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Abstract: This work focused on the development of ultra-strong knitted fabrics for personal
protective equipment used for protection against mechanical damages. Such knits have to have
enhanced mechanical strength properties, which strongly depend on knitting pattern and structural
characteristics. Six variants of weft knitted structures were developed and knitted from ultra-high
molecular weight polyethylene and additional elastomeric component. The elastomeric component
was used to increase the elasticity and toughness of knits; however, it had a high influence on
mechanical properties, as well. The performed mechanical tests allowed us to identify dependence
of mechanical properties, such as breaking force and elongation at break and resistance to abrasion,
tearing, cutting and puncture, on architecture and structural parameters of the knits. Obtained results
demonstrate that elastomeric component has high influence on mechanical properties knits and can
change the principal mechanical behaviour of knits.

Keywords: personal protective equipment; ultra-strong knits; mechanical properties; knitted structure;
elastomeric component

1. Introduction

Production of ultra-strong knits is a promising and important direction for personal protective
equipment used to protect the human body from different kinds of threats such as sharp objects.
This group of products includes gloves and sleeves protecting various parts of hands, vests, helmets,
and long hoses, etc. One of the main characteristics of such products is the enhanced resistance
against mechanical damages such as cutting, tearing, puncture, and abrasion. In comparison with
woven fabrics, knitted fabrics have the advantage of better designability, being both lightweight and
comfortable [1]. In addition, knitted fabrics can ensure good thermal properties, as well as air and water
vapour permeability. However, several problems can be faced in the development and production of
such knitted products [1,2]. Garments protecting against mechanical injuries usually are manufactured
from high-strength fibres such as carbon fibres, aramid fibres, ultra-high molecular weight polyethylene
fibres, and glass fibres, etc. [3-5]. Ultra-high molecular weight polyethylene (UHMWPE) is well-known
high-performance fibre to produce protective textile material due to its high resistance-to-impact
damage [6]. UHMWPE yarns are known as nontoxic and good fatigue resistance. This type of raw
material is usually processed on knitting equipment with sinkers, which ensure concentrated execution
of individual loop forming. This factor contributes to the unhindered formation of loops of minimum
length. In addition to fibre and yarn properties, parameters of fabric structure and geometry play an
important role in determining level of personal protection [7]. Nowadays, high-performance fibres
are typically used in woven or non-woven forms and significantly less frequently in knitted form.
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Knits from ultra-high strength yarns, usually used for this type of product, can be knitted on knitting
machines with sinkers, which ensure concentrated execution of individual loop forming. This safely
fixes the yarn during its entry under the needle hook and form loops with constant yarn tension.
Knitting difficulties arise because of high rigidity of ultra-high strength yarns and shear strength,
i.e., their low capability to resist to high curvature. It is known that loop geometry strongly depends
on the raw material of yarns [8]. Knits used for personal protection have to have enhanced mechanical
strength properties, which strongly depend on knitting pattern and structural characteristics [3,9,10].
On the other hand, garments for personal protection also have to ensure good comfort properties [11].
Recently, consumers of personal protection garments have required high protection in combination with
high comfort level. Such garments should be flexible, soft, lightweight, with good air permeability and
moisture management, and at the same time resistant to cutting, tearing, puncture, and abrasion [12,13].
Comfort properties can be enhanced very easily by choosing proper knitting patterns and structural
parameters [11,13,14]. However, enhanced comfort must be reached without compromise and with
lower protection levels.

Various technologies are used for the production of personal protective equipment. For bulletproof
vests, usually weaving technology is used. The group of knitted products includes gloves, half-gloves,
fingertips, handhelds, wristlets, sleeves, and elbow pads, etc. [15]. The behaviour of knitted fabrics
during mechanical injuries is different from woven fabrics because of its principally different,
loop-based, knitted structure. The cutting and tearing mechanism of the knitted structure is much
more complicated due to its specific geometry of structure, and the yarns intrinsic character in the
knitted structure, in addition to structural flexibility and their ability to bring more yarns by shearing
during cutting [10,16,17]. Puncture resistance of knitted fabrics is also, generally difficult, as stitches in
the knit are able to take yarn from adjacent stitches. Due to this, a hole opens in the fabric without
cutting or tearing the yarns [1].

In this study, the development of ultra-strong knitted fabrics for personal protective equipment
and an investigation on their resistance against mechanical damages are presented. Mechanical tests
were performed to identify dependence of mechanical properties, such as tensile strength, resistance to
tearing, cutting, puncture and abrasion—on structural parameters of the newly developed knits.

2. Materials and Methods

Two variants of weft knitted structures with three different loop lengths of each, i.e., six variants
in total, were developed and used for experimental tests. Knits of the first structural variant, named as
weft plain WP, were knitted from 132 tex linear density ultra-high molecular weight polyethylene
(UHMWPE) yarns in plain weft pattern on a flat V-bed weft knitting machine. Knits of the second
structural variant, named weft fleece pattern (WPE), were knitted in a plain-fleece pattern from the
same UHMWPE yarns in combination with 100 tex linear density elastomeric (EL) yarn, laid as the
fleece-yarn in every fourth course in tuck-miss pattern with 1 x 3 repeat. Both variants are based on
the same single jersey pattern, however, the second structural variant is designed with additionally
laid elastomeric yarn in order to improve wearing comfort. Structure with elastomeric yarns gives
significantly higher density, and tightness, in addition to higher transversal elasticity of the knit,
which ensures better wearing comfort. The single jersey pattern was used because of its lower mass
per unit area in comparison with double knitted structures such as rib or interlock. Both investigated
structural variants are presented in Figure 1. The main structural parameters of the knitted fabrics
are presented in Table 1. Samples of both variants were knitted with three different loop lengths to
investigate the influence of loop length on mechanical behaviour of the knits.
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Figure 1. Images of knitted structure (technical face and technical backsides): (a) weft plain (WP);
(b) weft fleece pattern (WPE); (c) knitting diagram of WP; and (d) knitting diagram of WPE.

Table 1. Structural parameters of knitted fabrics.

Sample Loop Wale Density, Course Loop Area, Area Density, Thickness,
Code Length, mm cm-1 Density, cm~1 mm? g/m? mm
WP1 7.8 4.6 7.2 3.02 343 1.41
WP2 8.3 4.4 6.8 3.34 337 1.31
WP3 8.8 4.2 6.4 3.72 323 1.22

WPE1 8.6 6.4 7.0 223 715 1.80
WPE2 9.1 6.0 6.4 2.60 569 1.65
WPE3 9.6 5.0 6.0 3.34 433 1.50

To assess the level of protection of the developed knits, the following mechanical properties
were investigated: breaking force and elongation at break, resistance to abrasion, tearing, cutting
and puncture. Tensile test at break was carried out according to standard LST EN ISO 13934-1:2000
(100 mm/min speed, 2 N pretension, 5 kN sensor). Resistance to abrasion was performed according
to standard EN 388:2003 by using 300 g/m? glass paper as an abrasive material. A tearing test in
two directions, i.e., along the wales and courses, was performed according to standard EN 388:2003
and puncture test was performed according to standard EN 863:1995. In order to determine the load
required for cutting through textile material with the edge of a blade, a cutting test was performed
according to standard DSTU ISO 13997:2001 at a cut length of 20 mm. The coefficient of variation in all
cases did not exceed 7%.

After knitting, all specimens were kept in standard atmosphere conditions for 48 h according to
standard EN ISO 139:2005 in order to reach the relaxed state.

3. Results and Discussion

3.1. Tensile Strength

The tensile test of the newly developed knitted fabrics was performed in order to determine
the influence of the elastomeric element in plain structure and loop length on the tensile strength,
i.e., breaking force and elongation at break. The results of the breaking tests are presented in Figure 2.
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Figure 2. Tensile characteristics: (a) breaking force and (b) elongation at break.

The obtained results clearly demonstrate that the loop length as well as elastomeric element in
the knitted pattern have significant influence on the tensile characteristics of the knits. This was also
proved by other researchers [10,12]. By increasing the loop length, the breaking force linearly decreases,
while elongation at the break linearly increases. The breaking force leads to a densification of the
structure due to the redistribution of the yarn in the neighbouring loops. It was found that the increase
in the loop length of the plain knits with elastomeric tuck-miss laid yarn (WPE) had significantly higher
influence on the decrease of the breaking force and increased the elongation at break than of the weft
plain knits without the elastomeric yarn (WP). The 11.4% increase of the loop length in the WP group
knits leads to the 20.8% decrease of the breaking force and 10.3% increase of the elongation at break,
whereas the similar (10.4%) loop length increase in the WPE group knits leads to even 81.8% decrease
of the breaking force and 38.9% increase of the elongation at break. It means that even small changes
in the loop length of such fabrics with elastomeric fleece yarn in the structure can give high impact on
the tensile strength.

3.2. Cut Resistance

The goal of the cut resistance tests was to determine the load required for cutting through knitted
fabric with the edge of the 20 mm length blade. The test results are presented in Figure 3.



Appl. Sci. 2020, 10, 6197 50f9

40 _
- R? = 0.9494 _ -
//
Z3O //§
g 25 &
g (/
%20 _____ G____ﬁ__--b
2 15 ==
5 Rz = 0.9423
o 10
5
0
7 8 9 10

Loop length, mm

@ WP OWPE

Figure 3. Cut resistance.

It was found that the higher loop length determines higher cut resistance. The increase of the loop
length of the plain structure WP by 11.4% leads to the increase of the cutting through force by 33.3%.
However, the similar increase of the loop length (10.4%) in the WPE structure with the elastomeric
yarn caused approx. three times lower increases of the cut resistance—therefore, the cut resistance
increased by only 10.7%. The obtained results demonstrate that the lower stitch density (caused by
the higher loop length) leads to the higher coefficient of slippage due to the deflection of the textile
material under the influence of the blade pressure. Therefore, the loose-knitted structure resists the
mechanical action of the cutting force of the blade more effectively.

3.3. Tearing Resistance

The tearing test was performed in two directions—longitudinal (along the wales) and transversal
(along the courses). It was found that values of the tearing force vary in the ranges of 217-227 N
(with a 5% relative error of measurements), irrespective of the tearing direction, knitting structure
and difference in the loop length. Images of the specimens after the tearing test are presented in
Figure 4. The character of knitted samples deformation under the action of the tearing load is different
from the woven fabrics and has to be taken into account. During the first stage of the tearing along
the wales, unknitting of the loops at the point of maximum stress was observed. As a result of this
process, straight segments of the unknitted yarn appears in several courses. During the next stage,
these straight segments start to counteract against the tearing load, while the parts of the specimen
fixed in the top and bottom clamps—"legs”—curl to the technical-back side along the courses. Finally,
the sample breaks in the area of the curled “legs” of the specimen, however, the main part of the
specimen remains unimpaired.

A similar situation was observed when a tearing load acts along the courses (Figure 4). When a
tearing force is applied along the courses, at the initial stage, unknitting of stitches along the courses
occurs in the “legs” of the specimen at the point of maximum stress. The “legs”, fixed in the top and
bottom clamps, curl to the technical-face side along the wales. In this case the sample finally breaks
also in the area of the curled “legs”. The unknitted parts of the yarn counteract against the tearing
load; therefore, the specimen is not torn completely but only the “leg” breaks. The principal behaviour
during the tearing test of the WP and WPE knits is similar, however, the elastomeric fleece yarn used
in the WPE knitted fabrics prevents unknitting of stitches under the influence of tearing force applied
both along the wales, and along courses.
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Figure 4. Knitted specimens after the tearing test.

3.4. Puncture Resistance

In order to investigate puncture resistance of the WP and WPE knitted fabrics, the puncture
tests were carried out. In this case, two characteristics are important—a high of deformation during
puncture and a force at the moment of puncture. The obtained results are presented in Figure 5.
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Figure 5. Puncture resistance (a) and height of deformation (b).

The data presented in Figure 5a demonstrate that increase in the loop length causes the decrease
in the puncture resistance. The increase of the loop length from 7.8 mm up to 8.8 mm (i.e., 11.4%) in
the WP type knitted fabrics leads to the decrease in the puncture resistance by 33.3%. In addition,
the 10.4% increase in the loop length of the WPE type knits leads to the 32.8% decrease in puncture
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resistance. To conclude, the 1 mm decrease of a loop length in a knitted structure can determine approx.
33% higher resistance to puncture. The total puncture resistance of the plain structure WP type fabrics
is higher than of the WPE fabrics with elastomeric yarn even when the loop length in both fabrics
(WP3 and WPE1) is very similar. It can be explained by the different high of deformation during the
puncture. During puncture of knitted fabrics, stitches in the knit usually take yarn from adjacent
stitches and the height of deformation is relatively big. From the data presented in Figure 5b it is
evident that plain structure fabric WP1 with higher stitch density is deformed in high level (even 9 mm)
before the fabric is punctured. This high deformation is obtained due to the yarn movement from the
adjacent stitches. However, when stitch density decreases (due to increased loop length) the high of
deformation gradually decreases, too. The 11.4% (1 mm in total) increase in the loop length of the
WP type specimens caused a 125% decrease of the maximum deformation at the moment of puncture.
This can be explained by the fact that looser knitted structure may be not broken during the puncture;
stitches in a knit move apart each other and the hole forms due to redistribution of the yarn in adjacent
courses and wales. However, there is a different situation with the fleecy knitted structures WPE with
the elastomeric yarn. By increasing the loop length (i.e., decreasing the stitch density in the fabric) the
height of the deformation increases, too. The 10.4% increased loop length (1 mm in total) determined
a 100% higher maximum deformation at the moment of puncture. The fleece pattern structure has
higher tightness than the plain fabric because of the fleece yarn which forms tucks and floats in
turn. In our case, the fleece yarn is elastomeric with high ability to be deformed before break. Thus,
the looser structure of fleece pattern knit has higher ability for deformation at the point of puncture,
while elastomeric fleece yarn prevents movement of adjacent stitches and hole formation.

3.5. Abrasion Resitance

An abrasion test was performed in order to find the resistance of the newly developed knitted
fabrics to abrasion. The abrasion resistance was evaluated by the number of cycles until the hole was
formed on the specimens’ surface. Results of the test are presented in Figure 6.
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Figure 6. Abrasion resistance.

As it can be seen in Figure 6, the WP and WPE knits demonstrated different behaviour during the
abrasion test and showed different resistance to abrasion. The samples of plain structure WP lasted
from 2500 to 3000 cycles according to the loop length, and samples of a fleecy elastomeric structure
WP, respectively, from 750 to 970 cycles, which corresponds to the three and two protection levels
according to EN 388:2003, respectively. The abrasion resistance of the plain structure WP decreases
with increases in the loop length. Due to the increased loop length, the loop density in the fabric
decreases. It is well known that the looser structure of a knit is less resistant to abrasion. The increase
of the loop length by 11.4% leads to the decrease of abrasion resistance by 16.7%. The elastomeric
fleece structured knits WPE showed the inverse relationship due to presence of the elastomeric yarn
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in the knitted structure. For fabrics of this type the increase of the loop length by 10.4% leads to an
increase in the abrasion resistance by 29.3%. The introduction of the elastomeric yarn into the knitted
structure results in formation of the relief surface, the convex part of which is first subjected to abrasion
upon contact with the abrasive surface. Thus, the WP structure fabrics are more abrasion resistant.

4. Conclusions

Investigation of mechanical properties of two variants ultra-strong weft plain knits with and
without elastomeric yarn in the structure, designed for personal protective equipment, showed
dependence on structural parameters, which led to the following conclusions:

e Anincrease in the loop length of the weft plain knits with elastomeric tuck-miss laid yarn has
approx. four times higher influence on the decrease of the breaking force and increases the
elongation at the break when compared to weft plain knits without elastomeric yarn.

e  The increase of the loop length influenced higher cut resistance. However, this influence for plain
knits with elastomeric yarn is approx. three times lower than for knits without the elastomeric yarn.

e  Tearing force of all investigated fabrics varied in the ranges of 217-227 N irrespectively of the
tearing direction, knitting structure and differences in loop length. Moreover, samples break in the
area of sample parts clamped into the top and bottom clamps while the main part of the sample
remains not damaged.

e A decrease of a loop length in 1 mm can determine approx. 33% higher resistance to puncture
of both plain knit variants, with and without the elastomeric yarn in the structure. However,
plain knitted fabrics without the elastomeric yarn are more puncture resistant than fleece fabrics
with elastomeric yarn because of different deformation abilities during the puncture.

e  Abrasion resistance of the plain structure knits decreases with increases in the loop length, as the
looser structure of a knit is less resistant to abrasion. However, the increase of the loop length of
plain knits with elastomeric tuck-miss laid yarn leads to the increase in the abrasion resistance
as the elastomeric yarn results formation of the relief surface, the convex part of which is first
subjected to abrasion upon contact with the abrasive surface.

The results of this research show that elastomeric component has high influence on mechanical
properties of knits and even more—it changes the principal mechanical behaviour of knits and character
of structural parameters influence on the investigated properties. In the next stage of investigations,
more variants of elastomeric yarn introduction into the knitted structure will be developed and
mechanical and comfort properties of these knits will be analysed.
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