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B Introduction

The locomotion process is connected with
the mechanical work of all segments of
the human body. One of the biggest roles
which is played by footwear is gait stabi-
lisation. This function is provided by the
spacer construction of laces, which is con-
nected with the muscles and tendons of
the dorsal foot surface. The foot stability
provided by shoelaces, supports the natu-
ral processes of twisting the foot in per-
pendicular and lateral directions, which is
important to create the ability to dynam-
ically resist foot inversion of eversion.
Moreover, using footwear is connected
with muscle fatigue caused by the bend-
ing forces of soles and uppers, which are
generated during walking. Inside a shoe
volume, the footwear upper is lifted by the
dorsal muscle effort. At the same time, the
back of the torso is dragged in the same
direction. Hence, the physiological effort
which is necessary to overcome the ma-
terial stiffness (lacings and connections
between the footwear upper and bottom)
is equal to the vertical forces beneath the
foot. Laces decide about the fit of footwear
to stay right on the feet [1], which is very
important for the biomechanical factors of
the gait, like velocity and rotation ability.
When footwear is tightly laced, the foot
pronation of the ankle joint is reduced and
the load coefficient decreases. The nega-
tive effect of this is excessive pressure on
the dorsal foot surface and straightening
of the muscles of the ankle joint, which
can cause an increase in injury probabil-
ity. According to Polster [2], the six main
lacing patterns are crisscross, zigzag, star,
bowtie, serpent and s-zigzag (Figure I).
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Abstract

In this paper, two types of footwear laces research were undertaken. The first was connected
with abrasion resistance and the second with the displacement force at the knot. The abra-
sion resistance was registered by the level of abrasion for standard eyelet. The displacement
force was measured with the use of a tensile test machine, where the force and extension
were registered. As a criterion of test evaluation, the maximum force was established when
the knot was untied. The research was conducted for a set of different types of shoelaces
(differing in shape, structure and raw materials). The evaluation criteria proposed can be
used in order to determine the raw materials and optimal construction of shoelaces. From
the user s point of view, the measures identified i. e. the displacement force in the knot (F,,,,)
and abrasion resistance (K) are the most important factors.
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The problem of the lacing pattern influ-
encing the kinematic and dynamic param-
eters is intuitively known, but literature
sources are very scarce. In papers [3-4]
gait stability as a function of the lacing
pattern of running shoes was examined.
The undertaken analysis showed, that dif-
ferent lacing patterns can cause different
shoe fit, which was perceived in terms
of the comfort rating, like heel cup fit-
ting and forefoot cushioning. It is one of
the most important ways of reducing the
probability of injury occurrence. Hagen
and co-authors [5] showed the correlation
between lacing patterns and the peak of
dorsal pressures. From the user’s point of
view, the abrasion resistance of footwear
laces is a very important factor, which
decides about shoe fit and gait safety.

Czaplicki [6] showed that the type of fi-
bre, structure and shape of laces is one of
the factors which determine the abrasion
resistance. Also, the width and diameter
are not without significance. Material
abrasion is also caused by the type of
eyelet surface and the velocity of the lac-
es’ movement in the eyelet. Nowadays,
abrasion resistance is measured accord-
ing to the applicable standard [7], accord-
ing to which, there are three methods of
lace abrasion testing:

method 1: lace on lace;

method 2: lace on abrasive medium;

method 3: lace on shoe eyelet.

The measurement device is shown in
Figure 2 [7].

In method 1, a footwear lace is thread-
ed through a loop formed from the pas-
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sage of a similar lace. In methods 2 and
3, alace is threaded through a standard
eyelet (method 2) and shoe eyelet (meth-
od 3). The abrasion resistance is meas-
ured as the number of cycles necessary
for destruction of the lace or lace core.

Czaplicki and Serweta [8] carried out
research on a new parameter — displace-
ment force in alace knot — F, after
which spontaneous untying takes place.
This parameter is very important from
the user’s point of view because it de-
termines the untying process during lo-
comotion. It is very dangerous because
when the lace of one foot is pinned to the
ground by the second foot during a gait
or run, the probability of falling increas-
es. These events are often found amongst
children and youths in preschools or
schools. This problem also concerns run-
ners or soldiers during military exercises.

The authors say that the spontaneous un-
tying of laces is connected with the val-
ues of displacement forces in the knot.
A positive correlation between the dis-
placement force and resistance to spon-
taneous untying was found.

Figure 1. Shoe lacing patterns: crisscross,

zigzag, star, bowtie, serpent, s-zigzak lac-
ings [2].
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Figure 2. Abrasion resistance device (view from above the abrasion geometry [7]) (X — method
1: abrasion between lace — lace, Y —methods 2 and 3: abrasion between lace — abrasive medium,
1—lace’s knot, 2 — strut, 3 — force (2.45N+0.03), 4 — stationary grip, 5 — non — stationary grip,
6 — the metal strip, 7 — abrasive medium of lace, 8 — force (2.45N+0.03)).

The undertaken research was focused
on the development of some parameters
which are important from the footwear
user’s point of view:
lace abrasion, measured with an origi-
nal device and proposing abrasion re-
sistance as an indicator (instead of the
number of cycles to lace destruction,
according to standard [7]);
displacement force in the knot, meas-
ured as the minimal force necessary to
induce the movement of the laces in
the knot. This force is a resistance in-
dicator for spontaneous lace untying.

B Materials and method

Method for determining the shoelace
force in a node

The method of determining the shoelace
displacement force in a node is to deter-
mine the maximum force needed to cause
movement of the shoelace tightened in
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Figure 3. Lace sample preparation of displacement force in knot

measurement.
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the node. Force measurements are car-
ried out on atesting machine (ripper)
with a range of 2 daN and working on the
principle of a constant increase in elon-
gation; it is also equipped with a device
for the force diagram.

The length of the sample should be

500 + 5 mm. The following test conditions

were used to measure the travel force:

— 3 daN knot clamping force,

— node clamping time: 5 £ 1 s,

— the sample pre-load is assumed to be
equal to 2% elongation,

— lower travel speed of the ripper:
1.67 mm/s,

— distance between clamps: 100 mm.

Figure 3 shows how to prepare a sam-
ple for measuring the sliding force in
anode. Each of the samples to be test-
ed immediately before the measurement
should be prepared in accordance with
Figure 3.a-3.c, with the node clamping

time after lifting the loaded sample being
5+ 1 s. The sample prepared according
to Figure 3.c is attached to the ripper
clamps by pre-loading the bottom clamp
with a weight causing 2% elongation of
the sample. After attaching, the ripper is
started and a graph of the sliding force
F,w of the shoelace sample over a length
of 40 mm is obtained (Figure 3.c).

Based on measurements taken for 10 sam-
ples, the maximum force value F, should
be read from the graphs in accordance
with Figure 4 with an accuracy of 0.5 di-
visions, and then converted to force val-
ues in cN. The average value of the slid-
ing force F,,, in the node is calculated
from the results obtained.

Method for determining the abrasion
resistance of shoe laces (original)

The method of determining the abra-
sion resistance consists in determining
the breaking force of the shoelace sam-
ple against abrasion, where the sample
is subjected to cyclic abrasion in a shoe
eye. and calculating the so-called coeffi-
cient of resistance K from Equation (1):

(M

where F; — mean value of the breaking
force of 10 samples subjected to wear
(daN), F, — average value of the breaking
force of 10 samples not subjected to wear
(daN).

The proprietary device for testing the
abrasion of shoelaces working on the
principle of cyclical pulling of the shoe-
lace through a shoe eyelet (30 + 50 cy-
cles/min) is shown in Figure 5. For
measuring the breaking forces F, and F
of shoelaces, a ripper with a range of 50,
100, 200 daN was used. The length of the
samples was 500 £ 5 mm.
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Figure 4. Relationship between the force (F,,,) and displacement (1)

of the lower clamp of the testing machine.
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The following test conditions were used

for the measurements:

a) friction element — standard shoe eye
with diameter d = 6.7 mm,

b) sample shoelace tension during wear:
0.5 daN,

c) length of the sample abrasive in
a 30 mm mesh,

d) number of abrasion cycles: 1000,

e) wear intensity: 30 cycles/min,

f) the distance between the tensile
clamps during the breaking force
measurement before and after the
200 mm test,

g) the pre-load of the abrasive and
non-abrasive samples was equal to
2% of the elongation of the non-abra-
sive sample.

Of the samples to be tested, half should

be used for abrasion testing and the other

half for determining the breaking strength
of non-abrasive samples.

The method of performing abrasion me-
asurements on the device is shown in
Figure 5.

In order to perform the measurement, one
end of the sample 3 should be connect-
ed to the weight 5 located on the mov-
able base 6. Then the sample is pulled
through the roller 4 and the eyelet 1 fixed
on the plate 2, leading to the clamp 7.
The sample in the clamp should be ten-
sioned with a force causing the weight
5 to lift from the plate 6 to a height of
about 2 mm and fix. After mounting the
sample, the movable stand 6 is lowered
to its lower position and the instrument
started. After 1000 cycles are registered
on the meter, the device should be turned
off. After the abrasion tests, the breaking
force is determined for all samples, i.e.
for abrasive and non-abrasive ones, and
it must be ensured that when determining
the breaking forces of abrasive samples,
the abrasive section occurs in the middle
of the distance between the clamps. From
the results obtained after calculating the
average breaking force F, for non-abra-
sive samples and the average breaking
force F, for abrasive samples, the value
of the abrasion resistance coefficient K
is calculated according to Equation (1).

Research material

In accordance with the methods devel-
oped, tests were carried out to evaluate
the sliding force in the node and abrasion
resistance for shoe laces made of various
raw materials (fibres) i.e. yarns. Shoelaces
also differed in dimensions as well as in
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Figure 5. Test rig for

measurement of the 1
abrasive coefficient: S
1 — shoes, 2 — plate, 2
3 —specimen, 4 —roll- -
er, 5 —load, 6 — mov- ,
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structure and shape. The research material
and its characteristics are presented in 7a-
ble 1. For each of the 23 samples, the type
of raw material, yarn linear mass, type of
weave and shape as well as the width or
diameter of the shoelace are given. In-
dividual items 1 + 23 in Table 1 include
shoelaces made of: polypropylene (1 + 8),
elastil (9 = 11), polynosic (12 + 15), cot-
ton (16 + 18), textured polyester (19 +20),
polyester ( 21 + 22) and polyamide (23).

M Results and discussion

Table 2 shows results of the displacement
force in the node and the abrasion rate of
shoe laces.

In Table 2, column 2 contains sample
designations, column 3 — average values
of the travel force in the node (F,,) in
cN, column 4 — the results of measure-
ments of abrasion resistance coefficients
Ks calculated from Equation (1), column
5 — compliance with the requirements for
the travel force in the node (F,,,), where
the “+ sign means that the requirements
are met, while the “—” sign that it does
not satisfy the requirements, column 6
— the requirements for the abrasion re-
sistance coefficient (K), where the “+”
sign means that the requirements are met,
while the “—” sign that it does not satisfy
the requirements, and column 7 contains
the quality assessment of the shoelace,

Table 1. Material characterisctics of shoelace samples.

Sample

Width (diameter),

No name Raw material Linear mass Weave type/shape mm
1 PP/3 polypropylene 167 dtex, f 150 braided/flat 3.0
2 PP/4.5 polypropylene 167 dtex, f 150 braided/ flat 4.5
3 PP/6.5 polypropylene 167 dtex, f 150 braided/ flat 6.5
4. PP/8.5 polypropylene 167 dtex, f 150 braided/ flat 8.5
5. PP/5 polypropylene 167 dtex, f 150 braided/tape 5.0
6 PP/8.5 polypropylene 167 dtex, f 150 braided / tape 8.5
7 PP/10 polypropylene 167 dtex, f 150 braided / tape 10.0
8. PP/11 polypropylene 167 dtex, f 150 braided/ tape 11.0
9. El/4.0 elastil 110 dtex x 2 dziana/ flat 4.0
10. EI/6.0 elastil 110 dtex x 2 dziana/ flat 6.0
11. El/4.0 elastil 110 dtex x 2 braided/ tape 4.0
12. Pn/4.5 polynosic 40 tex x 1 braided / flat 4.5
13. Pn/5.5 polynosic 40 tex x 1 braided / flat 55
14. Pn/7.0 polynosic 40 tex x 1 braided / flat 7.0
15. Pn/10.0 polynosic 40 tex x 1 braided/tape 10.0
16. CO/2.5 cotton 25texx 2 braided /round 2.5
17. CO/3.5 cotton 25texx 2 braided / round 35
18. CO/4.0 cotton 25 tex x 2 braided / round 4.0
19. TPE/3.0 | textured polyester 200 dtex knitted/ tape 3.0
20. TPE/6.0 | textured polyester 200 dtex knitted / tape 6.0
21. PE/6.0 polyester 19 tex x 2 braided / flat 6.0
22. PE/11.0 polyester 56 tex x 1 braided / tape 11.0
23. PA/4.0 polyamide 235 dtex braided / round 4.0
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Table 2. Results of displacement force at the knot and abrasion resistance coefficient for
examined footwear laces ((+): F,,,> 490 cN, (-): F,,, < 490 cN, (+): K;=0.85, (-): K, < 0.85).

No Sample pisplacement force Abrasior.l fesistance Requirements Qualit_y
name in the knot Fy,, cN coefficient Ks Fow K evaluation
1. PP/3 490 0.96 + + +
2. PP/4.5 495 0.97 + + +
3. PP/6.5 505 0.98 + + +
4. PP/8.5 510 0.96 + + +
5. PP/5 482 0.97 = + -
6. PP/8.5 490 0.98 + + +
7. PP/10 490 0.99 + + +
8. PP/11 485 0.98 - + —
9. El/4.0 580 0.94 + + +
10. El/6.0 510 0.99 + + +
11. El/4.0 545 0.95 + + +
12. Pn/4.5 535 0.60 + - -
13. Pn/5.5 515 0.42 + - -
14. Pn/7.0 440 0.50 - - -
15. Pn/10.0 570 0.85 + + +
16. CO/2.5 530 0.91 + + +
17. CO/3.5 556 0.90 + + +
18. CO/4.0 665 0.92 + + +
19. TPE/3.0 525 0.99 + + +
20. | TPE/6.0 510 0.98 + + +
21. PE/6.0 498 0.88 + + +
22. PE/11.0 570 0.92 + + +
23. PA/4.0 380 0.82 - - -

where “+” indicates a positive rating,
while “~” shows a negative one.

Based on the results of tests from 23
samples of shoe laces, acceptable indi-
cators for the shoelace force in the node
Fow=490 cN and the wear resistance
factor Ks > 0.85 were adopted.

A positive assessment of shoelaces is
taken if both indicators are at least equal
to the minimum values of F,, and K.

As a result of tests of shoelaces, both wo-
ven and knitted, made of various raw ma-
terials in terms of abrasion resistance and
sliding forces in the node, various results
were obtained, which may be influenced
by factors such as the type of raw materi-
al, the structure of the shoelace (braided
or knitted) and its width.

Analysing the abrasion coefficients, it
was found that values above 0.9 definite-
ly occur. Of the factors mentioned above,
the shape of the shoelace has a clear im-
pact on the abrasion of the laces. In the
case of shoelaces made of polynosic, the
braided shoelace in the shape of a ribbon
has a coefficient K; = 0.94, and the re-
maining shoelaces made of this material
in the shape of aflattened T-shirt have
low abrasion coefficients in the range of
0.30 + 0.60. Shoelaces for which coeffi-
cients K¢ were less than 0.70 were worn
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in places of abrasion, as a result of partial
wiping of the yarn forming the shoelace.
Considering the force of travel in the
node, it should be stated that for round
braided cotton laces, the lacing force in-
creases along with the width of the lac-
es. For polypropylene woven laces with
aribbon shape and flattened jersey, the
sliding force values in the node are sim-
ilar. No influence was observed here for
either the shoelace width or shape. For
shoelaces made of polynosic, the braid-
ed shoelace in the shape of a ribbon has
the highest sliding force in relation to that
made in the shape of a T-shirt.

B Summary

Based on the results obtained, it is pro-
posed to adopt for all braided and knit-
ted shoelaces made of various raw ma-
terials the following required values
of indicators: sliding force in the node
Fow =490 cN, and coefficient of abrasion
resistance Ky > 0.85. Due to the simul-
taneous validity of both the F,, indica-
tor and K, shoelaces for which at least
one of these indicators does not meet the
above requirements should be considered
as low quality.

In the light of the requirements set out
above for the laces in the criteria present-
ed for their assessment, polyamide shoe-
laces with the symbol PA/4 and braided

laces in the shape of a T-shirt with sym-
bols Pn/4.5, Pn/5.5 and Pn/7 made of pol-
ynosic should be qualified as low quality.
From the laces made of polynosic, only
the shoelace with the symbol Pn/10,
made in the shape of a ribbon is of good
quality (K¢ = 0.85 and F,,,, = 570 cN). It
follows the very important conclusion
that when using polynosic as a raw ma-
terial for shoelaces, only braided ones
should be produced.

To sum up, it should be stated that the cri-
teria presented for assessing shoelaces al-
low for economically justified use of the
raw material, choosing the structure and
shape of the shoelace in such a way as to
ensure the quality parameters required on
the one hand, and use the cheapest tech-
nological process on the other.

The test methods presented may form the
basis for the development of new stand-
ards in the quality testing of shoelaces.
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