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The objective of this work was to examine the mechanical strength properties of polycarbonate toecaps designed for commer-
cially available protective footwear, subjected to repeated impacts simulating workplace conditions. The effects of impacts
on the toecaps were expressed as the height of toecap clearance, which has a direct bearing on the safe use of protective
footwear. Changes in toecap geometry were evaluated using an originally developed methodology taking into consideration
the requirements of Standard No. EN ISO 22568-2:2019. Additionally, external and internal sides of toecaps were scanned
in three dimensions after each impact and reverse engineering was used to analyze deformations in toecap geometry by
comparing the shape of the toecaps before and after impact. Three-dimensional scanning made it possible to measure the
remaining safe distance for toes between the footwear sole and the impacted toecap surface, which is an indicator of the

protective properties and safety of toecaps during use.
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1. Introduction

If polycarbonate toecaps are subjected to repeated impacts,
the distance between their upper surface and the footwear
sole will be reduced, which will also compromise their
protective properties. Toecaps are widely used to protect
workers’ feet against the mechanical hazards present in the
workplace. Specifically, they are placed in the front part
of footwear to prevent crush trauma from falling objects
[1-3]. Footwear with toecaps is used in many sectors of
industry, especially in manufacturing, automotive service
and repair, as well as warehousing and transportation [4].
Thus, evaluation of the protective properties of toecaps is
important as a more comprehensive assessment method
may improve the safety of workers in a variety of indus-
tries. The risks associated with an impact in the workplace
depend on the weight, shape and material of the falling
object, as well as the height at which the fall is initiated.
Of importance is also the number of such impacts [5].
Toecaps may be made from metals and composites,
and especially polymeric composites, e.g., those reinforced
with fiberglass, carbon or aramid fibers, or nanoparti-
cles [6,7]. The weight of toecaps is of the essence as
they constitute one of the heaviest elements of footwear,
accounting for up to 35% of its overall mass [6]. As com-
pared to metals and their alloys, composites are lighter and
exhibit greater crack resistance [8]. While steel and alu-
minum toecaps are highly resistant to mechanical factors,

they significantly contribute to footwear mass [9]. Metal
and composite toecaps also demonstrate some significant
differences in terms of their functional properties [10—12].

Toecaps must meet a number of protective and func-
tional requirements stipulated in EU Regulation 2016/425
[13]. A key protective parameter is impact resistance,
which is tested pursuant to the harmonized Standard No.
ENISO 22568-2:2019 [14]. According to the methodology
described in that standard, the tested toecaps are subjected
to only one impact of a striker with an energy of 100 or
200 J (for protective and safety toecaps, respectively), after
which the clearance under the toecap is measured.

Laboratory evaluation of the performance of protec-
tive footwear with toecaps does not fully reflect the actual
workplace conditions. The standardized toecap test meth-
ods used for evaluating protective properties have an
empirical and simplified nature. As a result, in real-life
situations, footwear equipped with toecaps certified by lab-
oratory procedures may provide lower than expected levels
of safety [15]. Other authors have reported discrepancies
between the performance of protective footwear under lab-
oratory and actual workplace conditions [16]. Thus, in
order to improve the safety of workers wearing protective
footwear, testing methods should be improved to account
for real-life factors in the workplace.

While there are no literature reports on the effects of
multiple impacts on internal toecap structure, such impacts
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may affect the actual protective performance of toecaps
in real-life work conditions. It has been reported that
defects caused by a single impact (delamination, cracking
and deformation) may compromise the protective parame-
ters of toecaps, making the footwear unsafe to use in the
workplace [5].

Three-dimensional (3D) analysis confirmed that impact
-induced deformations sustained by toecaps during
footwear use may compromise the safety of workers’ feet.
The long-term use of footwear with polycarbonate toecaps
implies the risk of multiple mechanical impacts potentially
affecting their protective parameters. Repeated impacts
may also reduce the distance between the upper toecap sur-
face and the footwear sole. It is suggested that polymeric
toecap strength tests should involve a series of impacts,
rather than a single impact, to better simulate the actual
mechanical hazards that occur in the workplace.

The present study tested the mechanical strength of
polycarbonate toecaps subjected to repeated impacts. The
objective was to evaluate the effects of impacts on the
toecaps expressed as the height of toecap clearance,
which has a direct bearing on the safe use of protective
footwear. Statistical analysis revealed significant differ-
ences in the geometry of such toecaps before and after
impacts. Changes in polycarbonate toecap geometry were
also evaluated using 3D scanning to determine how con-
secutive impacts gradually decreased the safe distance
(clearance) between the footwear sole and the lowest point
of the deformed upper part of the toecap.

2. Materials and methods
2.1. Materials

Until recently, the toecaps used in protective footwear were
predominantly made of metal, mostly steel or aluminum.
However, due to advances in materials science and engi-
neering in the area of lightweight composite materials with
improved mechanical parameters, polymeric toecaps have
become increasingly popular [9]. It should also be noted
that metal toecaps may affect heat transfer and prevent
moisture dissipation during footwear use, thus impairing
user comfort. Significant differences between metal and
composite toecaps in this respect have been identified in a
previous study [10]. The type of toecap material influences

Table 1. Description of the toecaps used in the study.

the insulation properties of protective footwear, which is
especially relevant for work in cold environments. Metal
toecaps have been found to lead to inferior insulation and
thermal discomfort as a result of toe cooling [11]. There-
fore, workers tend to increasingly use toecaps made of
non-metallic materials.

Given the aforementioned, the present study exam-
ined toecaps made of a popular thermoplastic polymer.
Fourier transform infrared spectroscopy—attenuated total
reflectance (FTIR—ATR) revealed that the studied toecaps
were made from polycarbonate. The toecap material and
its chemical composition were characterized in other work
by the authors [17]. The study involved toecaps extracted
from commercially available footwear produced by a Ger-
man manufacturer of personal protective equipment (PPE),
which are characterized in Table 1.

2.2. Testing

In the standard approach to evaluation of toecap resistance
to impacts described in Standard No. EN ISO 22568-
2:2019 [14], the tested toecaps are subjected to one impact
of 100 or 200J, depending on the claimed performance
level. While standard tests assess only changes in the
height of a modeling clay cylinder positioned inside the
impacted toecaps, in real-life situations toecaps may be
exposed to multiple mechanical loadings in the work-
place. The presented study used 3D dimensioning analysis
to determine the distance between the upper polycarbon-
ate toecap surface and the footwear sole to assess the
mechanical resistance of polycarbonate toecaps subjected
to repeated impacts.

2.2.1. Resistance to repeated impacts

Studies were conducted according to a novel methodology
developed on the basis of Standard No. EN ISO 22568-
2:2019. The applied impact tester (Pegazil by Zipor, Portu-
gal) was equipped with a mechanism that caught the striker
following the first impact to prevent secondary rebound
impacts. The striker was 60 mm long. The two 40-mm-long
rectangular facets of the impact head were at an angle of
90 % 1°. The tip was rounded with a radius of 3 + 0.1 mm,
as shown in Figure 1. The striker was made of steel with

Thickness (mm) Weight (g) Hardness (°Shore D)
Type M SD M SD M SD Photograph
White polymeric 3.5 0.08 53.0 03 690 5.6 b

toecaps (size 9)
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Figure 1. Shape and parameters of the striker used for repeated impact testing of toecaps.

Note: Set-up based on Standard No. EN ISO 22568-2:2019 [14].
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Figure 2. Method of measuring the change in the height of the modeling clay cylinder positioned inside the toecap based on Standard

No. EN ISO 22568-2:2019 [14].

Note: hy = height of hand-made modeling clay cylinder; 41 = change in the height of the cylinder.

a Rockwell hardness of 60 HRC, and positioned parallel to
the toecap holder (perpendicular to the toecap).

The test protocol consisted of five impacts applied with
an energy of 200J. Toecap deflection and deformation
were used to determine two parameters:

e change in the height of a modeling clay cylinder
placed inside the toecap (before and after impact);

e change in internal toecap width (before and after
impact).

The hand-made modeling clay cylinder, prepared in
accordance with Standard No. EN ISO 22568-2:2019, was
30 mm high (%) and 25 mm in diameter. The midline of
the polycarbonate toecap was determined using a ruler
(Format Professional Quality, Germany). The cylinder was
placed on the midline (test axis), with a third of its diameter
remaining outside the rear edge of the toecap. The change
in the height of the cylinder (/;) was measured after each
of five impacts, as shown in Figure 2. Based on statisti-
cal analysis, the cylinder height measurement error was
estimated at £+ 0.03 mm.

The initial (dy) and post-impact (d;) internal toecap
widths were determined using a digital caliper (Vis Sp. z
0.0., Poland), as shown in Figure 3.

Figure 3. Method of measuring the internal toecap width.
Note: d; = initial internal toecap width; dy = post-impact
internal toecap width.

2.2.2.  Measuring toecap deformation by means of 3D
scanning

To evaluate changes in geometry resulting from repeated
impacts with an energy of 200 J, the inner and outer sides
of the toecaps were scanned in three dimensions four times.
Scanning was not performed after the fifth impact, which
caused toecap failure.
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Figure 4. Three-dimensional toecap scanning set-up,
including the probe.

Table 2. Technical parameters of the toecap scanning set-up.

Parameter Value

CimCore Infinite 2.0 six-axis
articulating arm (CimCore,

USA)

Measuring range 2.4m

Accuracy in the effective +0.013 mm

diameter test

Point repeatability 4 0.020 mm

Volume length accuracy +0.029 mm

Perceptron V4i laser scanning

probe (CimCore, USA)

Data acquisition rate 768 points/line

Scan rate 30 lines/s, 23,
040 points/s

Feature resolution (sphere test) 4.5um, 20

Repeatability Sum, 20

Accuracy 24 um, 20

Computer-aided design (CAD) models, used as refer-
ence files for further end-of-service life assessment, were
generated using a Perceptron V4i laser scanning probe and
an Infinite 2.0 articulating arm (CimCore, USA), as shown
in Figure 4, with the technical parameters presented in
Table 2.

At the beginning of the tests, the overall measurement
error was determined for the experimental set-up. It was
defined as the geometric sum of independent partial error
components attributable to the laser scanning probe, the
six-axis articulating arm and distorting factors, such as
changes in external illumination, reflections and changes in
the scanned surface caused by consecutive impacts. More-
over, the overall error was also affected by the accuracy of
models generated in .STL format from a cloud of points.

Based on statistical analysis of partial errors, the over-
all error of the measurement method was estimated to be
4+ 0.1 mm.

Polycarbonate toecap scans were used to generate 3D
images in .STL format to compare the shape of toecaps
before and after impacts. Graphical comparisons were done
by means of specialist computer programs Geomagic Stu-
dio version 11 and Geomagic Qualify version 11, which
are typically used in advanced reverse-engineering appli-
cations.

2.3. Statistical analysis of impact effects

Measurements of impact effects were statistically analyzed
using SPSS version 25.0 to determine changes in toe-
caps before and after consecutive impacts in terms of two
parameters:

e height of the modeling clay cylinder placed inside
the toecaps;
e internal toecap width.

The statistical methods included analysis of variance
(ANOVA) with a-posteriori bootstrapping with 1000 repli-
cates. Post-hoc comparisons were performed using the
Bonferroni method.

3. Results and discussion
3.1. Analysis of resistance to repeated impacts

The results obtained concerning mechanical resistance to
repeated impacts of polycarbonate toecaps are presented in
Table 3 together with the basic statistics. In addition, pho-
tographic images of toecaps following consecutive impacts
are presented in Table 4.

In the experiments, the height of the modeling clay
cylinder placed inside the toecaps decreased by 28% after
the first impact, which conformed to the requirements of
Standard No. EN ISO 22568-2:2019 [14]. The deforma-
tions after the second, third, fourth and fifth impacts were
40, 51, 60 and 70%, respectively.

Furthermore, the first impact caused a 5% increase in
internal toecap width. After the second, third, fourth and
fifth impacts, toecap width increased by 7, 9, 12 and 34%,
respectively. The changes in toecap width are attributable
to the deformations and reduced height of the toecaps
caused by mechanical loadings. It should be noted that
the observed alterations in toecap width may additionally
compromise footwear safety.

The experiments revealed some major changes in poly-
carbonate toecap geometry due to impacts. The most dra-
matic change was observed after the fifth impact of 200J,
which caused toecap failure. Already after the first impact,
the middle region of the toecap exhibited whitening, which
may indicate macromolecule reorientation in the direction
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Table 3. Descriptive statistics for modeling clay cylinder height and internal polycarbonate toecap width after each of the

five impacts.

Minimum Maximum

Parameter Impactno. N (mm) (mm) M (mm)  SD (mm)

Height of modeling clay cylinder inside the toecap 1 3 21.72 22.95 22.34 0.62
2 3 18.00 19.05 18.44 0.54
3 3 14.85 16.31 15.58 0.73
4 3 12.01 13.03 12.51 0.51
52 3 8.98 9.50 9.18 0.28

Internal toecap width 1 3 83.71 84.95 84.35 0.62
2 3 85.98 87.22 86.62 0.62
3 3 87.56 88.95 88.26 0.70
4 3 89.70 90.89 90.30 0.60
52 3 107.13 108.43 107.69 0.67

3The fifth impact caused material failure in all tested toecaps.

of the tensile stress exerted by impact energy. Repeated
impacts made macromolecule orientation more visible on
both the inner and the outer surfaces of the toecap.

Statistical analysis of the obtained results confirmed
significant deformations of polycarbonate toecaps follow-
ing impacts, as presented in Table 5.

Statistical analysis revealed a significant effect of the
number of impacts on internal polycarbonate toecap clear-
ance, as reflected by decreasing modeling clay height:
toecap clearance was clearly smaller after the fourth and
fifth impacts as compared to the first, second and third
impacts. The number of impacts also significantly affected
the internal toecap width: after the third impact it was
greater than after the first and second impacts, and after
the fifth impact it was greater than after impacts one to
four.

3.2.  Analysis of toecap deformations by means of 3D
scanning

Analysis of changes in toecap geometry revealed that the
polycarbonate toecaps maintained upper surface integrity
during the first four impacts of 200 J, but they failed upon
the fifth. Thus, changes in geometry after the last impact
were not evaluated by 3D scanning.

In the first step, impact-induced shape deviations were
compared to intact toecaps. Figures 5—8 present geometry
analyses in which various degrees of plastic deformation
are visualized by means of a color scale.

The objective of geometry analysis was to determine
the distance between the plane supporting the user’s foot
(the top surface of the footwear sole) and the lowest point
of toecap deformation. The ‘Best Fit’ function was used
to define ‘Plane 1’ as the footwear sole. Subsequently,
the ‘Cross-Section’ function was employed to gradually
increase the distance between Plane 1 and a plane parallel
to it until the other plane reached the lowest point of toecap
deformation. Thus, the parallel plane found in this way was

adopted as the upper limit of the area unaffected by toe-
cap deformation (safe clearance). Finally, measurements
were performed using the ‘3D Dimensioning’ function.
The results of 3D analyses of toecaps subjected to repeated
impacts are shown in Figure 9.

The exact position of Plane 2 was determined by
analyzing cross-sections every 0.01 mm in order to pre-
cisely delimit the safe area free of any vertical toecap
deformation. Figure 9 presents graphical representations
of deformations following four consecutive impacts based
on analysis of 3D images. The Z value represents the safe
distance (mm) between Planes 1 and 2 (see Figure 10).

According to 3D scanning analysis, after four impacts
the plastic deformation of the front part of the toecap
amounted to 11.66 mm, or 51%. After the same number
of impacts, modeling clay cylinder measurements revealed
an elastic deformation of 17.99 mm, or 58%, for the rear
part of the toecap.

Three-dimensional models illustrating changes in toe-
cap geometry resulting from repeated impacts are shown
in Figure 11. The reference shape of the intact toecap is
gray, while the toecap subjected to four impacts is blue.
After the fifth impact, the upper toecap surface broke
in half.

The studied toecaps are crucial and widely used ele-
ments of protective footwear. From the user’s standpoint,
it is critical for protective footwear to be adequate for the
hazards present in the workplace. Therefore, the protective
properties of toecaps should be evaluated under conditions
that closely resemble real-life workplace situations.

Repeated impacts, which are not taken into considera-
tion in standard testing procedures, decreased the distance
between the upper surface of the toecap and the footwear
sole, and led to polycarbonate toecap failure after the fourth
impact of 200J.

Other authors have used state-of-the-art technology,
mostly numerical modeling and 3D scanning, to determine
mechanical failure mechanisms of toecaps and to optimize



6 P. Kropidlowska et al.

Table 4. Photographs of polycarbonate toecaps subjected to repeated impacts.

Intact toecap

Toecap after the first impact

Toecap after the second impact

Toecap after the third impact

Toecap after the fourth impact

Toecap after the fifth impact

a
a
a
a

-~

-
)

their thickness and geometry with the aim of improving
mechanical strength [1,5,18-22].

The methods proposed in the present study were
used to obtain a comprehensive mechanical evaluation of
polycarbonate toecaps. The obtained results revealed a
decreased distance between the upper polycarbonate toe-
cap surface and the footwear sole as a result of repeated
impacts, which reflected the critical conditions for the use
of such toecaps. Analysis of changes in toecap geometry

(the distance between the footwear sole and the maximum
inward deformation of the upper surface of the toecap)
was convergent with the statistical analysis of experimen-
tal data. Repeated impacts weakened the toecap material,
leading to mechanical failure already after the fifth impact
(Figures 5-8, Table 4).

Workers using protective footwear may be exposed to
a variety of external factors, including multiple mechani-
cal impacts to the feet. Analysis of the study results shows
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Table 5. Results of the analysis of variance of the height of modeling clay cylinder inside the toecap and the internal toecap width.

Impact no. (mm)

Parameter 1 2 3 4 5 Post-hoc test F(1,2) p 7>

Height of modeling clay cylinder inside the toecap M 21.72 18.00 14.85 12.01 898 1,2,3>4,5 206.15 0.001 0.99
SD  0.62 054 073 051 0.28 - — - -

Internal toecap width M 8371 8598 87.56 89.70 107.13 1,2,3,4<5 55827 0.001 0.99
SD 062 062 0.70 0.60 0.67 1,2<3 — - -

(a) (b)
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Figure 5. Three—dimensional analysis of toecap deformation after the first impact: (a) outer side; (b) inner side.
Note: The full color version of this figure is available online.
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Figure 6. Three—dimensional analysis of toecap deformation after the second impact: (a) outer side; (b) inner side.
Note: The full color version of this figure is available online.
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Figure 7. Three—dimensional analysis of toecap deformation after the third impact: (a) outer side; (b) inner side.
Note: The full color version of this figure is available online.
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Figure 8. Three—dimensional analysis of toecap deformation after the fourth impact: (a) outer side; (b) inner side.
Note: The full color version of this figure is available online.

First

impact

awds: vy, 7

Fourth
impact

Figure 9. Three—dimensional dimensioning analysis after repeated impacts.
Note: The full color version of this figure is available online. #; = change in the height of the cylinder.
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Figure 10. Decreasing clearance between the footwear sole and the upper part of toecaps due to increasing toecap deformations after

consecutive impacts.
Note: The full color version of this figure is available online.

Intact toecap

Toecap after
four impacts

Intact toecap

Toecap after
four impacts

Figure 11. Model showing the shape of an intact toecap and the same toecap after four impacts.
Note: The full color version of this figure is available online. gray = reference shape of the intact toecap; blue = toecap subjected to

four impacts.

the importance of mechanical strength evaluation of toe-
caps subjected to repeated impacts simulating workplace
conditions. As can be seen from Table 3, while the tested
toecaps met the requirements of the relevant standard [23],
in the long term they may fail to protect the wearer from
injury, as indicated by 3D scans made following repeated
impacts (Figures 9—11).

The fact that toecap deformation after impacts four
and five was significantly greater than after impacts one
to three shows that the mechanical strength of the toecaps
was substantially compromised already by the third impact.
As a result, the protective properties of the impacted toe-
caps deteriorated considerably, which was confirmed by
3D analysis and by their vertical and sideways deformation
(Figure 7) as compared to intact toecaps, which increased
the risk of toe injury. Moreover, the fourth impact cracked
the toecap base (Figure 8), while the fifth caused complete
mechanical failure.

Reverse-engineering methods provided an additional
opportunity to evaluate changes in the geometry of toe-
caps subjected to repeated impacts and to determine the
safe clearance for the user’s feet. The use of 3D scanners
for modeling toecap deformation enabled in-depth analy-
sis in terms of improving the safety properties of protective
footwear incorporating toecaps.

4. Conclusions

Tests of the mechanical strength of polycarbonate toecaps
used in protective footwear, subjected to repeated impacts
simulating workplace conditions, indicate that, during use,
the protective performance of the toecaps may be com-
promised already after a few impacts. Indeed, after the
fifth impact the deformation of the upper polycarbonate
toecap surface reached 70%. This not only dramatically
reduced toe clearance, but also compromised toecap safety.
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Statistical analysis revealed that the number of impacts had
a statistically significant effect on the internal height and
width of polycarbonate toecaps. Moreover, it was shown
that 3D scanning can be used to determine the safe distance
for toes between the footwear sole and the upper surface of
toecaps subjected to repeated impacts. Thus, the developed
reverse-engineering test method offers additional informa-
tion that may be incorporated into a comprehensive evalu-
ation of the protective performance of toecaps subjected to
repeated impacts.
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