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Abstract: The objective of the present work was to evaluate the effects of different types of particles
added to a polymer paste applied onto a textile carrier on the cut resistance of the resulting material.
Knitted aramid textile samples were coated in laboratory conditions using a polymer paste that was
functionalized with 12 types of reinforcing particles of different chemical compositions and size
fractions. Cut resistance was tested in accordance with the standard EN ISO 13997:1999 and the
results were subjected to statistical analysis. The effects of additive particles on the microstructure of
the polymeric layer were assessed by means of scanning electron microscopy. The type and size of
the particles affected the cut resistance of the functionalized knitted fabric. They were also found to
change the morphology of the porous structure. Composite coatings containing the smallest additive
particles exhibited the best cut resistance properties.

Keywords: protective gloves; cut resistance; functionalization of textile materials; mineral additives

1. Introduction

Workers’ hands are at the highest risk of being affected by harmful factors in the work
environment and upper limb injury is the most widespread type of workplace accident
occurring during the performance of manual tasks. The risk of hand injury can be mitigated
by means of protective gloves, which should be selected depending on the type of hazard(s)
present and the kind of occupational task(s) performed [1,2].

For safety gloves to effectively prevent mechanical injury, they need to meet a number
of protective requirements imposed by Regulation (EU) 2016/425 of the European Parlia-
ment and of the Council of 9 March 2016 on personal protective equipment and repealing
Council Directive 89/686/EEC (2016). In terms of mechanical hazards, a particularly salient
protective parameter is cut resistance. The basic standard delineating requirements for
gloves protecting against mechanical factors, including cuts, is EN 388:2016 + A1:2018 [3].
Materials claimed to exhibit high cut resistance are tested pursuant to EN ISO 13997:1999 [4],
which produces more consistent results [5,6] by reducing the impact of blade blunting on
the test procedure [6,7]. Cut resistance is defined as the ability of the material to withstand
cutting with a blade and can be determined by means of a variety of testing and assessment
methods [6]. Samples in the present study were tested for cut resistance in accordance
with the standard method used for evaluating protective gloves, i.e., that specified in EN
ISO 13997. It should be noted that prior to 2016 that method was not widely used for the
evaluation of protective gloves. It was not until the major update of EN 388, the main
standard concerning gloves protecting against mechanical risks, that the EN ISO 13997
method was acknowledged as more reliable and leading to more consistent results [5,6].
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According to the literature, the sharpness of the test blade substantially deteriorates in the
course of testing materials exhibiting high cut resistance [7].

To ensure optimum hand protection, gloves exhibiting high cut resistance can be
made from para-aramid, polyethylene, and core-spun yarns, as well as glass fibers [5,8–10].
Increasing user expectations and requirements have driven research on the development
of new technological solutions [11,12]. State-of-the-art textile products should be not
only innovative and comfortable to wear, but they should also be designed to offer the
highest possible level of safety. Innovative properties and unique functional characteristics
can be imparted to textile materials by, e.g., physical and chemical surface modifications
and nanoparticle deposition [13–17]. The ongoing technological development has fueled
user expectations in terms of the properties exhibited by textile materials, which has
motivated numerous efforts to functionalize such materials with the view to improving
their characteristics [18,19].

The protective properties of glove materials may be improved by continuous or spot
coating [20] with polymeric materials such as poly(vinyl chloride), polyurethane, silicone,
and natural or nitrile rubber [21–24]. There is scant literature dealing with the function-
alization of textile materials by modeling convex 3D structures to improve cut resistance.
Among works devoted to the application of surface structures on textile materials, few
have studied the impact of continuous coatings (applied in the form of pastes) on the cut
resistance of protective gloves. In terms of mechanical properties, existing research on
polymeric coatings has dealt with the effects of a polyurethane paste on elongation and
tensile strength [25,26] and the influence of a thermoplastic polymer on stab resistance [27].
A promising direction of research on the strength properties (including cut resistance) of
textile materials is the application of reinforcing additives in pastes. As a result of research
efforts, structural additives such as micro- and nanofillers have found increasingly wide
applications in elastomer blends [28]. For instance, silica has been added to polyurethane
to increase hardness and Young modulus [29], while boron carbide has been added to
epoxy resin to strengthen the mechanical properties of the resulting material [30].

Fillers alter the physical and chemical properties of polymers. The size, shape, and
chemical composition of the additives often significantly affect the formation of porous
structures (pore size and shape), modifying the mechanical characteristics of the resulting
polymeric foams [31–33].

An interesting research area involves the application of mineral additives in coating
pastes to reinforce knitted protective gloves, as well as the evaluation of their mechanical
properties, such as cut resistance. For the purpose of assessing the feasibility of this
approach, the present authors applied reinforcing additives, including mineral particles, in
a polymer paste to increase the cut resistance of the end products.

The work evaluated the effects of 12 types of composite coatings on the cut resistance
of spot-coated knitted glove materials. Furthermore, the type and particle size of additives
were analyzed in terms of their influence on the porous structure of the coatings and
implications for the cut resistance of the system.

2. Materials and Methods
2.1. Materials

The study material consisted of 13 spot-coated textile samples fabricated in labora-
tory conditions. The composite coatings were made using an acrylic-styrene polymer
paste (Thotex Sp. J., Lodz, Poland) with particulate additives, including mineral fillers
(Table 1). The reference material consisted of a textile carrier spot-coated with the polymer
paste without additives.
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Table 1. Reinforcing additives.

Additive
No.

SEM Images
(Magnification ×50)

Chemical
Composition

Physical Properties
(Particle Size)

1
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Table 1. Cont.

Additive
No.

SEM Images
(Magnification ×50)

Chemical
Composition

Physical Properties
(Particle Size)

6

Materials 2021, 14, x FOR PEER REVIEW 4 of 16 
 

 

4 

 

Al2O3 50–56 µm 

5 

 

SiC 100–450 µm 

6 

 

SiC 50–450 µm 

7 

 

SiC 53–75 µm 

SiC 50–450 µm

7

Materials 2021, 14, x FOR PEER REVIEW 4 of 16 
 

 

4 

 

Al2O3 50–56 µm 

5 

 

SiC 100–450 µm 

6 

 

SiC 50–450 µm 

7 

 

SiC 53–75 µm SiC 53–75 µm

8

Materials 2021, 14, x FOR PEER REVIEW 5 of 16 
 

 

8 

 

SiO2 

CaO 
50–200 µm 

9 

 

SiO2 

CaO 
10–250 µm 

10 

 

SiO2 > 65% 
Na2O >14% 
CaO > 8.0% 
MgO < 4.0% 

Al2O3 0.5–2.0% 
Fe2O3 < 0.2% 

315–500 µm 

11 

 

SiO2 > 65% 
Na2O >14% 
CaO > 8.0% 
MgO < 4.0% 

Al2O3 0.5–2% Fe2O3 
< 0.2% 

250–350 µm 

SiO2
CaO 50–200 µm

9

Materials 2021, 14, x FOR PEER REVIEW 5 of 16 
 

 

8 

 

SiO2 

CaO 
50–200 µm 

9 

 

SiO2 

CaO 
10–250 µm 

10 

 

SiO2 > 65% 
Na2O >14% 
CaO > 8.0% 
MgO < 4.0% 

Al2O3 0.5–2.0% 
Fe2O3 < 0.2% 

315–500 µm 

11 

 

SiO2 > 65% 
Na2O >14% 
CaO > 8.0% 
MgO < 4.0% 

Al2O3 0.5–2% Fe2O3 
< 0.2% 

250–350 µm 

SiO2
CaO 10–250 µm

10

Materials 2021, 14, x FOR PEER REVIEW 5 of 16 
 

 

8 

 

SiO2 

CaO 
50–200 µm 

9 

 

SiO2 

CaO 
10–250 µm 

10 

 

SiO2 > 65% 
Na2O >14% 
CaO > 8.0% 
MgO < 4.0% 

Al2O3 0.5–2.0% 
Fe2O3 < 0.2% 

315–500 µm 

11 

 

SiO2 > 65% 
Na2O >14% 
CaO > 8.0% 
MgO < 4.0% 

Al2O3 0.5–2% Fe2O3 
< 0.2% 

250–350 µm 

SiO2 > 65%
Na2O > 14%
CaO > 8.0%
MgO < 4.0%

Al2O3 0.5–2.0%
Fe2O3 < 0.2%

315–500 µm



Materials 2021, 14, 6876 5 of 15

Table 1. Cont.

Additive
No.

SEM Images
(Magnification ×50)

Chemical
Composition

Physical Properties
(Particle Size)

11

Materials 2021, 14, x FOR PEER REVIEW 5 of 16 
 

 

8 

 

SiO2 

CaO 
50–200 µm 

9 

 

SiO2 

CaO 
10–250 µm 

10 

 

SiO2 > 65% 
Na2O >14% 
CaO > 8.0% 
MgO < 4.0% 

Al2O3 0.5–2.0% 
Fe2O3 < 0.2% 

315–500 µm 

11 

 

SiO2 > 65% 
Na2O >14% 
CaO > 8.0% 
MgO < 4.0% 

Al2O3 0.5–2% Fe2O3 
< 0.2% 

250–350 µm 

SiO2 > 65%
Na2O >14%
CaO > 8.0%
MgO < 4.0%

Al2O3 0.5–2%
Fe2O3 < 0.2%

250–350 µm

12

Materials 2021, 14, x FOR PEER REVIEW 6 of 16 
 

 

12 

 

SiO2 70–73% 
Na2O + K2O 13–15% 

CaO 7–11% 
MgO 3–5% 

Al2O3 0.5–2.0% 
TiO2 ≤ 0.1% 

125–630 µm 

2.2. Sample Preparation 
The fabrication of study materials involved the following steps: 

(1) Step 1: Selection of a homogeneous textile carrier—the selected carrier was a com-
mercially available knitted aramid fabric designed for use in commercial gloves. 
Textile carrier samples measuring 210 × 297 mm were positioned horizontally. 

(2) Step 2: Selection of a coating method—coating was carried out by screen printing 
using a geometric stencil (Figure 1). Convex structures were made using an acrylic-
styrene polymer with a foaming agent. 

(3) Step 3: Preparation of composite paste—reinforcing additives were added to the 
polymer paste at 20% w/w (the paste to reinforcing agent ratio was 4:1—one sample 
was prepared using 25 g of the polymer paste and 6.25 g of an additive). 

(4) Step 4: Functionalization of the textile carrier—a metal geometric stencil was placed 
on a horizontal aramid fabric (Figure 1) and pressed with a force of 50 N. A compo-
site paste was transferred onto the textile carrier using an elastic spatula, and then 
the stencil was removed. 

(5) Step 5: Fixing of the coating elements—the samples were heated in a circulating air 
laboratory oven (Zalmed, Lublin, Poland) at 140 °C for 10 min. Subsequently, the 
samples were removed from the oven and the homogeneity of the coating elements 
was evaluated. A schematic view of the resulting samples is given in Figure 2. 

 
Figure 1. The developed geometric stencil. 

  

SiO2 70–73%
Na2O + K2O

13–15%
CaO 7–11%
MgO 3–5%

Al2O3 0.5–2.0%
TiO2 ≤ 0.1%

125–630 µm

The textile carrier was a knitted aramid fabric (S.I. ZGODA, Konstantynow Lodzki,
Poland) with a surface density of 234.1 g/m2, a thickness of 0.23 mm and cut resistance of
6 N.

2.2. Sample Preparation

The fabrication of study materials involved the following steps:

(1) Step 1: Selection of a homogeneous textile carrier—the selected carrier was a commer-
cially available knitted aramid fabric designed for use in commercial gloves. Textile
carrier samples measuring 210 × 297 mm were positioned horizontally.

(2) Step 2: Selection of a coating method—coating was carried out by screen printing
using a geometric stencil (Figure 1). Convex structures were made using an acrylic-
styrene polymer with a foaming agent.

(3) Step 3: Preparation of composite paste—reinforcing additives were added to the
polymer paste at 20% w/w (the paste to reinforcing agent ratio was 4:1—one sample
was prepared using 25 g of the polymer paste and 6.25 g of an additive).

(4) Step 4: Functionalization of the textile carrier—a metal geometric stencil was placed
on a horizontal aramid fabric (Figure 1) and pressed with a force of 50 N. A composite
paste was transferred onto the textile carrier using an elastic spatula, and then the
stencil was removed.

(5) Step 5: Fixing of the coating elements—the samples were heated in a circulating air
laboratory oven (Zalmed, Lublin, Poland) at 140 ◦C for 10 min. Subsequently, the
samples were removed from the oven and the homogeneity of the coating elements
was evaluated. A schematic view of the resulting samples is given in Figure 2.
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Figure 2. Schematic view of the samples.

2.3. Testing Methods

The coated fabrics were tested for cut resistance, which is an essential parameter of
protective glove materials. Furthermore, microscopic examinations were conducted to
evaluate the effects of the applied reinforcing particulate additives on the morphology of
the coating and the cut resistance of the material.

2.3.1. Morphology Evaluation

The microstructure of cross-sections taken from the sample was examined using a
SU-8000 scanning electron microscope (Hitachi, Hitachi-shi, Japan) in the magnification
range of 30–500× at an electron acceleration voltage of 5 kV. The sample cross-sections
were attached to the microscope table using a conductive tape and sputter-coated with
gold at 10 kV for 10 min using a Gatan high vacuum sputter coater (Pleasanton, CA, USA).

2.3.2. Cut Resistance Testing

Cut resistance was tested with a straight blade using a tonodynamometer (Kontech,
Lodz, Poland) according to the standard EN ISO 13997:1999 [4]. The cuts were achieved in
blade movements of 3 mm to 50 mm lenght when a range of forces are applied to the blade
normal to the specimen surface. Blades had ground to a bevel width of (2.5 ± 0.2) mm
along straight edge—this included angle of approximately 22◦ at the cutting edge. Blades
had a cutting-edge length 70 mm and 19 mm wide and were made of stainless steel
with a hardness greater than 50 HRC. The cut resistance of material is expressed as the
cutting force that is required to be applied to a blade of standard sharpness to just cut
through the material in a 20 mm blade stroke. At least 20 measurements are made on
each sample using new blade for each cut. The cut resistance test is conducting as follow:
(a) apply a selected force progressively between the specimen and the blade; (b) make trial
cuts tests to establish a force resulting in a cutting stroke length between 5 mm and 50 mm;
(c) repeat tests with different forces until at least 15 readings have been obtained with
cutting stroke lengths distributed between 5 mm and 50 mm; (d) normalize cutting stroke
length by multiplication blade sharpness correction factor and recorded stroke length;
(e) use calculated force to obtain at least five cutting stroke length between 18.0 and
22.0 mm and include these results in a recalculation of the cutting force.

Testing samples were mounted on a cylinder with a radius of (38 ± 0.5) mm. During
the test, a variable force ranging from 1.0 N to 200.0 N was applied to the blade. The cutting
rate was (2.5 ± 0.5) cm/s. The results were interpreted using the requirements stipulated
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in Table 2. Prior to testing, the samples were acclimatized at (23 ± 2) ◦C and a relative
humidity of (50 ± 5)% for 24 h.

Table 2. Performance levels for cut resistance [3].

Performance Level Level A Level B Level C Level D Level E Level F

Cutting force [N] 2 5 10 15 22 30

2.3.3. Statistical Analysis

Study results were subjected to statistical analysis implemented in SPSS Statistics
25.0. Analysis of variance (ANOVA) was carried out with a posteriori bootstrapping
(1000 replicates). The Tukey test was used for post-hoc comparisons. The objective of the
analysis was to compare the cut resistances of the studied textile carrier functionalized
with composite coatings containing various reinforcing additives.

3. Results
3.1. Morphology

SEM images of of the particles are presented in Table 1. In this study, 4 groups of
fillers were used to modify the polymer paste. First group of particles—Al2O3, have
multiple-walled and irregular shape (particles of additives No. 1–4). Particles of additives
No. 2 and 4 have sharp edges. The second group of particles—SiC (additive No. 5–7) are
characterized by a variety of morphologies and sizes. The third group of particles—SiO2
CaO (additive No. 8, 9) have a similar size. Particles 9 have sharp edges. The fourth
group—glass particles (additive No. 10, 11) have an irregular shape and sharp edges. The
particle morphology of additive No. 12 is typical of glass beads.

The largest pores were found in the polymeric layer without any reinforcing additives
(Figure 3). SEM images of the examined systems are presented in Figures 4–7. The
application of all particulate additives reduced pore size in the polymer paste. The paste
was modified using four groups of additives: Al2O3 (additives 1–4), SiC (additives 5–7),
calcium silicate (additives 8 and 9), and glass particles (additives 10–12). Microscopic
examinations have revealed that both the type and particle size of additives affected the
porous structure of the polymer paste, but the identified relationships differed between the
various groups of additives. In the case of Al2O3, the thinnest coating was obtained for a
particle size of 100–500 µm (coatings were much thicker for the other Al2O3 particle sizes).
Coating thickness decreased with decreasing particle size for composites incorporating SiC
additives (Figure 5a–c). Coatings containing a mixture of SiO2 and CaO as well as those
with glass additives exhibited similar thickness levels. In those cases, it was mostly particle
size rather than porous microstructure that affected cut resistance.
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3.2. Cut Resistance Results

Figure 8 presents the results of cut resistance tests for the test textile carrier functional-
ized with 12 composite coatings. The tests evaluated the effects of reinforcing particulate
additives on the level of cut resistance offered by the materials.
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Figure 8. Cut resistance results.

The studied variants of knitted fabric functionalized with composite layers exhibited
cut resistance corresponding to performance levels B and C. The highest cut resistance
values were found for the variants incorporating 53–75 µm SiC particles (additive 7) and
50–200 µm SiO2 and CaO particles (additive 8). The cutting forces determined for those
variants (11.1 N and 10.5 N, respectively) placed them at performance level C. Four variants
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containing 50–450 µm SiC particles (additive 6), 250–350 µm glass particles (additive 11),
315–500 µm glass particles (additive 10), as well as 10–250 µm SiO2 and CaO particles
(additive 9) showed similar cut resistances ranging from 8.3 to 8.9 N.

Finally, five variants exhibited cut resistance below the reference sample levels;
these incorporated 180–250 µm Al2O3 particles (additive 2), 50–56 µm Al2O3 particles
(additive 4), 710–750 µm Al2O3 particles (additive 1), 100–450 µm SiC particles (additive 5),
and glass beads (additive 12).

3.3. Statistical Analysis

Table 3 presents descriptive statistics for cut resistance depending on the additive used.

Table 3. Descriptive statistics of cut resistance for the studied additives.

Parameter Additive N Min Max M SD

Cut resistance [N] Reference material
(without additives) 2 8.20 8.10 8.15 0.07

1 2 7.40 7.10 7.25 0.21
2 2 7.90 7.60 7.75 0.21
3 2 9.50 9.20 9.35 0.21
4 2 7.30 6.90 7.10 0.28
5 2 7.80 7.50 7.65 0.21
6 2 9.00 8.80 8.90 0.14
7 2 11.20 11.00 11.10 0.14
8 2 10.80 10.20 10.50 0.42
9 2 8.90 8.40 8.65 0.35
10 2 9.10 8.60 8.85 0.35
11 2 8.40 8.10 8.25 0.21
12 2 8.10 7.60 7.85 0.35

Table 4 presents a summary of ANOVA statistics for the effects of the studied additives
on the cut resistance of the coated fabrics.

Table 4. ANOVA statistics for the effects of the studied additives on cut resistance.

Parameter F (12, 13) p η2 Post-Hoc Test

0 < 3,7,8; 0 > 4
Cut resistance 1 < 8,11,10,9; 2 < 3,6,7,8,10;

41.05 0.001 0.97 2 > 3,4,1,8; 3 < 7,8; 4 < 6,7,8,11,10,9;
5 < 6,7,8,10; 6 < 7,8; 6 > 1,12;

7 > 1,11,10,9,12; 8 > 11,10,9,12

The type of additive used was found to significantly affect cut resistance. Post hoc com-
parisons conducted by means of the Tukey test revealed that samples 3, 7, and 8 reached
significantly higher values than the reference material (coated without additives), while
samples 4, 5, and 1 reached significantly lower values. Statistical analysis confirmed
the significance of differences between the studied additives in terms of their effects on
cut resistance.

4. Discussion

New and unique functional properties can be imparted to textile materials by means
of physical and chemical surface modifications as well as by the incorporation of nanopar-
ticles [13–17]. The proposed method of functionalizing a textile carrier with a polymer
paste incorporating reinforcing additives of different chemical compositions and particle
sizes improved the cut resistance of some material variants. According to literature data,
cut resistance depends in particular on the type and structure of fibers [34] as well as the
application of strong polymeric materials [35]. Para-aramid fibers have been reported to
exhibit high cut resistance while being suitable for glove applications [7,36].
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In the present study, a knitted aramid carrier was functionalized with a composite
coating. Continuous and discontinuous polymeric coatings have been previously applied
to improve glove properties, and especially abrasion and cut resistance [35]. Such coatings
are typically made of poly(vinyl chloride) (PVC), polyurethane (PU), nitrile butadiene
rubber (NBR), natural rubber (NR), and silicone rubber [20,37]. Matković et al. [25] ap-
plied a continuous polyurethane coating onto knitted fabrics to improve their mechanical
properties. The application of a polyurethane paste was found to improve the elongation
and tensile strength of the samples as compared to controls; the mean force needed to
break them increased by 24%. Mayo et.al. [27] reported that laminated fabrics exhibited
higher cut and stab resistance than non-coated materials. Gloves can also contain more
than one coating layer (differing in terms of their properties), especially in situations where
a single layer would fall short of the required performance levels [5]. Yang et.al. [38], who
studied the effects of adding B4C to the coating of a woven fabric, reported the highest stab
resistance for samples with multi-layer coatings.

In the present study, an acrylic-styrene paste with a foaming agent was used to form
3D structures of a specific geometry and thickness. All samples were made with one type
of polymer paste incorporating different particulate reinforcing additives (Table 1), such as
aluminum oxide (Al2O3), silicon carbide (SiC), as well as materials derived from quartz
sand with the addition of sodium carbonate (Na2CO3) and calcium carbonate (CaCO3),
with particle sizes ranging from 10 µm to 750 µm. Nunes et al. [29] investigated the effects
of silica on the mechanical properties of an elastomeric mix, especially in terms of hardness
and Young modulus. The effects were found to be strongly associated with the presence of
silane groups on the surface of silica. The authors concluded that the greater the surface
density of silanol groups, the stronger the elastomer.

The stab resistance of aramid composite fabrics with a thermoset coating containing
SiC particles was evaluated by Rubin et al. [39]. The presence of SiC particles was found
to improve stab resistance with the highest effectiveness at a concentration 20 wt.%. Mi-
crostructural investigations revealed SiC particles to be embedded in interstitial spaces.
According to Rubin et al. [39], the improved stab resistance was attributable to increased
friction between the fibers, which may have blunted the blade.

The greater the force needed to make a cut, the greater the cut resistance of the sample.
In this work, the highest cut resistance was found for samples with the coating layer
containing the SiC additive with a particle size of 53–75 µm (Figure 8); in this case the
increase with respect to the reference sample (without any reinforcing additives) amounted
to 37%. The second-best result (a 30% increase) was obtained for a combined application
of SiO2 and CaO with a particle size of 50–200 µm (additive 8). The third most effective
additive was Al2O3 with a particle size of 100–500 µm (additive 3), which improved cut
resistance by 15% (Figure 8).

Literature reports have indicated that the cut resistance of knitted fabrics can be
improved by modification with mineral additives (e.g., SiC). Research has also shown
that of the essence is the size of particles added as well as their percentage share in the
coatings [30,38,39]. In the present study, only a slight improvement in cut resistance
(2% to 10%) was observed for four of the investigated additives, which were thus not
deemed promising: SiC with a particle size of 50–450 µm (additive 6), glass with particle
sizes of 250–350 µm (additive 11) and 315–500 µm (additive 10), as well as a mixture of
SiO2 and CaO with a particle size of 10–250 µm (additive 9). Finally, statistical analysis
revealed a significant increase in cut resistance for additives 3, 7, and 8 (Tables 3 and 4).

In the present study, the application of some additives was found to decrease cut resistance
by 2% to 10%; these included Al2O3 with a particle size of 50–750 µm (additives 1, 2, and 4),
SiC with a particle size of 100–450 µm (additive 5), and glass beads (additive 12) (Figure 8).

In the context of these findings, it should be noted that Gent and Wang [40] showed
that the energy of cutting through polymeric materials consists of two components: the
energy needed to break molecular chains and the energy of viscoelastic and plastic de-
formation (depending on the type of material). Moreover, according to the literature cut
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resistance largely depends on the friction between the material and the blade. Importantly,
a higher friction coefficient may either increase or decrease cut resistance, depending on the
properties of the material, including its thickness and microstructure [41]. To explain the
observed cases of diminished cut resistance, the present authors additionally performed
microstructural examinations using scanning electron microscopy.

In the case of Al2O3 additives, the cut resistance of the composite layer was improved
for a particle size of 100–500 µm and deteriorated for the remaining particle sizes (Figure 8).
Microstructure examinations revealed that the coating incorporating 100–500 µm Al2O3
particles was the thinnest and penetrated between the fibers of the knitted fabric carrier,
forming a compact layer (Figure 4c). In addition to the size of particles in the polymer
paste, the cut resistance of the studied systems was also largely influenced by the way in
which the paste penetrated into the knitted fabric structure.

In the case of the coating containing SiC, cut resistance decreased with increasing
additive particle size. It was also found that the finer the additive particles, the thinner the
composite layer and the better its fiber wetting properties (Figure 5a–c). As regards the SiC
additives, the highest cut resistance was found for 53–75 µm particles (Figure 5c).

Both coatings incorporating a mixture of SiO2 and CaO particles exhibited improved
cut resistance vs. the reference sample, with the smaller particles (50 µm) being more
effective (Figure 6a). The last group of additives consisted of glass beads and glass par-
ticles differing in their shape and size (Figure 7a–c). While glass particles improved cut
resistance (again the smaller particles turned out to be superior), the application of glass
beads compromised the cut resistance of the system as compared to the reference sample
(Figure 3).

5. Conclusions

Polymeric coatings can increase the mechanical resistance of gloves, thus enhancing
their functional properties. This study presents functionalized materials designed to
improve the cut resistance of protective gloves. A knitted fabric carrier was coated with
a composite paste containing a wide range of additives. The greatest increases in cut
resistance were found for Al2O3 with a particle size of 100–500 µm (additive 2), SiC with
a particle size of 53–75 µm (additive 7) as well as SiO2 and CaO with a particle size
of 50–200 µm (additive 8). In the case of a mixture of SiO and CaO (additive 9) and
glass particles (additives 10 and 11), cut resistance increased only slightly as compared
to the reference sample without additives. Analysis of the microstructure of the studied
textile carrier with composite coatings revealed that layers with the lowest thickness,
which penetrated into the structure of the carrier (as in the case of additives 2—thickness:
2.40 mm and 6—thickness: 2.20 mm) constituted the most effective barriers to blades in cut
resistance tests. Particle size was found to affect the porous microstructure of the polymer
paste and cut resistance properties. Smaller additive particles in the polymer paste more
readily penetrated between the fibers of the knitted fabric, in this way preventing the
process of forming porous structures and creating a more mechanically resistant layer.

Author Contributions: Conceptualization, P.K. and E.I.; methodology, P.K., E.I. and R.L.; formal
analysis, P.K., E.I. and M.J.-K.; investigation, P.K., E.I. and M.J.-K.; resources, P.K. and E.I.; writing—
original draft preparation, P.K., E.I.; visualization, P.K. and T.P.; supervision, E.I. All authors have
read and agreed to the published version of the manuscript.

Funding: This paper has been based on the results of a research task carried out within the fifth stage
of the National Programme “Improvement of safety and working conditions” partly supported in
2020–2022—within the scope of research and development—by the National Centre for Research and
Development (project No. III.PB.13 entitled “Application of mineral nanoadditives in constitutive
bionic structures to improve the cut resistance of protective glove materials”). The Central Institute
for Labour Protection—National Research Institute is the Programme’s main coordinator.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Materials 2021, 14, 6876 14 of 15

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Claudon, L. Influence on grip of knife handle surface characteristics and wearing protective gloves. Appl. Ergon. 2006, 37, 729–735.

[CrossRef]
2. Yu, A.; Yick, K.L.; Ng, S.; Yip, J. Case study on the effect of fit and material of sports gloves on hand performance. Appl. Ergon.

2019, 75, 17–26. [CrossRef]
3. EN 388:2016+A1:2018-Protective Gloves against Mechanical Risks; European Committee for Standardization: Brussels, Belgium,

2018.
4. EN ISO 13997:1999-Protective Clothing-Mechanical Properties-Determination of Resistance to Cutting by Sharp Objects; European

Committee for Standardization: Brussels, Belgium, 1999.
5. Li, D. Cut Protective Textiles, 1st ed.; Elsevier: Amsterdam, The Netherlands, 2020.
6. Lara, J.; Turcot, D.; Daigle, R.; Paylot, F. Comparison of Two Methods to Evaluate the Resistance of Protective Gloves to Cutting

by Sharp Blades. In Performance of Protective Lothing; ASTM International: West Conshohocken, PA, USA, 1996; Volume 5,
pp. 32–42.

7. Rebouillat, S.; Steffenino, B.; Miret-Casas, A. Aramid, steel, and glass: Characterization via cut performance testing, of composite
knitted fabrics and their constituent yarns, with a review of the art. J. Mater. Sci. 2010, 45, 5378–5392. [CrossRef]

8. Dianat, I.; Haslegrave, C.M.; Stedmon, A.W. Methodology for evaluating gloves in relation to the effects on hand performance
capabilities: A literature review. Ergonomics 2012, 55, 1429–1451. [CrossRef] [PubMed]

9. Dianat, I.; Haslegrave, C.M.; Stedmon, A.W. Design options for improving protective gloves for industrial assembly work.
Appl. Ergon. 2014, 45, 1208–1217. [CrossRef] [PubMed]

10. Rebouillat, S.; Steffenino, B. High performance fibres and the mechanical attributes of cut resistant structures made therewith.
In High Performance Structures and Materials III; WIT Press: New Forest, UK, 2006; Volume 85, pp. 279–299.

11. Ballato, J.; Dragic, P. Materials Development for Next Generation Optical Fiber. Materials 2014, 7, 4411–4430. [CrossRef] [PubMed]
12. Colson, P.; Henrist, C.; Cloots, R. Nanosphere Lithography: A Powerful Method for the Controlled Manufacturing of Nanomate-

rials. J. Nanomater. 2013, 5, 19. [CrossRef]
13. Galvin, C.J.; Genzer, J. Applications of surface-grafted macromolecules derived from postpolymerization modification reactions.

Prog. Polym. Sci. 2012, 37, 871–906. [CrossRef]
14. Bryjak, M.; Gancarz, I.; Smolinska, K. Plasma nanostructuring of porous polymer membranes. Adv. Colloid Interface Sci. 2010, 161,

2–9. [CrossRef]
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