA on QSKPR and PE

It is clear from these figures (Figure 45 and Figure 46 ) that change in SAs and KPAs is causing
variation in QSKPR of different stacks. The error bars representing 95% confidence limits of
each KPA examined. For definite understanding one-way analysis of variance (ANOVA) was
performed, shown in Figure 45 and Figure 46. In all the cases F-statistics is higher than critical
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F value establishing statistically significantly different mean QSKPR for each KPA examined,
within each stack orientation. That confirms the change of QSKPR with varying KPA for two-

sheets stack.
Table 20: One-way ANOVA for QSKPR for different SA

SA  Source of Variation SS df MS F P-value  F-critical

Between Groups 748.31 4 187.08 5.50 0.003 2.76
0°  Within Groups 849.73 25 33.99

Total 1598.05 29

Between Groups 644.35 4 161.09 3.05 0.035 2.76
45°  Within Groups 1318.75 25 52.75

Total 1963.10 29

Between Groups 68261.87 4 17065.47 125.53 3.641E-16 2.76
90° W.ithin Groups 3398.72 25 135.95

Total 71660.59 29

The mean QSKPR of different stacks is in increasing order from 90° < 0° < 45°, To explain
this order, we must consider the orientation of warp and weft yarns in different sheets of a
stack. The warp and weft of two sheets are found to be aligned as illustrated in Figure 47. In
earlier discussion, we have seen that the QSKPR of fabric is a complementary response (section
5.5.2) and warp dominates in load bearing. This trend has been magnified when warps of both
sheets are aligned, as in case of SA of 0°, shown in Figure 47(a). If we compare the single sheet
QSKPR of Neat fabric (Figure 27) and two-sheets stack results (Figure 45) a resemblance can
be found for response at different KPAs.

In case of SA of 90° the warp of two sheets aligned perpendicular to each other, as shown in
Figure 47(c) and that may be the reason of loss of QSKPR at 0° and 90° KPAs, at this SA. That
is, when knife is penetrating parallel, to warps of one of the sheets, the stabbing resistance
achieved is like as achieved by single sheet QSKPR. Also, when knife is not penetrating
parallel to the warp direction of any sheet the strength exhibited is comparable to QSKPR
shown at SA 0° or 45°.

(a) (b) (©)

0° SA 45°SA 90° SA

<> Top Warp <> Top Weft <> Bottom Warp <> Bottom Weft

Figure 47: Orientation of warps and wefts for different sheets at different SAs

For the case of 45° SA mean QSKPR is found to be maximum in comparison to other SAs.
Similar reason, as discussed earlier, is found to be present in this case also. The knife gets
parallel to the yarns of one direction at 0°, 45° or 90° KPA, present in any one of the sheets.

KPA is measured from the top sheet that come first in contact with knife. At 45° KPA warp or
weft of the bottom sheet is parallel to knife. In the case of warp, the QSKPR may reduce and
in case of weft it may not reduce to that extent. That is the reason of much variation of PE at
45° KPA for 45° SA. Similarly, at 0° KPA warp of the top sheet and at 90° KPA weft of the
top sheet is parallel to penetrating knife i.e. QSKPR and PE is achieved as is evident from the
bar charts, in Figure 45 and Figure 46. For the other two KPAs (i.e. 22.5° and 67.5°), we
observe maximum PE and comparable QSKPR because no yarn is parallel to knife and cutting
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energy is distributed among all the yarns of both sheets leading to the best PE and one of the
best QSKPR of all the results observed.
From all these discussions, it can be safe to infer that more the number of yarns resisting in
multiple directions, for various sheets of stack, higher will be the distribution of stabbing
energy and more resistance is offered by the textile.

5.11. Dynamic Stab Resistance (DSR)

The best result of QSKPR:« in double sheet stack« was found for 45° SA. So, 45° SA was chosen
for dynamic stab testing. Warp of each next sheet was turned 45° from warp of next sheet, for
8 sheets stack. The drop-tower was used to drop knife, under gravity, on to the fabric samples,
mounted on backing material. The procedure is described in section 4.2.2.3. The sample being
tested was tapped with backing material platform and it was rotated to allow knife drop in five
different direction (KPAs) so that knife cutting axis make 0°, 22.5°, 45°, 67.5° or 90° with
warp of the top most sheet.

The penetration depth was recorded by the machine and was also confirmed from cut produced
in the paper sheets placed in backing material. The mean of penetration depth recorded for all
KPAs is presented in Figure 48. Two penetration energies were examined.

From these results it is clear that treated fabric, S4, has more stab resistance than untreated
fabric for both the energies examined. Increasing the drop energy increases the depth of
penetration in Neat fabric while S4 samples remain similar.

N and $4 Stab Penetation Depeth N and S4 Stab Penetation Depeth
at0.74J at 1.47J
6 BN mS4 6 BN ES4
] ERR I - I 1
=4 54
A { | 2,
- ] I I I [ 2, I I I = =
0 0
0° 22.5° 45° 67.5° 90° 0° 22.5° 45° 67.5% 90°
(@) (b)

Figure 48: Comparison of dynamic stab resistance in terms of knife penetration depth for Neat and S4 samples, (a)
0.74 Jand (b) 1.47 J

The other observation is for both the fabrics showing no effect of KPA for both penetrated
energies. This may be attributed to the SA which cause distribution of impact energy in
multiple directions and hence similar response in all penetration directions was achieved. This
finding supports the fact that to achieve isotropic response, from multi-sheet stab resistance
textile, the stacking angle should be small enough such that, it distributes the penetration energy
in multiple directions.

6. Conclusions, Applications and Future Work
6.1. Conclusions

This research investigated the quasi-static knife penetration resistance (QSKPR) and dynamic
stab resistance (DSR) of single and stack of multiple sheets of woven fabric. The interaction
of fabric and knife was studied when penetration was performed in different directions. The
angle made between warp direction of the fabric and the knife cutting axis was called knife
penetration angle (KPA). The KPA was change at five different angles i.e. 0°, 22.5°,45°, 67.5°,
and 90°. For multiple sheet stack, Stacking Angle (SA) is the angle made between warp of each
consecutive sheet. For double sheet stack three SA (0°, 45°, and 90°) were investigated and
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best SA (45°) was investigated for DSR of eight sheets stack. To investigate the effect of
change in friction, the surface of fabric was modified with SiO2, TiO2 and Ozone with SiOa.
The effect of KPA and SA was investigated on QSKPR and DSR. Treated and untreated fabrics
was investigated for their comfort, mechanical and physical change on their surface.

A new approach to deposit SiO using water glass (WG) as precursor was discovered. Light
acidic medium used helped to deposit SiO2 on the surface of fibres. SiO> deposition was
confirmed using Scanning Electron Microscope (SEM), Fourier Transform Infra-red (FTIR)
Spectroscopy and Energy-Dispersive X-ray (EDX) Spectroscopy. The deposited layer adds
weight up to 8%, fills the pores, increases inter-fibre, inter-yarn and surface friction of the
fabric. Increase in the fabric friction was found to be directly proportional to the concentration
of WG. Ozone application improves the tensile strength and reduces the bending rigidity.
Before depositing SiO layer, pre-treatment with Ozone for 120 minutes achieves the similar
frictional characteristics, with better comfort. tensile strength and flexibility properties.
Presence of TiO2 on fabric surface was observed under SEM. TiO; particle deposited on fibre
surface from its aqueous solution require binding agent to fix with fibres surface. Without
binding agent, increasing concentration of aqueous solution of TiO. from 0.01 g/l to 0.5 g/l
does not improve the stabbing performance of para-Aramid fabrics.

It was found that increasing amount of deposited SiO- increases the QSKPR and DSR. With
40% WG solution increase in QSKPR and DSR was found to increase about 200% for all
KPAs. The response of fabric against QSKPR changed from partial yarn cutting to individual
yarn cutting in fewer steps and load was distributed to larger area due to increase in inter-yarn
friction and intra-yarn cohesion. The distance that cutting knife travelled for cutting
consecutive yarns was changed with the change in knife penetration angle that inversely
affected the QSKPR. The increase in friction of treated fabrics distributed the knife stabbing
load to neighbouring yarns. This distribution was complementary between warp and weft yarns
depending on knife penetration angle. The change in penetration angle changed the distribution
of stabbing load among the warp and weft yarns. The higher QSKPR was resulted when the
load was carried by both warp and weft yarns, at a penetration angle (67.5°) that actuated to
induce more stresses in the yarns with higher tensile strength and yarn to yarn friction.

The model was developed from Fourier function for QSKPR (Rst) response of each fabric for
various KPAs. The model fits well for all untreated and treated fabrics responses except for S4,
which showed least variations in QSKPR for different KPAs. Video analysis unveiled that yarn
present on blunt side of knife are fractured in yarn pull out while sharp edge of knife displaces
the yarn first, sliding over other yarns, and then fracture it in parts. SiO; treated fabric exhibited
presence of intra-yarn cohesion to persist partial yarn fracture to a larger extent than untreated
yarn, that showed absence of such cohesive force. The yarns of SiO treated fabric required
significantly lower strain than untreated fabric, showing higher modulus of rigidity. Yarn to
yarn friction was found to be higher in treated fabrics than untreated fabrics that required more
pull out force or higher resistance of yarn sliding.

Stacked setup of multiple sheets produced higher response of QSKPR and DSR due to more
contact area of fabrics interacting with knife and more time available to resist against the knife.
Stacking also provided ability of resisting textile to distribute penetrating energy in multiple
directions. Sheets stack at 45° SA was found to well distribute penetration energy and exhibit
higher QSKPR and DSR and, also, improved isotropy of stab resistance.

6.2. Applications

The essence of this project can be applied to any impact resistance application for resisting
against high-energy sharp-edged objects.

6.2.1. Kbnife stab evaluation
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For knife stab testing, it is suggested that at least three cutting angles with a difference of
22.5°be examined for homogeneity of stabbing response, either from warp or weft of the woven
fabric.

6.2.2. Stacking orientation

For the multiple-sheets stacks required for anti-stabbing systems, each sheet in the stack must
be rotated to orient yarn of different sheets at different angle i.e. 45° SA.
6.2.3. Ozone treatment and SiO> deposition method
The benefit of this research can be obtained by employing the deposition method developed in
this work using WG as source of SiO2 deposited layer. Ozone pre-treatment before SiO-
deposition on the fabric, can enhance the tensile strength of the yarns with lesser effect to
bending rigidity and porosity as compared to untreated fabrics.
6.3. Future Work

In future, more SAs can be verified to optimize for best knife stabbing response. Upon, such
knowledge a stab resistance solution may be developed.
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10.

Recommendation of the supervisor

Supervisor’s opinion on PhD thesis of Muhammad Usman Javaid, MIT
Date: 20.5.2019

Thesis Title: Knife Stabbing Resistance of Woven Fabrics

Doctoral Scholar: Muhammad Usman Javaid

The thesis titled ,Knife Stabbing Resistance of Woven Fabrics® submitted by Muhammad
Usman Javaid, MIT fulfils the objectives mentioned in this thesis. The work is comprehensive
and shows his analytical ability to design the research and to evaluate the theoretical and
experimental results. He has published work from his dissertation, in reputed impact factor
journals and has presented at various occasions.

This work includes the analysis of isotropy of knife stabbing of single and multiple sheets
fabrics. Para-Aramid woven fabric is studied in this work, whose surface friction is modified by
treating it with SiO,, TiO, and Ozone. Stabbing is complex phenomenon due to the
involvement of many variables. Many experiments are performed to measure the response of
various fabrics in five cutting directions. Multiple sheet stacks are also studied for
theirorientation at a specific stacking angle. Quasi-static and dynamic stab resistence is
measured. Various fabrics are also characterized for their surface topology, comfort, physical,
and mechanical properties.

The focus of the study is the dynamic and quasi-static stab resistance of fabrics at
differentcutting directions and stacking of sheets at different orientation directions. Results
reveal that when mechanical properties of warp and weft are significantly different the knife
stabbing direction may become significant. The coefficient of friction between yarns and
orientation o fangle of sheets has a direct impact on the fabrics® response. On higher friction
and 45° orientation of sheets, the knife stabbing direction becomes insignificant. Furthermore,
significantly higher response of quasi-static and dynamic stab resistence was observed that
increased by more than 200%. It was deduced to distribute the penetration energy in various
directions and clogs the knife penetration.

Formally, work is right, taken over parts of the text or images are properly cited and all sources
of literature are in agreement with arranged rules. Plagiarism checking on 20.5. 2019 prove no
relevant similarity to other work

This thesis is well written, and the quality of the graphs and tables is very good, and they are
well presented. The overal quality of the thesis is very good, and 1 recommend it for defence.

Liberec, 20.5.2019 Ing. Jana Salacové, PhD.
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11. Opponents' reviews

CESKE VYSOKE UCENi TECHNICKE V PRAZE

Fakulta stavebni
oddéleni pro védu a vyzkum
Thakurova 7, 166 29 Praha 6

e—mail: obhajoby@fsv.cvut.cz tel.: 224 358 736

Posudek disertaéni prace

Uchaze¢ Muhamad Usman Javaid

Néazev diserta¢ni prace Knife stabbing resistance of woven fabrics

Studijni obor Textile Engineering

Skolitel Ing. Jana Salagova, Ph.D.

Oponent Prof. Ing. Michal Sejnoha, Ph.D., DSc.

e-mail sejnom@fsv.cvut.cz

Aktualnost tématu disertacni prace

komentar: Scientific relevance of the submitted work

The present thesis is focused on the applicability of Aramid fiber based woven fabrics to provide
protection against knife stabbing. Unlike ballistic protection armor, which has been at the
engineering forefront for many years, the protection armor against sharp objects such as knifes
has received less attention. There is no doubt that personal protection against such attacks plays
an important role and as such the selected topic is up to date and certainly deserves attention.

[ vynikajici [X] nadpramérny [[] pramérny  [[] podpramérny [[] slaby

Splnéni cill disertacni prace

komentar: Goals of the work and their achievements

The main research objectives are clearly stated in Chapter 2. They arise from a literature survey
given in Chapter 1 and particularly from the state of the art Chapter 3, which in my opinion should
be part of the introductory section thus preceding Chapter 2. One may identify two principal
research directions aiming (1) at improving the yarn internal friction by suitably modifying the
fiber surface while not reducing the comfort properties and (2) at investigating the influence of
stabbing angle with the goal of providing the most optimal layup of several fabric layers. It is clear
from the overall summary provided in Chapter 6 and in particular from Chapter 5 presenting a
thorough discussion on the results of extensive experimental program that all goals were
successfully achieved.

[ vynikajici  [X] nadprimérny [[] pramérny [[J podprimérny [[] slaby

Metody a postupy Ffeseni

komentar: Treatment of the topic - methodical and conceptual approach

The methodical and conceptual approach is described in Chapter 4 presenting individual
approaches to the fabric surface treatment as well as the experimental program. For the sake of
clarity | would split this chapter into separate chapters combining the material section and
surface treatment in one while presenting the actual experimental program devoted to the
stabbing resistance measurement in a separate chapter. It might be the lack of my knowledge,
but | found some parts a bit unclear. The following items might be addressed during
presentation:

1. Section 4.2.2.2 - please explain how the strain of each yarn before rupture was measured.

LZ. Section 4.2.2.3 - it is not clear to me with respect to what direction the KPA was measured
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when assuming 8 sheets in Fig. 20(c) with 45 stacking sequence.

3. Section 4.2.5.3 - it is not clear to me how the bending experiment was performed for the fabric.
Neither the sample size is mentioned nor is the measurement of bending angle. The force unit
[9f] is also not a standard force unit. Please provide the relation to [N].

L] vynikajici  |[X] nadpramérny [[] pramérny [ podprimérny [[] slaby

Vysledky disertace - konkrétni pfinosy disertanta

komentar: Thesis results - author's specific contribution

The principal outcomes of the theses can be extracted from Chapters 5 and 6. The author clearly
identified the most optimal treatment of fabric surface, pointed out some dead ends such as the
surface modification by Titanium dioxide and thoroughly described the influence of stabbing
angle on the stabbing resistance. Unfortunately, similar to Chapter 4, there are some issues
which need some explanation. These include:

1. Table 10 — what is the reason for reducing the thickness in treated fabrics compared to a Neat
fabric? Are these fabrics stretched during treatment? This might certainly have some impact, e.g.
on bending rigidity. Please make a comment on that.

2. Table 11 — what type of fabric these results refer to? There is no comparison between treated
and untreated fabrics.

3. Figure 33 — it is not clear what KPA the plotted results refer to.
4. Figure 35 — it is not clear to what percentage of WG the results refer to.

5. Figure 36 — | suppose the notation 2ZS4 refers to the last read square only. How about 20%
WG, does that mean 2ZS3? Please explain.

6. Section 5.12. Do | understand correctly that the effect of stacking sequence has been
examined for the untreated fabric only? Why not for the treated fabric as well. That | would found
more important. Or perhaps | am missing something. Please make a breaf comment on that.

[ vynikajici  [[X] nadpramérny [[] pramérny [ ] podpramérny [[] slaby

Vyznam pro praxi a pro rozvoj védniho oboru

komentar: Extent of new knowledge and contribution to the practice

The thesis ceratinly shed light on a number of specific issues concerning the protection armor
againts sharp objects. But | am not an expert in this field so | suggest the author to give, during
the thesis defense, his own opinion on a potential applicability of the proposed surface treatment
in practice.

[ vynikajici  [[] nadpramérny [[] pramérny | ] podprimeérny [[] slaby

Formalni Gprava disertaéni prace a jeji jazykova uroven

komentar: Organization of the work and overall comprehensiveness

The thesis are written in good English with only few grammatical errors. It is well structured and
easy to follow. The only source of criticism is associated, as already mentioned, with insufficient
explanation of some procedures, variables or figures. The author should put more attention to
that when extracting a journal paper from the presented results. But even this drawback does not
reduce significantly the thesis high standard.

L] vynikajici | X nadpramérny [[] pramérny | [J podprameérny [[] slaby
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Pripominky

Comments:
Apart from comments raised already in the review sections "Treatment of the topic" and "Thesis
results" the following questions might be addressed in more details:

1. Can you please comment on a relatively high variability in bending rigidity observed in Fig. 28
for Neat fabric in comparison to treated fabrics?

2. Section 5.12.5 - please make a brief comment on the last sentence. In particular, what would
be your approach to the optimum design?

3. Section 5.13 - please make a brief comment on the last sentence. In case of QSKPR you
promote the 450 angle as most efficient in comparison to other SAs. So how is this related to the
requirement of a small stacking angle in case DSR? How about zero degree angle?

4. Should we be concerned with material aging, i.e. degradation of properties of treated fabrics
with time? How about the effect of temperature?

Zavérecné zhodnoceni disertace

Final statement:

Based on the submitted review, consisting of an assessment of the scientific relevance,
fulfillment of the goals of the work, the quality of treatment of the topic and the extent of new
knowledge, it is concluded that this work meets high quality standards.

As it complies with the requirements for a Ph.D. work, | recommend the thesis for further defense
and if successful to appoint Mr. M.U. Javaid the title

doctor (Ph.D.)

[Doporuéuji po ispésné obhajobé disertaéni prace udéleni titulu Ph.D. | ano X | ne[] |

Datum: 24.7.2019
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Review
Dissertation of
Muhammad Usman Javaid
called

Knife Stabbing Resistance of Woven Fabrics

Liberec, 29th July 2019 written by: doc. Ing. Lukas Capek, Ph.D.

1. Introduction

The thesis has 103 pages comprising graphs, figures and tables. The appendix contains the
bibliography and author’s scientific articles aiming to the topic of the work. The work has six
chapters that contains introduction following by independent research topics. The principle
goal of the work is to get a knowledge how woven fabric behave against change orientation of
knife stab and according to this knowledge increase the resistance properties of selected

woven fabric by changing the friction behaviour of individual fibres.

2. Comments to originality and aims of the work

The stab resistance of different textile fabric is a current topic with importance regarding the
increasing number of stab attacks worldwide. From the scientific point of view, the topic is
still open with many unsolved tasks. The aims of the work are well described in the chapter
two. However, the scientific hypotheses are missing. My opinion is that the scientific work

should have hypotheses. If not, it decreases the work to a general engineering issues.

3. Comments to the state of the art and methods used in the work

To my opinion the state of the art is insufficient. There are much more articles dealing with
stab resistance (AND/OR) textile fabric following standard scientific article websites. Some
of them are marginal, but some of them are completely focused on the same topic. Namely the
PhD thesis of Priscilla Reiners focused on Investigation about the stab resistance of textile

structures, methods for their testing and improvements could not be skipped in this work.
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The work flow of used methods is well described in figure 13. I really appreciated it.

The standardized tests are well described and there is no need for comments. On the other

hand, the individual yarn cutting resistance experiment is not described well. It is not clear

how the experiment was done. The figure 22 is misleading and there is no description what

letters in the figure mean.

Questions to author:

)

2)

Explain the individual yarn cutting resistance experiment. Mainly focus how you get
outcomes from this experiment (force and energy).
Can you explain why you provided the air permeability and surface feel properties

measurement? How these experiments are linked to your topic?

Comments to results

It is evident that the author provided a large number of experiments. Unfortunately, regarding

the number of experiments, the results are not well described.

Questions and comments to this section:

)
2)

3)

4)

5)

6)

7

8)
9)

Why you start your results with your last experiment?

Can y01; expléin why there is so high scatter in your results for neat fabrics and so low
for treated one (Fig. 28)?

Figure 41 — what means best of various samples?

Page 59 —“....QSKPR increase linearly with the increase in amount of Si0O3...”. |
cannot see it from fig. 40. Can you prove it?

Page 62 — why you make conclusion from experiment on sketch? How can one believe
it? Can you prove it on images gained from experiment? [s the knife really sliding on
the surface of the fabrics?

Page 63 — what do you mean by the expression “plastic deformation™?

Page 63 — what is the meaning of sentence “The ultimate tensile strength of yarns
removed from different fabrics...”?

Page 68 — figure 47 — units on vertical axis is missing.

Regarding comment 1 above in methods, can you explain the results in 5.9 more

deeply?
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5. Overall decision

[ invite the author to answer my questions during the defence of the work.

I recommend the work for defence

(Doporucuji praci k obhajobé)

doc. Ing. Lukaé Capek, Ph.D., v.r.

Technicka Univerzita v Liberci
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