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Abstract

In hard court tennis, players change direction by either stepping or sliding. The shoe—surface friction during these movements
is crucial to player performance. Too little friction when stepping may result in a slip. Too much friction when attempting to
slide could cause the player to move only a short distance, or to fail to slide. To understand the influence of tread design on
shoe—surface friction in tennis, experiments were performed on individual shoe tread elements that replicated the tribologi-
cal conditions typically experienced during hard court step and slide movements. Tread element orientation had no effect
on the static friction in step movements, but longer tread elements (in the sliding direction) had 9% lower dynamic friction
during slide movements (p <0.001). The friction between tennis shoe tread and hard court tennis surfaces is also shown to
be influenced by the tread’s sliding history, and the wearing pattern that forms on the surface of the rubber.

Keywords Friction - Shoe-surface - Tennis - Tribology

1 Introduction

Shoe—surface friction or traction in various sports has been
linked to performance and injury risk [1-8]. Higher friction
has been shown to improve the performance of change of
direction movements in association football [5], basketball
[3] and futsal [8]. It has also been hypothesised that higher
friction during such movements increases the risk of ACL
injury due to biomechanical changes often employed by ath-
letes when performing sidesteps on higher friction surfaces,
e.g. a decrease in lower knee flexion angle [9]. Understand-
ing shoe—surface friction, and how it can be modified, is
crucial to the design of effective sports footwear, especially
in sports where athletes frequently change direction.

In an elite singles tennis match, a player often performs
over 1000 direction change movements, with a mean of four
lateral movements per point [10]. Sliding movements have
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been shown to improve shot return efficiency as they allow
quicker repositioning post-shot [11], as well as potentially
reducing injury rates by decreasing the peak load impulses
which are experienced by the player’s lower extremity joints
[7]. Though a common movement on clay courts, slides have
also been performed by some professional players on hard
courts [12]. Hard court surfaces (acrylic) are constructed
from a sand—paint mixture that provides a high friction dry-
rough topography. As such, most changes of direction in
hard court tennis are achieved through step movements.

An influential factor of any movement are the tennis shoes
worn, which often vary in terms of tread pattern. Tread is
typically applied to rubber components (tyres, shoes etc.)
to increase friction in wet environments by channeling fluid
through tread grooves [13]. Hard court tennis is played in
dry conditions, yet the shoes players wear are still treaded
(Fig. 1).

Studies on how shoe tread design influences friction on
hard court surfaces have indicated that tread pattern and its
orientation influences static (y,) and dynamic (y,;) friction
coefficients [14—17]. Goff et al. [14] found that y, for rectan-
gular cuts (3 X 9 cm) of rubber with different tread patterns
varied by up to 0.4 at different orientations. Additionally,
Uraet al. [16] observed at 700 N normal load, change of ten-
nis shoe orientation increased y; by 0.2 on a hard court. As
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Tennis Shoe Outsole

Tread Pattern

Tread Element

Fig.1 An example of an outsole from a tennis shoe (Babolat Propulse Blast All Court UK 9) designed for hard court tennis. Definitions are

shown of ‘Tread Pattern’ and a ‘Tread Element’

such, changes in tread orientation clearly result in frictional
differences on hard courts.

It is difficult, however, to identify from these studies the
key tread parameters that cause the frictional difference.
This is due to the complex nature of rubber’s material prop-
erties, combined with the role of wear and frictional heating
inevitable with tennis shoe surface interactions. Hale et al.
[17] identified some of the frictional factors affecting tread
when rubber slides on hard courts with experiments on dif-
ferently shaped rubber blocks. The shortest rubber shape
produced a mean y;, of 0.92, 0.16 greater than that recorded
for the longest rubber shape of 0.76. From these findings,
it was proposed that the shape and orientation of rubber
tread elements have a frictional effect due to how they wear
and heat during sliding. The tests run, however, were on
idealised rubber shapes from a commercially available syn-
thetic rubber, rather than actual tennis shoe treads. Whether
the findings can be applied to real tennis shoe treads during
change of direction movements is unknown.

The study of the frictional performance of individual
tennis tread elements, rather than full shoes, affords the
opportunity to identify friction and wear mechanisms at the
tread—surface interface. This is possible due to the negation
of the complexities around the inherent human variability
present when testing athletes, and quantifying the energy
losses caused by other interacting tread elements during
mechanical full shoe tests. In previous work, a test meth-
odology was introduced that tests the friction of individual
shoe tread elements with normal forces and slide speeds
replicative of steps and slides in hard court tennis [18]. The
work did not determine whether tread orientation affects
friction on hard court surfaces. The effects of rubber tread
wear over time, and whether changes in slide direction result
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in differences in friction, were not previously investigated.
These questions are hence addressed here, using the same
methodology, with parametric statistical analysis.

It is hypothesised that tread orientation will have no effect
on yu,during hard court steps. Tread orientation, is however,
expected to influence the g, of hard court steps and slides
due to the effects of frictional heating and wearing recorded
in similar interactions [17, 19, 20]. It is also hypothesised
that the sliding movement will result in wear that will alter
the topography of the tread elements, causing a frictional
asymmetry [21]. Signs of these wearing patterns have been
identified before [18], but the effect on friction has not been
investigated until now.

2 Materials and methods
2.1 Experiment summary

The test method, surfaces and tread elements from [18] were
used for this study. This study included more tests than [18]
(30 for each condition vs 5 previously), and reverse direc-
tion tests, allowing a more comprehensive investigation into
tribology at the rubber—surface interface during replicated
tennis movements.

The experimental set-up shown in Fig. 2 details how the
friction experiments were conducted. It also defines long and
short tread orientations, and the angular speed used for the
step and sliding tests. A normal load of 33 N was selected for
step tests, and 25 N for the slide tests. These loads produced
nominal contact pressures across the tread elements for the
step (604 kPa) and slide tests (456 kPa), equal to those deter-
mined by mechanical shoe contact area tests, which used
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Fig.2 Experimental set-up used. (Image taken and adapted from Ref. [18])

loads from biomechanical tests on hard court steps and slides
[12, 18, 22, 23]. For example, a biomechanics study investi-
gating hard court sliding reported normal loads between 300
and 835 N [12]. Selecting a load within this range (595 N),
the tennis shoe from which the tread elements were cut, was
loaded and the contact area quantified, giving a contact area
of 1305 cm?. This resulted in a mean contact pressure across
the tread of 456 kPa, which was then imitated by one tread
element (area=54.64 mm?) with a normal force of 25 N.

Table 1 summarises the four test cases. An identical tread
element was used for each of the test cases. Thirty repeats
were conducted for each orientation and movement. After
the first 15 tests, the slide direction was reversed for another
15 tests. The surface and rubber were lightly brushed with
a fine-bristled paintbrush between tests to remove any wear
debris and surface contaminants. The tested tread elements
are shown in Fig. 1.

Slide times were 10.0 and 0.8 s for the step and sliding
movements, respectively, producing sliding distances of
0.1 m for the step tests, and 1.6 m for the slide tests. In elite
hard court tennis, slides are shorter (0.41-0.72 m) and faster
(2.8-4.7 m/s) than tested here (2 m/s) [12].

Figure 3 shows how p, and y, were determined for the
step experiment, and how y, was determined for the slide
experiment. Given the way in which the slide tests are
conducted y, cannot be easily obtained, as there was no
initial static phase, so it was omitted from this analysis.
For the step experiments, y, was identified as the initial
peak recorded immediately before the initiation of slid-
ing, while y;, was calculated as the mean of all y readings
for the following 7 s of sliding. For the sliding tests,
was calculated as the mean of all y readings for the first
0.5 s after the normal load had reached its desired value.
u values were identified as the ratio of frictional to normal
force, readings obtained simultaneously from the bi-axial
load cell and calculated automatically.

Mass losses of the rubber elements were taken after
every five tests using an analytical balance (Satorius
BasicPlus BP210D, Géttingen, Germany). Topographi-
cal analysis of the tread elements was conducted before
and after testing using non-contact profilometry (Alicona
InfiniteFocus SL, Optimax, Leicestershire, UK), measur-
ing arithmetical mean surface height (S,) and surface root
mean square height (S,).

Table 1 The key test parameters

. Experiment type Test sample Orientation Normal load (N) Slide speed (m/s)
for the conducted experiments
with mean (SD) of applied Step 1 Short 32.7 (0.5) 0.01 (<0.001)
normal loads and slide speeds 2 Long 327 (03) 0.01 (<0.001)
Slide 3 Short 22.3(2.8) 2(0.011)
4 Long 22.7(3.1) 2(0.012)

INTERNATIONAL SPORTS ENGNEERING ASSOCATION
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Fig.3 a Typical y time trace from the step experiments, the red star
indicates the y, value and the red box refers to the readings from
which a g value would be calculated. b The first five p-time traces

2.2 Statistical analysis

Three-dependent and five independent ¢ tests with reported
effect size (Hedges’s g (g,) [24]) were used to investigate the
effect of tread orientation, movement type and slide direc-
tion. Significance was assumed when p <0.05, and when
data had been used in multiple t tests, a Holm correction
was applied to the significance value [25]. To calculate g,
a pooled SD was used. As a Cohen’s d, corrected for small
sample size, g, values of 0.2, 0.5, 0.8 relate to small, medium
and large effects, respectively [26]. All statistical analysis
was conducted using the IBM SPSS 26 software.

3 Results

Table 2 shows the mean and standard deviation (SD) for all
the u readings taken.

3.1 Stepresults

The mean (M) y, for the long and short tread orientations
during the first 15 step tests were 0.77 (SD=0.02) and

5 T T T T
Run no.
1
L =D
% 3
—4
—5
3 +
e
2 L
U, region
__________ )
T ——
__________ -J
0 1
0 0.2 0.4 0.6
Time (s)

from the slide experiments on the short orientated tread, with labelled
H; region (color figure online)

0.78 (SD=0.01), respectively, with no significant differ-
ence between orientations [#(28)=1.61, p=0.118, g, =
0.6]. During the reverse 15 step tests, however, y, results
for the long tread orientation (M =0.69, SD=0.01), were
significantly higher than those for the short tread orienta-
tion (M =0.67, SD=0.01), #28)=5.65, p<0.001, g, =
2. Dependent ¢ tests showed that the y, readings (for both
orientations together) during the first 15 tests (M =0.85,
SD =0.05), were significantly higher than those during
the reverse 15 tests (M =0.71, SD=0.03), #(29)=13.22,
p<0.001, g, = 3.4. The u, readings taken from the first 15
tests (M=0.77, SD=0.01), were also shown to be signifi-
cantly higher than those in the reverse 15 tests (M =0.68,
SD=0.01), #(29)=29.13, p<0.001, g, = 9.

Individual p; results from the step tests, with the mass
loss readings taken after every five tests are shown in
Fig. 4. The same is shown for y, in Fig. 5. There was little
observable difference between the short and long tread
orientations in terms of wear. After all 30 step tests, the
short and long tread elements produced similar mass loss
readings of 1.9 (0.6%) and 1.8 mg (0.5%), respectively.

Table 2 The mean and standard Test Orientation

First 15 tests

Reverse 15 tests All 30 tests

deviation, M (SD), of all u

readings H Hy Hy Hy, Hy Hy
Step  Short 0.84 (0.06)  0.78 (0.01) 0.70(0.03) 0.67 (0.01) 0.77 (0.09)  0.72 (0.05)
Long 0.85(0.04) 0.77(0.02) 0.72(0.03) 0.69 (0.01) 0.78 (0.07)  0.73 (0.04)
Slide ~ Short - 1.03(0.06) - 0.99 (0.02) - 1.01 (0.05)
Long - 0.94 (0.04) - 0.91 (0.01) - 0.93 (0.03)

INTERNATIONAL SPORTS ENGNEERING ASSOCATION
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Fig.5 u;, and wear graph for the step tests. The red shaded region
indicates the change in slide direction after 15 runs (color figure

online)

3.2 Slide results

The mean y; for the long and short tread orientations dur-
ing the first 15 slide tests were 0.94 (SD=0.04) and 1.03
(SD=0.06), respectively, and were significantly different
[#(28)=4.72, p<0.001, g, = 1.8). During the reverse 15
slide tests, p, results for the long tread orientation (M=0.91,
SD=0.01), were also significantly lower than those for the
short tread orientation (M =0.99, SD=0.02), #(28)=15.15,
p<0.001, g, =5.1. A dependent ¢ test determined that the
u, readings (for both orientations together) during the first
15 tests (M =0.98, SD=0.07), where significantly higher
than those during the reverse 15 tests (M =0.95, SD=0.04),
1(29)=3.92, p<0.001, g, =0.5.

Slide test y, readings and mass loss values are shown in
Fig. 6. The short tread element had a greater total mass loss

1.1 T T T T T 90
Q /QOQ - -0 - Short i
,o'e v ——Llong] -~
°d \ .-e”
P9 \ e
o . o g 0
11 - L 52009 93,60
4 -
H i By Mass Loss
3 e o (mg)
09} ! | {30
f o |
Reverse Slide Direction
0.8 : . l . .
0 5 10 15 20 25 30

Test Run

Fig.6 4 and wear graph for the slide tests. The red shaded region
indicates the change in slide direction after 15 runs (color figure
online)

of 83 mg (25%) than 77 mg (20%) for the long orientated
tread element. Calculating wear rate () as the ratio of mass
loss (mg) to sliding distance (mm), the tread elements used
during the step tests wore at a rate of 610 X 10~ mg/mm
and 640 x 10 mg/mm for the long and short orientations,
respectively. During slide tests, the long orientated tread pro-
duced a 6 = 1595 x 10 mg/mm and the short orientated
tread produced a 6 = 1724 x 10~ mg/mm.

Lastly, all the y, readings from the slide experiment
(M=0.97, SD=0.06), were found to be significantly higher
than those of the step experiment (M =0.73, SD =0.05),
#(118)=24.70, p<0.001, g, = 4.3.

3.3 Visual wear analysis

Before testing, tread surface roughness was measured
at §,=3.3 pm, S,=4.1 pm. After five step tests surface
roughness increased to S,=8.4 pm, S;=11.0 pm, which
is under half the values recorded after the five slide tests,
$,=20.4 pm, §;=26 pm.

After 15 slides, the tread elements surface roughness
again increased, to S,=24.7 pm, §;=30.1 pm. Through
observation of the colour bars in Fig. 7, the increase in
roughness with slide number is evident. It can also be
seen that as slide number increases, a regular topography
starts to emerge in the form of ridges. After the 15 slides
in the reverse direction, the surface roughness drops again
to values like those after the first five slides: §,=20.5 pm,
Sq: 25.4 pm. After these 15 slides in the reverse direction,
the periodic nature of the roughness is still observable, with
similar spacing between ridges (=~ 0.4 mm). The movement
of rubber in the opposite direction had little effect on ridge
spacing, which is expected as the applied normal load was
constant [27, 28]. The direction reversal altered the ridge

INTERNATIONAL SPORTS ENGNEERING ASSOCATION
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Fig.7 Rubber surface scans taken of the short tread element used in the slide experiments. a Before any slides. b After five slides. ¢ After 15
slides. The black arrow in b shows the relative sliding direction of the tread element along the hard court surface
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Fig.8 2D traces of the ridges present on the surface of the short tread
element used in slide experiments. The trace taken after the first 15
tests (black, solid) displays asymmetrical structures with the edge
of highest gradient facing the direction of motion. After another 15
slides, but in the reverse direction (red, dashed), this directional fea-
ture is beginning to be removed. The black arrow indicates the rela-
tive sliding motion of the first 15 slides (color figure online)

profile. Before conducting tests in the reverse direction,
the ridges were formed as asymmetric structures with their
sharpest edge towards the oncoming surface asperities. After
the additional 15 tests in the reverse direction, these peaks
became more symmetrical (Fig. 8). Asymmetrical ridges on
the surface of sliding rubber have been found to cause fric-
tional differences, with the opposite sliding direction pro-
ducing noticeably lower y, (<0.2) [21], an observation also
made in these experiments.

4 Discussion

U, readings were significantly higher for the slide tests than
the step tests, with a large effect size of 4.3. This finding
can be understood to be a combination of two primary
-
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mechanisms. The large increase in slide speed, from the
step (0.01 m/s) to the slide (2 m/s), means the frequencies
of vibration transmitted to the rubber tread elements were
higher, incurring a greater hysteretic energy loss [29]. How-
ever, as is typically expected at speeds over 0.1 m/s, the fric-
tional heat generated at the sliding interface would be suf-
ficient to reduce the hysteresis of the rubber through thermal
softening [30]. In this present case, it could be inferred that
the effect of the increased perturbing frequencies of vibra-
tion on the rubber’s hysteresis loss is the dominant mecha-
nism, or that there is an additional mechanism that may also
be increasing the y; during slides. This additional mecha-
nism may be the wearing process. For rubber to experience
wear, bonds must be broken within the material, requiring
energy and thus increasing friction. Mass loss was almost
100 times greater during the slide tests than the step tests,
making wear likely to be a component factor to the increased
friction.

Another difference between step and slide results, is how,
during the first 15 slides, the y, increased. It is hypothesised
that this y; increase is due to the increasing size of the ridges
(Fig. 7) that form on the surface during the slide tests. This
hypothesis is supported by a study on rubber wear patterning
which commented that friction force, though erratic, seemed
to increase with an increase in ridge height [28].

In the 15 reverse direction step tests, the long tread orien-
tation produced higher y, than the short orientation (g=2).
In previous studies investigating the effect of rubber block
orientation on rough surface friction, the orientation with
the longer shape gave lower friction [17, 20], the opposite to
that observed here for steps. In [17, 20], the main reasons for
the longer shape producing the lower y, were increased fric-
tional heating at the rear of the shape, and less wear across
the shorter leading edge of the long shape. In the case of
the 15 reverse direction step tests, it is likely that, due to
the low slide speed of steps, little difference in frictional
heat is experienced between the short and long orientations.
Both orientations experienced little wear (< 1%). As such,
both potential reasons for long shapes producing lower fric-
tion are not applicable. The case of longer shapes of rubber
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Fig.9 How frictional heat influences shapes of rubber (T indicates
temperature and the arrows indicate slide direction). a A block ori-
entated perpendicular to the slide direction. b A block orientated par-
allel to the slide direction. At slide speeds>1 mm/s, block “a”, will
experience more heat, reducing its hysteresis [20]

producing higher friction has been observed in rubber fric-
tion studies on smooth surfaces [31, 32]. Friction increases
with shape length due to the reduced friction-induced torque
experienced. Tread elements with higher second moment
of area in the slide direction, produce higher contact areas
and lower mean contact pressure which results in a higher
friction [33]. As little wear was observed for the step tests
(< 1%), differing friction-induced torque explains why the
long orientation produced higher friction than the short ori-
entation for the last 15 tests.

The effect of tread orientation on g, of slides was the
opposite to that of steps. Long tread orientation produced
lower u, both before and after the change of direction.
Though not measured here, this was expected due to tem-
peratures generated at the rubber-surface interface at the
higher sliding speed. Frictional heat is generated by the
attachment—detachment cycles that happen between contact-
ing asperities on the surface and rubber. A surface asperity
experiences more of these cycles when the shape is longer
in the slide direction, making longer shapes warmer [20]
(Fig. 9).

Friction tests with similar tread elements observed that
short tread element orientations produced lower mean g
and y, than long orientations [14]. This matches the results
observed for the step tests here, but not the slide tests. As the
tests in [14] were at slide speeds between 0.15 and 0.4 m/s,
they fall between the speeds tested here, and suggest the
frictional heating that causes long orientated tread to have
a lower friction, requires further increase in slide speed. A
future study measuring tread temperature as a function of
slide speed would help identify the speeds at which heating
has a quantifiable effect on tread friction.

Across all experimental conditions, reversal of the slide
direction reduced friction. This is thought to be the result of
the topographical changes made to the surface of the tread

elements during the first 15 steps or slides. These topograph-
ical changes, shown in Figs. 7 and 8, are widely observed
in rubber sliding scenarios [27, 28, 34, 35]. These ridges
form through the repeated abrasion of the rubber by harder
surface asperities. The geometric asymmetry of these ridges
means that the contact pressure will vary depending on the
slide direction, with the initial sliding direction having a
more uniform pressure (typically causing higher friction)
than the reverse direction [21]. The change in sliding direc-
tion effectively tears these asymmetric ridges, reducing their
height (from 0.9 to 0.3 mm) and asymmetric geometry.

5 Conclusions

Using a test methodology developed previously, the friction
and wear of tennis shoe tread elements was investigated.
Slide experiments were found to produce higher dynamic
friction than step experiments, due to both the higher fre-
quencies transferred to the rubber increasing hysteresis, and
increased wear, both of which are influenced by slide speed.
No difference in static friction was observed for the change
in tread orientation for step movements, though greater
dynamic friction was observed for the short tread orientation
during all slide tests. Both movements caused a roughening
of the rubber surface, which alters the friction and, in some
cases, caused frictional asymmetry. The frictional effect of
rubber’s changing surface topography is expected to affect
the performance of step and slides over time in hard court
tennis.
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