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ABSTRACT

Despite numerous research investigations to understand the influences of various structural parameters,
to the authors' knowledge, no research has been the effect of different angles of incidence on stab
response and performance of different types of protective textiles. Three distinct structures of 3D woven
textiles and 2D plain weave fabric made with similar high-performance fiber and areal density were
designed and manufactured to be tested. Two samples, one composed of a single and the other of 4-panel
layers, from each fabric type structure, were prepared, and tested against stabbing at [0°], [22.5°], and
[45°] angle of incidence. A new stabbing experimental setup that entertained testing of the specimens at
various angles of incidence was engineered and utilized. The stabbing bench is also equipped with
magnetic sensors and a UK Home Office Scientific Development Branch (HOSDB)/P1/B sharpness engi-
neered knives to measure the impact velocity and exerted impact energy respectively. A silicon com-
pound was utilized to imprint the Back Face Signature (BFS) on the backing material after every specimen
test. Each silicon print was then scanned, digitized, and precisely measured to evaluate the stab response
and performance of the specimen based on different performance variables, including Depth of Trauma
(DOT), Depth of Penetration (DOP), and Length of Penetration (LOP). Besides, the post-impact surface
failure modes of the fabrics were also measured using Image software and analyzed at the microscale
level. The results show stab angle of incidence greatly influences the stab response and performance of
protective textiles. The outcome of the study could provide not only valuable insights into understanding
the stab response and capabilities of protective textiles under different angle of incidence, but also
provide valuable information for protective textile manufacturer, armor developer and stab testing and
standardizing organizations to consider the angle of incidence while developing, testing, optimizing, and
using protective textiles in various applications.
© 2024 China Ordnance Society. Publishing services by Elsevier B.V. on behalf of KeAi Communications
Co. Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/
4.0/).

1. Introduction

threat because it creates continuous damage by the cutting edges
during the stab event. This assault becomes more serious for

Recently not only ballistic threats but also an increased number
of attacks using knives, sharpened instruments, screwdrivers, and
syringes has been widely reported. Among the different stab
threats, cut, spike and puncture are considered the most difficult
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vulnerable personnel working in correctional institutions and first
responders including enforcement officers, bus drivers, ambulance
and correctional officers, bodyguards, etc. [1,2]. Even though most
modern and traditional ballistic armor packages offer some degree
of anti-stab protection, it is not usually claimed that ballistic armor
is stab proof. Besides, stab protecting gears has been used for
centuries made from different traditional stab resistant materials
such as metallic chain, paper, titanium foil layers and other rigid
materials such metallic sheets, ceramics, and composite plates,
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polymetric structure inspire by natural structure such as scales [3].
However, developing, testing and investigating an advanced stab
resistance material for protective armor has been a focus of sub-
stantial interest by various researcher for the past few decades
[4—6]. The stab capabilities of those protective textiles could be
influenced by various parameters. This section discussed about
different research which deals with the effects of various endoge-
nous (including material type and properties, fabric type, structure
and compositions, material chemical treatment and coating) and
exogenous parameters (such as testing conditions, impact velocity
and energy, blade shape and types, angle of incidence and so on) on
the stab response and performances of protective textiles. The ef-
fect of those different parameters on stabbing performances of the
materials were conducted based on various standards, mainly Na-
tional Institute of Justice (NIJ) [7] and UK standard: Home Office
Scientific Development Branch (HOSBD) [8]. Angles of incidence is
another exogenous parameter which could significantly impact the
stabbing response and performances of protective materials by
varying levels of stress and deformation on the material. Despite
the above standards have recommended testing of the stab pro-
tective textile materials at [0°] and [45°] angle of incidence, to the
authors' knowledge, no researcher have evaluated the effect of
different angles of incidence on the stabbing response and perfor-
mance of different protective textiles.

The current paper proposed a novel and unique experimental
set up and methodology for testing and evaluation of several angle
of incidence effects on the different 3D fabric structures and 2D
plain weave high performance protective textiles. Three different
structures of 3D woven fabrics were engineered and manufactured.
A total of eight samples, one composed of a single and the other 4-
panel layers, were prepared from each structure of 3D woven (f1, {2,
and f3) and 2D plain weave (2D) high-performance fabrics were
also prepared. The experimental stab testing was carried out under
conventional drop tower for impact using a highly reproducibility
testing apparatus. Besides, the testing bench was customized to
accommodate the different stabbing angle of incidences following
the HOSBD standard procedure. The apparatus uniquely applied a
damped drop mass with specific and standardized blades/HOSDB/
P1/B sharpness knife/dropped onto an unclamped fabric which is
placed on the backing material made of standard plastiline clay 'no
1'. All the applied characteristics of the experiment including
masses, velocities, and damping have been designed to mimic the
biomechanics of stabbing attacks, which have been studied and
proposed by different researchers [9—13] The stabbing response
and performances of each fabric specimen were complemented
using variables such as Depth of Trauma (DOT), Depth of Penetra-
tion (DOP), Length of Penetration (LOP) which were analyzed and
discussed for the tested fabrics. The Trauma and penetration vol-
umes were carefully printed by pouring the silicone 'RTV
181" + catalyst compounds after the test. The prints were then
scanned, digitized for precise measurement of impact volume,
length, width, and depth. The study also used macroscale photo-
graphs to analyze the impact surface failure modes mechanisms of
the fabrics.

2. Literature review

The type and properties of the materials will be the one that
significantly affects the stab response and performances of the
protective gear. For instance, the effects of hybrid fibers such as
aramid, basalt, and steel fibers on the stabbing performances of
body protective armor has been investigated [14]. It involves
various parameters including fabric density, fiber type, number of
layers, fabric weight on the tested specimens and the result shows
that the penetration depth decreases with the higher number of
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layers, the thickness, and the mass of the armor sample even
though it varies according to the material type. Other research also
examines the effects of fibre type (Kevlar®, Vectran®, and
Spectra®), weave architecture (plain, 3/1 twill, and 2/2 twill) and
stabbing direction on the quasistatic stab resistance of woven
fabrics. The result reveals that Spectra® and plain weave demon-
strated the highest stab resistance and further insights that fibre
type, weave architecture and stabbing direction have significant
roles (p < 0.05) in determining the stab resistance of woven fabrics
[15]. Various researchers have also investigated the influences of
fabric types, structure and panel arrangement on their stabbing
response and performance. With this regard, apart from its good
ballistic performance [16—19], mouldability and flexibility proper-
ties [20—22], 3D warp interlock structure becomes very interesting
to the low-velocity stab protection [23,24]. Another research also
tested and investigated the stab resistance of a warp-knitted spacer
fabrics using low-twist ultra-high molecular weight polyethylene
fibers and polyester monofilaments to understand the relationship
between stab performance and fabric density, thickness, and the
spacer structure [25]. Based on penetration force versus penetra-
tion depth result, thickness and density of warp knitted spacer
fabric and the compressive property of the spacer layer structure
were the main influencing factors on the stab resistance. Another
study also develops double-faced knitted p-aramid fabrics with and
without inlay yarns of tuck stitches of similar back and front faces
and compared with jersey and plush structures having same fibers
for stab performances test. The results revealed that the new
structure with inlay yarns shows better cut and stab performances
than other structures of similar mass per unit area and thickness
values [26]. An experimental investigation on different single and
multilayer triaxial weave fabrics (TWF) made of Kevlar 29, Vectran,
and polyester fiber and polyester knitted, and woven fabrics were
also compared to develop improved stab resistance body protective
vests. Fiber index was developed to evaluate its capability to absorb
the impact energy using punching resistant mechanism and low
velocity punching-resistant performance testing methods. The
result shows Vectran fiber with triaxial weave demonstrated higher
values of energy absorption when used in multilayer fabrics along
with flexibility and comfort [27]. Another study also shows an
improvement in absorbed knife impact energy by reducing slip-
page of the yarns inside the panel layers. This was achieved by
placing a layer of wool fabric on the top of the aramid panel. The
standard experimental test and optical evaluation using a digital
microscope showed that even though the results are also depen-
dent on the properties and pattern of the aramid fabrics, wool can
increase the stab resistance of body armor panels [28]. Another
study used a multi-layer pad, highly preformed woven nets and
triaxial fabrics as supporting layers to improve the puncher resis-
tance of protective fabric. The results indicate that the specific
puncture load is highest when using a silk stuffed pad supported on
high tenacity polyester net. Multi-layer silk fabric over para-aramid
triaxial weave fabric is superior to para-aramid plain weave fabric
[29]. Other researchers also studied the effect of the aramid core-
spun yarns on the stab resistance properties of the woven fabrics.
Aramid core-spun yarns with core to sheath weight ratio of 1-2.5
armor specimens with different fabric densities were prepared and
tested for knife impact test. The test results demonstrated that
fabric density of the panel could affect the stab resistance signifi-
cantly. The penetration depth of the impactor was associated with
the thickness and mass of the armor sample in different ways. The
stab resistance based on penetration depth of the impactor was
associated with the thickness and mass of the armor sample, where
there was an optimal level of the fabric density which reveals the
most effective stab resistance [30]. Another study claimed that the
effects of fabric elasticity and tension applied are considered as the
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major factors influencing the severance profile in the fabric
resulting from a stab attack [31].

Chemical treatments and finishing of the protective textiles
using various methods/solutions including thermoplastics [32—34],
carbon nanotubes (CNT) [35], shear thickening fluid (STFs) [36—39],
silica nanoparticles (SiOy) [40], or combinations of the above
[40,41] are also greatly influences the anti-stabbing properties of
different protective fabric. Researchers investigated thermoplastic-
Kevlar (TP-Kevlar) composites and thermoplastic (TP) impregnated
woven aramid fabric against static and dynamic puncture resistant
to tackle the low puncture resistance properties of Kevlar fabrics
[42,43]. Both fabric solutions revealed better puncture resistance
than their respective neat fabrics. Other researchers also investi-
gated the effects of treatment and impregnations of colloidal,
discontinuous STFs on different high performance fabrics in
different forms with their stab response and performances
[44—47]. The influences of the shear thickening fluid types on the
knife stab and puncture resistance performance has been also
investigated using a series of the STF enhanced fabrics [48]. The
result shows that knife stab resistance performance of the STF
strengthened fabric was dominated by hardness of the STF particles
and the fabric strengthened by the SiO, based STF exhibited the
highest knife stab resistance. However, fully STFs impregnated
panels with larger nanoparticle size and higher weight fraction
show better stab resistant performance in terms of maximum load
and total energy absorption. Similarly, different study also proved
that the knife stab resistance of STF threated soft ballistic body
armor fabrics with different parameter exhibit significant im-
provements over neat fabric targets of equivalent areal density
[49,50]. Another study also studied the effects of shear thickening
gel (STG) parameters, including reaction time, reaction tempera-
ture, and reaction ratio, on the rheological characterization and
mechanical properties of four-layer regular angle interlocking
fabrics (AIF) composites. The results show that the increase in STG
parameters accelerated the formation of B-O crosslink bonds
within the STG and increased the energy storage modulus of STG by
three orders of magnitude for a reaction temperature of 230 °C, a
reaction time of 9 h, and a reaction ratio of 12.5% [51].

Some researchers have also investigated the effects of various
exogenous parameters toward the stab performance and responses
of different soft protective textiles. For instance, a research has
studied the geometry type of the blade's stabbings influence on the
effectiveness of the penetration, once the sharpness of the cutting
blade and angle of the blade stabbing tip favors the impact [52].
Another research also investigated the penetrating severance
damage and the stab hole size and shape during stabbing process
[53]. A comprehensive analysis was conducted to evaluate the
cutting performance of knife blades and the cutting depth of paper
cards containing SiO, particles by steel blades based on a quanti-
tative model [54]. Another study has also been carried out to
determine the effect of blade handle size and shape on the forces
and impact energy that could be produced during stabbing of an
armored target. The result showed that the single largest variable
was that of the test participants with all other variables such as
handle size and shape having only slight effects on the magnitude
of impact energy [9]. The effects of the impacting media, stab and
puncture and the shear thickening fluid types was carried on the
developed shear thickening fluid enhanced fabric [55]. The result
revealed that the hardness of the particles was the dominant factor
for the knife stab resistance, while the inter-yarn friction played a
critical role for improving the puncture resistance. The influence of
fabric structures and stab angles on single pass stab impact and the
repeated and multi-angle stabbings of 3-dimensional (3D) warp
interlock structural fabrics based on the high-molecular-weight
polyethylene (HMWPE) yarns has also been investigated [23].
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Another research also tried to investigate the effects of the number
of layers, the impact energy, and the sample size on the stabbing
behavior of stratified panels made of aramid fabric Twaron SRM509
Teijin Aramid BV (Arnhem, The Netherlands) [56].

3. Materials and methods
3.1. Materials

To investigate and understand the effect of the angle of inci-
dence during stabbing of soft textile materials, three different ar-
chitectures of 3D woven fabrics, named as f1, 2, and f3 onwards
were designed and manufactured. While manufacturing, all the 3D
warp interlock fabrics (3D WIFs) were engineered with same ar-
chitecture (O-L-Orthogonal Layer-to-Layer), number of weft layer
(five weft layers), yarn types (high performance p-aramid with 930
dtex and 25 twists/m yarn with Z direction twist) but different warp
yarn binding structures. The average thickness of the five-layer 3D
WIFs recorded in a range of 1.42—1.62 + 0.35 mm for the different
architecture with same mass per unit area of 970 + 5 g/m?. Besides,
the commercially available Twaron CT-709 2D woven fabric by
Teijin Aramid, named as 2D onwards, made of similar yarn type,
and composition with the manufactured 3D WIFs were also used in
the study for comparison. A one ply of 2D woven fabric measures
0.3 + 0.35 mm thickness (5 ply of 2D will have 1.5 + 0.35 mm
thickness) and its areal density was also of 970 g/m? for five ply
fabrics. The general definitions of the different proposed 3D WIF
structures are described below.

e 3D WIF - Orthogonal layer-to-layer (O-L) 5 1-2 4 Binding {Plain
weave} - 0 - Stuffer (f1 fabric)

e 3D WIF - Orthogonal layer-to-layer (O-L) 5 1-2 4 Binding {Plain
weave} - 4 - Stuffer (f2 fabric)

e 3D WIF - Orthogonal layer-to-layer (O-L) 5 1—4 4 Binding {Plain
weave} - 4 - Stuffer (f3 fabric)

e 5 layers of 2D-woven fabric, plain weave (2D fabric)

The intended 3D warp interlock fabric structures were produced
with controlled conditions using a semi-automatic and customised
ARM dobby weaving machine. To produce a lower degraded 3D
fabric, the machine was set-up with the twenty-four shafts where
each Heald shaft were engaged and corresponds with one warp
beams. The weaving systems were also equipped with a horizontal
bar with guiding hole to accommodate and passing each warp yarn
to the weaving zone to avoid overlapping and friction among one to
other. The average thickness of the preforms were precisely
measured using SODEMAT textile micrometre with electromag-
netic sensor to determine the distance between the two plane
surfaces under the action of an adequate mass with the good pre-
cision (approximately 3%) according to ASTM D 1777—96 (2007)
[57]. The geometrical structure of the proposed architectures is
shown in Fig. 1.

3.2. Sample preparation, stab testing principles and stab impact
measurement

3.2.1. Sample preparation

A total of eight variants of test specimens, which comprises two
distinct categories based on their number of layer composition
were prepared. For example, the first four samples comprising a
total of 5 weft yarn systems and the other four samples made from
a total of 10 weft yarn systems from each fabric types (f1, f2, f3, and
2D). The first four samples made from a single panel (5 weft yearn
systems) of each 3D woven fabrics (f1, f2, and f3) and the 5 layers of
2D woven fabric are designated as [f1]1, [f2]1, [f3]1, and [2D]1
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Fig. 1. The geometrical structures of the different 3D WIFs {f1, f2 and f3} and 2D plain weave fabric {2D} architecture.

respectively. The other four sample which are made from four
layers of each 3D woven fabrics (f1, f2 and f3) and twenty layers of
2D woven fabrics are designated as [f1]4, [f2]4, [f3]4, and [2D]20
respectively. Each sample in their respective categories have an
equivalent areal density. For example, samples {[f1]1, [f2]1, [f3]],
[2D]1} and {[f1]4, [f2]4, [f3]4, and [2D]20} have an areal density of
approximately 970 and 1940 g/m? respectively. All the samples
were precisely cut using an electric cutter dedicated for high per-
formance fabrics and prepared with squared 100 mm x 100 mm
operating areal dimensions for stab resistance test as shown in
Fig. 2(a). The stab test was repeated five times for each of the eight
types of protective fabrics. Since the results of stabbing behaviours
of textile materials can be greatly affected by the amount of
moisture present in the materials, the sample specimens were kept
under standard conditions of relative humidity (65 + 4.0%) and
temperature (20 + 2.0 °C) as recommended by ISO 139—-2005, prior
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and during the test. This is due to the change of environment hu-
midity could strongly influence the stabbing behavior of the tested
fabric because of the modification of the friction behavior between
the stabbing tool and the textile materials. Unlike a single panel
sample, the four panels' samples of each fabric type were aligned
together and finished using scotch tape only at the edge with same
yarn direction (0°) before testing as shown in Fig. 2(a).

3.2.2. Drop tower stab testing equipment and testing procedures
The drop tower impact test system was used to test the stabbing
performances of the specimen as shown in Fig. 3(a). The test was
carried out according to the UK Standards: Home Office Scientific
Development Branch (HOSBD) which is the standard stab test for
protective armor. The test was carried out under the principle of
falling of blade knife in specified height with its own weight in-
fluence (gravity) to generate energy for impact. The stab testing
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Fig. 2. (a) Some of the prepared specimens from different fabric types; (b) Electric oven for temperature regulations of the backing material; (c) Specimen set on the top of backing

materials/plastiline holder pot ready for the stab test.
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Fig. 3. Stabbing tests experimental system: (a) Photograph; (b) Its schematic view of the stabbing test bench; (c) Detailed elements of the schematic diagram of the HOSDB P1B

knife blade for stabbing test (dimension in mm).

machine mainly consists of three main parts namely the galvanized
aluminum frame, the carriage, and the sample support. The frames
are responsible for holding two vertical rails to guide the carriage,
sample support and all the accessories used for automation. The
carriage is also used to support and fix the different blade types in
its lower part. Even though the mass of the carriage unit is fixed for

(b)
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(c)

different blade types, its mass can also be increased by adding some
weights on the support to adjust the required energy for impact.
The blade is fixed to a carriage that carries tools which can slide
along two vertical rails by means of a connection slide with negli-
gible friction. The height of release as well as the mass of the car-
riage can be adjusted to test several energies of impact and impact
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speeds. The speed is being measured by a magnetic sensor on the
lower part of the perforation bench. To achieve such potential en-
ergy for the impact process, the different parameters including the
falling height and mass of the impactor should be known. Then, it is
determined with the assumption that the blade knife falls without
creating friction forces at the rails using Eq. (1).

Whot = m*g*h (M
where, W is the potential energy, m is the mass of the blade plus
the holder, kg, g is the acceleration due to gravity, m/s® and h is the
falling height, m.

At the beginning, different impact energy 2.07, 4.76, 7.24,12,24]
were selected to test the specimens as preliminary test. This helps
to understand the resistance capacity of the prepared specimens for
better analysis. Those different potential energy were achieved by
dropping a 2.11 kg base mass of the blade knife plus holder at the
different falling height. The different fall height was calculated
using Eq. (2) as follows:

_ Whot

h_m*g

(2)

The different height set to generate the above impact energies,
2.07,4.76, 7.24,12, and 24 ], are found to be 116, 230, 350, 580, and
1160 mm, respectively. After testing, some of the larger impact
energies were found to be too high for the specimen to resist, while
others were too small to yield visible differences among the spec-
imens after testing. Thanks to this preliminary result, a constant
impact energy of 7.24 J, where a 2.11 kg blade knife plus holder falls
from a height of 350 mm, was found appropriate for assessing each
specimen to identify differences between the various fabric speci-
mens and understand the effect of angle of incident on their
stabbing performance. An HOSDB/P1/B sharpness knife blades
which have a total length of 100 mm, the edge of cutting length of
33 mm, and the blade thickness of 2 mm were used. Its detailed
descriptions and dimensions are illustrated in Fig. 3(c) [16]. Even
though the study follows the UK standard: HOSDB Body Armor
Standard testing procedures, the applied energy was much lower
than the one considered in the standards of personal protection
analysis for real armor vest due to the lesser plies of textile fabric
used during the stabbing test to understand the angle of incidence
effects. The backing material which consists of a particular
modelling clay designed to resemble the body texture called 'Roma
Plastiline® No.1' was used to support the specimen as shown in
Fig. 2(c). The backing materials will receive the stab impactor
during the test which aides to further analyze the stabbing per-
formances of the materials including trauma and severity of the
penetration. The backing materials were filled into a 135 mm
diameter, 2 mm thickness, and 95 mm height supporting circular
pot. Each supporting pot filled with the Roma Plastiline® No 1 shall
be conditioned in a heated enclosure for at least 3 h at a temper-
ature above 30 °C as shown in Fig. 1(b).

The actual conditioning temperature and recovery time be-
tween each strike has been determined through calibration based
on the HOSBD standards. The width and thickness of the stabbing
blade were positioned along the warp and weft yarn directions
respectively as shown in Fig. 4(a). Each test specimen was kept
freely on the top of backing materials, and the strike was performed
at center with similar positions as shown in Fig. 4(b). Besides, the
specimens were tilted along the warp direction to achieve the
different angle of incidence during testing as shown in Fig. 4(c).
This procedure was suggested to imitate the real scenario of stab
attack on the protective vest. Apart from impact energy exerted and
type of the blade used, stabbing angle of incidence could bring an
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effect on the final blunt trauma and penetration depth. To under-
stand such effect, a new plastiline holder bench was designed to
accommodate different angle of incidence [0°], [22.5°], and [45°]
while stab testing. Angle of incidence is the angle formed between
the line of flight of the drop mass and the perpendicular line to the
plane tangent to the point of impact. For example, for a perpen-
dicular stab impact, the impact angle will be 90° to surface and its
corresponding angle of incidence will be [0°]. This indicated that
the striking line of the blade is aligned perpendicularly to the top
impact surface of the test specimen as shown in Fig. 4(b) (top
picture). Other angles of incidence have been obtained by changing
the positions of plastiline holder bench by changing the angle of
plastiline holder bench without changing the striking positions of
the blade (which is always vertical). For instance, [22.5°] and [45°]
angle of incidence was achieved by tilting the customized plastiline
holder with respective degree at the bottom as shown in Fig. 4(b)
(middle [22.5°] and bottom [45°]). However, if the test specimen is
kept at the center of the pot for different angles of incidence, the
total mass dropping height could be varied. For example, the total
mass dropping height for [22.5°] angle of incidence will slightly
lower than that of [45°] due to a little down shift of the strike point.
Such increments of the drop height could slightly increase the
impact energy and might affect the comparison result. To avoid this,
the position of the specimen on the backing material has been
adjusted for both [22.5°] and [45°] angle of incidence to achieve
same total drop height as [0°] angle of incidence. By this way it is
possible to have the same impact energy applied for all specimen at
different angles of incidence. Moreover, similar principles were
considered while testing specimens having different thickness for
better comparison. Fig. 4(c) shows the schematic diagram of the
line of the knife blade impact of the test specimen at different
angles of incidence.

3.2.3. Stab resistance measurement systems

During stabbing of soft textile materials, the knife first damages
the material and then creates either a trauma, perforation or/and
penetration at the back. Such phenomenon could be affected by
different parameters including type and parameters of materials,
type of the knife, the striking energy, impacting angle etc. In this
study, the influences of different angles of incidence on the per-
formances of materials based on deformation created at the back
and fabric damage are investigated. During perpendicular [0°]
impact of the materials, two possible behaviors at the backing
material could occur according to the reaction of the protective
textile. Such stabbing depth can be divided into two parts, depth of
penetration (DOP) and depth of trauma (DOT) as shown in Fig. 5(c).
The two values could be directly measured from the backing ma-
terials. The DOT measures between the top surface of the fabric till
the beginning of the penetration surface. On the contrary the depth
of trauma (DOP) is the distance between the start of the penetra-
tion point to the bottom tip of the blade. On the other hand, the
stabbing depth will be different when the specimen stroked with
an angle, for instance [22.5°] and [45°]. Unlike the perpendicular
impact [0°] angle of incidence, the angled strike (#) will possess two
different kinds of trauma depth in either side of impact, namely the
shorter depth, DOTs, and the longer depth DOT; as shown in
Fig. 5(d). The longer trauma depth (DOT;]) will be created on the side
where more blade surface is in contact with the specimen and
backing material. Besides, there are two measurements for pene-
tration of the blade knife. The first is the perpendicular distance
measured from the top surface of the fabric, where penetration
started to the tip of knife blade. The other, length of penetration
(LOP), is the total slant length of penetration along the edge line of
the blade knife. Penetration width (PW) is the widest width created
by the knife during penetration. Such width of penetration occurs
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Fig. 4. Stab testing procedure: (a) Tested specimen and the direction of stabbing knife with respect to the yarn direction; (b) Positioning of the specimen holder; (c)its schematic
view of stabbing and impact position of the test specimen at different angle of incident ([0°], [22.5°], [45°]).

mostly at the beginning of the penetration. Following each stab test,
the specimen holder pot filled with Roma Plastiline® No.1 will be
taken out from the stabbing bench and placed on a horizontal plain
surface. Subsequently, the tested specimen will be carefully
removed from the backing material to prevent damage to both the
deformed backing material and the specimen. This procedure en-
sures accurate stabbing deformation measurements and maintains
the integrity of the specimens for further analysis. After removing
the tested specimen, the backing material with stab deformation is
kept at room temperature. Fig. 5(a) depicts the top surface and its
Back-Face Signature (BFS) state of the Plastiline® after stabbing
impact. Different high division scales like Vernier caliper or digital
microscope methods could be also employed to measure stabbing
deformation such as DOP, DOT, trauma diameter after stabbing.
Besides, due to its convenience and better accuracy, other re-
searchers have also used silicon to capture the final shape of the
blade and fabric deformation into the plastiline for measuring the
various trauma variables directly on it [23].

Subsequently, the mixed silicon compound was carefully poured
dropwise with the spatula into each deformed plastiline as shown
in far-right picture in Fig. 5(b) to obtain the required prints of the
trauma (Fig. 6). During pouring, it is also very crucial to ensure that
the silicon compound completely flows into the deformed hole and
fills the trauma completely and accurately up to the top surface
edges of stab deformation. Besides, like plastiline preparation, it is
also very important to avoid air bubbles emerging while pouring
the silicon compound to the deformed plastiline during the test.
After pouring into the trauma, the silicon compound should stay in
the backing plastiline hole for approximately 30 min for curing
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before further measurement and analysis. Once the silicon print
was obtained, it was possible to scan it in 3D, transfer to the 3D
Design concept software and precisely measure the different
trauma variables less than 0.01 mm error as shown in Fig. 6.

For example, in the case of perpendicular impact (0° angle of
incidence), the Depth of Penetration (DOT) can be easily measured
by determining the distance between the top surface of the silicon
print and the beginning of the penetrated material (Fig. 6(a)).
Additionally, the maximum surface deformation or damage di-
ameters of the BFS can also be measured both in the knife width
(Xmax) and thickness (Ymax) direction by assessing the top surface of
the silicon print as shown in Fig. 6(a). While the material's stab
resistance is primarily determined by the Depth of Penetration
(DOP), where a higher penetration depth indicates lower stab
resistance [16], this relationship may not hold true in cases
involving angled impacts. This discrepancy arises because, unlike
perpendicular impacts, the Length of Penetration (LOP) does not
necessarily match the Depth of Penetration (DOP), as illustrated in
Fig. 6(c).

4. Results and discussion

While the perforation of the textile fabric by the blade, there will
be two possibilities, the first is when the anti-perforation protec-
tion is rigid (there is no displacement of the modelling clay) and the
second one is if the anti-perforation protection is flexible, where
there is displacement of the modelling clay. In this study, the
sample material is flexible and follows the perforation of a flexible
structure as shown in Fig. 5.
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Fig. 5. The Back-face signature (BFS) deformational principle during stabbing test: (a) The back-face signature (BFS) or deformations of backing materials after stabbing; (b) Filling of
the backing material deformation with Silicon to print the BFS; (c) Schematic diagrams during stabbing to show the deformation of trauma (DOT) and penetration (DOP) at

perpendicular stabbing (0°) and (d) at angled (22.5° or 45°) stabbing.

4.1. The effect of angle of incidence and fabric structure on stabbing
performances

In general, three different stages might occur while the knife
attacks the protective materials. First it creates indentation on the
back of the surface, second it will perforate the materials surface,
then lastly will create penetration. However, the number of
different stages created will depend on the amount of energy
exerted by the knife and/or the performance of the protective
materials. Therefore, in some cases, there is only either one stage,
indentation, or two steps, indentation, and perforation, might occur
during stabbing-resistant materials that they do not been pene-
trated by the knife during the stabbing impact.

To test the effects of angle of incidence and the fabric type on
stabbing performance, a Two-Way ANOVA was employed. The
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results, presented in Table 1, indicate the statistical significance of
angle of incidence and fabric types on the depth of trauma (DOT)
and depth of penetration (DOP) during stabbing resistance tests.
Based on the result, a p-value less than 0.05 leads to the rejection of
the null hypothesis, thereby confirming the significant effect of the
variables or their interaction at a 95% confidence level.

Our investigation shows that the effects of both angle of inci-
dence and fabric type are significant, as the P-values for both var-
iables are less than 0.05. For the angle of incidence, the F-value
(1659.33) greatly surpasses the F critical value (3.124), with a P-
value much smaller than 0.05, confirming its significant effect on
DOT and DOP. Similarly, for fabric type, the F-value (583.54) far
exceeds the F critical value (1.92), with a P-value much smaller than
0.05, indicating a significant impact on DOT and DOP. Additionally,
the interaction between fabric type and angle of incidence is
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Fig. 6. (a) Top view of the maximum surface damage diameters of the BFS; (b) Side views of the perpendicular impact (0°angle of incidence); (c) Angled impact (45° angle of
incidence) of stabbing deformation printed with Silicon and its corresponding 3D scanning.

Table 1

ANOVA analysis table.
Source of Variation Sum of Squares Degree of freedom Mean Square F-value P-value F crit
Fabric type 4175.42 11 379.58 583.54 1.06425 x 10755 1.92
Angle of incidence 2158.74 2 1079.37 1659.33 593947 x 106! 3.12
Interaction 11046.78 22 502.13 771.92 1.28915 x 1076 1.69
Within 46.84 72 0.65
Total 17427.78 107

significant, as evidenced by an F-value (771.93) much larger than
the F critical value (1.69) and a P-value much smaller than 0.05. This
interaction signifies that the effect of fabric type on DOT and DOP is
dependent on the angle of incidence. In general, there is a statis-
tically significant effect of fabric type, angle of incidence, and their
interaction on the two stabbing performance metrics, DOP and
DOT.
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Given the significant interaction effect, further analyze was
performed to understand how each fabric type behaves at different
angles of incidence in respective of DOP and DOT. Fig. 7 illustrated a
compelling interaction analysis on the effect of angle of incidence
on stab performances measured by both the DOT and DOP for a 2D
fabric (2D) and three distinct types of 3D fabrics (f1, f2, and f3). It
offers crucial insights on how varying angles of attack influence the
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tested specimens made of 5- weft systems of different fabric structure with specific
angle of incidences ([0°], [22.5°] and [45°]).

protective fabric's ability to withstand and mitigate stabbing forces.
Firstly, the data reveals a clear trend regarding the DOT across
different angles of incidence. As the angle increases from [0°] to
[45°], there is a noticeable escalation in the depth of trauma
inflicted on the fabrics. This observation suggests that higher angles
of incidence result in greater trauma to the material, indicating a
reduced ability to absorb and distribute the impact energy effi-
ciently. The escalating DOT values underscore the fabric's increased
susceptibility to damage as the angle of attack becomes more acute,
highlighting a crucial aspect of material behavior under stabbing
forces. On the contrary, the analysis of the depth of penetration
unveils an intriguing pattern. At [0°] angle of incidence, the depth
of penetration is notably high, indicating that fabrics face a signif-
icant risk of puncture and shear force when subjected to a
perpendicular angle of attack. This finding aligns with the intuitive
understanding that forces directly opposing the fabric's surface are
more likely to penetrate deeply. Surprisingly, the data reveals that
at [45°] angle of incidence, the depth of penetration is also rela-
tively high, suggesting that acute angles of incidence can still lead
to substantial penetration despite the reduced trauma depth. This
phenomenon may be attributed to the nature of the force distri-
bution and the fabric's response to oblique impacts. Remarkably,
Fig. 7 also shows that at [22.5°] angle of incidence, the depth of
penetration is consistently lower for all fabric types compared to
both [0°] and [45°] angle of incidence. Furthermore, different
stabbing impact behaviors were observed among various types of
protective fabrics. For instance, at a [0°] angle of incidence, both 2
(composed of 50% binding and 50% stuffer yarn in the warp yarn
system) and f3 (comprising 33.5% binding and 66.5% stuffer yarn in
the warp yarn system) demonstrate better stab performance in
terms of DOP, measuring 25 mm and 26 mm, respectively,
compared to f1 (comprising 100% binding yarn in the warp yarn
system) with a DOP of 37 mm. However, all three 3D fabrics (f1, f2,
and f3) exhibit equivalent stabbing performance capabilities when
tested at both [22.5°] and [45°] angles of incidence. This indicated
that the involvement of stuffer yarn in the warp yarn system could
enhance the shear resistances of the fabrics, which is crucial for the
stab performance. This observation implies that intermediate an-
gles of incidence offer a degree of protection against penetration,
presenting an interesting finding for fabric designers and engi-
neers. While the exact mechanisms behind this phenomenon
warrant further investigation, suggesting that certain angles may
optimize the fabric's ability to resist knife stabbing without
compromising the overall stab performance. Based on the above
result, the angle incidence on stab performances provides valuable
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insights into the complex interplay between fabric structure, force
application, and material response. It underscores the importance
of considering angle effects in designing protective textiles and
highlights potential strategies for enhancing stab resistance across
different angles of attack.

Fig. 8 provides a comprehensive analysis of the impact of angle
incidence on stab performances, specifically measured through the
length of penetration (LOP) for both 2D and three distinct types of
3D fabrics. LOP, defined as the length of penetration of the blade
along its edge, serves as a crucial metric for evaluating the fabrics’
resistance to stabbing forces under different angles of attack. The
findings elucidate intriguing variations in LOP values across varying
angles of incidence and fabric types, offering valuable insights into
material behavior and performance optimization.

For the 2D fabric specimen, the analysis reveals distinct trends
in LOP values at different angles of incidence. At [22.5°] angle of
incidence, representing a slight acute angle of attack, the LOP
values are notably higher compared to other angles. This observa-
tion suggests that the 2D fabric is more susceptible to deep pene-
tration when subjected to direct perpendicular forces. Surprisingly,
the LOP values at [45°] angle of incidence are also relatively high,
indicating that a very high acute angles of incidence can still lead to
significant blade penetration. However, the most intriguing finding
emerges at [0°] angle of incidence, where the LOP values are found
to be minimum. This suggests that intermediate angles of incidence
offer a degree of protection against deep penetration, highlighting a
potential optimization strategy for enhancing stab resistance in 2D
fabrics. In contrast, the analysis of LOP for the 3D warp interlock
fabric specimens presents a different picture. Even though the
trend is similar, the LOP values of all three fabric types (f1, f2, and
f3) show higher values compared to their counterpart 2D sample in
their respective angle of incidences. However, the values at [22.5°],
followed by [45°] angle of incidence were higher than at [45°] angle
of incidence. This indicates that these fabric structures exhibit
greater vulnerability to blade penetration at these acute angles of
attack.

Interestingly, the LOP values are found to be lower for the
perpendicular angle of [0°] angle of incidence, suggesting that three
different 3D fabrics (f1, f2, and f3) offer relatively better resistance
to stabbing forces when subjected to direct perpendicular impacts.
Overall, the analysis of LOP values underscores the complex inter-
play between fabric structure, angle of attack, and stab perfor-
mance. While 2D fabrics (2D) demonstrate varying susceptibility to
blade penetration across different angles of incidence, the different
3D fabrics exhibit distinct patterns influenced by their specific
structural characteristics. The detailed analysis of Fig. 9 provides
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Fig. 8. The maximum Length of Penetration (LOP) along the blade edge of the tested
specimens made of 5- weft systems different fabric structure with specific angle of
incidences ([0°], [22.5°] and [45°]).
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valuable insights into the comparisons of maximum trauma mea-
surements on the surface of backing materials during stabbing,
considering both the maximum knife width and thickness di-
rections. By examining the effects of different angles of incidences
[0°, 23°, and 45°] on various fabric specimens, including 2D and f1,
f2, and f3, the analysis shows interesting patterns in trauma values
and their directional preferences. One prominent observation
highlighted in the analysis is the consistent trend across all speci-
mens, where the maximum trauma surface values are consistently
higher in the knife width direction compared to the thickness di-
rection. This trend underscores the importance of fabric structure
and orientation in determining vulnerability to stabbing forces,
with fabrics exhibiting greater resistance along the thickness
dimension. Examining individual specimen responses to different
angles of incidence reveals nuanced variations in trauma surface
values.

For instance, specimen 2D at [45°] exhibits a maximum trauma
surface value of 42 mm in the knife width direction and 25 mm in
the thickness direction. In contrast, specimen f1 at [22.5°] angle of
incidence shows a maximum trauma surface value of 25 mm in the
knife width direction and 22 mm in the thickness direction. This
demonstrates how the angle of incidence influences trauma dis-
tribution on fabric surfaces, with varying degrees of impact in-
tensity. Further analysis reveals a notable effect of angle of
incidence on maximum trauma surface values, particularly in the
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knife width direction. For specimens 2D, f1, and f2, similar trends
are observed, with maximum trauma surface values peaking at
[45°], followed by [22.5°] angle of incidence. Conversely, the [0°]
angle of incidence consistently yields minimum values for these
specimens. For instance, in the knife width direction, specimen 2D
exhibits maximum trauma surface values of 35 mm, 36 mm, and
42 mm at [0°], [22.5°], and [45°] angle of incidence, respectively,
illustrating the impact of angle on trauma distribution. Interest-
ingly, specimen f3 deviates from this trend, displaying similar
maximum trauma surface values in the knife thickness direction
across all angles of incidence. This suggests that the structural
characteristics of f3 may render it less sensitive to variations in
angle compared to other specimens.

Other ways of examining the effect of angle of incidence on the
materials stab performance is by analyzing the post impact fabric
failure mode. Fig. 10 illustrates both the side view and the specific
perforated area from the bottom of the specimens. In general, when
stabbing occurs, the fabric damage being caused as the blade runs
along the specimen. During the impact process, part of the strike
energies is absorbed by the specimen while the rest is transmitted
beyond to the backing material (plastiline). Since the current study
considers a single-stab test, a slash cut would not be expected to be
generated by the swinging motion of the blade. As shown in Fig. 9,
all the test specimens made with a single panel fabric were totally
penetrated regardless of the type of fabric tested. However, the
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perforated hole on the fabric along the blade thickness was found
higher at the 2D fabrics compared to all other 3D WIFs. Comparing
the 3D WIFs structure, f1 specimen shows higher perforation
width, 8.9 mm, and 7.1 mm both at [0°] and [22.5°] angle of inci-
dence respectively as compared to all other fabric specimen types.
On the contrary, except for the [45°] angle of incidence, specimen 2
revealed a lower impact perforation failure in the knife width di-
rection compared to other fabric specimens. This is due to the
involvement of higher surface contact of the knife edge in the
grinding direction with the fabric while perforation. This results in
a higher amount of exerted energy concentrated on the specified
area in which lower fabric surface or number of yarns are involved
to distribute and absorb the impact energy. However, when the
same fabric specimen is tested for different angles of incidence, the
2D fabric specimen barely shows significant difference among the
various angles of incidence. It can also be inferred from the images
of fabrics post impact that higher number of yarns are both pulled
out and then faced yarn rupture in case of the different 3D woven
fabric compared to 2D fabric specimen regardless of angle of in-
cidences. This is due to the involvement of binding warp yarn in 3D
woven fabric, which exhibits more deformation at the back before
being cut by the knife, unlike the 2D plain woven fabric. A knife
blade will cut the constituent yarns of the protective fabric during
penetration, which can relate to more shearing than tensile

78

Defence Technology 44 (2025) 67—82

P 2
*All values
are in mm

Fig. 10. The side views of tested fabric, the zoomed area at the failure area of post impact, and its measured values (in mm with +0.05 mm error) at the knife width (vertical) and
thickness (horizontal) direction of different fabric types ([2D], [f1], [f2] and [f3]) (a scale of 10 mm) made of one panel at different angles of incidence ([0°], [22.5°] and [45°]).

properties of the yarn. Due to this, within the different 3D woven
fabrics (f1, f2, and f3), the higher involvement of binding yarn
composition results in more tensile deformation than shearing
properties. In other words, the orientation of the binding warp
yarns in the 3D woven structure is more closely aligned with the
direction of the knife than the stuffer and weft yarns, resulting in
reduced resistance to shear. Furthermore, the friction coefficient
between the binding warp yarns and the knife blade is low, thereby
not significantly contributing to the absorption of impact energy. As
a result, f1 which constitutes all binding yarn in warp yarn system
exhibit higher amount of yarn pullout and shearing followed by {2,
a fabric with equal composition of binding and stuffer yarn in warp
yarn system. Whereas, 3D woven fabric, f3 shown less yarn pull out
and then shearing due to the involvements of higher amount of
stuffer yarn as compared to binding yarn in their warp yarn system.
In this case, the fibers are cut immediately while facing the knife
where you will see a lot of fibrillated yarns on the failure area.
Furthermore, it is seen from Fig. 9, corresponding to 3D and 2D
woven fabric, that the post impact failure mode of the fabric at
[45°] angle of incidence was exclusively complete cutting of the
yarn, with lesser yarn pullout and fibrillation. In contrast, at both
[0°] and [22.5°] angle of incidence, the post impact failure mode of
the fabric showed both yarn pullout and fibrillation.
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4.2. Effect of angle of incidence with different panel layer on stab
performances of 2D/3D fabric

It is known that as the higher number of layers involved in the
protective panel, the higher stab protection will be achieved while
stabbing, particularly at perpendicular direction [0°] angle of inci-
dence. However, it is not yet investigated how the number of layers
involved within the protective panels behaves while stabbed at
different angles of incidences. This section will discuss the effects of
different angle of incidence, [0°], [22.5°], and [45°] while stabbing
the single and four panels of the different 3D fabric types (f1, f2, and
f3) and 5 layers (equivalent to one panel of 3D fabric specimen in
areal density) to 20 layers of 2D fabrics (2D) (equivalent to four
panels of 3D fabric specimen in areal density). Fig. 11 shows the
effect of different stabbing angle of incidence [0°], [22.5°], and [45°]
on the maximum surface trauma both in the knife width (Xpax) and
thickness (Ymax) direction of different tested specimens made with
a single and four panels of 2D and 3D fabrics. As shown in Fig. 11,
the values of the surface trauma in the knife width (Xphax) direction
show higher values as compared to the knife thickness (Ymax) di-
rection regardless of the angle of incidences and type of fabric
involved. However, except for Yax values of specimen 2D, f1, and 2
tested at [22.5°] angle of incidence, the values of the trauma on
both knife directions revealed higher values as the number of layers
involved became higher for the different fabric type specimens.
This is because, most of the strike energy has been directly
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absorbed by the specimen and distributed in larger surface area
when involved higher number of layers. On the contrary, in the
lower number of layer involvement, it is obvious that the impact
energy faced lower contact areas and smaller amounts of fibers
while passing through the fabric which resulted more penetration
rather than creating trauma on the surface. The angle of incidence
also has a significant impact on the values of the surface trauma
marked on the plastiline at the back with different fabric speci-
mens. Specifically, except specimen f3, other specimen 2D, f1, and
f2 made with single panels of their respective fabric types revealed
higher surface trauma value of 30, 22, and 20 mm respectively in
knife thickness direction, Ymax, at [22.5°] angle of incident as
compared to 0 and [45°] angle of incidence.

As the number of panels increased to four for the tested speci-
mens, the maximum surface trauma values in knife thickness, Ymax
were recorded as 35, 35, and 40 mm for 2D, f1 and f3 specimens
respectively at 0° angle of incident. Like the Ypax, the maximum
surface trauma measurement in knife width, X;,2x was recorded as
36, 32, 33, and 31 mm for the 2D, f1, f2, and f4 specimen respec-
tively at a [22.5°] angle of incidence. On the contrary, as the number
of layers increases, its surface trauma was measured as 40, 40, 35,
and 50 mm for 2D, f1, f2, and f4 specimens respectively at [0°] angle
of incidence. In general, the linear measurements of the maximum
surface trauma width, X2, created on the back of the tested
specimens were found to be higher as the number of panels
involved in the test specimens increases for different angles of

—0—X__for I panel specimen, mm
0= X for4 panels specimen, mm
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Fig. 11. The maximum surface trauma width on the surface of the backing material both in the blade thickness (Y) and blade width (X) direction while testing the four panels of

different fabric specimen.
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incidence. This is because, as the number of layers increases, the
tendency of the specimen to absorb energy will be higher, dissi-
pating the energy over wider areas of the fabric surface, resulting in
higher trauma surfaces on the back of the materials, particularly on
the plastiline. On the contrary, the maximum surface trauma
thickness, Ymax, Shows no or very small increments in most of the
specimens as the number of panels involved in the test specimen
and angle of incidence varies. This is due to the knife contacting the
materials and penetrating only based on the thickness of the knife.

Figs. 12(a) and 12(b) show the values of the Depth of Trauma
(DOT) and Depth of Penetration (DOP) respectively for various
tested specimens, made of single and four panels, at different an-
gles of incidence. The results indicate that the number of layers
involved in the tested specimen and the angle of incidence have a
significant impact on both the depth of trauma and depth of
penetration values. For instance, target specimens made with four
panel layers generally revealed lower values of both depth of
trauma and depth of penetration compared to specimens with
single panel layers, regardless of the angle of incidence. In general,
the results show that as the angle of incidence increases, the values
of the depth of trauma (DOT) become higher for all tested speci-
mens. This means that the [0°] angle of incidence shows the lowest
values, whereas the [45°] angle of incidence reveals the highest
values of depth of trauma for all tested specimen types. For
example, specimen 2D made with single and 4-panel fabric shows
the depth of trauma values of [8 and 6.5 mm)], [20 & 9 mm], and [21
& 9.5 mm] while tested against [0°], [22.5°], and [45°] angles of
incidence respectively. Similarly, specimen f3 recorded [9 & 4 mm)],
[10 & 5 mm], and [11.5 & 10 mm)] for [0°], [22.5°], and [45°] angles
of incidence respectively for both single and 4-panel specimens.
This is because the surface of the knife facing in contact with the
fabric will be lesser and consequently more striking energy will be
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Fig.12. The maximum (a) depth of trauma (dot) and (b) depth of penetration (DOP) for
single and four panels of specimens made of different fabric structure tested at specific
angle of incidences ([0°], [22.5°], and [45°]).
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absorbed before creating a trauma at the back of the materials. On
the other hand, the maximum depth of penetration (DOP) was
recorded higher when the specimen was struck at the [0°] angle of
incidence followed by the [45°] angle of incidence for all fabric
specimens made with single panels. Whereas all specimens struck
by the [22.5°] angle of incidence show the minimum values of DOP.
For specimens made with 4-panels of fabrics, except for target
specimen made with f2 fabrics, the depth of penetration shows a
similar trend of single panel specimen for its striking angle. For
example, specimen 2D noted the depth of penetration values of [26
& 12 mm)], [7.6 & 4.28 mm], and [16.63 and 7 mm)] for [single and 4-
panels] while struck against [0°], [22.5°], and [45°] angles of inci-
dence respectively. Similarly, specimen f1 and f3 made with single
and 4-panel fabric recorded [37 & 14 mm], [12.35 & 5.23 mm)], [21
& 7 mm] and [26 & 6 mm], [11.88 & 5.7 mm], [21 & 9.6 mm] for [0°],
[22.5°], and [45°] angles of incidence respectively.

The increments of depth of penetration at the [0°] angle of in-
cidences is since most of the striking energy will be concentrated
within the limited fabric surface while passing through. This makes
the fabric specimen have a lower tendency of dissipating and
absorbing the striking energy to other fabric surfaces.

The length of penetration (LOP), like the depth of trauma and
penetration, can also impart significant damage at the rear of the
materials during stabbing events. This penetration length was
carefully measured along the knife's edge and systematically
analyzed across all tested fabric specimens, made with both single
and four-panel layers. As shown in Fig. 13, irrespective of the fabric
type used (2D and 3D woven fabrics) and angle of incidence ([0°],
[22.5°], and [45°]), the measured LOP through backing materials/
plastiline exhibited a visible decline as the number of panels
involved in the specimen increased. For instance, at a [0°] angle of
incidence, specimen 2D, f1, f2, and f3 made with [single and four-
panel] registered length of penetration values of [20 and
9.35 mm], [30 and 15 mm], [22.5 and 10 mm], and [27.5 and 5 mm],
respectively. This phenomenon arises from the higher resistance
encountered by the knife when traversing through an increased
number of panels to create the penetrations length at the rare of the
tested specimens, like the depth of penetrations (DOP). Addition-
ally, the angle of incidence also exerts a notable influence on the
measured LOP values for varying specimens. Stabbing tests at a [0°]
angle of incidence evinced the minimal LOP, succeeded by [45°] and
[22.5°] for all single-panel fabrics specimens. However, with an
increased number of panels in the tested specimen, some inter-
esting outcomes results were recorded. For instance, specimen 2D
and f3 exhibited a congruent trend as the number of panels
increased, resulting in a higher LOP achieved at [22.5°], followed by

—~Tested specimen with 1 panel

;(5) : ~=-Tested specimen with 4 panel

30 %

25 -
20

Length of penetration (LOP)/mm

Different angle of incidence for the tested fabric specimens

Fig. 13. The maximum Length of Penetration for single and four panels of specimens
made of different fabric structure tested at specific angle of incidences ([0°], [22.5°]
and [45°]).
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[45°] and [0°]. This phenomenon occurs when the knife's mass
drop line at this striking angle of incidence traverses in a direction
where fewer yarn densities are engaged within the structure,
thereby diminishing the likelihood of contacting, severing, and
cutting more fibers by the knife. Conversely, both specimens f1 and
f2 manifested a higher LOP at [45°], succeeded by [22.5°] and [0°]
angle of incidence. This indicates a prevalence of greater depth of
penetration than length of penetration at [0°] angle of incidence for
all specimens. Furthermore, the fabric types also had a discernible
influence on the LOP created at the backing materials/plastiline’s
rear when tested at varied angle of incidences. For instance, at all
angles of incidence, 2D fabric specimen, (2D) showed minimal LOP
values compared to other specimens made with 3D fabric, namely
f1, £2, and f3, especially for specimens comprising single panels. On
the contrary, specimen f1 exhibited the maximum LOP value for
both single and multi-panel compositions compared to all other
specimens at [0°] angle of incidence. This divergence arises from
the compositions of specimen f1's 3D woven fabrics, comprising
solely binding warp yarn, thereby conferring minimal stiffness and
shearing resistance to the structure. Conversely, when the striking
angle of incidence goes from [0°] to [45°] and number of panels
increased, specimen f2 exhibited the minimal LOP followed by
specimen 2D, f1, and f3 sequentially. This trend stems from the
incorporation of balanced binding and stuffer warp yarn within the
specimen f2's 3D fabric structure, augmenting its resilience against
knife strikes from varying angle of incidences.

5. Conclusions

Various research studies have investigated the effects of various
endogenous (material type and properties, fabric type and struc-
ture, chemical treatment, coating, etc.) and exogenous (testing
conditions, impact velocity and energy, blade shape etc.) parame-
ters on the stabbing capabilities of protective clothing. However,
based on the author's knowledge, no study has investigated the
effect of different angles of incidence on stab response and per-
formance of different types of protective textiles. Current research
has studied the stab response and performances of different
structures of 3D WIFs and 2D high-performance fabric tested at
[0°], [22.5°] and [45°] angle of incidence using a new stab experi-
mental setup and measurement system. The results offer crucial
insights into how varying angles of attack influence the protective
fabric's ability to withstand and mitigate stabbing forces. Some
conclusions are drawn as follows:

e As the angle of incidence increases, there is a noticeable esca-
lation in the DOP inflicted on the tested fabrics, suggesting that
higher angles of incidence result in greater trauma, indicating a
reduced ability to absorb and distribute the impact energy
efficiently.

e The specimens face a significant risk of puncture and higher
DOP when subjected to both perpendicular angle of attack ([0°])
and high acute angles of incidence ([45°]). On the contrary, the
DOP was consistently lower regardless of the fabric types at
[22.5°] angle of incidence.

e The LOP was found to be lower for 2D fabric specimen as
compared to all other three 3D WIFs specimens, f1, f2 and 3 for
their respective angle of incidences. The result reveals that the
LOP value was found higher at a slight acute angle of attack,
[22.5°] angle of incidence, compared to other angle of incidences
irrespective of fabric types.

e The measured LOP values at the backing materials also exhibited
a visible decline as the number of panels involved in the spec-
imen increased with irrespective of the fabric type used (2D and
3D WIFs) and angle of incidence ([0°], [22.5°], and [45°]) applied.
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e The specimens made with higher panel layers revealed lower
DOT and DOP values compared to lower panel specimen,
regardless of the angle of incidence.

e The values of the DOT become higher as the angle of incidence
increases for all types of tested specimens, whereas [0°] and
[45°] angle of incidence show lowest and highest values of DOP
for all tested specimen types.

e The composition of yarn within the warp yarn system also
significantly affects the impact performance of various 3D
woven fabrics at certain angles of incidence. For example,
although all the 3D woven fabrics show insignificant differences
at[22.5°] and [45°], the impact behavior of the 2 fabric (made of
50% stuffer yarns and 50 % binding yarns in the warp yarn sys-
tem) demonstrates higher stab performance than the f1 fabric
(composed of 100% binding yarns in the warp yarn system) at
[22.5°] angle of incidence. This is attributed to the inclusion of
stuffer warp yarns within the structure, which tends to increase
stabbing performance likely due to higher friction and shear
resistance combined with a different dynamic deformation
behavior of the 3D woven architecture.
Finally, the outcome of the result offers valuable insights and
helps for stab protective textile designers and manufacturer,
armor developer and stab testing and standardizing organiza-
tions to consider the angle of incidence while developing,
testing, optimizing, and using protective textiles in various
applications.
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