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Abstract

High tenacity polyester plain woven fabric punctured at multi angle layers were investigated. The main objective of the work was to
analyse the effect of multi angle layered arrangement to quasi static puncture energy on different magnitude force. High tenacity polyes-
ter plain woven fabrics were weaved by using a rapier weaving machine at 300 rpm and 100% efficiency. The woven fabric samples
consisted of different angles (90°, 0°, 45° and 135°). The maximum layers of woven fabric samples were two layers. The work was de-
signed to evaluate the relationship between quasi static puncture energy of different load cell and multi angle layered of woven fabric.
The results suggested that 10kN load cell gave the best value of puncture test and had been considered the appropriate force to test on

woven fabrics.
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1. Introduction

Personal protective equipment is important in workplace to pre-
vent injuries. Personal protective equipment consists of a range of
clothing and equipment, which is to protect and to avoid workers
form injuries while at work. Protective textile equipment especial-
ly in clothing used for protection against dangerous and harmful
weapons [1]. Workers are responsible for wearing the personal
protective equipment properly and use the necessary protection for
their task. Body armor is the example of protective equipment
widely used to protect from injuries. Body armor is not only used
to defend wearer in opposition to bullets however also safety
against sharp knives and spikes [2]. Other than military and arm
forces, security officers are greatly exposed to ballistic and sharp
objects while on duty. Therefore, protective equipment is manda-
tory to be used for security and protection industry workers.
Protective textile equipment generally made of composites or
textile materials. This material based on the required application
such as for helmets, shield, battle dress uniform and body armor
[1]. It has been reported, composites are the most valuable struc-
tural materials in term of their utility, properties, adaptability and
due to its high strength and stiffness [3] [4]. However, some appli-
cations such as ballistic protection vests, and gloves required flex-
ible and soft texture. Soft armor protective equipment can be pro-
duced by using two distinctive fabric technology which are weav-
ing and knitting processes. There are various types of textile fabric
structure that can be used in protective textile such as knitted,
braided, non-woven, and woven. Among all, woven fabrics has
the most advantageous on the impact performance of protective
textile. Several investigations have dealt with four factors on the
effect of woven fabric structure when high speed impact is sub-
jected. The factors are weaving architecture, yarn crimp, energy
absorption and dissipation of fabric [5-9].

Plain weave structure is commonly used in woven fabric particu-
larly for ballistic application. According to Trans et al, plain

weave structures shows the highest strength but lower air permea-
bility in comparison with twill and satin due to its compact struc-
ture [10]. This means, plain fabric reduces the slippage thus make
it suitable for puncture resistance [2] [11]. However, there are
problem on how yarns being interlaced with the stress concentra-
tion on impact due to the warp and weft position are at 90°. US
National Institute Justice Body Armor stated a greater thickness of
body armor which gives more protection to the wearer. Basically,
when the layers are placed on top of each other all the stresses will
be transferred at 0°, 90°, 180° and 270° angle. Yet, this presumed
resulted low stress distribution especially at 45°, 135°, 225° and
315° angle. In order to give better view, the direction of angles is
shown in Figure 1.

Poly-Para-Phenyleneterephthalamide is one of the examples of the
fibres that commonly used for body armor. This fiber also known
as kevlar. Kevlar is widely used for military application and by
ordinary citizens especially in personal protective clothing and
defense system and weapons [1]. Kevlar is specifically designed to
withstand bullet and blade penetration. Generally, increasing the
thickness of kevlar gives more protection to wearer. Besides, kev-
lar offer five-time higher tensile strength than steel and make kev-
lar is one of the strongest materials on earth. The essential charac-
teristics make kevlar is one of highly demanded in the market, but
they are bulky and inflexible to wearers [12-15]. Nevertheless,
kevlar is expensive for civilian used in developing countries.
Many researchers have focused on studies of soft body armour
stab and puncture resistance, intense from fabric production [2, 11,
16, 17] analytical model and FEM [18-22] as well as the shear
fluid thickening (STF) behaviour [23-29]. These researches high-
lighted the importance of high modulus fibers for ballistic fabric
manufacture. Carbon, glass and the ultra-high molecular weight
polyethylene (UHMWPE) fibers are relatively expensive apart
from Kevlar and always been used in improper application fields
such as architecture and forestry, which the requirement for pro-
tection level is not so high [2]. There should be some other mate-
rials that can replace these costly fibers. Further research is there-
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fore worthwhile to use more economical materials, such as high
tenacity polyester.
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Fig 1: Angle of stress distribution

This experiment is prepared to investigate the feasibility of finding
cost-effective materials for body amour through (i) studying single
and multi-angle layered plain woven fabric, (ii) studying multi-
angle layered woven fabric for low puncture performance and (iii)
puncture effect with different magnitude force.

2. Materials and Method

2.1. Materials

The high tenacity polyester yarns were used in the experimental
study had tex count of 455 tex. The yarn was prepared with 8
number of yarns that plied to form single yarn by using hollow
spindle ring spinning machine (YCHN-303) with 250 rpm. The
single yarn strength was measured using SDL Testometric
Strength Tester follow the guidelines of ASTM D2256 [30] and
the tensile strength and elongation at break of the yarn were
293.64 N and 55.95 mm respectively.

The fabrics were manufactured by the jacquard rapier weaving
machine (Donier PTS-8/JC) with 300 rpm and 100% efficiency.
High tenacity polyester yarns were used as weft yarns and polyes-
ter yarns used as warp yarns. The tex count of warp yarns was 150
tex. Plain is that the basic varieties of textile weaves. In plain
weave, warp and weft yarns are aligned to make a pattern of inter-
lacing. Each warp yarn crosses the weft yarn by passing over one,
then below the following next weft yarn, etc.

The density of warp and weft was 32 ends per cm and 8 picks per
cm. The image of fabrics and weft yarns are shown in Figure 2
and Figure 3. Fabric samples has been tested in single and double
layers. Table 1 present physical properties of woven fabric.

Warp

Fig 2: Plain woven fabric
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Fig 3: Weft density in one cm

Table 1: Physical properties of woven fabric

Fabric Type Layer Angle Thickness (mm)
Plain weave 1 90° 0.81
32ends/cm and
8picks/cm
90°, 90° 1.65
2
90°, 0° 1.63
90°, 45° 1.64
90°, 135° 1.65

2.2 Fabric layering

The fabrics were layered according to the angle of 90°, 0°, 45° and
135° as shown in Table 2.

Table 2: Fabric layer arrangement

Fabric Angle Arrangement
Layers
1
90
2
90 90 90 90
90 45 0 135

2.3 Quiasi Static Puncture Test

Quasi static puncture test was measured using an impactor at-
tached SDL Tensolab 3000 Mesdan machine and was developed
in accordance with ASTM D5628 [31]. An impactor has been
placed on the test tools shown in Figure 4. Figure 5 showed the
photo-impactor used in the test. The shaft diameter was 25 mm the
conical angle was 60° and the impactor length was 50 mm. the
diameter of fabric samples is 130mm. the samples were placed in
the centre between two circular plate with a diameter of 75 mm as
shown in Figure 6. Load versus multi angle layered fabric were
recorded and used for comparison of multi angle layered fabric
performance. Five individual samples were measured in each of
multi angle layered fabric.

The test is to estimate the low speed puncture resistance property
on variations number of layers with different angle arrangement.
The fabrics were punctured by two load cell force at 10kN and
50kN. The height of both load cell reflects the different puncture
force when the fabric has just penetrated the tip of the impactor.
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Fig 4: Quasi static puncture instrument

Fig 5: Impactor for the test

Fig 6: Circular plate

2.4 The analysis of orders of magnitude (kilonewton)

In the previous research, there is a huge magnitude force that can
be applied to the fabric. The magnitude applied is specifically to
test the strength of the fabric towards puncture performance.
However, only several force that can be apply based on the appli-
cation of the fabric. In order to describe the process more practi-
cally, the process is proposed on the basis of the change in the
magnitude of puncture force. Table 3 shows the order of magni-

tude force in kilonewton. In this study two load cell force at 10kN
and 50kN were used.

Table 2: Magnitude force (kilonewton) [32, 33]

Magnitude | Value Item
kilonewton
(kN)
103N 8 kN The maximum force achieved by weight
lifters during “clean and jerk™ lift
9 kN The bite force of one adult American alligator
10* N 16.5 kN | The bite force of a 5.2 m saltwater crocodile
18 kN | The estimated bite force of 6.1 m adult great
white shark
25.5t0 | The estimated bite force of a large 6.7 m adult
345KkN | saltwater crocodile
45 kN | The force applied by the engine of a small car
during peak acceleration
10° N 100 kN | The average force applied by seatbelt and
airbag to a restrained passenger in a car which
hits a stationary barrier at 100 km/h
890 kN | Maximum pulling force (tractive effort) of
single large diesel-electric locomotive

3. Results and Discussions

3.1. Effect of number of layers

Figure 7 outlines, as the number of layers increase the puncture
resistance of fabric with different angle arrangement. As seen in
Figure7, the maximum puncture force is positively correlated with
the number of the layers of all angle arrangements. The puncture
resistance of two layers of fabric is apparently better than that
single layer. When number of layers reach two, the maximum
puncture force for 50kN and 10kN increase 60% and 62% respec-
tively.

High density fabric such as plain weave is expected to give lower
absorption. It is therefore worth adding it with multilayer fabric.
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Fig 7: Maximum puncture force with different number of layer and differ-
ent angle arrangement

It is an obvious linear relationship between the force of puncture
and number of layers. However, the comparison angle arrange-
ments of two layers of fabrics, it was found that 2 layers [90°, 90°]
had the highest value of puncture force that other. This indicates
that the [90°, 90°] angle arrangement perform better when layering
the fabric. The maximum puncture force of the fabric for 10kN
and 50kN was 1323.41 N and 1129.14 N, higher than angle ar-
rangement of [90°,0°], [90°,45°] and [90°,135°].

3.2. Effects of fabric structure and angle arrangement
Plain fabric was used in the study. However, the direction of weft

density was placed on different angle and this situation affect the
results of puncture force. Figure 2 show the weft density of the
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plain fabric for the experimental study. Weft density at 8 picks per
cm recorded the force reached the maximum value for 50kN and
10kN at 452.44 N and 505.14 N respectively.

Figure 7 shows the of the puncture force have been decreased.
According to Wang et al [2], the puncture resistance property of
the plain is better than other structure such as twill and satin.
Therefore, the highest force value represents by the angle ar-
rangement of [90°, 90°].

weft

1 9

W ill'p
Fig 8: Plain weave notation

Figure 8 shows the plain structure that had normal angle value of
90°. The plain structure is tighter than the structures of twill and
satin. The plain structure has more interlacing density of yarn [7].
The slippage of plain fabric is therefore less than that of other
structures, so that the quasi static puncture resistance property of
plain fabric is better than twill and satin structures [2] [11].

3.3. Effect of puncture force on different load cell

Two impact force were used in this study. The load cells were
10kN and 50kN. Results from Figure 9 shows that the different
force between 10kN and 50kN respectively. By using higher force,
it shows the similar pattern with lower puncture force. From the
results, 10kN was the possible load to apply on the fabric com-
pared to 50kN. Besides, the highest puncture force of 10kN in-
crease about 194.27 N from 1129.14 N (50kN). From Figure 9 can
be concluded that 10kN was the suitable force to be apply on the
experimental fabric compared to 50kN.

50KkN not suitable for the study because the force given would be
too high for a small sample. Table 3 has shown that 45kN is iden-
tical to force of engine peak acceleration. Due to availability fac-
tor, a load cell of 50kN was adopted in the study. On the other
hand, the force magnitude of 10kN is closed to the bite force of
alligator. The impact magnitude is suitable in the study since the
woven fabric will be impacted with sharp impactor. Woven fabric
designed for the work is expected to be used as hand gloves.
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Fig 9: Maximum puncture force on different load cell

4. Conclusion

In all previous studies, relatively expensive high-performance
fibers such as carbon, glass and ultra-high molecular weight poly-
ethylene (UHMWPE) which are always used as manufacturing
materials for puncture resistance. The obtained results from this
study had laid an important platform from which to improve the
puncture performance of high tenacity polyester weft direction of
double layer fabrics. Puncture results of high tenacity polyester
showed to have a better puncture performance. Polyester as men-
tioned earlier is more cost efficient than aramid and glass fiber.
From this study, the puncture force values were enhanced when
the multilayered woven fabric reached the optimal angle arrange-
ment. On a two-layered fabric made of polyester, it was found that
the puncture force value was improved at its optimal angle ar-
rangement which was [90° 90°]. The results also showed that
10KN load cell provided the suitable force to test on woven fabric
which give the best values in of puncture tests. In conclusion, this
study found that high tenacity polyester is not only an economic
material but also possess a greater puncture resistance property as
a multilayer fabric which can be used for many technical and en-
gineering applications.
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