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The aim of this thesis was to better understand the tribological mechanisms that occur
during typical player movements, build further on this understanding and develop a
robust, portable device to assess the friction characteristics of tennis surfaces that relate
to playing performance and safety.

To understand the tennis player’s response and adaptability to a tennis court surface,
including friction in the shoe-surface interface, a series of friction experiments were
carried out on three categories of tennis surface, grass, clay and hardcourt. For grass,
parameters such as moisture, level of wear and height were found to have an effect on the
shoe-surface friction. For clay, influence of clay particle size and the infill volume was
established.

In terms of biomechanical conditions, it was found that the shoe orientation during a slide
affects the friction. It was demonstrated that matching applied pressures is a useful
approach for shoe friction testing and analysis. Through video analysis, shoe landing and
sliding were found to be two possible ‘risk” movements.

Material characterisation, combined with friction and temperature measurements have
provided empirical knowledge into the manner in which shoes and surfaces behave.
During a slide on hardcourts, temperature changes were found to be different along a shoe
outsole. The front part experienced higher change of temperature compared to other
positions.

Three types of bespoke tread samples were produced and tested, resulting a ‘holed
sample’ the optimal to use. These samples resulted relatively easy to manufacture and
generate frictional results compared to tennis shoes.

The final robust portable device resulting from this study, measures the friction
characteristics of the shoe-surface interface representative of match-play tennis. The
device can be used in two configurations to replicate a shoe landing and a sliding
movement. The test shoe consists of a commercial rubber with a bespoke tread design
with mechanical properties that match typical values to a tennis shoe.

This device will aid the International Tennis Federation (ITF) and the sports surface
research community to gain understanding of player-shoe-surface frictional interactions,
and allow courts to be monitored around the world.
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Chapter 1 Introduction

1. Introduction

The following chapters describe a four-year study into the design, development and
validation of a portable test device to measure the tribological behaviour of shoe-surface

Interactions in tennis.
1.1 Study Motivation

Tennis is a popular sport that is played on a wide variety of surfaces (Fernandez et al.,
2006). These surfaces influence the style of play and specific movements (ITF, 2016b).
Competitive tennis events and tournaments, e.g. Grand Slams and the Olympic Tennis
event, are played on a variety of court surfaces including acrylic hardcourt, grass and
clay. These events are regulated by the International Tennis Federation (ITF) which is
responsible for organising tournaments, in addition to setting and maintaining the
standards of the sport, including player and spectator experience. The ITF’s Men’s Circuit
provides the entry level of professional tournaments and offers over 600 tournaments

across 77 countries (ITF, 2016¢).

This variety of surfaces make the understanding of the mechanisms involved in the
constant interactions between the court surface, ball and shoes more challenging. The
study of these interactions helps the ITF in developing technological aspects to improve
performance and safety of the game (ITF, 2016f). The ball-racket-surface interactions
have been widely studied, resulting on rules and methodologies to assess rules and
specifications of tennis to help regulate the sport. A good example is the test method used
for determining the pace of a court surface, ITF CS 01/02 (ITF Court Pace Rating) which
classifies the court pace in terms of ball-surface interaction (ITF, 2016a). However,
current knowledge of the player-shoe-surface interaction (Figure 1.1) is limited and needs

to be investigated.

Nowadays, it is well known that player movements differ between grass, clay and
hardcourt surfaces. Baseline play and rallies on clay surfaces (Roland Garros) are longer
compared to hardcourt surfaces (US and Australian Open). Similarly, rallies played on
hardcourts are longer compared to grass (Wimbledon) (O’Donoghue and Ingram, 2001).
Top-level tennis on these surfaces leads the players to perform a variety of dynamic

movements dependent on each surface. Therefore, it has been suggested that the main
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characteristic affecting player-surface interaction is the traction/friction coefficient

(Girard et al., 2007).

1.1.1 Player-shoe-surface interaction

In previous literature, it has been shown that the traction/friction between the shoe-surface
has an important role in the injury risk and performance of the player (Frederick, 1986),
(Reinschmidt and Nigg, 2000). Clay has been reported to have a lower occurrence of
injury, while acrylic hard court surfaces have been described to have increased injury
occurrence (Nigg, 2003). Hence, there is a requirement for scientific understanding of the
tribological interactions at the shoe-surface interface in tennis. Once traction/friction
mechanisms are understood, surface characteristics and/or footwear can be effectively

changed to maximise performance and/or minimise injury risk (Clarke et al., 2012a).

2. Surface

Figure 1.1 Player surface interaction

1.1.2 Mechanical friction tests

Laboratory based mechanical tests have been developed and utilised for the measurement
of tennis court friction (Clarke et al., 2013). Due to the flexibility of the equipment, the
interaction between commercial shoes and surfaces under match-play loading conditions
have been tested successfully. For field testing, the use of portable standard test

methodologies specifically for tennis is limited and could be questioned (British
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Standards Institution, 2011, English, 1996), as they do not replicate the biomechanical
conditions of tennis specific movements or tennis shoes materials (Stiles and Dixon,

2006, Damm et al., 2013c).

Dixon et al. (1999) and Clarke et al. (2013), have suggested that the frictional
characteristics measured with mechanical tests should ideally replicate loading of specific
human—shoe—surface interactions. However, due to the magnitudes of the vertical forces
generated during complex dynamic movements the replication of the actual

biomechanical loading using portable equipment is still a challenge.

Therefore, it is relevant to understand the tennis player interactions with different court
surfaces, and quantify them through the measurement of different parameters such as
friction. There are limited available tools to measure the friction characteristics between
a player and tennis court surfaces. The main reason for this is that there are no available
portable test devices capable of replicating the player-surface-shoe interaction under

realistic match-play conditions.

In order to set the rules and maintain the standards of the sport, the ITF needs a system to
quickly assess courts around the world and rate them according to expected performance

during player interaction.
1.2 Aim and objectives
Aim

To take existing understanding of the tribological mechanisms that occur during typical
player movements (taking into account surface type / parameters, loading conditions,
contaminants etc.); build further on this understanding and develop a robust, portable
device to assess the friction characteristics of tennis surfaces that relate to playing

performance and safety.
Objectives

1. Toreview existing biomechanical data, specifically to inform the main parameters
that affect the shoe-surface interaction in tennis.

2. To compare data collected from existent experimental field test methodologies on
different tennis surfaces, in order to identify advantages and disadvantages of each

one.
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3. To carry out further laboratory/field based testing as necessary to build on
understanding of tribological mechanisms and inform the design of portable test
methods (e.g. effects of loading, shoe orientation, etc.).

4. To design and develop a bespoke prototype(s) for assessing the friction during
shoe-surface interactions in tennis.

5. To evaluate and compare the designed prototype against lab established

methodologies in order to validate it.

1.3 Format of the Thesis

The following chapters describe and address the project aim and objectives. Figure 1.2

explains how these chapters link together to deliver the main aim.

1. Introduction

2. Literature Review

3. Methodology

Experimental
findings l

4. Player — Biomechanical 5. Surface - tribological 6. Tennis shoes — tribological
conditions mechanisms mechanisms

8. General Discussion

Figure 1.2 Test device stages, described within chapter
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2. Literature Review

2.1 Introduction

This chapter provides a review of existing literature related to the aim and objectives
identified in section 1.2. It gives an overview of the evolution of shoes and surfaces, and
how the players have adapted their game style depending on the type of surface.
Additionally, it reviews a variety of biomechanical studies and mechanical test

methodologies used to understand and measure the friction of shoes on tennis surfaces.
2.2 Surfaces for tennis

Tennis is unique as being played professionally on a variety of surfaces. According to the
ITF rules, tennis courts are 23.78 m (long) and 10.97 m (wide). Any surface levelled,
uniform and with friction characteristics within a specified range, is appropriate for tennis
(ITF, 2016g). Due to different climates, and maintenance requirements, different surfaces
are used around the world. Based on court pace (ball speed) the ITF classifies tennis
courts in 10 different categories for comparison (Table 2-1). However, the main surfaces

based on their popularity are: grass, clay and acrylic hard courts (Figure 2.1).

Table 2-1 ITF surface classification

Surface code  Type Description
A Acrylic/Polyurethane ~ Textured, pigmented, resin-bound coating
B Artificial clay Sand-dressed and/or rubber-dressed surface
C Artificial grass Synthetic surface with the appearance of natural grass.
D Asphalt Bitumen-bound aggregate.
E Carpet Textile or polymeric material.
F Clay Unbound mineral aggregate.
G Concrete Cement-bound aggregate.
H Grass Natural grass grown from seed.
J Hybrid clay Clay-dressed systems supported by a carpet matrix.
K Other E.g. modular systems (tiles), wood, canvas.

The evolution of surfaces in tennis started with the precursor for modern tennis, the Royal
Tennis or Real Tennis played over a hard court surface enclosed by walls. Subsequently,
in 1874, the evolution to lawn tennis by Major Walter Clopton Wingfield marked an
important chapter in the history of the sport (ITF, 2016d). In the 1940s hard courts were
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used in official tournaments for the first time, and in 1956, the Gallia Tennis Club in
Cannes, France, became the first place in the world to build the first modern clay court
(Hickey, 2006). More recently, in the 1970’s carpet surfaces were introduced mainly for

indoor tennis; ‘Supreme’ was the first carpet surface to became widely accepted (ITF,
2016d).

Figure 2.1 Top: grass and clay; bottom: hard court tennis courts.

Nowadays, the ITF organise 600+ tournaments worldwide (ITF, 2016e) and the ATP
world tour calendar is composed of 67 tournaments. The ATP tour is played over clay,
grass and hard courts, and covers a range of different countries and climates through six

continents. The 67 tournaments are distributed by surface: 38 tournaments over hard court

(57%), 22 over clay (33%) and 7 over grass (10%) (ATP, 2016).

Tennis surfaces are structures composed with different layers and depending on their
structure and characteristics, these surfaces promote different playing styles (ITF, 2016c).
The following sections look in detail at the three principal types of surfaces and

characteristics for playing style.

2.2.1 Grass

This was the original surface for tennis, and currently the only major tournament using
this surface is the Wimbledon Championships (Great Britain). Grass courts are

constructed on compacted clay over a firm base of soil or stone.
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Grass courts could be a simple lawn, however, nowadays the top-class grass courts are
more specialised, with careful specification of the type of grass used. An example is the
grass type used for the Wimbledon Championships, ‘perennial ryegrass’, cut to a specific

height of 8mm shown in Figure 2.2 (AELTC, 2016).

Figure 2.2 AELTC centre court grass

Grass is characterised for a fast ball pace and low bounce compared to clay and hard
courts. Due to the composition and geometry of its fibres, in terms of shoe-surface
interaction, an amount of traction is needed. The cut height (McNitt et al., 2004),
environmental conditions, (e.g. moisture (Wannop and Stefanyshyn, 2012) and
temperature (Villwock et al., 2009), and even grass type (Orchard et al., 2005) have been
demonstrated to be parameters that affect shoe-surface traction. Grass courts are very
sensitive to weather and cannot be played while wet. These courts require high
maintenance compared to other surfaces, which make them only playable during specific

times of the year.

2.2.2 Clay

The first clay tennis courts were made from clay soil compacted to form the necessary
surface to play. However, nowadays the modern clay courts are classified mainly in two
kinds: red and grey clay made from different sizes of crushed brick and basalt respectively
(Figure 2.3). Approximately two tons of red brick are needed to cover a clay court. A
typical clay court is composed by different layers: drainage, crushed gravel, coal residue,
crushed white limestone and a red brick dust (1 — 2 cm) crushed at different levels
(Roland-Garros, 2016). Clay tennis courts are popular in South America and some parts
of Europe where warmers climates could be found. It is the official surface used for the

French Open major championships played in Paris.
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Clay courts are considered to be one of the slowest surfaces, producing longer rallies
compared to the other surfaces. Players on this surface rely on having enough grip to

move from side to side of the court, and they need time to adapt to the surface.

Figure 2.3 Example of the different levels of crushed brick on grey and red clay tennis courts.

2.2.3 Hard courts

These surfaces are mainly made from acrylics, asphalts or concrete laid over an aggregate
stone base to form a rigid surface (compared to clay or grass). The structural materials,
traditionally used in civil engineering, can be porous or non-porous. Base asphalts and
concrete surfaces are relatively simple to build. In contrast acrylic hard courts, asphalt or
concrete surfaces coated with layers of coloured acrylic paint combining sand particles
(ITF, 2016g). Examples of acrylic surfaces are Decoturf and Plexicushion, which are well
known for being the official surfaces of the two major tournaments: US Open and
Australian Open respectively. One of the main characteristics of these type of courts is
the level of controlled surface roughness given by the size and amount of sand used in
the paint. Another characteristic is the cushioned layers which helps to slow and cushion
the play for greater player comfort. On hard courts, the ball pace is faster than clay but
not as fast as grass. These surfaces are ideal for recreational tennis, due to the low
maintenance and suitability to different environmental conditions. Figure 2.4 shows an

example of a hardcourt tennis surface.

Figure 2.4 Example of hard court surface.

-8 -
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2.3 The Shoe

2.3.1 Early tennis shoes

The early shoes used for tennis were a flat, rubber sole, complemented with a canvas or
leather upper section fastened with laces. In the 1830’s the Liverpool Rubber Company
founded by John Boyd Dunlop, patented a method of attaching the rubber sole to the
upper in what was known as the ‘plimsoll’ (Keyser, 2015). These shoes became popular
for grass tennis courts and sole patterns were added and patented to add grip and court
adhesion. By 1884 both men and women were competing at Wimbledon wearing rubber

soled shoes.

In 1933 one of the first specialised shoe for tennis, the famous Dunlop Green Flash Lace
1555 was designed for competition, claiming quality, style and grip. The feature ‘grip’
is why they became the choice for the British tennis player Fred Perry (Figure 2.5), who
won Wimbledon wearing them from 1934 to 1936 (Dunlop, 2016).

Figure 2.5 Fred Perry during The Wimbledon Championships.

The year 1969 saw the introduction of the first leather shoe for tennis, the adidas Haillet
shoe, designed by adidas founder Horst Dassler and French tennis player Robert Haillet
(adidas, 2006). Because of its rubber cup sole with herringbone profile treads (Figure 2.6-

left), it was considered one of the highest performance tennis shoes on the market.
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Figure 2.6 Left: the 1969 adidas Haillet shoe. Right: the 1971 adidas “Stan Smith” shoe (adidas, 2006).

In 1971, the Haillet tennis shoe evolved and took the name of the famous American tennis
player “Stan Smith”. The shoe was made from a vulcanised shell-shaped outsole made of
compact rubber and a ridged tread. It was claimed that the different heights of the ridges
on the tread of this shoe ensured a sure footing on traditional clay courts (Figure 2.6-

right).
2.3.2 Contemporary Tennis shoes

Rather than focusing only on protection, nowadays, the design of modern tennis shoes
involves knowledge of biomechanics, materials, textiles and sole designs to bring foot
support and protection and at the same time enhance player performance. These are
designed according to the mechanical properties of surface played, from hard to resilient,
with different levels of friction which demand the player to have grip, cushioning and

stability during complex dynamic movements on a tennis court.

Although there are specific shoes on the market developed to play tennis on the three
main surfaces (e.g. grass, clay and hard courts), shown in Figure 2.7, there are few official
regulations from the ITF about the shoes used on each surface. A general rule is that shoes
shall not cause damage to the court other than what is expected during the normal course
of a match or practice (ITF, 2016f). However, specifically for Wimbledon
Championships, the tournament has detailed rules about the shoes that can be used.
Characteristics such as number, diameter and height of the outsole pimples are measured

for each player’s shoes. The permitted maximum height for each pimple is 2 mm from
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the bottom of the sole. Additionally, the hardness of any pimple shall be between 55 and
60 based on a shore “A” scale (AELTC, 2016).

The differences between the shoes designed for each surface rely mostly on the different
types of treads patterns marketed for each surface. From smooth soles for indoor carpets,
zig zag or herringbone pattern for clay or hard courts and pimpled treads for grass courts,

the level of design has specialised according to the player-surface needs (Figure 2.7).

In a tennis shoe survey study (Sterzing et al., 2014), 1524 competitive tennis players from
China, USA and Germany provided their perspective on tennis footwear by answering
questionnaires. Despite the country and skill level, the most important shoe properties
were fit, comfort, traction, injury protection and outsole durability. These observations
have provided evidence-based guidance to shoe manufacturers about tennis footwear

design in terms of the athletes’ needs.

Figure 2.7 Different tread patterns for (from left to right): indoor carpet, grass, clay and hardcourts
surfaces. Adapted from (ITF, 2016c¢).

Examples of some revolutionary and innovative designs are how some manufacturers
have incorporated circular designs (Figure 2.8-right) in the tread to create pivot points
where rotational friction is reduced in order to avoid injuries (Anderie, 1981). Other
manufacturers have designed their outsoles by varying the geometry and orientation of
the treads. A clear example is the shown in Figure 2.8-left. The sole was designed in
function of the player’s necessities during a tennis match. It is composed of a ‘mix’ of
two main sections with different geometry, which allow the player to perform in a variety

of ways depending on the movement and surface.

S11 -
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Figure 2.8 Examples of: "Mix’ sole (left) (Jara et al., 2010) and concentric circle design(right) treads

outsoles.

Another example of how the specialisation of shoes for tennis has increased, is the shoe
outsole presented in Figure 2.9. It comprises one main section with a sculpted pattern
having recesses and solid areas. In this patent (Jara et al., 2010), the shoe manufacturer
claims that the recesses and solid areas are distributed to minimise pressures to provide
better adhesion and lower wear adhesion respectively. These characteristics help the
player, to use the part of the shoe outsole needed, depending on the playing surface and
movement. More grip at running start or sliding on clay to reach a ball faster, are examples

of typical movements performed by players on a tennis court.

Figure 2.9 Left: patent of shoe outsole (taken from Jara et al., (2010); right: actual tennis shoe.

Nowadays, thanks to technological developments, tennis pace has increased (Miller,
2006, Haake et al., 2007) and players need to develop stronger and faster movements on

court to react to an incoming ball (e.g. tennis serve). This implies hitting more balls and

- 12 -
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repositioning to be ready for the next shot. As the design of shoe outsoles has been
focused and mastered, it is very common to see tennis specific movements from one
surface performed on other surfaces. This in conjunction with how the velocity of the
ball in tennis has evolved (Miller, 2006), could explain why some players have started to
slide specifically on hard courts (Pavailler and Horvais, 2014).

An example of this technological improvement is the ‘Wilson glide’ shoe, shown in
Figure 2.10. It was developed, based on the concept of ‘clay sliding’, but this
revolutionary design is specifically to allow players to slide on hard courts (Wilson,
2016). The upper part of the shoe is similar to a regular tennis shoe, however the
difference relies in the outsole, as it integrates a strategically placed smooth plastic plate
which allows players to slide. A characteristic of this shoe is that the player needs to learn
the technique to use the glide plate, in order to successfully slide on hard courts. Although
some disadvantages of this new shoe could be argued, it has been shown that it could help
increase the performance of the players. In their study, (Pavailler and Horvais, 2014),
reported that the “Wilson glide’ shoe could help reduce the players’ reposition time when
sliding on hard courts compared to performing traditional adjustment steps. A total of 18
male good level tennis players were filmed playing a series of ten balls, wearing the new
shoes and with a regular shoe. The results showed that the time for reposition was reduced
by 42% when wearing the new shoe compared to the regular one. In conclusion, this shoe

could help the players to return more balls and have a tangible advantage from its rival.
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Figure 2.10 Wilson Glide shoe (taken from Wilson 2016).
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2.4 Player movements and biomechanical response

2.4.1 Tennis movements

In the early days of this sport, the tennis game style was characterised by being more
‘technique’ and ‘style’. However, during the ‘modern era’ of tennis, considered after the
introduction of the aluminium oversized racket in 1975, is mainly characterised by having

powerful strokes, high spin and more athletic movements (Fernandez et al., 2006).

These movements (e.g. running, stopping, turning, sliding, side jump, etc.), typically
consist of an initial split step followed by a combination of side steps to reach an incoming
ball (Hughes and Meyer, 2005). Additionally, during an average rally over a three set
match, players tend to cover 8 - 12 m changing direction four times, resulting in 300 —
500 high intensity efforts (Fernandez et al., 2006). This new style of tennis made an

impact on the physiological demands of a tennis player, like tennis injuries.

In a review of tennis injury studies, (Pluim et al., 2006) found that the most common
injuries in tennis are the lower extremities (31 — 67%), followed by upper extremities
(20 — 49%) and the trunk (3 — 22%). However, there is little knowledge on how the
different court surfaces impact the player-shoe-surface interactions (Miller, 2006). It
could be inferred from different studies that player movement patterns are different
between grass, clay and hard court tennis surfaces. O’Donoghue and Ingram (2001),
identified that rallies played at Roland Garros (clay surface) consisted of more baseline
play and were longer compared to Australian and US Opens (acrylic surfaces). In a
similar way, the rallies played at US and Australian Opens consisted of more baseline

play and were longer compared to rallies played at Wimbledon (grass surface) and shown

in Table 2-2.

Table 2-2 Baseline play and rally lengths of the four Grand Slams adapted from (O’Donoghue and Ingram,
2001).

% Baseline play

Grand Slam Surface Rally length (s)

(points)
Australian Open Hard 46.6 £ 14.2 63+1.8
French Open Clay 51.9+14.2% 7.7 +£1.7*%
Wimbledon Championships Grass 19.7 £19.4* 43+ 1.6%
US Open Hard 3544195 58+1.9

*Significantly different (p < 0.05)
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2.4.2 Ground reaction forces

Several laboratory research experiments have been implemented to characterise the shoe-
surface interaction during tennis movements on different surfaces, (Damm et al., 2013a,
Damm et al., 2013c, Damm et al., 2011b, Stiles and Dixon, 2006, Damm et al., 2014,
Girard et al., 2007, Bloch et al., 1999). These studies focused their work on specific tennis
movements (side jump, foot plant forehand) and tennis surfaces like hybrid clay and hard
courts. Their work included the analysis of player-surface interactions and indicated the
use of biomechanical assessments of court surface properties. They have provided data
of ground reaction forces (GRF) experienced during tennis manoeuvres on different
surfaces. Table 2-3 shows the vertical reaction force (£.) and peak pressures (Ppear)
reported in the different studies. These forces were measured in the lab with the use of a

force plate.

Table 2-3 Summarised F, and P, with standard deviation data of different tennis movements on two

surfaces.
Fz (N) Ppeak (kPa)
Movement Hard Clay Hard Clay
1469 (583)
(583) ) 1351 (379) 1 417 (77 B 379 (74) B
Forchand 1681 (484) ) s s S
1829 (393) ™ 512 (85) 456 (112) ¥
1936 (484) !
Side Jump 1244 (100) & 1317 (82) ¥ 428 (71) B 351 (73) B
Turn 1432 (593) 1319 (500) ™ - -
Stop 1833 (646) 1! 1680 (713) ™ - -
Baseline play - - 381 (69) ¥ 404 (137)
Sliding - - - 200-220

[1] (Damm et al., 2013a); [2] (Damm et al., 2013c); [3] (Stiles and Dixon, 2006); [4](Damm et al., 2011a); [5] (Damm
et al., 2014); [6] (Girard et al., 2007); [7] (Bloch et al., 1999)

Damm et al., (2013a) studied the traction/friction demands of players on clay and hard
courts. They measured three dimensional ground reaction forces, with a force platform,
of tennis players performing a side jump movement and a free running forehand. No
significant differences in the vertical component of the GRF over hybrid clay and a
cushioned acrylic hard court were reported. However, there was a greater peak horizontal
GRF on clay than on hard courts showing a clear effect of the surface on the player’s
ability and performance. The conclusion was that players adapt to the traction/friction

characteristics of the playing surface.

The concept of ‘available’ and ‘utilised’ traction/friction has been useful to describe the

shoe-surface interaction; if the ratio (available/utilised) is greater than one, then a slip
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should not occur (Redfern et al., 2001). Girard et al., 2007 has suggested that the main

characteristic affecting the player-surface interaction, is the coefficient of friction (COF).

Nigg (2003) reported clay surfaces to have traction/friction coefficients from 0.5 — 0.7
whereas other types of surfaces have coefficients of 0.8 - 1.2. Clay courts are associated
with lower occurrence of injury, meanwhile hard court surfaces with high occurrence of
injury. The difference in injury has been attributed to style of game improvements on
each surface caused by the differences in ball-surface interaction (Nigg, 2003). However,
this could also be due to the tractional/frictional characteristics of the playing surface

changing the playing style (Dixon et al., 1999).

Stiles and Dixon (2006) found no differences in traction/friction coefficient for carpet,
acrylic and artificial turf, even when they were differences in the mechanical
characteristics of these surfaces. Additionally, no differences were observed in lower-
limb kinematics or peak vertical or horizontal ground reaction forces (Stiles and Dixon,

20006).

2.4.3 In-shoe pressure

Several studies of in-shoe pressure data, shown in Table 2-3 have reported differences
between clay and hard courts during tennis specific movements (Girard et al., 2007)
(Damm et al., 2014) (Bloch et al., 1999). In their study, Girard et al. (2007), reported
whole foot pressure data of 10 tennis players, to be lower on clay courts compared to hard
courts during baseline and serve and volley movements. In another study Damm et al.
(2014), reported similar findings during the analysis of a running forehand on artificial

clay and acrylic court surfaces.

The difference in pressure between surfaces has been suggested to be due to adaptations
of the players to the surface (Damm et al., 2014). An example of these adaptations is how

the tennis players have mastered the sliding on clay through the tennis history.

Although there is some biomechanical evidence suggesting that the tennis surface
influences the players’ kinetics and kinematics, there is little research on the study of the

interaction parameters between the rubber outsole and the tennis surfaces.
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2.5 Friction and coefficient of friction

Solid friction is defined as the resistance to motion between two solid bodies that move
relative to one another (ASM, 1992). This movement may be by sliding or rolling; the
terms used are “sliding friction” and “rolling friction™ respectively. Sliding friction is
defined as the friction that arises when a solid body slides over another. Rolling friction

is obtained as one solid body rolls over another. Normally, it is easier to roll surfaces than
to slide them (ASM, 1992).

Friction has been studied since old times, and the first studies on friction belong to
Leonardo da Vinci. Two hundred years later, Guillaume Amontons introduced two of the

sliding friction laws:

“Friction force is directly proportional to the applied load”.

“Friction force is independent of the apparent area of contact”.

The concept of coefficient of friction () as the ratio of the friction force Fy to normal
load N was introduced by Leonardo da Vinci.

u=Fs/N
Equation 2-1

Johann Andreas von Segner was the first who made the distinction between static and
dynamic (or kinetic) friction. Leonhard Euler proposed the easiest set-up to understand

friction, which consists in a body placed on an inclined plane Figure 2.11.

Figure 2.11 Forces acting on a body in sliding motion (friction (¥7), Normal (V) forces and weight (W) on

an inclined plane (angle @).

The force which maintains the body at rest is the static friction force (Fy). The force
needed to initiate sliding is the maximum static friction force. The force required to

maintain motion is the dynamic friction force (F,). The coefficient of friction (1) could
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also be defined as the tangent of the angle of the inclined plane. The body will continue
in rest for an angle 6 less than a certain value o and it will start moving down if the

inclination angle exceeds a. The load balance equations for the body in Figure 2.11 in

terms of the coefficient of static friction is given by:

_Fs _Wsina
Hs = /N_ /Wcosa=tana
Equation 2-2

Charles Coulomb conducted more experimental studies on friction and fulfilled the laws

of friction with the third law:

“Dynamic friction is independent of the sliding velocity”.

»

Friction force (N) 4

Fsmaximum static
friction force

Static friction
regime

Dynamic
friction regime

_—»
»

Preliminary Limiting Displacement (m)
displacement displacement

Figure 2.12 Friction force vs displacement (adapted from (Loredana, 2006)

These laws have been proved to be valid for many materials and under specific
conditions. However, a condition of this classical model of friction is that it ignores the
mechanical properties of the materials. This model is valid for contact between two rigid

bodies of certain materials.

2.5.1 Roughness

Friction is caused by forces between the two bodies in contact. Despite the load, these
forces are determined by two main factors: the properties of the materials and the area of
contact. The real area of contact is usually smaller than the apparent area of the bodies

because real surfaces are not smooth, having a level of roughness (ASM, 1992).
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Roughness has been defined as irregularities or deviations on the surface resulted from
the method of manufacture (Bharat and Bhushan, 2001). It commonly refers to the
variations in height of the surface relative to a reference plane as representatively shown
in Figure 2.13. The peaks of surface roughness are called asperities. These are
determinant in sliding friction, because this process usually involves contact between the

asperities on opposing surfaces.

Two of the most used statistical height descriptors advocated by the American National
Standards Institute (ANSI) and the International Standardisation Organisation (ISO) are:
(1) R, (arithmetic average) and (2) R, (standard deviation variance or root mean square).
Other values utilised to characterise roughness include the R, (maximum peak height), R,
(maximum valley depth), R. (average peak-to-valley height) and R, (average-peak-to-
mean height). However, in most countries the R, is the official standard measurement

(Bharat and Bhushan, 2001).

Peaks or asperities

R S A
N7

Valleys

z

Figure 2.13 Surface roughness description, showing the Ra line.

Different measurement techniques are used to obtain surface height data. They can be
classified according to the physical principle involved, being the most common:
mechanical stylus, optical methods and electron microscopy methods (Bharat and
Bhushan, 2001). The most common one is the mechanical stylus, which is composed by
a fine diamond with a fairly sharp tip. In this method, the stylus is moved with a constant
velocity across the surface. The vertical movement, due to the height of surface asperities

is amplified and recorded.
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2.6 Tribology of shoe-surface interaction

In sport, there is a good amount of literature about the shoe-surface interaction and its
implications in performance and safety (Nigg et al. 1986, Frederick 1986, Gronqvist et
al. 2001). However, there is a lack of research about the frictional mechanisms involved
in this interface. For athletes, traction and friction are necessary to stop, accelerate or
change of direction more rapidly to have an advantage over their opponents. In Bell et al.
(1985), the term ‘friction’ is applied to smoothed-soled footwear and ‘traction’ to

footwear with studs, which provide extra grip in contact with other surface.

Specifically in tennis, the friction force is dependent on the friction mechanisms
developed between the shoe and the playing surface. As an example, tennis shoe outsoles
are made from viscoelastic rubber, and hard tennis surfaces are characterised by having a
level of roughness. In consequence, when this rubber is compressed against a hard tennis

surface with some roughness, there is an interface between their asperities (Figure 2.14).

As mentioned by Chang et al.,, (2001a). The friction mechanisms of a shoe-floor
interaction (rubber-hard substrate), during a slip, are dependent on the material properties,
contact area, pressure, velocity, contact time and numerous other variables. However,
many of these have never been evaluated in sports, such as tennis, which is characterised

by a range of different movements.

Shoe outsole

(VYVVV)

Surface

Figure 2.14 Left: Shoe-surface interface; right: Representation of the interaction between their asperities.

2.6.1 Rubber friction mechanisms

In clean dry conditions, the friction between rubbers and rough (hard) solid substrate will

result in a combination of the following mechanisms: adhesion, hysteresis and tearing

(Persson, 2001, Persson, 2006, Palasantzas, 2004).

Ff = Fadnesion + thsteresis + Tearing
Equation 2-3
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Rubber friction differs from the frictional properties of other materials. This difference is
due to the low elastic modulus and the high internal friction exhibited (Persson et al.,
1999). The friction of the rubber is considered to be a bulk property of the rubber, as in

many cases it is directly related to the internal friction of the material (Persson, 1998).

4—

I:Ad hesion I:Hysteresis

Figure 2.15 Representation of a piece of rubber on a hard surface showing the adhesion and hysteresis

generated. Adapted from (Moore and Geyer, 1974)

Adhesion (Figure 2.15-left) is the process of making and breaking of bonds, due to van
der Waal’s interaction between surfaces and the occurring friction force is the force
required for the junctions (where the raised asperities have made contact and welded
together) to separate (Persson, 2001, Persson, 2006). Adhesion is stronger when rubber
slides over a very smooth surface as the real contact area increases. It has been found that
in general cases, when the surface roughness increases, the adhesion component
decreases, caused by a reduction in asperity interaction (Persson, 2001, Persson, 2006,

Palasantzas, 2004).

The hysteresis friction (Figure 2.15-right), also known as deformation component, is
caused by the recovery of the deformed rubber (Loredana, 2006). Internal damping causes
energy dissipation during the recovery phase (Persson, 2001, Persson, 2006, Palasantzas,
2004). If the rubber deforms more than its elastic limit, it will not recover causing
potential breaking. Increased roughness of a relatively stiff surface, in contact with a
rubber surface, can increase the deformation in the rubber, in turn increasing the

hysteresis component.

2.6.2 Tribological system

For a mechanical system where surfaces are in relative motion, there are some
characteristics that determine the behaviour. A diagram showing a general tribosystem
with the parameters affecting the interaction between two material pairs, is shown in

Figure 2.16. For any friction or wear test of two materials in an environment and under
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the action of a certain type of motion, such as sliding or rolling, the resultant tribometric

characteristics associated are grouped by:

o Structural parameters: physical, chemical and technological parameters of materials,
lubricant and environment.

o Operational parameters: loading, kinematic, temperature conditions and functional
duration.

e [nteraction parameters: describing the action of the operational parameters on the

structural components defining its contact and lubrication modes.

Structure of tribosystems
(components and their properties)

Operatlona! (1), (2) Material pair
parameters: (3) Lubricant
Load (4) Environment
Kinematics
Temperature (1)
Duration

2
(2) @

Interaction /

parameters: /

Contact mode
Lubrication mode

Tribometric
characteristics:

Friction
Wear

Figure 2.16 Characteristics and parameters of friction and wear tests. Adapted from (ASM, 1992).

The analysis of structural parameters focuses in identifying the components involved in
the friction or wear scenario. Figure 2.16 illustrates the four tribocomponents involved:
triboelement (1), triboelement (2), interfacial element (3) such as lubricant or particles

and environmental medium (4) like air or atmosphere.

The operational parameters are considered independent variables that can be varied
during tribological testing to obtain friction and wear data. Basic operational parameters

in tribology are:

e Type of motion: kinematics of triboelements in terms of sliding, rolling. Could be

continuous, intermittent or oscillating.
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e Load (Fy): Total force that acts perpendicular to the contact area between
triboelements.

o Velocity (v): specified with respect to the vector components and the absolute values
of the individual motions of the objects in contact.

o Temperature (T): of the structural components in a specific location and time. It
could be the initial (steady state) and friction-induced temperature rise.

e Time: dependence of the operational parameters (e.g. load cycles, heating intervals)

e Duration: the test overall performance or operation.

The interaction parameters describe the interaction between the operational parameters
on the structure components of the tribosystem. They define in particular the contact
mode and lubrication mode of the two materials in contact. This contact mode between
two solid objects is characterised by material interactions, such as contact stresses and
stress distribution at a microscopically level. Therefore, the friction and wear mechanisms

are specified in terms such as adhesion, abrasion, fatigue, etc.

For this study, it is important to identify and define the tribological parameters, with the
objective to analyse, measure and rank their contribution to the shoe-surface interaction.

The challenge remains to identify these parameters on each surface.

2.7 Mechanical shoe-surface interaction

2.7.1 Slip-risk methodologies

Over time, numerous mechanical friction tests have been designed and used to replicate
the loading conditions at the shoe-surface interface of a human in different environments
and performing certain movements. As an example, pedestrian slips and falls have
represented a severe problem in the health and safety field. Nowadays, the annual direct
cost of injuries due to slip and falls is reasonably (Chang, 2002). For this reason, several
test methodologies have been developed to assess slip resistance in different field and lab
environments (Chang et al., 2001a). Additionally, the coefficient of friction has been used

as a measure of slipperiness to prevent accidents (Redfern et al., 2001).

Strandberg (1985) indicated that more than 70 machines have been invented to measure

slip resistance, however, many of them were not representative of the human motion
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(Chang et al., 2001b). The variability in the friction measurement of all such devices,
makes the comparison and validity between them difficult, and it is hard to ascertain
which friction value is correct. In this literature review, some of these devices are studied,

to show the variety of devices designed.

The slipmeters developed through time have different measurement characteristics, but
the main operating principle is the application of normal and horizontal forces to a surface
through a test foot/shoe. Key characteristics as driving force, test foot, measurement and
loading conditions are presented and compared in Table 2-4. The manner in which the
loading is applied in the different devices varies considerably. Common approaches of

driving forces are gravity, pneumatic pressure and motors.

The Brungraber Mark II and English XL are inclined-strut slipmeters which have a
similar operating principle (Chang, 2002). They measure the coefficient of friction
obtained from the angle at which a non-slip to a slip occurs. The Brungraber Mark II,
utilises a footwear pad which is impacted on a floor surface. In a similar way, the English
XL, driven by a pneumatic pressure, indicates the angle at which the test foot sample slips
on a surface. Results obtained with these devices were compared directly with studies
where the coefficient of friction was obtained using a force plate (Chang et al., 2001a)

and indicated good agreement over different surfaces and contaminants.

The British Pendulum Tester (British Standards Institution, 2011) shown in Table 2-4 is
used to simulate contact conditions during footwear-surface interactions. When released
from a set height, a rectangular spring loaded rubber slider comes into contact with the
surface. The height achieved at the end of the swing, after contact (termed the Pendulum
Test Value (PTV)) is measured on a scale. PTV values are related to the dynamic

coefficient of friction and, in practice, are found to be approximately equal to COF x 100.

The Tortus II, is a controlled motor driven precision instrument which measures the
dynamic coefficient of friction (Grongvist et al., 1999). As the devices moves forward at
a constant velocity, the deflection of the test foot is measured by strain gauges. The signal

measured is then transformed to a digital value of coefficient of friction.

The Kirchberg Rolling slider, fully described in (Kirchberg et al., 1997) was constructed
to determine the level of dynamic friction available in contact with a floor surface. It has
three different heights where can be released, and gives three different speeds. The

distance travelled by the trolley is related to the dynamic friction.
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Although there are many test devices related to measure slipperiness, the large variations
of loading conditions and extracted measurement of friction in the test devices presented
here make difficult to compare them directly. Various studies have been completed
comparing the results of the different test devices (Gronqvist et al., 1999, Ricotti et al.,
2008, Grongvist et al., 2003), however there is limited evidence demonstrating which

device replicates and predicts the friction during the shoe-surface interface.
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2.7.2 Sport shoe friction/ traction test methodologies

In sports, during dynamic movements such as running, turning and deceleration, it is
important to consider the friction developed at the shoe-surface contact, as this is critical
to the performance and injury risk of an athlete (Frederick, 1986). The level of friction
provided could lead to injuries, therefore, a range of friction for a shoe-surface
combination is suggested (Milburn and Barry, 1998). As mentioned in previous literature,
poor friction may result in a slip or a fall, which could cause an injury. In contrast,
excessive friction could fix the shoe to the surface, and cause injury to the lower
extremities (Nigg, 2003). In terms of performance, the friction will have an effect on the
effectiveness and control of an athlete’s accelerating or decelerating motion. Sports shoe-
surface interaction research is of interest to athletes and equipment / surface
manufacturers for these reasons. Governing bodies such as the International Tennis
Federation (ITF) and The Fédération Internationale de Football Association (FIFA) also

examine these issues in order to protect the nature of the game in question.

The majority of the existing shoe friction/traction devices, shown in Table 2-5, attempt
to simulate a specific biomechanical movement, and this is typically done by applying
loads to a test shoe and measuring frictional resistance to either rotational or translational

sliding (Severn et al., 2011, Grund and Senner, 2010, Rosa et al., 2007, Vachon, 2004).

Vachon (2004) used a test apparatus to measure rotational traction. As opposed to taking
peak moment force with a torque wrench, he used a load cell to sample the rotational
force. This gave an improved understanding of the shoe-surface interaction. In addition,
Vachon (2004) measured the translational resistance using a boot fastened to a plate and
pulled along a horizontal surface. The boot was loaded with a 15.9 kg mass and the

maximum pulling force was recorded visually with a spring scale.

The adidas Traction tester (Adidas 2007) displayed in Table 2-5, utilises a linear actuator
driven by servo-motors, capable of applying translational and rotational movements to a
shoe oriented to the surface. The vertical loading of the device is constant and provided
by masses on top of the device. A testing normal force of 700 N is usually applied, as it
is representative of a body mass of a football player. The device was developed to

evaluate football shoes in two movements: push-off to full sprint and an internal turn.

Kirk et al., (2008) developed a force-controlled test device, which measures an increasing

horizontal force until movement occurs. A hydraulic ram provides a constant vertical load
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applied to a stud plate. A pneumatic ram provides an increasing force in the horizontal
direction. Load cells in the horizontal and vertical direction and a LDVT provide the

necessary data to measure the frictional force resistance to movement.

Grund and Senner (2010) analysed player kinematics from TV footage of real anterior
cruciate ligament (ACL) injuries. This information was evaluated and a prototype traction
rig was developed which replicates the full range of motion during a real injury situation.
This rig consists of a pneumatic control that applies a force to push an artificial leg into
the surface, and, at the same time, a rotational force is applied along the longitudinal axis

of the leg. The internal loads are measured by a six component load cell.

Rosa et al., (2007) developed a test rig, shown in Table 2-5 capable of reproducing lateral
displacements of athletes in their natural movements. It consists of pushing a football

boot at constant velocity, 0.4 m/s, and record the horizontal force under a constant vertical

force of 150 N.

Although some of this test methodologies have proved to be able to apply higher forces,
close to the ones generated by the athletes, they don’t represent loads completely. Another
disadvantage of some of this equipment is the fact of been very heavy and difficult to
move. Transporting this equipment around the world to different venues represents a

challenge and high associated costs.

FIFA has used some of these devices to test and classify their football playing surfaces.
FIFA has two traction test methods for use in the FIFA Quality Concept for football turf
(FIFA, 2016). In order for a surface to be used in official FIFA competitions, it must pass
strict limits in each of the tests which classify the player-surface and ball-surface
interactions. The first test, showed in Table 2-5 is termed Rotational Resistance. Full
details of the procedure and equipment are given in (FIFA 2016). A normal force of 451
N is applied to a circular studded test foot. A handle is turned in order to overcome the
initial rotational resistance of the test foot in the surface. A peak torque value during
rotation is recorded for evaluation. The second test is the Linear Friction test, which uses
a studded plate in combination with a pendulum test (adapted from the rig described in
section 2.6.1). This device is shown in Table 2-5. After reaching a maximum swing
height, the Stud Sliding Value (SSD) is measured from the scale of the pendulum which

is related to the energy lost during the interaction with the surface. The Stud Deceleration
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Value (SDV) is also recorded which is the difference between the maximum deceleration

and the deceleration just before the impact.

Although these devices provide a simple portable measure of rotational and linear
friction /traction, they could be criticised for not replicating loading conditions of athletes
and the rate of torque/loading applied may change from operator to another. However,

the advantage of these tests rely on their portability and minimal set-up time.
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2.7.3 Friction test methodologies in tennis

In tennis, standardised dynamic friction tests have been conducted with a portable
pendulum device (British Standards Institution, 2011) in different studies (Damm et al.,
2013c, Starbuck et al., 2015). However, it has been reported that the average normal
loading of the pendulum is 12 N (Lewis et al., 2011), which is significantly lower
compared to typical tennis player movements during match play (Dixon et al., 1999,
Damm et al., 2014, Stiles and Dixon, 2006). Another mechanical friction test used for
tennis is the English XL which was developed to prevent and evaluate slip and fall
incidences (Chang et al., 2001a). The English XL applies an average contact load of 37

N, which is very low compared to the loading measured during tennis movements.

More recently a laboratory based mechanical test device was developed at The University
of Sheffield capable of measuring the development of friction during shoe-surface contact
under loading conditions relevant to the game of tennis (Clarke et al., 2013). During the
development of the test device, data from previous studies was analysed with a view to
replicating the loads seen during a tennis specific movement (Damm et al., 2013c). The
aim of the device was to measure the friction developed at the shoe-surface interaction,
when a shear force was gradually increased, using a test shoe under a range of constant

normal loads.

The existing test device at The University of Sheffield, shown in Figure 2.17 and fully
explained in (Clarke et al., 2013), uses a traditional friction test loading approach,
whereby a test shoe is loaded vertically onto a surface and this load is kept constant whilst
an increasing horizontal load is applied until a slide occurs and limiting friction effects
can be measured. In reality, the vertical and horizontal loads acting on a shoe during a

specific movement are not independent of each other and not applied in this way

(Starbuck et al., 2015).
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ik A

Figure 2.17 Bespoke testing device with a side view of the shoe plate.

Although this device provides peak and average friction measures, the device does not
replicate the loading profiles during tennis movements. For example, during dynamic
movements as sliding on clay courts, Damm et al., (2014) observed an unloading of the
normal force and suggested to be a grip mechanism during this movement. This kind of
behaviour is difficult to replicate with current mechanical tests, however, a fixed traction
device can provide indicators of the frictional mechanisms during a shoe-surface

interaction.

In previous studies, some of these fundamental friction mechanisms have been examined
such as the effect of normal force and roughness on friction (Clarke et al., 2012a, Clarke

et al., 2012b, Clarke et al., 2013).

In a first study (Clarke et al., 2012a), the effect of a shoe normal force applied to a surface
on friction was studied. Via a laboratory based test rig, it was found that friction is
dependent on the normal force. As the normal force applied to a surface increases, the
COF (referred to in this study as “coefficient of traction”, COT) decreases and a power

relationship can be fitted as shown in Figure 2.18.
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Figure 2.18 Normal force against mean dynamic coefficient of friction (adapted from Clarke et al.,

(2012a)).

The second study (Clarke et al., 2012b) showed that relationships between roughness and

dynamic friction were found to be also dependent on the normal load, as shown in Figure

2.19. Under high normal loads (e.g. 1000 N), the friction decreases with roughness,

reaches a minimum and then increases as the roughness increases. The opposite behaviour

is observed under low normal loads (e.g. 500 N), and the trend is for friction force to

increase with roughness, reach a maximum and then decrease as the roughness increases.
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Figure 2.19 Plot of the mean average surface roughness (R,), against traction force (adapted from Clarke

et al., (2012b)).
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Clarke et al. (2013) studied the influence of surface characteristics on the shoe-surface
friction mechanisms. Linear regression analysis was used to understand the relationship
between normal force and initial stiffness, peak traction force and average dynamic
traction force. A forefoot segment of a commercial tennis shoe was tested on three

surfaces: one acrylic hard court surface and two artificial clay court surfaces.

For the clay surfaces it was found that the infill particle size used significantly influenced
the traction developed. The initial stiffness and peak traction depend on the normal force
applied. It was stated that surfaces with large sand particles developed lower traction

caused by a decrease in shear force between the particles acting individually.

Clarke et al. (2013) describe the traction/friction developed as a measure of the shoe-
surface system’s opposition to a horizontal force. This traction provided, in combination
with tennis specific movements, represents an important part in the performance of the
player and injury risk (Frederick 1986, Reinschmidt and Nigg 2000). As stated by
Milburn and Barry (1998) there is necessary an optimal range of the tractional properties

of the shoe-surface interaction in order to assess this interface.

In tennis, as pointed in different studies (Damm et al. 2011, Stiles and Dixon 2006), the
actual loading of the shoe-surface system caused by a tennis player is higher than that

replicated by most available mechanical devices.
2.8 Summary and implications for this study

Tennis is a sport which requires players to perform a variety of manoeuvres over several
court surface type throughout a year season. These surfaces differ in mechanical
properties such as friction, and have been suggested to influence injury risk and
performance (Dixon et al., 1999, Stiles and Dixon, 2006, Nigg, 2003). Differences in
play-style have been reported between the surfaces, with longer rallies on clay than other
surfaces (O’Donoghue and Ingram, 2001). The evolution of tennis shoes, specifically
materials and geometry, has proved to be helping and increasing player performance on
tennis courts, allowing players to adapt movements common in clay, like sliding, to hard

court surfaces (Wilson, 2016).

Shoe-surface friction has been reported to influence player’s movements (Damm et al.,
2013a) like sliding on clay surfaces or changing direction in hard courts (Pavailler and

Horvais, 2014).
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Previous studies in tennis friction have shown that both biomechanical studies with
subjects and mechanical tests are relevant (Damm et al., 2014, Starbuck et al., 2015). A
review of literature has highlighted that a suitable portable test methodology, for
measuring the shoe-surface friction (replicating player condition during match play) does
not exist. However, test methods used in other sports provide repeatable measurements,
eliminating the existing variability when human testing is performed, as well as injury
risk to human participants. These devices contain limitations in their weight, portability

and capacity of replication of loading conditions.

Ideally, test methodologies should replicate the load-profiles in combination with
appropriate and representative shoe and surface materials, as suggested by (Dixon et al.,
1999). However, the majority focus their measurements either in the biomechanical
aspect or testing the mechanical properties of the materials. The challenge remains to
design simple, light and portable test methodologies capable of replicating the load-
profiles provided by biomechanical studies. Additionally, there is no approach to design
mechanical devices based on the tribological parameters involved in the shoe-surface

interaction.

In sports, friction is a property necessary which enables the athlete to perform the
movements necessary in sport. The area of Tribology brings an opportunity to study and
explain how the traction and friction are generated on sports surfaces. Without these, it
would be impossible to play any sport despite the shoe or the surface, as they provide the
necessary to make movements without slipping or falling. However, the current
understanding of the tribological mechanisms of the shoe-surface interaction remains

somewhat limited.

There are few approaches to study and understand the tribological mechanisms involved
in friction during a shoe-surface interface in tennis, like the effect of surface roughness
and vertical load on friction (Clarke et al., 2012b, Clarke et al., 2012a). Clarke et al.,
(2013) developed a bespoke rig to help the study of some shoe-surface tribological
mechanisms, such as clay particle size, however it is necessary to study others like

material properties, contact area, pressure and velocity.

Prior to continuing to develop a portable test methodology, more research needs to be
done, to gain a better understanding of the tribological mechanisms involved in the shoe-

surface interaction during specific tennis movements.
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3. Methodology

3.1 Introduction

Chapter 2 describes previous research studies that have been conducted to investigate the
interaction of shoes and surfaces in sport. Based on the arguments presented in the
literature review about the importance to replicate biomechanical and material conditions
during shoe-surface interactions, further research is needed on some of the tribological
parameters of grass, clay and hard courts. Additionally, some biomechanics data will be
relevant for the rig design in terms of loading/pressures applied by tennis players. For
these reasons, and in order to complete the aim and objectives of this research, this chapter
outlines the design process and methodology (lab and field experimental work) of the

research based on studying the interaction of the three physical bodies, which are:

1. The player
2. The surface
3. The shoe

The aim of the research project is to develop a robust portable device to assess the friction
characteristics of tennis surfaces, as was expanded in the introduction of Chapter 1,
therefore, a detailed understanding of the interaction of these three parameters was

necessary.

Figure 3.1 presents the overall approach and the grand plan set for this project. This
diagram deconstructs the research into the components investigated, and indicates the
flow of information (arrows) and the data agreement (double line) between the data sets.
As this project is part of a wider study, the “*” indicates the main contributions of this

project to the overall approach.

The player section (Chapter 4), which studies the replication of biomechanical conditions,
was produced through observational analysis, collection of previous data, and a

combination of lab and field based experiments.

Additionally, the shoe and surface sections (Chapter 5 and 6) looked and studied the
tribological mechanisms during specific tennis movements, and their effect on the friction

generated. These were mainly studied in the laboratory.
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Finally, a section linking the three sections together in behalf or the design of the test

device, was developed and discussed in Chapter 7.

PLAYER SHOE - SURFACE
IDENTIFY KEY Ei> BENCHMARK — TRIBOLOGICAL — VALIDATION
MOVEMENTS BIOMECHANICS MECHANISMS
4 N\

In competition

| 1
[ Video analysis * J On-court * L In Iabg(r)ztr??l/ on- ]7%[ Perception ]
\ J

N

[ Mechanical test * ]

Arrows indicate flow of information; double lines indicate that agreement between data sets is required.

——

{ In laboratory

Figure 3.1 Diagram showing the overall approach and grand plan for the project.
3.2 Player

Establishing the characteristics of player-court interaction in tennis is a key challenge. As
mentioned by (Redfern et al., 2001), biomechanics can be used, apart from determining
required friction during specific movements, to assess frictional instruments, as a

calibration or validation.

As discussed previously in the literature review, the replication of player loading using
portable light devices in the field, has been a challenge. (Grund et al., 2007) pointed out
that many mechanical tests which investigate the shoe-surface interaction do not test
shoes under play loading conditions. In the same order of ideas, as suggested by (Dixon
et al., 1999), test methodologies should replicate the load-profiles in combination with
appropriate and representative shoe and surface materials. Subsequently, studying and
investigating the effect of some biomechanical conditions on friction, could be useful to

find a feasible solution to this challenge.

Therefore, Chapter 4 shows a series of tests designed to fulfil the following objectives.

These were set based on gaps found in the literature and the findings of preliminary results
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in order to determine which biomechanical conditions are relevant and need to be

considered for the design of the final frictional test device (Chapter 7). These are:

e To determine key movements on a tennis court.

e Benchmark biomechanics of tennis players.

3.2.1 Key movements

With the objective to identify the key movements of elite tennis players under ‘match’
conditions, an observational analysis of tennis matches was implemented. A video
database of several player movements on the three main surfaces (clay, grass and
hardcourts) was created in order to perform a wider analysis of common and ‘risk’

movements. In Chapter 4 the ‘risk” movements, are identified and further discussed.

3.2.2 Biomechanics

After identifying the key movements, the next step consisted on benchmarking the
biomechanics of these movements. As shown in Figure 3.1, these could be obtained from
three different sources: in competition, on-court and in-laboratory. Due to the difficulties
to obtain data from actual competition, the data used for experiments in Chapter 4 was
obtained from previous field and laboratory studies. The data includes forces and
pressures applied by tennis players performing common tennis movements. The
experiments presented on Chapter 4 focus on the development of a novel loading
methodology and, as mentioned previously, due to the difficulty to replicate high vertical
loads with a portable equipment, a pilot study was developed to understand the
relationships between in-sole pressure, contact area and available friction in order to

develop a novel test methodology, as presented in Chapter 7.
3.3 Shoe and surface

To investigate the behaviour of a shoe-surface interaction in tennis, a combination of field
and laboratory methods were used. Mainly, the lab work focused on studying the
tribological mechanisms of shoes and surfaces involved in this interaction, with the
objective to determine their contribution to the friction generated during specific tennis
movements. In complement, the fieldwork focused on two main areas: player perception

and mechanical testing of tennis courts with the aim to do a first attempt to validate
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frictional results from mechanical testing with the perception of the player of a particular

tennis court.

3.3.1 Tribological Mechanisms

A first step to find a solution to a certain problem in tribology is to establish a tribological
system (ASM, 1992). As previously discussed in the literature review, the tribological
system defined to describe the interaction between a tennis shoe and a surface in tennis,
is schematically presented in Figure 3.2 and consists of the next structural components:

shoe outsole (1), court surface (2), lubrication (3) and environment (4).

Structural (1,2)

Microstructure
Geometry

Operational ‘

Kinetics
Kinematics
Duration

” Friction
~ Wear

(4)

Interaction 1 & 2 — Material pair
. Contact mode -
. 3 — Lubrication

Friction contributors

4 — Environment
(adhesion, hysteresis)

Figure 3.2 Tribological system of a shoe-surface contact.

When these components interact under specific conditions, the system is influenced by

some characteristics associated with a group of parameters:

o Structural parameters, which characterise the structural components involved in the
interaction, such as shoes and surfaces. Shoe outsoles are made from rubber, and
tennis surfaces vary, being the main ones, clay, grass and hard courts. In terms of
shoes, section 3.5.3 show the results of the material characterisation of different
commercial rubbers through a DMTA technique. Additionally, section 3.5.2 show the
results obtained for the hardness of shoes and test rubbers. For tennis surfaces, it has
been identified that some of the components of this tribological system change
according to the playing surface. The identified structural components for each shoe-

surface interaction are shown in Table 3-1.
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Table 3-1 Structural components of shoe-surface tribosystem

. . . Interfacial Environmental
Tribosystem Triboelement (1) Triboelement (2) element (3) medium (4)
Shoe — Clay court Shoe rubber Clay court Sand particles Air
Shoe — Grass court Shoe rubber Grass blades Humidity Air
Shoe — Hard Court Shoe rubber Acrylic paint, concrete, -- Air

Based on the structural components identified, characteristics such as roughness (section

3.5.2), clay particle size (section 5.3), the amount of clay (section 5.4), grass humidity

and height (section 5.2) were measured and further utilised in the experiments to

determine their effect on the friction between a shoe and a specific tennis surface.

Operational parameters, which characterise the functional conditions of the system.
These focus on the player’s kinetics, kinematics and their functional duration. In
general, for this project these parameters were obtained from previous biomechanical
studies. However, to complement these, in Chapter 4 & 6, a combination of lab and
field experiments, were implemented in order to measure the effect of different
parameters on the friction, such as the shoe velocity (section 4.3) and the temperature
of the shoe outsole (section 6.4) both during a sliding movement. Furthermore, a new
loading methodology was developed, in order to compare it to a previous one and

determine the best option for the final mechanical design (section 4.4).

Interaction parameters, which characterise the action of the operational parameters
on the structural components. In chapter 5, the surface parameters, such as the
influence of grass height and lubrication (section 5.2), clay particle size (section 5.3),
clay sand infill volume (section 5.4), in the friction generated between rubber and
tennis surfaces were studied. Additionally, Chapter 6 shows the results of a series of
pilot studies which aim to study the effect on shoe-surface friction of interaction
parameters such as shoe orientation (section 6.2), contact area and pressure (section

6.3).
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3.4 Validation

3.4.1 Player perception

Although the aim of this project is the mechanical design of a portable test device, it was
important to make a first comparison of frictional results with player perception. In
section 5.4, the friction measurements obtained with a lab based rig were compared to the
perception of tennis players with the objective to corroborate and validate the friction

measurements.

3.4.2 Mechanical test

Chapter 7 integrates all the findings from the previous experiments with the aim to present
a design methodology for the mechanical portable device. The adapted utilised design
methodology is shown in Figure 3.3 (Wright, 1998, Cross, 1994), and is composed
basically of two main phases, the conceptual and embodiment design with some sub
stages. After the design sub stage (2.1 in Figure 3.3), an evaluation and testing phase of

a pre-prototype is implemented with the aim to assess and validate the final prototype.

1. Conceptual Design

1.4 Evaluation and
1.1 Problem 1.2 Product design 1.3 Concept .
- == SO = . ind selection of
definition specification generation
concept

=
2.1 Design and/or
parametric design
2.3 Prototype
No 1

. . 3.4 Evaluationand
2. Embodiment Design K validation /

3. Evaluation and Testing

3.1 Lab and/or 3.2 Data \
field testing analysis

Yes

3.3 Review

Figure 3.3 Design methodology implemented. Adapted from (Wright, 1998, Cross, 1994)
1. Conceptual design
This phase involves the following stages:

a) Problem definition: This is the initial statement of the need and analysis of the
problem. It consists on concentrating on what a new design has to achieve rather

than how to achieve it. The overall function is identified.
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b) Product design specification: This corresponds to determining the goals,
constraints and criteria of the design.

¢) Concept generation: This stage takes the statement of the problem and generates
broad solutions to it in the form of schemes. Brainstorming, functional
decomposition are typical tools used.

d) Evaluation and selection of concept: The different concepts are evaluated in this

stage in order to select the best one.

2. Embodiment design

In this phase the selected design is worked up in greater detail, throughout the following

stages:

a) Design: The selection of the physical elements with parts modelling and design
validation are performed in this stage. Usually the end product is a set of technical
drawings, when it can be decided if a pre-prototype, prototype or both need to be
produced.

b) Pre-prototype: A mock-up device is fabricated for preliminary testing.

¢) Prototype: This normally represents the final version of the design process.

3. Evaluation and testing
This phase comprises four main activities:

a) Lab and field testing: A series of experiments and pilot studies are implemented
to collect the necessary data to verify the reliability and repeatability of the device.

b) Data analysis: A review of data collected with the test device. After analysis, if
the data is correct, the evaluation continues, otherwise, the device could be
redesigned with the correspondent mechanical modifications. This loop can be
repeated as many times as needed.

¢) Review of design: A last design stage to develop a robust design from the
prototype. Review and definition of final dimensions and tolerances is made, in
addition to selection of manufacture processes.

d) Evaluation and validation: Comparison is made to results from other test devices,

and to player perception.
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3.5 Test equipment

This section provides details of the equipment and methods used throughout the

mechanical testing in the laboratory and tennis courts.

3.5.1 Mechanical test devices
a) Crab Mark 111

The Crab Mark III shown in Figure 3.4, was developed by Robert Haines for the ITF
(Miller and Capel-Davies, 2006). It is a hand powered device which measures the friction
force between a surface and a deformable rubber sphere. The Crab III consists of a metal
frame mounted on three wheels. A spring loaded rubber sphere is attached to the frame
via a cantilever beam. As the device is pushed along the surface (for a distance of approx.
300 mm) the sphere is loaded normally to the surface and friction forces cause the
cantilever beam to be deflected horizontally. The peak beam deflection is measured via
an electronic transducer connected to a laptop computer and is related to the static
coefficient of friction between the surface and the sphere. The vertical load applied is
1.05 kg and the magnitude of the friction load measured by the transducer is 0.52 kg per

millimetre of deflection.

Figure 3.4 The Crab Mark I1I test device.

b) Sled Test Device

A simple bespoke sled test device, shown in Figure 3.5, was designed the Department of
Mechanical Engineering at the University of Sheffield, to simulate contact conditions
during footwear-surface interaction in tennis. The device is constituted of a loading plate
that supports a set of weights; which is mounted on a test shoe outsole to form a sled. The

sled is dragged by hand using a Mecmesin BFG 500 force gauge connected to a laptop
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with a Labview acquisition programme. The mass of the device without any weights
added is 4.36 kg. The sets of weights added varies through the different experiments in

this research.

The testing procedure consists of placing the sled on the test area and dragging it by hand
for a distance of 350 mm. The force gauge measures the horizontal force applied during
the movement of the sled at a rate of 1000 samples/s. The shoe outsole was brushed before

each trial to remove any grass and to maintain the same conditions throughout.

Figure 3.5 The sled test device with a grass outsole attached.

Figure 3.6 shows a typical Horizontal/Vertical force-time curve for a shoe sole dragged
across a surface. The procedure to extract the static and dynamic COFs is determined by
being able to identify on the H/V graphs two particular regions: (I) a region of increasing
initial force during a static regime and (II) a period of dynamic movement over which the
force remains relatively constant. The static COF is calculated as the peak force ratio
value recorded for each trial during the static regime and occurs when the sled first starts
to slide. The dynamic COF is determined as the average value during the dynamic regime
when the H/V ratio settles to a consistent value. At the end of the trace, the recorded H/'V

ratio drops due to the dragging force being reduced to zero.
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Figure 3.6 Static and dynamic regimes for a typical sled test, showing values of static and dynamic

coefficients of friction (SCOF and DCOF).
¢) Pendulum test

The Pendulum test device, shown in (Figure 3.7), and previously described in the

literature review (section 2.7), is a device utilised to measure friction.

Tests were conducted according to the British Standards (British Standards Institution,
2011). The sliders used conformed to the properties for 4S (Standard Simulated Shoe
Sole) or Slider 96 rubber specified in (Slip Resistance Group, 2011). The 4S rubber slider
was used for court testing, and was prepared conforming to Annex A of (Slip Resistance

Group, 2011).

Figure 3.7 The pendulum test device

For each test, the pendulum arm is released, the slider contacts the surface, and the pointer
gives a “PTV” (Pendulum test value) to be recorded. The pendulum arm is caught on the

return swing before the slider strikes the test surface on its down swing. The procedure is

_45 -



Chapter 3 Methodology

repeated eight times for each location on a court. The first three readings are ignored, in
order to reduce the variability. The mean PTV value is calculated as the mean of the
recordings, to the nearest whole number. This PTV value is then converted to a mean

coefficient of friction.
d) University of Sheffield lab-test

Figure 3.8 shows a schematic of the laboratory-based traction testing device, developed
at The University of Sheffield (UoSh) (Clarke et al., 2013) . The mechanical test device
was designed to fully replicate the full range of complex dynamic biomechanical loading,
focused on the friction/traction developed at the shoe-surface interface. This is achieved
when a shear force was gradually increased using a test under a range of normal loads.
The objective of this device was to conduct repeatable and reliable friction/traction tests
on a range of tennis surfaces. Pneumatic rams were utilised to apply the loads which are

measured via electronic transducers.

I

Ami.|l'1 ik 4

Pneumatic cylinders

*
$
Load cells and LVDTs

=

Figure 3.8 Bespoke testing device with a side view of the shoe plate

The testing procedure consists of attaching a section of a shoe sample onto the shoe plate.
A surface sample is then secured on the surface platform that is slid into place via a
bearing rail system. Subsequently, a pneumatic ram provides a controlled normal force to
the shoe plate. A second pneumatic ram provides a controlled driving force in the
horizontal direction. The horizontal force is increased until sliding of the shoe is initiated.
The shoe plate moves horizontally for a maximum sliding distance of 250 mm. Load
cells in the horizontal and vertical direction and two linear variable differential

transformers (LVDT) provide the necessary measurements to determine the friction
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behaviour. A data acquisition device (National Instruments model number NI9174)
samples the load cells and LVDT signals at 2000Hz, which are then transformed into
values of force and displacement. The data signals are displayed and saved in real time

using LabView (version 13 National Instruments).

Prior to testing, the shoe outsole utilised was prepared in accordance to footwear
standards (British Standards Institution, 2012). The outsole was cleaned with an ethanol
solution and allowed to dry at ambient temperature. Then, the outsole was lightly sanded
by applying P400 silicon carbide paper by hand under minimal pressure. Additionally,

any debris was remove using a clean, soft, dry brush.

As fully explained in Clarke et al. (2013), three main parameters are extracted from
horizontal displacement and traction/friction force against time plots (shown in Figure
3.9):

1. The initial ‘stiffness’.

2. The peak traction/friction force at the transition between the static and dynamic
regimes. If this force is achieved, then the shoe-surface system fails and the
traction/friction becomes dynamic.

3. The mean dynamic traction/friction measured between 0.05 and 0.20 m sliding

distance.
Micro-sliding Macro-sliding

. 034 ' 1200
E $
‘g 0.25 - - 1000
g 02 g0 £
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Regime
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Figure 3.9 Traction (Friction) Force vs Time: Showing Static and Dynamic Regimes for an artificial clay

court surface (Adapted from (Clarke et al., 2013)).
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e) Profilometer

During this research, the surface roughness was measured with a portable Mitutoyo
profilometer (series 178-SJ-401) (Figure 3.10). The profilometer measures surface
roughness via a diamond tipped stylus which moves vertically up and down when moving
horizontally in contact with the test surface. The R, of each of the hard court tennis courts
surfaces were used for comparison. Firstly, the profilometer was calibrated by measuring
five values of R, on a calibration sample of known profile. For statistical analysis a total
of 10 — 15 R, values were taken at different regions of the surface tested and in different

directions obtaining an average value of R,.

Figure 3.10 Mitutoyo portable profilometer

f) Hardness - Durometer

Outsole rubber hardness was measured with a portable SATRA digital durometer (model
STD 226), shown in Figure 3.11. The durometer had attached an interchangeable Shore
A scale module which was selected depending on the ‘softness’ of the rubber tested. This

test method is based in indentation and is used to determine maximum hardness values.

Figure 3.11 SATRA STD 226 Digital durometer
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The test specimen preparation and hardness measurements were in accordance to the
standard test method for rubber hardness (ASTM International, 2010). The specimen was
placed on a flat, hard, horizontal surface. Next, the durometer was positioned in a vertical
position with the inventor tip at a distance from the specimen. A sufficient and firm
pressure was applied to the durometer for at least 1 second and the indicated reading was
recorded. The arithmetic mean was calculated for five measurements at different

positions.

3.5.2 Tennis surfaces

Initially, as presented in chapter 4, preliminary tests on natural grass and clay courts were
performed, with the objective to evaluate the possibility to include these surfaces in the
study. As this study focuses on the interaction of shoes and surfaces at professional level,
it was decided to carry out mechanical tests on professional tennis courts (in the field),
and a variety of I'TF classified surface samples (in the lab). A variety of professional grass

and clay courts, maintained to the highest standards were tested during this study.

Future work addressing the difference in mechanical properties of professional and
amateur surfaces would be interesting, however it is beyond the scope of this study. Next

is the description of the surfaces utilised on the experiments presented later in this thesis.
a) Grass courts used in field testing

The Wimbledon Championships grass courts

Every year, the Wimbledon Qualifiers and Championship takes place in the Bank of
England Sports Ground, Roehampton and All England Lawn Tennis Club (AELTC)
respectively (Figure 3.12). These courts are prepared and serviced by a full-time team of
ground staff who maintain the surfaces to a very high standard. Although the grass
composition is not known in detail for the Bank of England tennis courts, the one used
during the Wimbledon Championships at the AELTC, is composed by 100% rye grass
(changed in Sept 2000 from 70% rye / 30% red fescue) for better wear and tear properties.
The grass playing height for both events is 8 mm and the courts maintenance and
preparation takes place every morning during the tournament. Grass and soil humidity is

controlled according to the groundsmen experience (AELTC, 2016).
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Figure 3.12 Left: Bank of England court 7 and right: AELTC court 8, tennis courts.

Three grass tennis courts were tested during this study:

1. The BoE-7
(Court No. 7 outdoor, Bank of England Sports Grounds, Roehampton, London, UK)

Testing on this court was carried out during the Junior Wimbledon Championships 2013

qualification, and after the Wimbledon Championships 2013 qualification.

2. The AELTC-8 and AELTC-9
(Court No. 8 & 9 outdoor, AELTC, Wimbledon, UK)

The testing on these courts was carried out 3 weeks after the Wimbledon Championships
2013. The grass height of both courts tested was different: court No. 8 (8§ mm grass
height), and court No. 9 (10 mm grass height), as court No.9 was not prepared for play

conditions. This information was provided by the groundsmen before the testing.
b) Clay courts used in field testing

Two red clay professional tennis courts were tested during this research. These clay courts
were constructed to the highest standards. Brief descriptions of both, are presented in the

next section.

1. LTA4
(Court No. 4, National Tennis Centre, London, UK)

This is a professional tennis court made from Northern European clay. The court, as
shown in Figure 3.13, is characterised as being identical to the courts used at the Bastad
ATP Tennis Event in Sweden (LTA, 2016). The courts are characterised by having

relatively coarse clay, low maintenance and great ability to resist cold weather conditions.
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Figure 3.13 Court No. 4 at the National Tennis Centre.

2. RCB28
(Court No. 28, Real Club de Polo de Barcelona, Spain)

This is a professional tennis clay, shown in Figure 3.14, made of red clay, which is
crushed brick of different size and packed to make the court. Over the crushed brick, the
surface is topped with a loose layer of smaller crushed particles of different sizes. After
passing the clay through different sieves, the particle size distribution was determined by
the manufacturer to be approximately 30% less than 0.5 mm and a 70% bigger than 0.5
mm. This court was used for preliminary experiments (Chapter 4) when measuring court

surface friction with different mechanical devices.

Figure 3.14 Court No. 28 at the Real Club de Polo de Barcelona, Spain.

¢) Hardcourts used in the lab testing

A range of hardcourt surface samples were tested during the different experiments trough
this thesis. These surfaces were provided by the ITF with the objective to cover all the
ball-surface pace classifications (slow — fast) previously described in the literature review

chapter. The type of hardcourts provided was: acrylic/polyurethane and carpet surfaces
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(50 x 50 cm). In addition, the surface roughness was measured with the profilometer and
procedure described in section e). Table 3-2 shows a summary of the different surfaces

with their ITF classification and roughness values.

Table 3-2 Hardcourt surfaces utilised for testing

Roughness
Legend Image Surface Type ITF CPR (Ra £ SD) um
. ﬁ 1TF®
HC1 . SPA Acrylic SRR 18.67 £ 1.66
/'\
Rebound Ace . ITF®
HC2 . HSA Club Acryllc COURT PACE 19.84 £ 1.72
ITF®
HC3 N/A Acrylic Couar FRce 15.34 £2.76
Courtsol ﬁ-T,-e
HC4 comfort Acrylic ALl 17.52 £1.36
e ®
. ITF*®
HCS N/A Acrylic . 12.0+£3.19
1TF®
HC6 Courtsol SP Acrylic Ssren 6.70 £ 0.44
ITF®
HC7 n/a Mapecoat TNS Acrylic Clssren 12.20 £ 1.67
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Y (G
HCS . Taraflex Polyurethane ., 9.53 %129
carpet
TTE®
Synpave . ITF’
) . o h - h
/’ _—
Greenset . ITF®
CLASSIFIED +
HC10 n/a Cushion Acrylic cussifen 2530+ 1.80
HCBI1 . Bespoke 1 Acrylic n/a 5.20£0.60
HCB2 . Bespoke 2 Acrylic n/a 19.30£3.0
HCB3 . Bespoke 3 Acrylic n/a 32.60£5.0
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d) Synthetic/hybrid courts used in lab testing

Two synthetic systems (clay and grass) and one hybrid clay system were used for
mechanical testing (a hybrid clay system is characterised for system that uses a
combination of a carpet matrix and real clay particles to provide the play characteristics
of a traditional clay court). The synthetic systems are composed of a polypropylene
membrane sand-dressed and/or rubber-dressed surface with the appearance of clay/grass.
The Figure 3.15 shows the hybrid clay surface and the two synthetic surfaces (grass and
clay). Descriptions provided in Table 3-3 .

Figure 3.15 Left: synthetic clay; centre: hybrid clay; right: artificial grass.

Table 3-3 Synthetic/hybrid surfaces description

Legend Name Type Description
Infill = 6 kg/m’

AC1 . Total height =11 mm
Matchclay Hybrid clay Pile height = 6 mm

AC2 Infill: 12 kg/m2
Total height = 13 mm
Acecourt Artificial clay Pile height =11 mm.
Particle size > .060 mm.

AGl1 Real Green Artificial grass Infill: 14 kg/m’.

3.5.3 Tennis shoes

While tennis shoe outsole construction varies from brand to brand, for this project it was
decided to test a variety of tennis shoes, according to the surface. adidas and Babolat
brands have a reputation as leaders in tennis equipment at an elite level. The tennis shoes

selected for friction and shoe characterisation studies this study are shown in Table 3-4.
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Table 3-4 Description of shoes utilised for testing.

Image Shoe Surface Outsole description
adidas Barricade 6 Hard court Herringbone design
adidas Barricade 7 Hard court Herrllngbone design with

circular patterns.
adidas M Barricade 6 Special dimpled tread design
Clay . .
(o]6 ideal for omni courts.
Pimpled tread design to
adidas grass shoe Grass provide traction on grass
courts.
Babolat P Ise 4 all
abolat Fropulse & @ All courts Special “side 2 side” pattern.

court

a) adidas

The adidas Barricade 6 and 7 shoes, released in 2010 and 2012 respectively, were

designed for hard court play. The outsole is herringbone style tread with some circular

patterns, which the manufacturer claims to be useful during rotation of the foot on the

surface. The adidas grass shoe has a pimpled outsole with a pimple height of 2 mm from

the base of the outsole, which helps the players to have more traction on a grass court.
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b) Babolat

The Babolat Propulse 4 all court shoe was released in February 2013, and it is still popular
with amateurs and professional as it is suitable for hardcourt and clay surfaces. The
outsole is a compliant polymer with a special “side 2 side” tread pattern in the forefoot.
According to the shoe manufacturer this system, composed of positive and negative relief
patterns, shown in Figure 3.16, provides a perfect balance between traction and sliding
(Babolat, 2013). The positive relief patterns or “pimples” (Figure 3.16 - left) provide
enough traction for quick and clean starts. In contrast, the negative patterns or “dimples”
(Figure 3.16 - right) on the outer part of the foot ensure well controlled slides. One of the
differences between this two sections rely on the “flat” area, in which for the negative
patterns is higher producing higher pressures in contact with a surface. This is confirmed
in the parametric tread study (section 7.5). The second difference relies on how the two
sections deforms in contact with a surface. For the positive pattern, the pimples fixed into
the surface providing a traction effect. In contrast, for the negative pattern, as the relative
contact area is higher, then the section is likely to slide on top of the asperities of a tennis

court.

Figure 3.16 Babolat 4 all court shoe outsole, with positive (left) and negative (right) patterns in detail.

Before testing with any of the described shoes, the outsole was cleaned with an ethanol
solution and allowed to dry at ambient temperature. Additionally, the outsole was
prepared by applying p400 silicon carbide paper by hand under minimal pressure. Any

debris from the shoe was removed using a clean, soft, dry brush. These procedures are in
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accordance with parts of an international footwear standard (British Standards Institution,
2012).

¢) Trends in tennis shoes outsoles

Different tennis shoe treads at a tennis shop were analysed with the objective to have an
overview of the actual trends in tread patterns. 100 shoes (hardcourt, grass and clay) of
15 commercial brands were analysed showing the percentage of each tread. The treads
were identified into four different groups: Herringbone, Mix, Omni/pimpled and Smooth.
Examples of these treads are shown in Figure 3.17 along with descriptions in Table 3-5.
Normally, the shoes are sold for the following different types of usage: all

court/hardcourt, grass, carpet and clay.

Figure 3.17 Examples of each tread pattern. (a) Herringbone, (b) Mix, (¢) Omni/pimpled and (d) Smooth.

Table 3-5 Description of each tennis shoe tread

Type Description

A tennis shoe tread pattern including many treads lines which can vary

Herringbone 45° clockwise and anticlockwise from the normal.

A tennis shoe tread pattern which has different tread types on different
Mix sections of the forefoot. It includes a combination of concentric circles on
the forefoot section.

A tennis shoe tread pattern which mixes small dimples with other
Omni/pimpled geometries to provide traction with the surface. It is used on grass or
synthetic surfaces.

A tennis shoe outsole consisting of a mostly flat, smooth surface. Used on

Smooth .
indoor carpet courts.

-57-



Chapter 3 Methodology

The results presented in Figure 3.18 show that the ‘all court/hardcourt > shoe dominates
the available tennis shoe market with a 66% compared to a 30% and 4% of clay and grass
shoes. Looking in detail by shoe surface, in Figure 3.19 it is shown that the herringbone
tread is the pattern most used in tennis outsoles. This pattern, is highly used in clay and

‘all court/hardcourt’ tennis shoe outsoles.

The Smooth’ and ‘Omni/pimpled’ patterns are used mainly for grass/synthetic and
indoor carpet surfaces respectively. The dominance of the ‘herringbone’ pattern in the
tennis market suggest that it is very effective. As mentioned previously in Chapter 2,
tennis shoes with ‘herringbone’ pattern have been used in many previous investigations

(Damm et al., 2014, Starbuck et al., 2015).

Grass/Synthetic
4%

Clay
30%

All court/HC
66%

Figure 3.18 Results for the All Court/Hard court tennis shoes (n= 100)

In particular, it is attractive to look in detail into the ‘Mix’ category of tennis treads
(Figure 3.19 (right)). Although the ‘herringbone’ tread pattern predominates in all
court/hardcourt shoes, in contrast to clay, the ‘Mix’ category has a high 35%. This
category is characterised by the visible innovation, in which a lot of the marketing for
new tennis shoes focuses. As described in Table 3-5, the fundamental idea of this category
is the requirement of several areas of the outsole with different tread patterns to allow the
shoe to behave in different ways according to the movement or surface need, and in order

to maximise their performance.
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Smooth
9%

Mix
35% Herringbone

56%

Herringbone
93%

Figure 3.19 Results for clay (Left) and all court (Right) tennis shoes (n= 30 and 66 respectively)

Examples of this ‘Mix’ tread patterns are mentioned in Chapter 2, where the introduction
of ‘Glide’, a sliding shoe for hard court surfaces, represents a new and innovative trend
of shoe manufacturers. A second example is the Babolat Propulse tread pattern, utilised
in some testing in this thesis, which is characterised by having two main areas of the
forefoot. The inner part of the forefoot is advertised as the area to provide the majority of
traction, whilst the outside of the forefoot is the area which enhances the player’s ability

to slide when turning.

In conclusion, the ‘all court’ shoe category dominates the tennis shoe market. In terms of
outsole treads, the ‘Herringbone’ is the most used by manufacturers for clay and ‘all
court’ shoes, however, the ‘Mix’ has started to be more popular due to a specialisation

and the introduction of new technologies on the tennis shoes from the manufacturers.
d) Shoe outsole and rubber characterisation

In order to understand how a shoe outsole behaves in contact with a tennis surface, it is
vital to study the mechanical properties of the material. Tennis shoe outsoles are made
from elastomers which is the name given to a group of lightly-crosslinked polymers that
exhibit elastic or viscoelastic deformation (Werd and Knight, 2010). The experiments and
results presented in this section focuses on the material characterisation of typical tennis
shoes outsoles. Additionally, these are compared to commercial rubbers, in order to find

a representative material of a tennis outsole, that could be used with the final test device.

Material characterisation, such as via Dynamic Mechanical Thermal Analysis (DMTA)
and hardness measurements play an important role in the analysis of elastomers (Menard,

2008). They are widely used to characterise raw materials, intermediate products and
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vulcanised products. The mechanical properties of elastomers depend on temperature and

frequency of loading.

Hardness is one of the most widely measured properties used to characterise rubber. The
IRHD (International Rubber Hardness Degree) and Shore, are the most common scales
used. Both methods are based on indentation, however differ from geometries, applied
forces and procedures. The Shore range of hardness has eight scale types: A, B, C, D,
DO, O, O, OO0 and M. The A scale is used for soft rubbers and elastomers, type B is used

to test moderately hard rubbers and type C for medium hard rubbers and plastics.

The aim of this testing was to measure the mechanical characteristics for a range of actual
tennis shoes outsoles and commercial rubbers samples, through hardness measurements
and DMTA testing. A comparison between them, and to the commercial test rubbers from
other known test methodologies was made, in order to assess the best option for a test
shoe. Key results are presented here, particularly those which have been used in future

experiments.

Figure 3.20 Left: Tennis shoes tested adidas Barricade 7 and Babolat 4 propulse (small, medium and

large). Right: Examples of shoe outsoles.

e) Hardness

Shore A hardness measurements were performed with the durometer and under the
procedure described in Chapter 3 (samples of the outsole of five different shoes adidas
barricade 6, adidas barricade 7 and Babolat 4 all court (Small, medium, large) were tested.
In addition, two standard test rubbers utilised with the Pendulum test (Slider 55 and slider

96) were also tested.
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Slider 55 and 96 are standard test rubbers utilised with the pendulum slip resistance test
(described in chapter 3) to measure the slip resistance of a floor surface. They are used to

replicate barefoot and shoe conditions respectively.

75.4
71 71.4 71.6
I I I I |

Adidas B7 Adidas B6 Babolat-L Babolat -M Babolat-S Slider 55 Slider 96

100

92.4
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80
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Figure 3.21 Rubber hardness results.

The Shore A results, presented in Figure 3.21, showed a good agreement between the
shoes tested and the US Patent US7765720B2 (Yu et al., 2010), where Shore A values
between 68-72 are reported as typical values for tennis shoes. The hardness of sliders (55
and 96) are reported in the IRHD scale, being 55 and 96 respectively (James, 1988). In
previous literature (Briscoe and Sebastian, 1993) calculated an approximate relationship
between IRHD and Shore A (IRHD = H, + 4). For this testing, the shore A hardness
results (59.9 £ 1.5 and 92.4 £ 2.0) for both sliders showed to be higher for the slider 55,
but in good agreement for the slider 96, compared to the IRHD values.

f)  DMTA- Dynamic Mechanical Thermal Analysis

DMTA can be described as an applied oscillating force applied to a sample whilst
analysing the material response to that force (Menard, 2008). It is a technique widely used
to characterise a material’s properties as a function of temperature, time, frequency, stress

or a combination of these parameters.

The test procedure involves a small sample of rubber fixed at both ends whilst it is loaded
at a number of required and pre-set frequencies. The sample is inside a small
environmental chamber in which the temperature can be changed over a wide range.

During a test, the stress and strain are monitored continuously.
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Figure 3.22 University of Sheffield DMTA machine.

DMTA works by applying a sinusoidal deformation to a sample of known geometry.
When the rubber is loaded in this way, some energy is lost as heat. This loss of energy is
resultant from the strain and stress being out of phase. The greater this phase difference,
the greater the energy loss. This loss energy is determined as the tangent of the phase

between stress and strain (tan 8)(Kime, 1991).

Figure 3.23 shows how the stress is determined into two components, one of which is in
phase with the strain and the other 90° out of phase. The ratio of the in-phase component
of stress to the strain is called the in-phase or elastic modulus (£°)(Kime, 1991). In this
way DMTA basically provides measures of stiffness and damping of a material, reported

as the storage modulus (£°) and loss modulus (tan J) respectively.

The properties of the rubber vary with frequency and temperature. As the test frequency
increases, the stiffness increases until the rubber responds as a glass. A similar effect is
observed, if the frequency is kept constant and the temperature is lowered. The
temperature at which this occurs is known as the glass transition temperature (7). An

example of a DMTA trace with the glass transition temperature is shown in Figure 3.24.
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Figure 3.23 Relationship of the applied sinusoidal stress to strain, with the resultant phase lag and
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Figure 3.24 Example of DMTA trace for the slider 55 rubber showing the glass transition temperature
(adapted from (James, 1986))

The test frequency was 10 Hz and the temperature was varied from -60 °C to 60 °C.
Figure 3.25 shows the results obtained for E” and tan 6 for both slider 55 and 96 samples
from the DMTA tests. The plots show the glass transition points for both rubbers,
-42.2 °C for the slider 55 and -50.4 °C for the slider 96. The results are in good agreement
with the ones showed in (James, 1988), which reported -38 °C and -50 °C for slider 55
and 96 respectively. These results confirmed the accuracy of the tests in order to compare

the shoes samples.
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Figure 3.25 DMTA results for the slider 55 (top) and slider 96 (bottom).

In Figure 3.26 and Figure 3.27 the results for the stiffness (£’) and damping (zan ) are
presented. Although the tests were done at a temperature range from -60 to 60 °C, our
range of interest focuses in temperatures from 0 to 60 °C, as most of the tennis

tournaments around the globe are played under this range of temperatures.

For the stiffness results (£°), the general tendency for the tennis shoes is to decrease as
the temperature increases. It can be seen, as expected from the previous hardness results
obtained in the previous section, that the slider 55 rubber is the softest and that slider 96
is the stiffest one, from all the samples tested. Slider 96 plot is significantly higher than
the other samples and is not displayed on the stiffness graph. For the tennis shoes samples,
it can be seen that for the adidas barricade 6 & 7 shoes, although they are different models,

they have similar values, however they are stiffer than the Babolat.
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Figure 3.26 DMTA results: stiffness (E°) against temperature for the 5 samples tested.

Figure 3.27 shows the results for the damping (tan ) of the five samples tested. The
tendency for the tennis shoes and slider 55 sample is to decrease in damping as the
temperature increases, however, the slider 96 shows the opposite behaviour. Between the
tennis shoes, the behaviour is similar to the stiffness, both adidas shoes presented higher

values than the Babolat.
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Figure 3.27 DMTA results: Damping (tan 8) against temperature for the 5 samples tested.
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3.6 Summary of Chapter

In the first part of this chapter the Methodology utilised within this project is presented.
The techniques used during this project were outlined in this Chapter and were developed

and selected based on the findings of the Literature Review.

The second part of this chapter presented the test equipment utilised in the experimental
chapters (4, 5 and 6), to study and categorise the frictional properties of tennis surfaces.
The variety of test equipment was used in lab and field conditions, resulting to be useful

to simulate contact conditions between footwear and surface.

In terms of surfaces, a variety of the most common tennis surfaces were presented in this
section such as hardcourts, clay, grass and artificial surfaces. With this variety, a good
amount of the main surfaces classified by the ITF is covered, helping to study and

understand the differences between them.

The shoes selected for this project also represent a sample of the common tennis shoes
on the market. Brands such as adidas and Babolat have been in the tennis market for many
years, so the study of these shoes, will help develop a standard test shoe, as discussed in
the next chapters. Additionally, four main tread categories were identified in the market
study of commercial tennis shoes. These are: Herringbone, mix, omni/pimpled and
smooth. The Herringbone tread design is the most utilised, used on clay and all-court

shoes.

Finally, the first results of rubber characterisation were shown for comparison against
tennis shoes. For confidential purposes, it is difficult to get the rubber composition of the
shoes outsoles from the shoe’s manufacturers, however, rather than knowing the
polymers chemistry, it is more important to have an understanding of the mechanical
behaviour of the shoe’s rubber. It was shown that the mechanical properties of the tennis
shoes rubber are highly dependent of the temperature, for this reason is necessary to
assess the temperature of a shoe during a contact with a surface. This is further studied in

section 6.4.

The shore A values of commercial tennis shoes, were found to be between 71 and 76.
These results could be useful as benchmark values in order to find and define the best
option for a potential test slider for the final device. It was shown that the standard slider

rubbers (slider 55 and 96) normally used with the pendulum device, behave mechanically
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different to the rubber shoes, as they are a softer and harder than typical tennis shoes
rubber. Slider 96 is used due to its high wear resistance which typically improves with
hardness for elastomers. For these reasons, the suitability of these to be used as tests
rubber for the final test device, is low, however, results of further testing with these
rubbers is presented in section 7.5. These rubbers were developed with the purpose to
replicate the tyre-road and shoe-floor interactions under dry and wet conditions.
Moreover, despite the manufacturer, shoes behave in a similar way under the same

temperature conditions.

The combination of the presented methodology and the test equipment utilised during this
project, were chosen to investigate the factors that influence a player-shoe-surface
interaction. The results of the data collection are presented in Chapter 4 (biomechanical
conditions) and Chapter 5 and 6 (Tribological parameters). In Chapter 7 the design of the
new portable device is presented and in Chapter 8 a discussion of the results is presented

with focus on the relationships and implications between the player, shoe and surface.
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4. Player - Replication of Biomechanical Conditions

4.1 Introduction

As a result of the literature review discussed in Chapter 2, it was established that in the
past, obtaining the characteristics of player-court interaction in tennis has been
complicated and difficult to determine. As mentioned by (Redfern et al., 2001),
biomechanics can be used, apart from determining required friction during specific
movements, to assess frictional instruments, as a calibration or validation. Additionally,
the replication of player loading using portable light devices in the field, has been a
challenge (Grund et al., 2007). As suggested by Dixon et al. (1999), in order to provide a
more accurate measurement, test methodologies should replicate the load-profiles in

combination with appropriate and representative shoe and surface materials.

Therefore, as explained in the methodology (Chapter 3), this chapter focuses on studying
and investigating some biomechanical conditions in tennis, with the objective to
determine which are relevant to be considered for the design of the final frictional test
device (Chapter 7). To achieve this, a series of experiments were designed to fulfil three

main objectives:

1. To determine ‘risk’ movements of players on a tennis court through video analysis.
2. To study the shoe velocity during a ‘sliding” movement on hard courts.

3. To investigate a loading profile more representative to match conditions.

This chapter provides information on how these experiments were planned, the results

and analysis, together with relevant findings from previous literature for comparison.
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4.2 Video analysis of player movements

4.2.1 ‘High-risk’ tennis movements

With the objective to identify ‘high-risk’ tennis movements, a series of 45 tennis rally
videos available on the internet (15 on each of the three main surfaces: clay, grass and
hard courts), were observed and analysed to determine the ‘high-risk” movements on a
tennis court. A suggested by (Orendurff et al., 2008), it is important to take into account
the whole variety of movements in tennis, such as cutting, braking and side jump, at the

moment of initiation of likely risk of injury.

In terms of common injuries, the ankle sprain is one of the most common (Hutson and
Jackson, 1982). This type of injury is the result of an ankle inversion, and resulting
damage to the lateral ligaments (Perkins and Davis, 2006). Hard court surfaces have been
associated with two high-risk movements: fixation of the foot to the surface (Newton et
al., 2002) and higher pressure on the lateral part of the foot, which could lead to an ankle
inversion ((Girard et al., 2007, Damm et al., 2014). A tennis player needs different levels
of friction to perform specific movements during a tennis match. However, too high
friction could lead the players to slip or fall, and in contrast too low could be reflected on

a fixation of a foot with a high potential of injury risk.

This video analysis was performed with the objective to determine possible tennis
movements to replicate with the test device, in order to evaluate and assess situations

where the player may be exposed to an injury risk.

To evaluate potential ‘high-risk’ movements, the videos were reviewed to identify
incidents where one of the players was involved on a fall-down due to an apparent
“frictional” event. This event could be either because of a low or high shoe-surface
friction. A series of ‘risk’ situations on each of the three main surfaces (clay, grass and

hard courts) were identified for further analysis.

Three main variables were determined for the analysis: (1) the player movement, (2) a

primary mechanism of movement and (3) the frictional mechanism.

- 69 -



Chapter 4 Player: Replication of biomechanical conditions

1) Player movement
This was divided into three main categories:

e Running. This movement is defined as the action of the player to run with an

acceleration to either side of the court. It could involve hitting the ball (Figure 4.1) .

Figure 4.1 Running backhand. (1) shot preparation, (2) impact with ball, (3) brake movement and (4)
push-off.

o Turning. This is defined as the movement when a player while running to one side of
the court, decelerates and pushes-off on the court to change direction and runs to the
other side. This movement is typical after hitting a shot, where the player turns to the
centre of the court to be ready for the next shot. An example of this movement is shown

in Figure 4.2.

Figure 4.2 Running forehand and backhand. (1) Shot preparation, (2) impact with ball, (3) brake
movement and (4) lateral impulse to opposite direction

e Jumping. This movement, shown in Figure 4.3, is normally utilised by the player as a
‘split step’ to start another movement such as running. This involves a knee flexion, a

small vertical jump and a landing phase.
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Figure 4.3 Jumping movement. (1) knee flexion, (2) small vertical jump, (3) foot landing and a (4) push-
off.

2) Primary mechanism of movement

Four main categories were identified:

e Accelerating. This happens regularly at the start of the movement. The player
pushes on the surface by applying a specific vertical and shear force.

e Sliding. The player uses this mechanism in two situations. To reach a ball and
reduce reposition time, or as a way to stop movement.

e Landing. This occurs during a jump movement, in which either the feet or one
foot impacts the surface.

e Decelerating. This happens normally at the end of a running movement. It is used

to stop the player movement.
3) Frictional mechanism
This was split into two categories:

e Slip. When the player experiences an uncontrolled slide. It is characterised by a
low friction shoe-surface interaction.
e Grip. The shoe-surface interaction is characterised by a high friction and an

extreme fixation of the foot.

Table with overall results, can be seen in Appendix A. The results, shown in Figure 4.4,
highlight, besides the surface, ‘running’ and ‘turning’ as the movements with higher
incidence of a fall. On clay, the majority of these incidents occurred during a ‘running’
movement and ‘turning’” was the movement with lowest incidents. In contrast, for grass
and hard courts, although ‘running’ represents the majority, “turning” is the second most

important. These results indicate a different playing style on the different surfaces.
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Figure 4.4 Player movement. Left: Overall results. Right: Clay (red); grass (green); hardcourt (blue).

The results for the primary mechanism (Figure 4.5) despite of the surface, show that the
main mechanisms involved during the player movement are the ‘landing’, ‘sliding’ and
‘accelerating’. However, the results by surface show different tendencies. On clay,
‘sliding’ and ‘landing’ are the main ones, whilst in grass ‘landing’ is the main one. For

hard courts, the incidents for ‘landing’ and ‘accelerating’ are the main ones.

Sliding
20%

Landing Sliding
40% 53% Landing
67%

Acceleration
18%

Deceleration—=

Landing
51%

Landing
40% A

Acceleration

Figure 4.5 Primary mechanism. Left: Overall results. Right: Clay (red); grass (green); hardcourt (blue).

For the frictional mechanism, the results presented in Figure 4.6 show in overall a similar
value between ‘slip’ and ‘grip’. If the results are analysed by surface, it is more evident
that for clay and hard courts the risk movements occur for an excessive ‘grip’ suggesting
a high friction experienced by players. In contrast, on grass, all of the falling incidents

occurred because the players slipped, suggesting a low friction.
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Figure 4.6 Tribological mechanism. Left: Overall results. Right: Clay (red); grass (green); hardcourt
(blue).

In conclusion, it is well known that tennis is a sport characterised by high efforts,
changeovers, acceleration and decelerations (Fernandez et al., 2006). Although the results
from this section shows ‘running and ‘turning’ as ‘risky’ movements despite the surface,
it is important to mention that these are typical movements during a tennis match; and

hence increases the frequency of occurrence.

4.2.2 Sliding incidence analysis

Observational video analysis was performed to determine the incidence of sliding
movements during a professional tennis match played on hard courts. The results were
compared to the incidence of sliding on clay courts, where sliding is well known to be a
play style characteristic. The percentage of sliding movements (both players), from the
total number of shots in a rally was calculated for a total of 21 videos (11 on hardcourt

and 10 on clay).

The criteria to consider a video for analysis, was to have a minimum of 10 shots in total,
when combined from two players in a rally. A sliding movement was defined as when,
during a player’s movement, one of the player’s shoes in contact with the surface has a
relative horizontal displacement whilst in contact with the surface. As an example, on
clay, a player performs sliding movements to reach a ball, change direction or to brake
on the court. On hardcourts, as discussed in the literature review in Chapter 2, sliding
could possibly be used to reduce the player’s reposition time and prepare for the next shot

(Pavailler and Horvais, 2014).
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Table 4-1 Results of 11 rallies played on hardcourt Grand Slam finals.

. Total 1\.10. No. sliding % of sliding

Video Players Tournaments shots in m?vements mov. in rally
rally in rally

1 N. Djokovic vs A. Murray Australian Open 2011 39 9 23.07

2 N. Djokovic vs R. Nadal US Open 2011 31 7 22.58

3 N. Djokovic vs R. Nadal Australian Open 2012 31 10 32.25

4 N. Djokovic vs A. Murray US Open 2012 30 8 26.66

5 N. Djokovic vs A. Murray Australian Open 2013 23 7 30.43

6 N. Djokovic vs R. Nadal US Open 2013 54 11 20.37

7 R. Nadal vs N. Wawrinka Australian Open 2014 22 7 31.81

8 M. Cilic v K. Nishikori US Open 2014 10 3 30.00

9 N. Djokovic vs A. Murray Australian Open 2015 11 4 36.36

10 N. Djokovic vs R. Federer US Open 2015 13 3 23.07

11 N. Djokovic vs A. Murray Australian Open 2016 15 4 26.60

Average (SD) 25.36 (13.4) 6.64 (2.8) 27.56 (5.0)

Table 4-1 and Table 4-2 show the incidence of sliding movements on hard and clay courts

respectively. Although the analysis of a rally is a small sample and is not representative

of a tennis match, the analysis of 11 rallies, could give us a tendency of how much a tennis

player is sliding on a hard court. As expected, the 28% of sliding in a rally on hard courts

is lower than the 46% on clay courts. However, this 28% represents a high number

compared to the general perception that sliding occurs only on clay.

Table 4-2 Sliding movements on clay

Total No. No. sliding % of slidin
Video Players Tournaments shots in movements o Ot g
. mov. in rally
rally in rally
1 . . French Open 2014 13 7 53.84
N. Djokovic vs R. Nadal
2 French Open 2014 14 6 42.85
3 R. Federer vs Gulbis French Open 2014 27 11 40.74
4 R. Nadal vs A. Murray French Open 2014 25 9 36.00
5 29 11 37.93
6 R. Nadal vs D. Ferrer Madrid Open 2013 12 6 50.00
7 16 8 50.00
8 . ) . 17 9 52.94
N. Djokovic vs Gulbis French Open 2014
9 13 6 46.15
10 Wawrinka vs R. Federer Montecarlo 2014 8 4 50.00
Average (SD) 17.4 7.70 46.4 (6.3)

Because of the high incidence of sliding on hardcourts, and the ‘risk’ and implications on

tennis players, it was decided in conjunction with the ITF, to review and analyse this

movement in more detail.
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4.2.3 Sliding shoe-velocity analysis

A further brief video analysis was implemented to determine average shoe-velocity
during typical tennis sliding movements on hard courts. Five internet videos from elite
players during professional events, were chosen and used for digital tracking analysis. An
Open source video analysis and modelling software, Tracker v4.93 (Open Source
Physics, Douglas Brown), was utilised for tracking the shoe during sliding movements.
The analysed videos were selected in which the camera angle view was fixed, to avoid
any error measurement due to the relative motion from the camera. The player moved
relatively laterally on the court, which helped to keep the analysis in 2 dimensions. The
video resolution was 1920 x 1080 with a frame rate of 25.0 fps. The five videos were
selected from the ATP tour final event 2015, with the observation that all the matches
being played on a single tennis court. This means that the same surface was constant for
all the videos, despite the matches were played on different days over a period of 7

consecutive days.

In order to start the analysis, a calibration factor was calculated by selecting a fixed
distance in the horizontal axis. The calibration factor was calculated from the 5.46 m
known distance from an official tennis court dimension between the “T”” and the doubles
line on the baseline (Figure 4.7). With this known distance, 5 calibration factors were
calculated on different parts of the image. As shown in Figure 4.7, the origin was at the
bottom baseline. From that origin, a distance in pixels was calculated for each of the other
reference lines (SL1, Net, SL2 and BL1). Figure 4.8 shows the relationship between the
calibration factor against the distance in pixels in the ‘Y’ axis. The calibration factor for
the ‘player line’, which is the line where the player is moving laterally was extrapolated
from the relationship shown in Figure 4.8. As an example, for the video shown in Figure
4.7, the difference from the origin to the player line is 116.4 pixels. After a linear
extrapolation based on the data shown in Figure 4.8, the calibration factor was calculated

as beings 0.00623 m/pixel.
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Figure 4.8 Calibration factor against the "Y' distance from origin with regression line (dotted).

With a calibration factor calculated for each video, the initial shoe velocity and total

sliding displacement were extracted. As a reference to extract these parameters, the

analysis started from the moment where the player’s sliding shoe was totally flat on the

surface (No.4 in Figure 4.9) and finished when the shoe was close to stopping or at total

rest (No.10 in Figure 4.9). As a validation of the calibration factor, the known tramlines

distance (1.37 m) was utilised as a reference. This distance was calculated for each of the

reference lines (SL1, Net, SL2 and BL1) with the calculated calibration factor and the

distance in pixels. The maximum difference found was 60 mm, overestimating the

original value.
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-
X

Figure 4.9 10 frames utilised for the measurement of the shoe-velocity. Red line shows the trajectory of

the shoe.

Figure 4.10 shows an example of the displacement-time curves for the five videos
analysed. In this curve, the four main stages are presented. After the shoe is flat and the
sliding starts, the shoe starts to decelerate due to a combination of the friction generated
by the shoe and the surface in combination with the biomechanics of the player, then the
shoe reaches a stationary stage (No.10 in Figure 4.9) where the player is preparing to turn
or to fully stop. The gradient, calculated for the linear part (v = constant), represents the
maximum initial shoe velocities during the sliding and shows the ability and effectiveness

of the players to brake through sliding.
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Figure 4.10 Example of a shoe displacement — time graph of one of the videos.

Figure 4.11 shows the various gradients calculated for each of the five videos analysed.

The values of velocity extracted range between 2.82 and 4.73 m/s. These values represent

a combination of effects of the player technique, the shoe and the surface.
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Figure 4.11 Shoe displacement gradients calculated for the 5 videos analysed (linear fit).

Table 4-3 shows the results for the five videos analysed, presenting the initial shoe-

velocity (gradient) and the total displacement of the sliding, until the shoe-surface

velocity was zero. It can be seen that as the initial sliding velocities increases, the total

displacement of the shoe on the surface increases as well.
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Table 4-3 Results for the 5 videos analysed with the initial velocity and displacement calculated

Total Displacement (m)

Video Player Initial Velocity(m/s)
(when v =0)
1 Djokovic 4.73 0.71
2 Nadal 2.82 0.41
3 Nishikori 3.51 0.42
4 Murray 1 4.55 0.49
5 Murray 2 4.73 0.75
Mean (SD) 4.06 (0.86) 0.56 (0.16)

The results presented in this section give a good idea of the shoe velocities during a sliding
movement, however it will be interesting to assess the friction values, as in section 4.2.1
was suggested sliding as a ‘high-risk” movement. The next section tries to validate the
results presented here using biomechanics data, and aims to find the behaviour of friction

during this movement.

4.3 Study of shoe velocity effects on sliding friction

The purpose of this study was to characterise, in the lab, the dynamic friction during a
simulated sliding movement over typical hardcourt surfaces. The second objective was to
measure typical sliding velocities. This was a two-part collaborative study with the CSER

(Centre of Sports Engineering Research), Sheffield Hallam University.

Our colleagues from CSER developed a biomechanical study in order to understand the
relationship between player performance and the amount of available friction on a
hardcourt surface. Kinematics and kinetic data were collected during a tennis movement

for further comparison.

To complement and for comparison, mechanical friction tests were conducted on the

same hardcourts with the UoSh traction device previously described in section 3.5.1.
The main objectives of this testing were:

e Determine typical loading conditions and shoe sliding velocities on hard courts

during a typical tennis movement.
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e Test the practicality to mechanically achieve high shoe-velocities during a sliding
movement.

e Compare the friction from the mechanical testing against biomechanical data.

4.3.1 Biomechanical study

In the next paragraphs, a brief description of the biomechanical study conducted by the
colleagues from CSER, is presented. This study was approved by the Ethics Committee
of the School of Health and Wellbeing at Sheffield Hallam University. Informed consent

forms and pre-test medical questionnaires were acquired before any testing.

Ten athletic male participants, free from any injury (age 23.5 = 1.2 years; body mass
80.9 £+ 7.5 kg) performed a 180 degree turn on three different ITF classified hard acrylic
tennis surfaces. The surfaces (HC3, HC5 and HC7) described in section ¢) varied in their
amount of available friction, increasing from low to medium to high. These are surfaces
used in competition. Each surface had a pre-determined court pace ranking (CPR) which

was relative to a ball bounce suggested by the ITF.

A Klister force platform was used to measure vertical GRF, loading rate and shear force.
Kinematic measurements were obtained using a MAC 3D motion capture. Timing gates

were used to measure the time for a participant to complete the movement.

Each of the three surfaces were glued to a metal plate, and screwed to the force platform
for the respective testing. The test movement performed by participants was a maximum
effort 180 degrees turn executed at full speed. Participants started roughly eight metres
(approximate width of a tennis court) from the force platform with their feet perpendicular
to the running direction. On reaching the force platform, the participants were required to
change direction, completing a 180° turn. Participants were asked to perform the
movement at maximum effort, running to and from the force platform as quick as
possible. Timing gates (Brower Timing Systems, Daper, UT, USA) were placed over four
metres from the force platform, recording the time taken to travel to the force platform
and return to the four-meter position. Participants wore adidas Barricade 7.0 shoes,

described in Chapter 3, supplied by the ITF.

Measurements were taken at a sampling rate of 1000 Hz, and GRF measurements were
extracted with Visual 3D Software (C-Motion Research Biomechanics, Germantown,

MD, USA). Vertical ground reaction force (GRFy) was provided in the Y-axis of the
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force platform. The shear force was calculated as the result of combining the horizontal
forces in the X-axis and Z-axis. The utilised coefficient of friction (COFu) was calculated

as the ratio between the shear force and the peak vertical ground reaction force.

No instructions were given to the participants to slide on the surface, however, some of
the participants used the sliding as a natural way to stop and do the turning movement.
Each participant attempted the movement five times on each surface. For our study, only
the results from two participants on each surface were utilised, as it was visually
confirmed that they slid on the three surfaces. Foot velocity and slide distance were

analysed.

Figure 4.12 shows an example of one biomechanical trial for one of the sliding
participants. The ground reaction forces plot (GRFy and Fshear) show two loading and
one unloading events, suggesting an adjustment from the player to the surface, while
sliding, in order to stop and then turn. The magnitudes of the second loading event were
higher compared to the first one, suggesting that the player applied higher forces on the

surface to stop.
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Figure 4.12 Example of the loading conditions and shoe displacement for one biomechanical trial

For comparison purposes, the gradients of the initial displacement on each surface for
both participants were analysed. These gradients were defined only for the linear part of
the displacement plots, in which the velocity is constant. The results presented in Figure
4.13 show that for both participants the ‘slow’ surface (HC3) had the lowest gradient
value. This is in agreement with the ITF CPR classification, in which HC3 is

representative of a surface with the higher friction. However, the results from the
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‘medium’ (HCS) and ‘fast’ (HC7) surfaces differ from each participant. This difference
suggests a small variation on the mechanical properties of the surfaces, and therefore

these were investigated in the next section 5.3.2. Table 4-4 show the average results for

the forces, and initial velocities of both participants on each surface.
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Figure 4.13 Gradients of shoe displacement for both participants.

Table 4-4 Summary of biomechanical results, showing loading conditions, and initial velocities on the three
surfaces.

Initial velocity

Surface Peak GRFy (N) Peak Fshear (N) (m/s) Peak COFu
HC3 (slow) 998.84 + 81.20 907.23 £ 54.63 2.58+0.18 0.92+£0.03
HC5 (medium) 890.79 + 73.87 746.51+91.62 3.05+0.12 0.89+0.02
HC7 (fast) 917.84 £ 196.20 790.59 + 188.52 2.99+0.18 0.91+0.02

In relationship to the Peak GRFy and Fshear presented in Table 4-4 the highest
magnitudes occurred on the slow surface (HC3), which suggest that the player needed to
apply more force on the surface to stop, compared to the other surfaces. This is reflected

on the initial velocity value, which is the slowest between the three surfaces.

For the calculated peak COFu, presented in Table 4-4, showed no significant difference
between the surfaces. In general, the results obtained from this experiment suggest an
effect of the surfaces on the shoe velocity during a sliding movement on hard courts. This
mentioned effect is suggesting a possible effect of the velocity on the friction, however,
the sample size is too small to come with some conclusions. In overall, the analysis
presented in this section is helpful to have an idea of what a tennis player is doing in terms

of kinematics and kinetics during a sliding movement.
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4.3.2 Lab Friction testing

This next stage of studying sliding on hardcourts was to measure friction of the court
surfaces under similar conditions as reported by the biomechanical study. The same three
hard court surfaces utilised previously (section 4.3.1) and the forefoot of the same adidas

barricade shoe 7 from the biomechanics study were used.

The roughness values (R,) values measured with the Mitutoyo profilometer, described in
chapter 3, for the three surfaces tested (presented in section c)), shows a significant

difference between HC3 and HCS5 and HC7. Table 4-5 shows these differences.

Table 4-5 Roughness values for the three surfaces

Surface R, (um) £ SD
HC3 1534 +£2.76 *
HC5 11.9£3.19
HC7 12.20 £ 1.67

*Significant difference compared to the other two surfaces

Friction measurements were carried out with the UoSh test rig and under the test operating
procedure described in section d). Due to the capability of the pneumatic cylinders, the
measured initial sliding velocities ranged from 0.05 — 0.2 m/s, which were very low
compared to the shoe-velocities measured from the video sliding analysis (2 — 3 m/s) and
the biomechanical results (2 — 3 m/s). For this reason, an exhaustion valve, shown in
Figure 4.14 was installed on the horizontal pneumatic ram, with the purpose to extract
the air faster from inside the cylinder, and increase the ram speed. However, the

maximum shoe-velocity calculated was 0.8 m/s.

Figure 4.14 Exhaustion valve installed on the horizontal pneumatic ram
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Based on the biomechanical results from section 5.3.1, and to recreate similar conditions,
it was decided to apply a vertical load of approximately 1000 N and to set the maximum
ram pressure possible (6.5 bar) on the horizontal cylinder to aim to achieve the highest

shoe velocity.

Figure 4.15 shows a typical graph of one trial. The tendency of the velocity plot is to
increase as the ‘shear force’ increases to a maximum, then as the cylinder reaches its

maximum extension, this velocity decreases until it is zero.
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Figure 4.15 Example of graph showing the horizontal and vertical loads, displacement and velocity for

one trial.

The difference with this testing compared to the biomechanical results (section 5.3.1) and
the previous video analysis (section 5.2.3) is that at the beginning of sliding by players,
the shoe has an initial velocity; in contrary, with this rig, the shoe starts from rest, reaches

a maximum and then stops.

Table 4-6 shows the frictional results for the three surfaces. Similar to the biomechanical
results presented in the previous section, there are no significant differences for the peak
COF and horizontal force, between the three surfaces. However, there is a difference in
the peak velocities, suggesting that HC3 was the slowest surface. This confirms the

roughness data, where HC3 exhibited the highest value.
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Table 4-6 Summary of results, showing the peaks of: horizontal force , velocity and COF on the three
surfaces.

Surface Peak velocity
(Ball pace) Peak Fyx (N) (m/s) Peak COF
HC3 (slow) 1057.48 +£27.95 0.77 £0.04 0.92 £0.02
HC5 (medium) 1073.55+17.93 0.83+0.04 0.93+0.01
HC7 (fast) 1080.39 +33.20 0.85+0.03 0.94 £0.04

In conclusion, the series of biomechanical experiments and mechanical testing have been
helpful to understand the shoe-surface interaction during a sliding movement on hard
courts. Although only a few trials were analysed, for the biomechanical study it can be

concluded that:

¢ Initial velocity calculated on the three surfaces, shows a difference between the ‘slow’
(HC3) surface and the other two surfaces (HC5 and HC7), which is in good agreement
with the roughness data presented in section c).

¢ Initial shoe-surfaces velocities in the range of 2 - 3 m/s were reported from two

participants.
For the lab friction testing, it could be concluded that:

e The loading profile utilised with the test rig, is not representative of typical loading

profiles, and hence this could be affecting the friction and velocity measurements.

4.4 Development of a new loading methodology

Dixon et al. (1999) suggested that test devices should ideally replicate the load-profiles
of tennis players in combination with appropriate and representative shoe and surface
materials providing repeatable measurements. Although some devices, like UoSh
developed by (Clarke et al., 2013) has been useful through different studies, the challenge
remains specifically in the horizontal and vertical load-profile, which is not completely

representative of what an athlete might experience during dynamic movements.

For these reasons, a pilot study was implemented with the objective to develop an
alternative method of replicating the loading conditions relevant to sports. Additionally,

the results obtained were compared with those obtained using the UoSh.
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As explained before in section 3.5.1, the UoSh traction rig uses a traditional friction test
loading approach, whereby a test shoe is loaded vertically onto a surface and this load is
kept constant whilst an increasing horizontal load is applied until a slide occurs and
limiting friction effects can be measured. In reality, the vertical and horizontal loads
acting on a shoe during a specific movement are not independent of each other and not

applied in this way (Figure 4.16).

In the new approach, the main difference compared to the UoSh traction rig, is that, prior
to sliding, the horizontal load is maintained at a constant value and the vertical load is
then reduced. In this way, the effective ratio of horizontal to vertical loading (H/V) is still
increased until the limiting friction is reached, but the situation leading up to this point
replicates more closely a real biomechanical loading. The movement used in this pilot
study is a side jump (Figure 4.16 bottom), fully explained in (Damm et al., 2013a) and
also used in the study by (Clarke et al., 2013).
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Figure 4.16 Top: Example of heel-toe running action (adapted from (Dixon et al., 2015)); (b) Example of
vertical force (GRFz), shear force (Fye,r) and utilised coefficient of friction (COFu) during a side jump
movement on two different surfaces (adapted from Damm et al., 2013 (Damm et al., 2013c¢)). Both

images show the stages of: (1) foot impact, (2) foot flat impact and (3) and (4) forefoot propulsion.

The modified device is shown in Figure 4.17. Two electronic pneumatic regulators were
connected to the horizontal and vertical pneumatic rams, in order to allow greater control
over the loads applied. In combination with a set of compression springs in the vertical

axis, this allowed ascendant and descendant ramp behaviour of the vertical load.
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Figure 4.17 Modifications implemented to the UoSh traction rig: four compression springs and two

electronic pneumatic regulators.

The shoe and surface sample preparation used was the same as the one developed and
detailed in Chapter 3 (Clarke et al., 2013). Prior to testing, the shoe outsole was cleaned
with an ethanol solution, and prepared by hand using silicon carbide paper under light
pressure. Each test was conducted on a different section of the tennis surface, and any
remained debris from the shoe was removed using a clean, soft brush. In a bespoke
LabView programme (National Instruments), the load profile for both pneumatic rams
was configured. Two analogue voltage signals are sent via signal-conditioning modules
(National Instruments) to control the electronic pneumatic regulators. As described
previously, the voltage signals from the load cells and the LVDTs are sampled at 5000
Hz simultaneously via signal-conditioning, and displayed in real time using LabView.

Examples of these force profiles are presented in Figure 4.18.
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Figure 4.18 Typical plot of the horizontal and vertical load and forces when testing with the TM2
methodology.
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The new test protocol is as follows (see Figure 4.18): The electronic pneumatic regulator
on the vertical ram is opened (1), increasing the vertical load until a programmed value
is reached (2). Due to the application of this vertical force, the springs are mechanically
compressed at the same time. When a constant vertical load has been maintained, the
electronic regulator on the horizontal ram is opened (3), increasing the horizontal load to
a programmed value (4). Now with the horizontal load maintained as constant, the
pressure of the vertical ram is reduced gradually using the electronic pneumatic regulator
(5), decreasing the vertical load until sliding of the shoe test is initiated (6). The
differences between the two methodologies, UoSh (Clarke et al., 2013) and TM2, are
highlighted in Table 4-7.

Table 4-7 Description of test methodologies

Test Methodology Description
- Vertical load set to a constant determined value.
UoSh (Clarke et al., 2013) - Horizontal load increased until test shoe slides.
- Horizontal and vertical forces and displacements
measured.

- Vertical load initially maintained at a determined value.
- Horizontal load set at a constant determined value.

- Vertical load decreased until test shoe slides.

- Horizontal, vertical forces and displacements measured.

T™M2

A series of experiments with both test methodologies (UoSh and TM2) were conducted
on the same commercially available hard court sample. Ten profiles of the acrylic surface
were measured giving a mean average arithmetic roughness (R,) determined of 17um.
The same forefoot segment tennis shoe was preconditioned and loaded against the sample
surface using the configuration and test protocol described previously. For UoSh, the
vertical loads ranged from 400 to 1600 N in intervals of 200 N. This procedure was
repeated 3 times for each loading condition. For TM2 the horizontal loads ranged from
450 to 750 in intervals of 50 N. This procedure was repeated 4 times for each loading
condition. The limiting ratio of H/V, equal to the static coefficient of friction (SCOF) was

calculated for both methodologies.

For the experiments performed with UoSh, the static peak of the ratio between the
horizontal and vertical loads, was chosen as the parameter to be utilised for the analysis
of the results. A full description of the methodology used to obtain the parameters is

explained in section d).
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In order to understand the results at the shoe-surface obtained with TM2, plots of forces

and displacements in both vertical and horizontal axes were examined. A typical plot

from TM2 are presented in Figure 4.19.
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Figure 4.19 Typical plots of load and displacement against time when testing with TM2 for a 550 N of

horizontal load test

The plots are characterised by two particular regions: (1) a static region of decreasing

vertical load and (2) a period of dynamic movement in which the horizontal displacement,

velocity and acceleration of the test shoe increases exponentially (Figure 4.20 and Figure

421).

During the static regime, evidence of micro- and macrosliding was observed (Figure

4.20). Microsliding is the period in which the viscoelastic outsole is deformed due to

internal shearing (Clarke et al., 2013) and occurs during the application of the horizontal

load and manifested by a peak in the horizontal velocity (Figure 4.20).
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Figure 4.20 Plots of a 550 N of horizontal load test. Top: Velocity and displacement showing the micro
and macrosliding during the static regime and the transition point from static to dynamic regime. Bottom:

Plot of the shoe acceleration showing an exponential change at 8.45 sec.

Within this period, no sliding between the outsole and the surface occurs. By continuously
reducing the vertical load, the test shoe starts to experience macrosliding; which is
described as the period of initial relative sliding between the shoe and the surface. During
macrosliding the horizontal displacement gradually increases at a relatively constant
horizontal velocity (Figure 4.20). In some part of this macrosliding stage, the shoe starts
to experience a stick-slip behaviour with the surface, and this can be seen in the velocity
data of the vertical load for each test. The example shown in Figure 4.21 shows this stick-
slip behaviour as four velocity peaks that occur between the initial decrease of the vertical

load and the transition point to gross sliding (SCOF).
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Figure 4.21 Plot of the velocity of the vertical load applied against time for a 550 N of horizontal load

test, showing evidence of stick-slip.

By continuing the gradual reduction of the vertical load, the ratio of the horizontal and
vertical load (H/V) is increased until the point where the limiting friction is reached and
it is equal to the static coefficient of friction. After this point the static regime ends and a
period of gross sliding starts, and the velocity increases until the shoe is removed (due to
the continued reduction of vertical load due to the action of the springs) and the horizontal

load is dramatically reduced.

Two parameters from each plot were extracted, based on the ratio of horizontal and
vertical loads (H/V), to understand the particular behaviour at the shoe-surface interface.

These were as follows:

1. Transition point 0 (TPO): The H/V ratio value during macrosliding in which the shoe

starts to experience a stick-slip effect with the surface.

2. Static coefficient of friction (SCOF): The point just before the shoe velocity increases
exponentially and the shoe starts to experience gross sliding. Examples of typical
velocity, linear acceleration and horizontal displacement plots are shown in Figure

4.20.

Figure 4.22 shows the relationship of static coefficient of friction (SCOF) with vertical
load for UoSh and TM2 respectively. The same tendency for both test methodologies is

that as the applied vertical load increases, SCOF decreases.
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Figure 4.22 Plots of SCOF against the vertical load for each load condition with both methodologies. Best

fit 2nd order polynomial shown to illustrate trend.

Figure 4.23 shows the relationship between the horizontal and vertical loads for the
calculated SCOF of both methodologies, UOSH and TM2 respectively. In both cases, as

the horizontal increases, the tendency of the vertical load increases linearly.
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Figure 4.23 Plot of horizontal load against vertical load (with linear regression lines) for both

methodologies.

The influence of horizontal loading on the static coefficient of friction (SCOF) is in
agreement with previous work done by (Clarke et al., 2013), where it is shown that as the

vertical load is increased, SCOF decreases. This suggests that for a particular value of
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horizontal load applied, the vertical load needs to be high enough to bring the shoe-

surface system closer to the dynamic region to start a gross-sliding of the shoe.
4.5 Discussion of chapter

As discussed at the beginning of this chapter, three main objectives were defined, in order
to assess and benchmark the biomechanics of tennis players during specific tennis

movements.

Based on the video analysis results of the ‘high-risk” movements, rather than focusing
on the movements, it is of more interest to analyse the primary and tribological
mechanisms (Figure 4.5 and Figure 4.6). ‘Sliding’ and ‘landing’ were the primary
mechanisms where most of the player’s falls occurred. These primary mechanisms are
involved during most of the general tennis movements (such as running, turning, turning,
etc.) on a tennis court, which support the approach of focusing in more detail on these
parameters. In terms of the tribological mechanisms, the results show in general a
necessity of the player to reduce or control the amount of shoe-surface friction during the
‘sliding’ and ‘landing’ movements. These results also suggest and corroborate the
necessity of a friction methodology to measure the level of friction during the shoe-
surface interface. This test could be useful to monitor and assess the optimal friction level;

and as a result, avoid excessive grip or slipperiness during specific tennis movements.

Additionally, it was identified that tennis players have a tendency to perform sliding
movements on hard courts, similar to clay courts. As suggested by (Pavailler and Horvais,
2014) sliding on hard courts nowadays is more common, however there is small literature
about the potential increase of performance or the injury risk of this movement.
Something to notice from the hardcourt results (Table 4-1) is that most of the final events
were played by the same players (top 5), which could be an indication of these players to
use the sliding movement more as a strategy rather than a necessity, however this will

need to be validated in the future.

A further video analysis presented in Section 4.4, reported sliding shoe velocities of 4 m/s
on hard courts. These sliding velocities are in good agreement with the results from the
collaborative biomechanical study, validating the video analysis as a useful tool that could
be developed in the future to study player movements. Although the biomechanical study
represented a good attempt to evaluate and determine the relevant parameters, it only

focused on biomechanical parameters such as the loading magnitudes and shoe-surface
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velocities. Therefore, there are other intrinsic parameters that need to be studied, such as
the orientation of the shoe during this movement, and a more representative loading

methodology.

In terms of the development of a new loading methodology, the results presented
demonstrate that the novel methodology developed for this study is suitable to determine
the transition point from a static to dynamic friction regime of a test shoe in contact with
a surface. Additionally, the load-time profile, used with the new methodology (TM2), is
closer to replicate sporting foot movements. The slight differences of SCOF calculated
and reported from the two methodologies, could be due to how the two methods are
subjected to different loading profiles. As described in (Clarke et al., 2013), UoSh focuses
its measurements in the peak traction force at a particular constant vertical load, which
makes the shoe-surface system to fail. Another possibility could be the effect of the
loading on the rubber deformation and contact area. With UoSh, where the vertical load
is constant, the contact area and rubber deformation are mainly affected by the increase
of shear force. In contrary, for TM2, while the shear force is constant, the contact area
and rubber deformation is affected by the vertical load. These interactions have an effect
on how the treads of the shoe performs with the profile of the surface tested, and hence

will have an effect on the friction experienced.

The evidence of a stick-slip effect during the macrosliding phase in TM2 suggests a
loading effect that can be related to what a player might experience during a sport activity.
The capability of the new methodology to identify this region could be further explored,
to see if this region represents a safe zone in terms of performance and injury risk for an
athlete. The evidence of a stick-slip effect during the macrosliding phase in TM2 suggests
a loading effect that can be related to what a player might experience during a sport
activity. The capability of the new methodology to identify this region could be further
explored, to see if this region represents a safe zone in terms of performance and injury
risk for an athlete. Although the new methodology was found to more closely replicate
the loading profile and allow measurement of the SCOF, it could be concluded that either
methodologies could be used to assess shoe-surface interactions. Compared to UoSh,
which offer the possibility to take static and dynamic measurements, TM2 offers the
possibility to measure the change from static to dynamic only. As a consequence, the
choice of methodology, will depend on the sport and the specific movement to be

assessed, and the importance of replicating loading conditions.
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In general, based on the initial chapter objectives and results obtained in the experiments
presented in this section, it is recommended for the new test methodology (Chapter 7), to
aim to achieve a shoe velocity close to 4 m/s, in order to simulate realistic player-surface
interactions. However, the main challenge remains in replicate high shoe velocities with
a light and portable device. Additionally, in terms of the assessment of the loading
conditions for the new portable test methodology device, it is more suitable to use the
UoSh methodology, as it is more simple and require less components, as one of the
restrictions for the new device is to be portable and light. However, any of these
methodologies do not solve the challenge of replicating more representative loading
conditions with a portable device on tennis courts, and for this reason, it has been
proposed to study the relationships between the contact area, pressures and friction

(Chapter 6), in order to find a suitable way to apply these high forces.
4.6 Summary of chapter

As a summary, the main conclusions based on the objectives defined at the beginning of

this chapter are:

e From the video analysis and due to high incidence, it was decided to focus the
development of the new device in two movements: (1) landing and (2) sliding.

e Additionally, a further video analysis measured sliding velocities on hardcourts
ranged between 2.8 and 4.5 m/s. Ideally, the values obtained would be useful as
foundation for the future test device.

e In terms of loading conditions and with the obtained results, a novel methodology
was developed, and validated to a previous one showing to be in good agreement.
Having no difference between them, it was decided to use the UoSh approach for the

final device.
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5. Surface: Tribological mechanisms

5.1 Introduction

Having discussed in the previous chapter about ‘high risk” movements of tennis players
on the main three different surfaces for tennis (clay, grass and hard courts), and the
player’s response and adaptability to a tennis court surface, this chapter focuses on the

tribological parameters affecting the shoe-surface interaction.

Based on the methodology presented in Chapter 3, this section discusses about the
interaction parameters from the surface perspective, which characterise the action of the
operational parameters (player’s biomechanics) on the structural parameters (shoe and
surface). It is well known that on hard court surfaces, roughness is a factor that affects
the friction between the shoe-surface interaction in tennis (Clarke et al., 2012a), however,
there is small knowledge on clay and grass. For this, this chapter focuses on grass and
clay court experimentation. Specifically, on clay, the friction developed by the shoe-
surface interface has not been widely studied. There is no regulation on the optimal clay
parameters (e.g. particle size, infill volume) used for the preparation of a clay court. In
consequence, the variety of clay courts around the world influences, in different ways,

the frictional properties of a shoe-surface combination.

As discussed in Chapter 3, this section is composed mainly by field and lab
experimentation. Firstly, a series of traction/friction tests with different available test
methodologies, were designed on natural grass and clay court surfaces to fulfil the

following objectives:

e To measure the traction/friction characteristics of professional tennis courts.
e To compare different traction/friction mechanical devices (Crab Mark III, sled
test device, pendulum and lab-based rig), as tools to characterise the frictional

properties of tennis surfaces.
Specifically, on grass two main objectives were defined:

e To investigate the influence of humidity and grass height on the shoe-surface
traction/friction characteristics.

e To understand the influence of grass tennis shoes on the traction/friction
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Subsequently, a field and lab experiments were designed to investigate the influence of

two main parameters of clay and artificial clay. These are:

e C(lay particle size upon shoe kinematics, friction and player perception.

e To measure the effect of varying the sand infill volume on clay surfaces.

This chapter provides information on how experiments were planned together with results

of the friction obtained from the different devices introduced in Chapter 3.

5.2 GQrass and clay mechanical testing

The two existing friction test methodologies, the Crab Mark III and the bespoke Sled test
devices, shown in Figure 5.1 and described in Chapter 3, were utilised to carry out friction
testing on a variety of professional grass and clay tennis courts. The main objectives of
this testing was to evaluate existing mechanical test methodologies and its behaviour on

different surfaces.

Figure 5.1 The Crab III (top right) and the bespoke sled (left) devices.

The three grass courts (BoE — 7, AELTC-8 and AELTC-9) and the clay court (LTA-4)
previously described in section 3.5.2 were tested with the two methodologies in order to
compare their results. The court was tested using dry and wet conditions. The water was
applied into the surface with a hand sprayer, trying to keep the same conditions before

each trial.

The test procedure for both devices previously described in section 3.5.1, was repeated
five times for each court location. For the Sled test device, the grass and a omni tennis
shoes outsoles, described in section 3.5.3, and shown in Figure 5.2, were mounted and

used for the testing.
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Figure 5.2 Grass and omni outsoles used with the Sled device.

Six locations on the tennis court were selected for the testing as shown in Figure 5.3 and

are referred to as follows:

1. In between the singles and doubles tramlines - "Tramline”.

2. Near the net where little activity occurs - "Net".

3. Near the service line where services tend to land - "Service line".

4. Near the baseline where significant player movement occurs - "Baseline”.
5. Further back from the baseline where les activity occurs - "Back baseline".

6. On the painted singles tramline - "Line".

Figure 5.3 Diagram of the six locations tested: 1 — tramline, 2 — net, 3 — service line, 4 — baseline, 5 —

back baseline and 6 — line.

Although the test protocols and test devices were the same through this testing, it is
important to remark that due to venue availability and permissions, the actual testing was
carried on two different stages on different dates, so some of the testing conditions, such
as number of test locations on the court (Figure 5.3), moisture conditions and the test

outsole varied between the two dates.

The first stage involved the testing of the BoE-7 (grass) and LTA-4 (clay) with both

devices. The testing was carried out in the first four court locations (1- 4) (Figure 5.3),
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under dry and wet conditions, except for the LTA-4 clay court where, due to time
restriction, only the “baseline” location was tested under both moisture conditions. For
the sled device on both courts, only the omni shoe was used, and all the testing was carried
out with a total sled mass of 11.86 kg (equivalent to a vertical load, V" of 116 N). Figure
5.4 and Figure 5.5 show the test locations during the testing.

Figure 5.4 Court No. 7 Bank of England (top left), middle location (top right), tramline location (bottom

left) and baseline location (bottom right).

Figure 5.5 Clay testing on LTA-4 court with the sled and Crab III devices.

The second stage of this testing was performed on the AELTC-8 and AELTC-9 grass
tennis courts. The six locations were tested with the same test devices, as shown in Figure
5.6. For these particular two courts, and after the first stage testing, in addition to the
previous testing protocol, measurements of court temperature and moisture were
implemented. The temperature was taken in each location tested, recording average
values of 23.6 and 24.8 °C, for dry and wet conditions respectively. Moisture was
monitored in each location, using the scale proportioned by a humidity device: dry, dry-,
nor, wet-and wet, respectively. For the sled, all testing was done with a total sled mass of

11.71 kg (equivalent to a vertical load, V" of 115 N).

-99 -



Chapter 5 Surface: Tribological mechanisms

Figure 5.6 Court No. 8 AELTC (bottom left), line location (bottom right), net and service line locations

(top left) and baseline location (top right).

After all the testing, analysis of variance (ANOVA) tests were performed (using PASW
Statistics, version 21) in order to analyse the statistical differences between data sets.
ANOVA tests produce a p-value (the probability data sets are significantly different) to
assess the statistical significance between two data sets. If p < 0.05 then the data sets are

significantly different.

5.2.1 Results - grass courts

An example of the results from testing with the Crab III device is shown in Figure 5.7.
The COF calculated was very small (less than 0.1), and is not representative of that
expected for a shoe/grass court interaction. It is possible that this result was due to the
relatively low normal force applied by the Crab III device, allowing the rubber sphere to
skid over the slightly flattened grass blades without being in contact with the root/soil
system. During testing, this same behaviour was observed in other locations tested. After
evaluating the reliability of the data, it was decided to not utilise the device for the rest of

the testing.
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Figure 5.7 Five examples of ; traces measured with the Crab III on the BoE -7 court on one location

under dry conditions.
BoE — 7 court (8mm grass height)

The mean values of COF measured using the sled are presented in Table 5-1 and Figure
5.8. The dry mean static and dynamic COFs were found to have a statistically higher
value than the wet static and dynamic COFs (p < 0.05). It is likely that the level of water
supplied was sufficient to act as a lubricating layer between the shoe outsole and the grass,

in all the locations measured.

For dry conditions, the baseline location was found to have a statistically higher mean
static COF than the net location (p = 0.028), suggesting that the worn area with low grass
cover provides better interlocking friction with the shoe outsole. The mean dynamic COF
of the service line location was found to be significantly lower than the tramline (p =
0.027), suggesting that once the shoe is moving, a small level of wear, effectively reduces

the friction compared with the lusher areas with high grass cover.

For wet conditions, the service line location was found to have a statistically higher mean
static COF than the net (p = 0.043). In contrast, no significant difference was found for
the mean dynamic COF between the different locations, suggesting that the presence of

water overrides any effects due to changes in grass cover.
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Table 5-1 Mean static and dynamic COF measured with the sled on the four court locations.

Cou_rt Dry Wet
location
Hs (1SD) Mk (1 sD) Hs (1SD) Mk (1 SD)
Tramline 1.11 (0.07) 1.19 (0.08) 1.02 (0.02) 1.01 (0.02)
Net 1.11 (0.05) 1.31 (0.03) 1.02 (0.02) 1.02 (0.01)
Service line 1.19 (0.04) 1.24 (0.05) 0.96 (0.02) 0.98 (0.02)
Baseline 1.23 (0.04) n/a n/a n/a

*Note: the dynamic data for the baseline was not recorded due to a problem with the force gauge
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Figure 5.8 Mean COF values measured with the sled on the BoE-7 court under dry and wet conditions

with the omni shoe outsole.

AELTC — 8 court (8 mm grass height)

The mean values of COF measured with the sled and grass outsole, are presented in Table
5-2 and Figure 5.9. The dry mean static and dynamic COFs were generally found to have
a statistically higher value than the wet static and dynamic COFs (p < 0.05) in all the
locations measured, except for the baseline location. It is likely that the level of water
supplied was sufficient to act as a lubricating layer between the shoe outsole and the grass.
It is likely that the relative absence of grass in the baseline region (Figure 5.6) limited the
lubricating effect water could have, i.e. it was absorbed by the soil, rather than sitting on

the grass blades.
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Table 5-2 Mean static and dynamic COF (SD) measured with the grass outsole on the six locations.

Court Dry
location Ms (1 5D) Mk (1 SD) Ms (1 5D) Mk (1 SD)
Tramline 133(0.07)  1.02(0.02)  095(0.04)  0.67(0.02)
Net 130(0.08)  1.02(0.02)  1.00(0.04)  0.70 (0.03)
Service line  1.30(0.04)  0.96(0.02)  1.02(0.03)  0.74 (0.01)
Line 1.11(0.08)  091(0.02)  0.99(0.04)  0.75(0.01)
Baseline 0.81(0.03)  0.65(0.05)  0.77(0.02)  0.64(0.01)
Back baseline  1.27(0.06)  1.03(0.01)  0.96(0.08)  0.70 (0.02)

For dry conditions (Figure 5.9), the baseline location was found to have a statistically
lower mean static COF than the other five locations (p < 0.05), suggesting that this worn
area with less grass cover provides less grip with the shoe outsole. Further back from the
baseline (location 6) where more grass cover was found, higher values of friction were
measured. The line location was found to have a statistically higher static COF than the
baseline (p < 0.05), but significantly lower than the other four locations (p < 0.05),
suggesting that the paint used for the lines may act as a lubricant layer on dry grass and

therefore, reduce the grip of the shoe outsole in contact with the grass.
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Figure 5.9 Mean static and dynamic COF (+ 1 standard deviation) measured with the sled on the six court

locations (n = 60 for SCOF and DCOF).

A similar pattern of data was found for the mean dynamic COF measurements. The
DCOF at the baseline location was found to be significantly lower than the other five
locations (p < 0.05), suggesting that once the shoe is moving, the worn area with any
grass cover provides a sliding effect in contact with the shoe outsole, effectively reducing
the friction compared to the lusher grass areas. The line location was found to have a
statistically higher mean dynamic COF than the baseline (p < 0.05), and was lower than

all the other locations (no significance).
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For wet conditions (Figure 5.9), the baseline location was again found to have a
significantly lower mean static COF than all the other locations (p < 0.05) and a
significantly lower mean dynamic COF than all the other locations (p < 0.05), except the
tramline (p = 0.594). The line location was now found to have a statistically higher mean
dynamic COF than four locations (p < 0.05), but not significant higher in comparison
with the service line (p = 0.993). This suggests that in wet conditions the paint will affect
friction differently than in the dry, possibly even repelling water and increasing friction

to a degree.
AELTC — 9 court (10 mm grass height)

This court was tested with the grass shoe outsole and only under wet conditions, mainly
to measure the possible effect of grass height (8§ mm for Court No. 8, 10 mm for Court

No. 9). Results are presented in Table 5-3.

Specifically, for static COF, the only location in court No. 9, showing a significant
difference compared to the same location in court 8, was the net location. It was found to
have a statistically lower mean static COF (p < 0.05). The other 5 locations showed no
statistical differences between courts. For dynamic COF, the tendency was that 5 of the
6 locations showed a statistically higher mean COF compared to court 8. The only

location to show no significant difference is the back baseline location (p > 0.05).

These results suggest that increased grass height will effectively act to slow down a player
when sliding in wet conditions. However, further testing is required to see if this also

happens in dry conditions.

Table 5-3 Court 9 mean static and dynamic COF (SD) measured with the grass sole on the six locations.

Court location Wet
Hs a sp) Hk (1 sD)

Tramline 1.03 (0.03) 0.80 (0.03)
Net 1.10 (0.03) 0.88 (0.01)
Service line 1.08 (0.04) 0.87 (0.03)
Line 0.99 (0.02) 0.85(0.01)
Baseline 0.77 (0.01)* 0.69 (0.02)
Back baseline 0.99 (0.03) 0.72 (0.01)
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5.2.2 Results - Clay court

The results for the clay court LTA—4, presented in Figure 5.10, showed no significant
difference for the dry mean static and dynamic COFs between the sled and Crab III
devices for all the testing locations. A possible explanation for this could be due to a
rolling particle effect that behaves same for both devices, but not same effect with grass.

This suggests that either the sled or Crab III devices could be used on clay courts.

A comparison between dry and wet conditions for the ‘baseline’ location with both
devices, showed no significant difference between the dry and wet condition on both
static and dynamic COFs. It is likely that the level of water supplied was not sufficient to

damp enough the surface, hence increasing the friction.
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Figure 5.10 Top: SCOF results with £ 1 SD

5.3 Influence of clay particle size on shoe-surface friction

The main aim of this study was to study the influence of certain clay characteristics on
the player and shoe interactions. The objectives defined were to identify the kinematics
of the shoe during the sliding phase, as it was identified as a ‘high risk’ movement in
Chapter 4; and to mechanically assess the friction of a clay court with different clay

particle size.

This section presents the results of a mechanical testing of an elite clay tennis court at the
Real Club de Polo in Barcelona, Spain. This was part of a wider and collaborative study
between the ITF, The University of Sheffield, INCOTEC (Barcelona, Spain) and the
Instituto Biomecanica de Valencia (IBV), Spain. The ITF provided the high speed video

cameras, INCOTEC prepared the tennis clay courts for the testing and the biomechanics
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and mechanical testing was done in conjunction by The University of Sheffield,

INCOTEC and IBV.

The following study was published in the conference proceedings of the 10™ International

Sports Engineering Association, Sheffield, UK (Ura et al., 2014a).

5.3.1 Biomechanics trial

Velocity and displacement data focusing on one shoe were collected by the University of
Sheffield and IBV, on the clay court RCB 28, previously described in section 3.5.2, as
part of a biomechanics trial. The data was collected for two movements: a change of
direction movement and a sliding forehand. Eight experienced clay players (1 female and
7 male) volunteered to participate in the trial which took place during the Conde de God6

tennis tournament in Barcelona, Spain.

Prior to the testing, the original clay of the two base-line areas of both ends of the clay
court was removed and replaced with the clays described in Table 5-4. The base clay used
for both ends was the same, only the particle size varied. The preparation, performed by
the members of INCOTEC, involved on passing the clay particles through sieves of

different grade to allow a controlled mix of particle size.

Table 5-4 Clay court surfaces description

Surface reference name Description
CC1 Particle size: 30% > 0.5mm and 70% < 0.5mm
CcC2 Particle size > 0.5mm

The two dynamic movements were assessed within two separate drills (Figure 5.11). For
both drills, the participants began at the one side of the baseline in a ready position (1).
In drill (a), the participants were asked to perform a sliding forehand foot plant. The ball
was sent to the centre of the baseline and the participant was required to run from point
(1) to (2) and then slide whilst simultaneously hitting the ball with the racket. In drill (b)
the participants performed a change of direction movement. The participant was required
to run at speed from point (1) to point (2) and then a ball was sent to point (3) allowing
the player to perform a change of direction movement. Three successful trials for each
drill were required. Participants had adequate time to familiarise themselves with the

court, drill and warm up before testing.
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Figure 5.11 A schematic diagram for: a) sliding drill: (1) participants starting position, (2) sliding

position; b) turning drill: (1) starting position, (2) turning position, (3) return to starting position.

3D Kinematic data was collected for both movements skills using two synchronised high
speed video cameras (Phantom 4.1) recording at 300 fps. A 3 x 3 x 1 m calibrated volume
was situated at the centre of the baseline (Figure 5.12). The two cameras were positioned
close to the net to record within the volume. The footage recorded for each drill was
triggered manually when the player made the movement inside the defined volume. One
marker was placed upon the tip of the shoe of the dominant leg that carried out the sliding
movement. The number of markers was limited to one, to allow quick testing within the
short time period allowed with the players. It was felt that this was adequate to gain useful
measurements for comparison between the two surfaces. A checkerboard was used to
perform the calibration to define the 3D space (Choppin et al., 2005, Choppin et al., 2007)

before the players arrived.

All the footage was digitised with the help of the software Check 3D (developed by the
Centre for Sports Engineering Research at Sheffield Hallam University, Sheffield, UK).
Check 3D allows the calculation of three dimensional positions of markers in a specific
volume. Shoe kinematic data, initial velocity, and total displacement during the sliding
and change of direction movements, were all obtained from the footage. An absolute test
of calibration and digitisation process was assessed by measuring the size of some sample
squares of the calibration checkerboard from the footage recorded, and these were
compared to the known size of the squares. It was found that the measurement could be

reconstructed to within £2.5 mm on average.
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Figure 5.12 Diagram of global axes and volume defined for the 3D filming and high speed camera

pointing the defined volume.

5.3.2 Mechanical data

Friction tests were conducted on the surfaces using three different devices: the pendulum
test, the Crab Mark III test and the bespoke friction sled (Figure 5.13). These test devices,
previously described in Chapter 3, were used to examine static and dynamic friction from
the base-line areas of both ends previously described. All data was collected in
conjunction with colleagues from INCOTEC and IBV. The sled testing was carried out
with a total mass of 13.78 kg. The testing procedure consisted of attaching the force gauge

to the sled and dragging the device for an established distance of 350 mm.

Prior to each test with the three devices, the test rubber or shoe outsole were brushed to
maintain the same conditions throughout. Each trial repetition was made on a ‘fresh’ area
of the court. The SCOF and DCOF were calculated according to each device procedure
described in Chapter 3.

Figure 5.13 Left: The bespoke sled and The Crab III; Right: The pendulum device.

- 108 -



Chapter 5 Surface: Tribological mechanisms

Table 5-5 provides means and standard deviations from the the friction data collected on
both base-line areas. A one-way ANOVA with repeated measures was used to examine

SCOF and DCOF between the surfaces and the devices.

For the Crab III and the bespoke sled device CC2 had significantly lower static and
dynamic coefficients of friction compared to CC1 (p < 0.05). In contrast, the pendulum
was not able to measure significant differences (p = 0.529) between the surfaces. Between
devices, the Crab III and the sled device showed no significance (p = 0.732) in the
measurements for the CC2 surface. However, for the CC1 surface statistical differences

(p <0.05) were found.

The same behaviour occurred for the Crab III and the pendulum, with no significant
differences (p = 0.174) being found between the devices for the CC1 surface. However,
for the CC2 surface, statistical differences (p < 0.05) were found. As described in section
¢), the pendulum device only measures dynamic friction, so any SCOF measurements
were obtained with this device. For the sled device, due to a problem with the force gauge,

no dynamic data was recorded on the two surfaces tested.

Table 5-5 Means and 1SD for mechanical data

Mechanical test CC1 surface CC2 surface
Frictional measures SCOF DCOF SCOF DCOF
Pendulum n/a 0.602 +0.126 n/a 0.558 £ 0.107"
Crab III 0.675+0.116* 0.516 + 0.070* 0.472 + 0.054* 0.375 + 0.012*!
Sled Device 0.462 + 0.053*! n/a 0.428 £ 0.031* n/a

*denotes significant difference between surfaces (same device)
! denotes significant difference between devices

Table 5-6 shows the shoe-kinematic data for the two drills performed by the players on
the two surfaces. A one-way ANOVA with repeated measures was used to examine the
differences in data. For the sliding forehand movement, only the total sliding
displacement showed a significant difference between the two surfaces (p < 0.05). No
statistical differences were found for the initial sliding velocities (p = 0.668). For the
change of direction movement, the initial sliding velocity and total sliding displacement

movements showed no statistical difference (p = 0.399; p = 0.195).
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Table 5-6 Means and SD for shoe-kinematic data for the sliding forehand and change of direction
movements on both surfaces.

Variable CC1 surface CC2 surface
Sliding Forehand

Initial sliding velocity (m/s) 4.16+1.22 4.09+1.11
Total sliding displacement (m) 0.48 £0.16 0.74 £0.13*

Change of direction
Initial sliding velocity (m/s) 3.06 £ 1.08 3.76 £0.83
Total sliding displacement (m) 0.51+0.18 0.87 £0.44

*denotes significant difference between surfaces

Sliding displacement was 64% further on the CC2 surface compared to the CC1 surface.
This suggests that the inclusion of small particles (< 0.5 mm) on the CC1 surface increases
the friction during the sliding movement. The mechanical testing performed with the three
devices confirms that there is available lower friction on the CC2 surface, compared to
the CC1 surface. A study by (Mills et al., 2009), where the effect of size particle on shoe-
floor contact friction was analysed, found that particles sizes below 0.06 mm under a
compression force, behave as a thin layer to encourage a sliding. However, particles
greater than 0.06 mm are less likely to join and act as single entities, encouraging a rolling
behaviour. In relationship to our study, this suggests that the CC1 surface with smaller
particles included, may allow a balanced behaviour including sliding and rolling particles,
whereas the CC2 surface particles may encourage rolling. It is suggested then to compare
the mechanical and biomechanical results against player perception in order to find a

correlation between the mechanical and biomechanical data with player perception.

5.4 Influence of clay sand infill volume on traction/friction

The aim of this study was to investigate the effect of varying the quantity of infill sand
on shoe-surface friction for an artificial clay court. The laboratory-based mechanical test
rig (UoSh), described in detail in Chapter 3, and shown in Figure 5.14 was used to
measure the friction force developed at the shoe-surface interface. In addition, perception

data were collected by our colleagues from the University of Exeter.

The following study was published in the conference proceedings of the 10™ International

Sports Engineering Association 2015, Sheffield, UK (Ura et al., 2014b).
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The artificial clay court surface tested (AC2) is the same one used in the studies by Damm
etal., (2011) and Clarke et al., (2013), previously described in section 3.5.2. It was tested
under different volumes of infill sand (10, 12, 16 and 20 kg/m?).

The test procedure was repeated 5 times for each condition, and was designed to best
replicate a sliding movement. According to Damm et al., (2011), the peak vertical GRF
of a tennis player will exceed 1000 N during specific movements like side jumping and
sliding; therefore, the friction tests were conducted under a range of normal forces
(1000 — 1500 N in increments of 100 N). First, the forefoot section of the adidas barricade
shoe, described in section 3.5.3 , is attached onto a shoe plate Figure 5.14. The synthetic
clay surface is then secured on a platform that is slid into place via a bearing and rail

system before being secured.

The front shoe attached was rotated 90° to the direction of the movement in order to
replicate the likely shoe orientation during a sliding movement. The artificial clay surface
was rigidly attached into a polycarbonate tray in order to contain the particles of sand.
The sand was brushed by hand into the membrane, and then further particles were added
in order to meet the specifications as shown in Figure 5.14. Prior to every test run, the
particles were brushed to ensure an approximately even distribution. For wet conditions,
the quantity of water used was the same as described by Clarke et al. (2013) which aimed
to simulate 24 minutes of play in light rainfall (1 mm of rainfall in total). Water was added
with a calibrated sprayer. The water was sprayed by hand, being careful to cover the

surface evenly.

Figure 5.14 Left: The laboratory based traction rig; Centre: ACC surface prepared and mounted; Right:

Shoe sample attached.

Perception data were collected during a separate trial at the University of Exeter. A group
of 16 participants volunteered to participate in this study. Perceptions were collected
using visual analogue scales following the trials on each surface. The scales were

100 mm length, being 0 and 100 low and high perception from the player for each
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parameter respectively. The perception parameters evaluated by the participants were: (1)
predictability, (2) grip, (3) hardness, (4) Qual 1, (ability to change direction), and (5) Qual
2, (ability to slide).

Figure 5.15 Example of participant performing a turning movement on the artificial clay surface

The participants performed a turning movement (180° turn at 3.9 m/s + 0.20 m/s) on three
different volumes of sand 12 kg/m’, 16 kg/m” and 20 kg/m” respectively (Figure 5.15)
matching three of the samples surfaces tested in the lab at Sheffield. Mixed model
ANOVA was used to examine the influence of the group and volume of sand perceptions

(significance = p < 0.05).

A full description of the methodology used to obtain the parameters from the experiment
is explained in chapter 3.3. Linear regression analysis was used to analyse the
relationships found for the different conditions. The square of the Pearson correlation
coefficient (R°) was used to determine the strength of the linear correlation between the
data sets. The corresponding p-value was used to determine whether the linear
relationship was statistically significant. If p < 0.05, then a significant relationship
between the two data sets is said to exist. Table 5-7 shows strong and significant linear
relationships found for each surface condition between friction parameters and the normal

applied force (p < 0.05).

Table 5-7 Linear relationship coefficients showing effect of normal force applied on each friction parameter

Peak friction force Average dynamic friction force
Surface R’ p R’ P
10 kg/m? dry 0.990 <0.05 0.992 <0.05
10 kg/m?* wet 0.925 <0.05 0.985 <0.05
12 kg/m? dry 1.000 <0.05 0.994 <0.05
12 kg/m* wet 0.997 <0.05 0.994 <0.05
16 kg/m? dry 1.000 <0.05 0.998 <0.05
16 kg/m* wet 0.997 <0.05 0.999 <0.05
20 kg/m? dry 0.990 <0.05 0.984 <0.05
20 kg/m?* wet 0.992 <0.05 0.999 <0.05
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Figure 5.16 shows the relationships between static peak friction force and normal force.
For 10 and 12 kg/m” sand infill, as normal loading increases, the surfaces were found to
lower friction when dry compared to when wet. However, the opposite behaviour was
observed with the 16 and 20 kg/m®, which had a greater peak friction force in dry

conditions.

In Figure 5.18-left the effect of the infill volume is shown. For the 10 kg/ m?, the SCOF
under dry and wet conditions is the highest value compared to the other sand volumes,
however, as the volume of sand infill increases the friction in general decreases.
Something to notice for the lower volumes (10 and 12 kg/ m?) is that the SCOF under wet
conditions is higher than the dry, however as the volume increases, the opposite behaviour

occurs.
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Figure 5.16 Plots of peak friction force against normal force (with linear regression lines).

Figure 5.17 shows the relationship between the average dynamic friction force and
normal force. Strong and significant linear relationships were found for each surface
condition. For 12 and 20 kg/m?, the dry conditions exhibit lower average dynamic friction
compared to wet. However, in an opposite trend, the 10 kg/m* dry condition develops
greater dynamic friction as opposed to wet. For the 16 kg/m” no differences were found

between dry and wet.

In Figure 5.18-right the effect of sand volume on the DCOF is presented. Similar to the
SCOF the highest DCOF occurs at the 10kg/ m” volume, however as the volume increases
to 12 kg/m*, the DCOF decreases and stays with no variation for the 16 and 20 kg/m’
conditions. Contrary to the SCOF at 10kg/ m* the dry SCOF is higher than the wet,

however for the 20kg/ m” the opposite behaviour can be observed.
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Figure 5.18 Plots of SCOF and DCOF under dry and wet conditions for the 1300 N normal force.

Significant effects were found for three of the five perception conditions reported. Figure

5.19 highlights that the 12 and 16 kg/m® volumes are significantly more predictable

compared to 20 kg/m* (p = 0.001). It shows that 16 kg/m” is significantly provides more

grip compared to 20 kg/m* (p = 0.017), and that 16 kg/m?2 is statistically harder compared

to 20 kg/m” (p = 0.011).
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Figure 5.19 Mean and SD for the perception conditions under dry conditions. Quall — lower the number =

easier to slide, Qual2 — lower the number = easier to change direction.
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The results presented demonstrate that the quantity of artificial clay significantly
influences the friction developed at the shoe-surface interface. A study in which the effect
of size particle on shoe-floor contact frictions is analysed is the one presented by Mills et
al. (2009). In this investigation is reported that the threshold, at which dry particles are
less likely to join and act as single entities, is 60 um. In contrast, dry particles below 50
um cohere, and act as a thin layer (Mills et al. 2009). In consequence this will affect the

mechanical behaviour of the surface.

Clarke et al. (2013) reported that during the dynamic period the moisture of the wet clay
is lubricating the shoe-surface contact and inter-particle contact; hence reducing its
resistance to dynamic shear. The dynamic period of the shoe sliding on the clay surface
can be defined as a stick-slip. It was also observed that during the sliding period, sand
particles were built up ahead of the shoe as described by Clarke et al. (2013). The effect
of the infill volume on friction when comparing the SCOF and DCOF for 10 and 20
kg/mz, as the volume increases these decrease, could be explained that at 10 the shoe
compresses more the sand, and it may be a contact between the shoe and the surface
fibres, making more difficult to move. However, as the sand infill volume increases, the
sand starts to have a bigger effect, and therefore, the SCOF and DCOF could be affected
by a ploughing effect.

In relation to perception, the 16 kg/m” perceived grip by the participants is in good
agreement with our mechanical results under dry conditions, which show that this volume
is higher in terms of peak friction force and average dynamic friction force compared to
the values for the 20 kg/m? volume. This suggests that the players experience higher static
and dynamic friction on the 16 kg/m? during the turning movement, and this is perceived

by the participants as more grip compared to the 20 kg/m’.
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5.5 Discussion of chapter

As discussed at the beginning of this chapter, a series of experiments were developed to
evaluate and identify the interaction parameters for a shoe-surface interaction with the

objective to assess the design of the mechanical test methodology.

The first experiment involved a series of testing, with three different portable test
methodologies, on grass and clay tennis courts. These test devices are characterised for
their portability and operating simplicity, however, specifically the Crab III, due to its
very low normal load applied, showed a lack of capability to measure friction on a grass
tennis court. In contrast, based on the results with the bespoke sled, it was proved that it
can be an approach to measure the friction between a tennis shoe and a grass tennis court.
The results showed an ability to measure a difference in friction under dry and wet
conditions. Additionally, thanks to this mechanical testing, further interaction parameters
were identified, such as grass height, worn areas of a court, and line paint. In general,
these conditions and interaction parameters were found to have an effect on the friction.
Therefore, the future test methodology needs to measure the friction and distinguish

between these interaction parameters.

In contrast the Crab III and the bespoke sled were found to be useful to measure the
friction on a clay tennis court. A comparison between dry and wet results showed no
significant differences, however these are specifically for one type of clay and under
specific watering conditions. It is likely that the level of water supplied was not sufficient
to damp the surface, hence increasing the friction. According to anecdotal comments from
groundsmen (Newcomb, 2014), the clay courts at Roland Garros are watered after each
match and at the end of the day to help the brick keep its colour and keep from blowing
away. It is more about aesthetic rather than a technical reason. Under rain conditions, it
is well known that the match should continue, until the umpire decides when to stop.
There is no rule and any reference of the effect of watered clay on the friction generated
during the shoe-surface interface. For these reasons, the effect of wet conditions on a clay

court needs to be further investigated.

Subsequently, field and lab experiments measured the friction for other interaction
parameters such as particle size and infill volume for clay/artificial clay were examined.
As no regulation of clay particle size or infill volume on a tennis court has been found,

the results presented in this section become relevant. Smaller particles size ((< 0.5 mm)
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increase the friction during a sliding movement compared to particles bigger than 0.5 mm,
affecting the sliding displacement. Moreover, it was found that the amount of artificial
clay will significantly decrease the static coefficient of friction, and this could represent
a potential injury risk for a tennis player. As mentioned previously, there is no regulation
about the clay properties on a tennis court, which could be leading to have different

frictional conditions on different clay tennis court around the globe.

Again, the necessity of a test device to monitor and measure these courts is imperative in
order to identify and study in detail more tribological parameters, and to try to standardise
clay surfaces around the world in terms of friction. In order to get a better understanding
of surface characteristics on the friction behaviour, further testing needs to be performed,
and once the mechanisms involved are understood, surface properties can be modified to

increase performance and reduce injury risk.

The findings presented in this chapter aid the understanding of tennis players’ perceived
response to a tennis court surface and will assess the design of the final test device.
However, shoe characteristics in contact with surfaces, and their effect on friction need
to be studied to gain a better understanding of the shoe-surface interaction. Chapter 6

presents a series of experiments with relevant results.

5.6 Summary of chapter

Experimental field and lab-based friction data have provided empirical knowledge into
the manner in which surfaces can influence friction forces on grass and clay tennis

surfaces during a shoe-surface contact. The main findings in this chapter were:

e In general, the mechanical friction testing performed on two different clay tennis
courts with the Crab III and the bespoke sled showed both devices to be useful to

measure friction either clay or grass surfaces.

e For the grass testing, based on the results presented in this section over different grass
tennis courts, moisture, wear and grass height were found as parameters, in general,

to have a significant influence on the shoe-surface interaction.
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The experiments performed over clay and artificial clay, confirmed a significant effect
of clay particle size and sand infill volume on the shoe-surface friction. The volume
results were compared and validated with player perception data, suggesting a

player’s sensitivity to small changes in sand infill volumes.
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6. Tennis shoes: tribological mechanisms

6.1 Introduction

In previous chapters 4 and 5, the biomechanical conditions, surface characteristics and
their effect on friction have been studied in order to develop a test to measure the
tribological characteristics of the shoe-surface interface. However, the behaviour and the
mechanical response of the tennis shoes during dynamic movements are equally
important. Tennis shoes are made from elastomers with viscoelastic behaviour, which
respond according to the various dynamic movements and frictional demands on different

surfaces.

In relation to the design of the portable test methodology, due to the variety of tennis
shoes on the market and the evolution of shoe outsoles throughout the years, one of the
faced challenges will be to develop a standardise test “shoe”. This needs to be able to
simulate a tennis shoes on different tennis surfaces. Section 3.5.3 shows the study of
some commercial rubbers and the comparison of their mechanical properties to actual

tennis shoes.

In this chapter a series of experiments and results are presented with the objective to test
some interaction parameters and understand the behaviour of rubber friction under
specific conditions and tennis movements. These experiments are complemented with the
study and material characterisation of the rubber of some available commercial shoes
(section 3.5.3), in order to define their contribution for the final portable test

methodology.

Therefore, this chapter starts by studying some tribological parameters identified in the
literature review, such as shoe orientation and shoe-surface temperature and their effect
on friction. Subsequently it focuses on studying the relationship of contact area, pressure
and friction in order to find a solution to the challenge of applying high normal forces

with portable devices.
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6.2 Effect of shoe-orientation on friction

The following study was published in the conference proceedings of the 11™ Footwear

Biomechanics Symposium, Natal, Brazil (Ura et al., 2013).

During a sliding on any surface, the shoe orientation angle (Figure 6.1) is different
depending on the movement and the player’s technique. During dynamic tennis
movements, different parts of the shoe sole interact in different ways with the surface
asperities. For this pilot study, it is hypothesised that the friction between the shoe and
the surface could be influenced by this shoe orientation during tennis movements, e.g.

sliding on hard courts.

In a biomechanical tennis study report for the ITF (Damm et al., 2013b) kinematics values
of the shoe orientation angle during the sliding phase of a free running forehand and a
180 degree turning manoeuvre were reported. 10 participants performed 5 trials of the
mentioned movements over a clay surface. They reported the mean angle values of 33.2

+16°and 44.6 £ 16 ° for the running forehand and turning movements respectively.

Shoe
orientation

Figure 6.1 Shoe orientation angle in reference to the running direction

The purpose of this pilot study was to investigate the influence of shoe orientation on
friction testing over a range of normal loads, with the objective to assess the future test
methodology. Friction tests were conducted on an acrylic hard court surface using the

UoSh traction rig (section d)).

The forefoot segment of the adidas Barricade 6 EU size 42 (section 3.5.3) tennis shoe was
used as the test shoe. Tests were conducted with the test shoe attached in four orientations
in relation to horizontal movement (Figure 6.2). Prior to testing under each condition, the

sole was prepared in accordance to the protocol previously presented in section 3.2.4.

-120 -



Chapter 6 Tennis shoes: Tribological mechanisms

30 60
Figure 6.2 Shoe orientation tested (arrows indicate direction of shoe movement).

As discussed in section 3.5.1, the dynamic friction was considered using the mean
dynamic friction force in the direction of movement between 10 mm and 30 mm
horizontal displacement. Friction force data was collected for a range of normal loads

(500 N — 1000 N), to assess the influence of shoe orientation.
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Figure 6.3 Plot of the dynamic force against normal force for each shoe orientation condition.

Figure 6.3 shows the strong and significant linear regressions found between normal force
and dynamic friction force (R* > 0.95, p < 0.05, where n = 22) for each orientation. Each
linear fit has a low root mean squared error with varying gradients (RMS: 0° =+ 12.22,
30° = £ 13.54, 60° = + 11.63 and 90°= + 26.51 N), showing differences between the

orientations. Each relationship was specific to the particular normal force-shoe

orientation combination.
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6.3 Contact area, pressure and available friction relationships

As mentioned previously in the Literature review section (Chapter 2), in tennis, the
complexity of some dynamic movements affect the loading conditions experienced by
players. The magnitude of these forces in combination with other variables, e.g. surface
roughness (Clarke et al., 2012a) and shoe orientation (section 6.2) affects the friction
generated between the shoe and the surface. As discussed in section 2.4.2, the reported
peak vertical loads in some studies are above 1000 N on hard and clay tennis courts for

specific movements such as side jump and running forehand.

Despite the high loading conditions, lab-based test devices have been developed,
however, the challenge remains to replicate these for portable friction test devices. For
this reason, pressure insole data collected in previous studies (Damm et al., 2014, Girard
et al., 2007, Bloch et al., 1999) could be a key source to develop reliable portable test
devices more representative of loading conditions during realistic movements. In this
section variables such as shoe-surface contact area, pressure and available friction were
assessed in order to examine this further and to possibly use in the development of the

final portable test device.

The purpose of this pilot study was to investigate shoe-surface contact area at different
vertical loads, relate them to pressures measured in previous biomechanics studies and

measure the available dynamic friction force.

The following study was published in the conference proceedings of the 12" Footwear

Biomechanics Symposium, Liverpool, UK (Ura et al., 2015a).

Three Babolat Propulse 4 tennis shoes, described in section 3.5.3 were pressed against a
surface using the UoSh traction device. The shoes (shown in Figure 6.4), were of the same
sole design but ranging in size (EU sizes 31, 39 and 49). The vertical loads applied ranged
from 600 to 1600 N in intervals of 200 N.
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Figure 6.4 Commercial tennis shoes (EU sizes 31, 39 and 49)

The shoe-surface contact area of the forefoot segments was calculated using an ink print
protocol developed previously (Clarke et al., 2012). Blank paper was rigidly attached onto
a smooth acrylic sheet under the shoes before they were loaded. The ink prints were
digitised and analysed with a bespoke Matlab threshold programme to calculate the ink
area. Examples of the ink prints obtained are shown in Figure 6.5. This procedure was

repeated 4 times for each condition.

600 N

Figure 6.5 Examples of the ink prints for the size EU 31 shoe at 600, 1000 and 1600 N of vertical load

The paper surface was then replaced with a commercial hard court sample (HC9)
described in section c), and friction testing was carried out over the same range of vertical
loads. The average dynamic coefficient of friction (DCOF) was calculated using the mean
dynamic friction force in the direction of movement between 10 mm and 30 mm

horizontal displacement (detailed in Clarke et al., 2013).
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The results indicated an increase of contact area as the vertical load increases, showing
strong and significant linear regressions (R* > 0.81, p < 0.05, where n = 72) and
differences between each shoe size. Figure 6.6 exhibits the pressure values calculated

from the vertical load and contact area for each shoe.
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Figure 6.6 Plot of the pressure against vertical load for each shoe tested. Examples of ink prints are shown

for the size EU 31 shoe, at 600 and 1600 N of vertical load.

Figure 6.7 shows the results for static and dynamic COF against average applied pressure
(as predicted from the linear fits in Figure 6.6). This is assumed to be the average pressure
experienced by the shoe before the onset of sliding. As the applied pressure increases,
there is a tendency for the static and dynamic COF to decrease. Based on the calculated
pressure and despite the size of the shoe and the contact area with the surface, similar

friction measurements were obtained.
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Figure 6.7 Plot of the average SCOF (top) and DCOF (bottom) against average pressure for each shoe.

Best fit power shown to illustrate trend (black line).
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6.4 Tennis shoe outsole temperature changes during hard court sliding and

their effects on friction behaviour.

As pointed in the material characterisation study, temperature variations lead to changes
in the material hardness of a viscoelastic material Tennis events played in countries where
the court temperature can be very high due to environmental conditions could make these
changes in material even greater. For these reasons a tennis shoe outsole temperature

study was implemented.

The aim of this pilot study was to evaluate the likely changes in shoe sole temperature
during sliding movements on hard courts and the influence of these changes on the
tribological mechanisms. This information will be useful for the design stage of the test
methodology, however, it could also be useful towards the design and development of
footwear and playing surfaces, in order to maximise performance and reduce injury risk.
The following study was published in the conference proceedings of the 7" Asia Pacific

Sports Technology Conference 2015, Barcelona, Spain (Ura et al., 2015b).

A range of tests, using the UoSh lab-based traction device (described in chapter 3), were
implemented to determine the behaviour of the shoe outsole temperature distribution of a
commercially available hard court tennis shoe under different conditions during a
simulated sliding movement. Figure 6.8 shows the 5 type ‘K’ thermocouples inserted and
attached by an adhesive into the grooves of the forefoot segment, to keep them very close
to the shoe surface. The thermocouples were connected to a multiple channel data logger
which allowed simultaneously recording of the temperatures on different parts of the shoe
segment over a pre-set time. The data logger has a conversion time of 100 ms and an

accuracy of + 0.2%.

Three bespoke acrylic hard court surfaces (HCB1, HCB2 and HCB3) described in section
c¢) and a commercial tennis surface (HC10) with different roughness values, as provided
in Table 6-1, were used for the testing. To best replicate a sliding movement, the shoe
orientation was positioned at 30° in relation to the sliding direction. This value was
chosen due to the results from section 6.2, where the effect of the shoe orientation was

tested.

An initial study was implemented to test the thermocouples and measure a potential

change in temperature. The loads tested ranged from 500 N to 2000 N in increments of
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300 N. For each load the temperature of the 5 thermocouples was recorded with the data

logger, at regular intervals of 0.62 s throughout the sliding motion.

Figure 6.8 Left: the position of the 5 thermocouples on the shoe surface; Right: detail of thermocouple in

shoe groove.

The second study involved simulating a repeated sliding during a typical tennis rally and
measuring how the temperature changed after a number of slides. In order to replicate
this as accurately as possible, the 11 videos of tennis rallies from elite hard court
tournaments, utilised in section 4.2.2 for the sliding analysis, were analysed to see the
occurrence of sliding motions during a rally and the average time period between them.
The average duration of a rally (= 1 SD) was found to be 43.4 + 8.0 seconds with an
average (= 1 SD) of 6.64 + 2.8 sliding events. It was therefore decided to measure shoe
sole temperature during a series of 4 slides of approximately 3 seconds with a rest time
period of 10 seconds between each slide at loads of 600, 1200 and 1800 N. The rest time
between slides was arbitrary defined with the purpose to allow the rubber to cool down.
Additionally, the DCOF was calculated using the mean dynamic friction force in direction
of movement between 10 mm and 30 mm horizontal displacement, according to the test

protocol described in Chapter 3.

Table 6-1 Average R, values for a range of surface samples before and after the testing

Rg (um)
surface Before After
reference
HCB1 5.2+0.6 1.4+0.2

HCB2 19.3+3.0 18.0+2.5
HC10 253+1.38 264+13
HCB3 32.6+5.0 249+2.1
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A third study involved a repeated sliding over HC10 surface with an 1800 N vertical load,
for 15 minutes with a rest interval of 10 seconds between each slide. The time was
arbitrary defined, with the objective to raise the shoe temperature as much as possible.
The change in temperature and DCOF were recorded for each of the slides. The shore
hardness of the shoe sole was measured before and after the testing to monitor changes

in the material properties.

Figure 6.9 shows an example of the results obtained by the first study, and the temperature
change of the 5 thermocouples attached to the forefoot segment of the shoe. Although
there is a change in temperature for all the thermocouples, T2, T3 and T4 are the positions
with the highest difference in temperature and these were used as the focus for the

remaining studies.

—] ) T3 =Ta |

Temperature (*C)

Time (sec)

Figure 6.9 Temperature at different positions on the shoe sole against time for surface HCB2 at 1100 N

vertical load.

Figure 6.10 shows the relationship between temperature change (£ 1 SD), vertical load
and thermocouple location. There is a clear effect of the vertical load (1800 > 1200 > 600
N), and at 1800 N vertical load an effect of the sensor location on temperature change
(T2 > T3 > T4). However, there is no obvious consistent trend of a surface effect, even
though they had different roughness. It is important to note that for HCB1, HCB2 and
HCB3 the roughness changed through testing (see Table 6-1).
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Figure 6.10 Plots of temperature change with SD against the vertical load for T2, T3 (from top left to
right) and T4 (bottom) on surfaces HCB1, HCB2 and HCB3.

Figure 6.11 shows the change in temperature of T2, T3 and T4, for four repeated sliding
movements, with vertical loads of 600, 1200 and 1800 N on the 4 surfaces tested. The
surfaces with the highest temperature change were HCB1 and HCB3. The behaviour of
the temperature is to increase during each slide and then decrease between slides,

however, it never decreases completely to the previous temperature value, and the overall

temperature increases throughout the tests.
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Figure 6.11 Plots of the Temperature change against time for T2, on each surface for 600, 1200 and 1800
N vertical load (top left to right and bottom).

The average DCOF at 600, 1200 and 1800 N of vertical load was calculated for the sets
of four repeated slides on the four different surfaces. Figure 6.12 shows that the DCOF
from surface HCBI1 increases as the vertical load increases. However, surfaces HCB2 and

HCB3 have a tendency to decrease in DCOF as the vertical load increases (surface HC10

remains relatively constant).

For most of the tests the general tendency was for DCOF to decrease with increasing
numbers of slides. There is a trend for DCOF to initially decrease, however, as shown in
Figure 6.13 for the 15 minutes sliding testing, as the number of slides increases

(approximately slide number 14), there is a trend for DCOF to increase.
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Figure 6.12 Average DCOF against slide number for: 600, 1200 and 1800 N (left to right) of vertical
load.

As mentioned in the material characterisation (section 3.5.3), the results from the DMTA
testing in the temperature range from 20 to 50 °C (region of interest) for E’ and tan o,
suggest a decrease in the damping of the material as the temperature. In this sliding
temperature study, the average (1 SD) hardness value of the rubber before the testing
was 75.4 + 1.1. Immediately after the 15 minutes sliding test, the hardness was 62.1 +

5.1, confirming a change of the material properties after the testing.
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Figure 6.13 Temperature change and DCOF against time for a 1800 N vertical load for 15 minutes sliding
test on HC10 surface.
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Figure 6.14 DMTA data showing E’ and tan 6 of the shoe material.

When elastomeric material, such as that tested here, is compressed against a surface with
some roughness, there is an interaction between their surface asperities. As the vertical
force increases, the shoe sole will deform more, increasing asperity contact and therefore,
the adhesion component of friction. During a slide on a hard rough surface, the surface
asperities will deform the shoe sole resulting in energy dissipation. This energy will result

in local heating and an increase in temperature.

For this experiment, the difference in temperature between the five positions on the shoe
sole is dependent of the shoe orientation and the position of the thermocouples relative to
the direction of the sliding. For all the tests, T2 is at the front of the shoe during the
sliding, experiencing higher deformation and the highest change in temperature in
comparison to the other thermocouples. (Persson, 2014) noted that the heat produced in
an asperity contact region will result in a ‘hot track’ on a rubber surface. When this

specific region experiences another asperity contact, due to the repeated sliding
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movement, it will experience an accumulation of heat, which leads to a temperature
increase. Due to the difference in temperature after each slide, positions T2, T3 and T4

could be considered as the ‘hottest tracks’ in the shoe sole.

The difference in temperature change between low (600 N) and high (1800 N) vertical
loads in Figure 6.10 could be explained by the shoe-surface contact area and its asperity
contact. In Chapter 5.6, it was reported higher contact areas as the vertical load increases.
During sliding, the asperities of the surface deform the shoe sole and the energy
dissipation and therefore temperature increases. Under high vertical loads, adhesion
dominates the interaction due to an increase of contact area and more elastomeric material
inside the cavities of the surface. Under low vertical loads, hysteresis dominates the
interaction due to less asperity contact; therefore, there is less deformation of the shoe
sole and lower temperature dissipation. Despite the loading conditions, as roughness
increases, the sole deforms and recovers, increasing the energy dissipated, which is

reflected in an increment of the temperature.

Figure 6.11 shows that for a test of four repeated slides, the temperature increases as the
number of slide increases. Persson (2006) stated that in a typical case of a rubber block
sliding on a hard rough substrate, the temperature increase results in a decrease in rubber
friction. In Figure 6.12 it is shown in general, that after 4 slides the DCOF decreases or
stays similar to the first DCOF value, for the three vertical loads on all the surfaces tested.
However, comparing the DCOF between the three vertical loads, for the smoothest
surface (HCB1) the DCOF increases as the vertical load goes from 600 to 1800 N,
suggesting a higher contribution of roughness than temperature change, on the shoe-
surface friction. In contrast, for surfaces HCB2 and HCB3, DCOF stays similar or
reduces as the vertical load increases, in agreement with (Persson, 2006). This behaviour

suggests a bigger influence of temperature change rather than roughness for our study.

Figure 6.13 results are in good agreement with previous tests, after the first few slides,
the temperature increases and the friction starts to decrease. However, as the number of
slides increases, the friction reaches a minimum and then starts to increase and continues
until the end of the 52 slides. This differs from the behaviour suggested by Persson et al.
(2006), but the DMTA and hardness data suggest that the sole material tends to reduce its
damping and hardness as the temperature increases, in consequence it will deform more,

increasing the heat and contact area and hence the temperature and friction measurement.
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6.5 Discussion of chapter

As discussed at the beginning of this chapter, three main experiments were developed to
evaluate some interaction parameters for a shoe-surface interaction with the objective to

assess the design of the mechanical test methodology.

In the first experiment, for the four different shoe orientations tested, significant linear
relationships were found between normal force and friction force under the normal
loading conditions investigated in this study. Therefore, it is recommended to consider
shoe orientation when considering mechanical testing to improve the relevance of the test.
Something to take into account is that the variety of tennis shoes in the market have
different sole tread designs, that could dictate how the friction behaves depending on the
shoe orientation. By varying the shoe orientation, what is really varying is the contact
position of the treads in relation to the surface, so after this experiment a closer look to
the sole treads geometry and their possible effect on the friction is necessary. This is

considered in more detail in Chapter 7.

For the second experiment, significant non-linear relationships exist between contact
area, pressures and normal force were found. Similar trends are then observed with
friction data. It was demonstrated that by using smaller shoes and scaling down the
vertical load applied, it is possible to generate pressures that are comparable to previous
biomechanical studies. Damm et al., (2014) reported peak pressure values ranging from
340.4 — 596.6 kPa, which can be achieved by a combination of a specific vertical load in
combination with a small test shoe. Therefore, when considering measuring friction with
the final portable device on a tennis court, it is highly recommended to consider this
approach, as it has been proved to be capable of maintaining levels of applied pressure

that are representative to real-match conditions.

For the last experiment, it was found that the vertical force and the location of the
thermocouple affected the influence of the temperature and the friction present during a
dynamic sliding movement. These effects occurred over a range of surfaces tested;
however, the effect of the roughness itself is not consistent as discussed in a previous
study (Clarke et al., 2012b). It was found that the mechanical properties of shoe sole
rubbers can change over the large temperature ranges measured in this study and these
effects could be even greater during tennis matches that take place under extreme ambient

temperature conditions. These changes could also occur throughout the duration of a long
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rally, set or match. It is therefore recommended to consider the effect of rubber
temperature when studying the behaviour of shoe friction on acrylic hard-court tennis
surfaces. It will be important to either, monitor temperature of the test shoe over a specific

number of tests, or to allow the rubber to “cool down” between a series of tests.

6.6 Summary of chapter

Material characterisation, experimental friction and temperature data have provided
empirical knowledge into the manner in which shoe and surfaces can behave. The main

findings presented in this chapter were:

1. It was proved that shoe orientation angle affects the friction during a sliding

movement, which could be due to the shoe sole tread geometry.

2. It has been demonstrated that measuring friction by the approach to match applied
pressures with lower contact areas, is in good agreement with the friction measured by

applying high vertical loads.

3. During a sliding movement the rubber temperature of the shoe sole changes due to an
effect of the vertical load. It was found that the front part of the shoe experienced the
highest temperature change. Additionally, it was reported an effect of the temperature

on the friction generated with a hard court surface.

The knowledge obtained in this section, will be useful in the design of a standard test shoe

for the final test methodology. This is presented in the next section.
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7. Novel portable device — design and development

7.1 Introduction

This chapter pulls together the findings from the previous chapters with the aim to present
a design methodology for the mechanical portable device to allow courts to be measured

and monitored.

Based on the design methodology for the mechanical portable device, implemented and
discussed previously in section 3.4.2, the first stage of the design comprises the
conceptual design (Figure 3.3), which involves the problem definition, the definition of
product specifications, a concept generation stage and the evaluation and selection of the

best concept. This stage is developed presented in detail in Appendix C.

7.2 Design stage - Embodiment design

7.2.1 Pre-prototype design

With the generation and evaluation concept stages completed (Appendix C), a detailed
and parametric design stage of the sketches and the solutions selected in the
morphological chart was implemented. A final detailed design and technical drawings,
based on the components selected from the morphological chart, were formed for the
construction of a first pre-prototype (TSSTv1). This pre-prototype was constructed by the
Department of Mechanical Engineering, The University of Sheffield, and adapted mainly
from available parts in the laboratory were possible, with the objective to quickly evaluate
the design concept. As mentioned previously, the design centres around having one

device, which could be configured into two configurations: ‘Angled-ram’ and ‘Sled’.

In Figure 7.1 the 3-Dimensional representations of both configurations are presented. For
the ‘Angled-ram’ configuration (Figure 7.1 top), the design as can be seen, centres around
a “L” shape aluminium framework with a pneumatic cylinder attached to a plate. The
plate has some holes that allow the rear end of the pneumatic cylinder to be raised or
lowered in order to produce a variety of angles. At the rear of the cylinder there is also a
threaded bar which allows the angle to be manually adjusted to a fine degree. At the other
end of the cylinder a holder with a bespoke test shoe is attached.
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Figure 7.1 TSSTv1 device in angled-ram (Top) and sled (Bottom) configurations.

To change from the “Angled-ram” configuration to the “Sled” (Figure 7.1-bottom), a few
adjustments are required. The two lateral supports used to keep the “L” shape need to be
disconnected and the threaded bar need to be removed. Subsequently, the pneumatic
cylinder is positioned in a horizontal position parallel to the ground. The test shoe is
attached to a plate, which supports the desired weights. One side of this plate is attached
to the end of the pneumatic cylinder. Figure 7.2 shows the TSSTv1 manufactured device

and the two test configurations.
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Tennis
surface

2x10kg Load cell Pneumatic ram

Figure 7.2 The TSSTvl1 test device. Angled-ram (top) and sled (bottom) configurations. Sled plate with

test shoe (bottom right).
7.2.2 Test shoe design

Additionally, a changeable test shoe slider, shown in Figure 7.3 was designed to mount
different test rubbers. A rubber sample is glued on the bottom part of the slider and
mechanically secured with four screws. The dimensions of the slider are 63.5 x 31 x 17
mm with a flat area of 961mm?* (31 x 31 mm). By applying a vertical load of 384 N, a

pressure of 400 kPa could be generated (assuming total contact over the area).

Based on the hardness and DMTA results (Chapter 6), and after looking into different
commercial rubbers, a Nitrile Butadiene Rubber (N70) was chosen for initial testing, due
to its similarities in comparison with the rubber compound of a commercial tennis shoe,

as summarised in Table 7-1. Full specifications are presented in Appendix B.

Table 7-1 Comparison of the mechanical properties of the N70 rubber and a typical tennis shoe outsole

Tennis shoe outsole

Mechanical Properties N70 Nitrile Butadiene Rubber (NBR) (Yu et al., 2010)
Shore Hardness 71 68-72
Tensile strength (MPa) 14 13-15
Elongation at break (%) 385 350 -500 %
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Figure 7.3 Top: CAD model of the test shoe slider. Bottom: Manufactured test shoe slider.

Additionally, to vary the test shoe orientation, a small connecting plate was machined.
The orientation could be varied between 0° and 90° in increments of 25° in relation to the

direction of movement. The plate with the described graduation is presented in Figure
7.4.

Figure 7.4 Connecting plate for slider orientation adjustment.

Moreover, in order to calculate the friction generated by the shoe-surface interface, the
mechanical device was complemented with a load cell (linearity error + 0.03% full scale.)
and a LVDT (linearity error < + 0.5 / + 0.25 full scale) to provide the measurements of
force applied and the displacement. A data acquisition device (N19174) with synchronised
and signal-conditioning modules (N19237 and N19215) samples the signals from the load
cell and LVDT (Figure 7.5). These voltage signals, sampled at 1600 Hz, are transformed
into force and displacement data and displayed in real time using LabView (version 14

National Instruments).
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Figure 7.5 Data acquisition device with signal conditioning modules.

Before beginning any testing, the rig was calibrated, to ensure both the load cell and
LVDT provided accurate data. The load cell was positioned vertically on a surface so that
weights could be loaded onto it. Two masses of 100 gr and 1000 gr, previously weighed
to a resolution of 0.01 grams, were positioned onto the cell. A series of readings were
taken from the load cell and were compared to the force from the two masses. With this
data, a calibration factor was calculated. Subsequently, this calibration factor was applied
to the bespoke LabView data acquisition programme, the masses were reloaded onto the
cell and measurements were taken to ensure the calibration factor was correctly
calculated. In a similar way as with the load cell, a calibration factor was calculated for
the LVDT by extending the LVDT to a specific displacement. Additionally, for all of the
subsequent testing, the displacement and horizontal data from the LVDT and load cell
were smoothed by applying a moving average algorithm to reduce the noise from the

data.

7.2.3 Testing procedure
‘Angled-ram’

Initially, the device is positioned on the surface. An initial controlled angle is set, in order
to start the testing (Figure 7.6 shows an example of the data obtained from one test). Using
a solenoid valve, the pneumatic ram is activated and hence, the test shoe slider initially
moves until making contact with the surface. It also applies an increasing force to the

surface until it reaches a maximum value (No. 1 in Figure 7.6).

Once the shoe is fixed on the surface, the angle from the vertical, 0, is manually increased
(thereby increasing the ratio of horizontal to vertical force) until the test shoe slides on
the surface. During the increase of angle 6, controlled by the operator (No. 2 in Figure

7.6), the test shoe experiences a micro-sliding, however, by continuing increasing 0, the
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test shoe experience a macro-sliding, which is confirmed by a drop in the resultant force
and an increase of the displacement (3 in Figure 7.6). The angle when sliding initiates

then is transformed into a value of coefficient of friction.
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Figure 7.6 Example of the Force and Displacement graphs for the angled-ram configuration.

For this configuration, analysis of the rig’s forces can provide the friction needed for the
shoe to start movement. Figure 7.7 shows the free body diagram with the forces acting

on the test shoe sample.

The force which maintains the body at rest is the friction force (F}). The force needed to
start sliding and overcome static friction is the maximum value of this friction force. The
static coefficient of friction (1) can be defined as the tangent of the angle of the inclined
force at this point. The body will continue in rest if the angle 6 is less than a certain value

05 and it will start moving if the inclination angle go over 0.

I:Ram

7 mg

Fn

Figure 7.7 angled-ram simplified free-body diagram of the static system, before or at the point of sliding.
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YFx =0 YFy =0
Fr = Frgmsin@ Fy = mg + Frqm cos 0
for sliding to be presented:

Us >=— and 0 < O

Therefore:

Fram Sin O

Hs = mg + Fram €0S O

mg = 5.88 N, and generally, Fp,n, COS 8 is much bigger than mg, so if Fggp, cos8 > mg
then:

Us = tan Gy
Equation 7-1
Although ideally this configuration would include replication of the shoe landing on the
surface, using this approach was found to set up measurement errors due to shock and
noise on impact. Previous work with a similar test rig (Keen, 2015) also showed an effect
of the ram pressure on the impact velocity and hence the slip angle. Therefore, the

approach of using a shoe initially at rest on the surface was selected for further analysis.
‘Sled’ configuration

In the “Sled’ configuration, the test shoe slider is fixed onto the bottom of the sled plate
with the desired orientation set. The system is loaded with a number of weights until the
desired normal force is achieved. The pneumatic ram is then set to a desired ram pressure,
which for all tests during this research was 2 bar (200 kPa). Then, a solenoid valve is
activated, opening the pneumatic cylinder to provide a horizontal force, which increases
until the test shoe slider starts to move. The maximum sliding length is 0.1 m. As
previously described signals from a load cell and a LVDT deliver the necessary

measurements to determine the applied horizontal force and displacement respectively.

In order to understand the friction developed at the shoe-surface interface, typical plots
obtained from the ‘Sled’ configuration at a normal force of 300 N, were analysed. These
are presented in Figure 7.8. The force plot is characterised by two regions: a region of
increasing initial force during a static regime and a period of dynamic friction during

which the force remains relatively constant.
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Figure 7.8 Example graphs showing typical data collected using the sled configuration. Top Left:

Horizontal force, Top right: horizontal displacement, Bottom left: velocity, Bottom right: acceleration.

As described in Clarke et al., (2013), within the static and dynamic regimes, evidence of

micro- and macrosliding is observed (Figure 7.9). Microsliding is described as the shear

period in which the rubber is deformed under the initial horizontal force. During this time,

no relative sliding between the test shoe and the surface occurs. Macrosliding is the period

of initial relative sliding between the test shoe and the surface (Figure 7.9 top). After

macrosliding, a peak is reached at which the test shoe-surface fails. After the systems

fails, the static region ends and a period of gross sliding begins (Figure 7.9 bottom).

During gross sliding, the velocity is not constant, as shown in Figure 7.8 bottom left.
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Figure 7.9 Top: static regime, and bottom: dynamic regime of the plot shown in Figure 7.8 top left.

Figure 7.10 shows the free body diagram for this configuration with the forces acting on

the test shoe sample.

FRam

mg

Fn

Figure 7.10 Simplified free-body diagram for the sled configuration.

The coefficient of static friction (i), is determined at the moment the test shoe sample

moves. At this moment in time, the force ram (F,.»), has the same magnitude as the force

due to static friction (Fy= FF), just before the sample moves. The normal force (Fy) is

determined by the amount of the weight placed above the test sample.
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At the instance just before initial sliding:

YFx =0 YFy =0
Fram = Ff Fy =mg
In this case, mg is larger enough (approximately 100N — 400 N), so:

Frs

Hs =%,

Equation 7-2
The dynamic coefficient of friction (1), is found from Newton’s second law. After the
test shoe starts moving, it will come to rest when the horizontal ram is fully extended.
Because the test shoe accelerates and decelerates during the motion, the force from the
ram, does not match the kinetic friction force. Therefore, as shown in equation 7-3, the
measured dynamic coefficient of friction (1) is influenced by the acceleration of the
slider. By solving two numerical derivatives of the displacement data, the acceleration of

the slider can be found.

Y»Fx =ma YFy =0
Fram — Fy = may Fy =mg
u _ Fram a
o = —am _

Fy g

Equation 7-3
Figure 7.11 shows an example of a typical graph presenting the relationship between i

and velocity. The velocity data is produced by solving one numerical derivative from the

smoothed displacement data.
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Figure 7.11 Example of py as a function of velocity graph.

- 145 -



Chapter 7 Novel portable device — design and development

7.3 Initial development of test shoe samples

A variety of test shoe bespoke samples were manufactured for the pre-prototype, with the
objective to compare the frictional behaviour between them, and to evaluate the feasibility
of using commercial rubber for a test shoe. The reason for using bespoke samples instead
of actual tennis treads, was because the variability between the different tennis shoe
treads, such as tread width, depth and material properties. Furthermore, for testing tennis
courts around the world, test shoe samples will need to be provided, making the bespoke
treads a more ‘future-proof” option. Three main methods for manufacture of the bespoke

treads were considered: 3D printing, CNC machining and hole punching.

7.3.1 Manufacture of samples

One advantage of the additive manufacturing process is the new infinite possibility to
produce different geometries. However, the disadvantage of this method is the high cost
of 3D printing as well the materials available. To test and assess the robustness of this
method, a test sample (AM1), shown in Figure 7.13, was produced using an Eden 260VS

additive manufacturing machine from a black rubber-like material (Veroblack).

Figure 7.12 shows a representation of the treads dimensions for each test sample, which

are described in Table 7-2.

Figure 7.12 Left: representation of dimensions for total thickness (t), tread height (h), tread width (w) and

space between treads (s). Right: representation of hole diameter (¢).

Table 7-2 Description of the test samples produced.

Sample Material Tread dimensions
AM1 Veroblack t=6.5mm,h=45mm,w=3.00mmands=2mm.
Machined treads N70 t=3.5mm,h=15mm,w=3.00mmands=15mm.
Holed rubber N70 t=3.55 mm and 2mm diameter.
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Upon testing, with the sled configuration and with a vertical load of approximately
100 N, the 3D printed sample, as shown in Figure 7.13, tended to fail in shear. Visibly
this sample is not robust enough and makes it difficult to get reliable results. Furthermore,
as compared in Table 7-1, the shore hardness of the material is significantly low to that

of real tennis, and therefore will exhibit different physical mechanisms.

Figure 7.13 Photographs showing the 3D printed sample under 100 N vertical load (left) and the same
sample after the testing (right).

In order to assess the feasibility of using CNC machining and hole punching to produce
test shoe samples, two N70 samples (35 mm x 80 mm), shown in Figure 7.14,were
machined for testing. The tread dimensions (Table 7-2) of both samples were based on
the ‘Pimples’ and ‘dimples’ main sections of the Babolat 4 Propulse all court shoe
described in section 3.5.3. A preliminary testing with the sled configuration, showed that
both samples held up well after a series of approximately 45 tests, under different normal
load conditions (100 — 300 N). Therefore, more test samples were produced later in this

investigation under this method.

Figure 7.14 Top: Actual CNC machined test samples: Machined treads (left); Holed rubber (right).
7.3.2 Test shoe samples developed

Five tennis tread patterns were produced for the preliminary testing phase. Two tread
patterns were extracted from the Babolat tennis shoe presented in Figure 7.15 and

explained previously in section 3.5.3. The labelled “Babolat pimples” sample was
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extracted from the shoe ‘grip’ section (1) and the second one from the section that is

supposed to enhance a player’s slide (2), as described previously in section 3.5.3.

In conjunction with these two treads, three rubber samples were manufactured from the
N70 nitrile rubber (Table 7-1) for comparison. The “machined treads’ sample was
produced as a comparison to the “Babolat pimples” and “holed rubber” sample was
produced as a comparison to the “Babolat dimples” tread Figure 7.16. Additionally, a
“Smooth rubber” tread was produced which featured no tread. Table 7-3 shows a
description of the samples with the correspondent dimensions based on Figure 7.12 and

Figure 7.16.

Figure 7.15 From left to right: smooth rubber, machined treads, holed rubber, Babolat pimples,

Babolat dimples , complete Babolat shoe.

The dimensions of the bespoke tread samples were designed based on typical in-sole
pressures present in real tennis play, as discussed in section 6.3. To ensure this, estimates
of the contact area of each sample were calculated. It is necessary to mention that these
are estimates and therefore do not necessary represent the real contact area which require
additional testing to measure the contact of the rubber onto a tennis surface at a
microscopic level. However, the contact area and pressures presented here, show that the
bespoke samples in combination with different vertical loads, cover similar pressures to

real tennis movements.
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Figure 7.16 Dimensions for Babolat pimples (right) and dimples (left).

Table 7-3 Description of the samples produced for the preliminary testing.

i L. Area range Pressure
Sample Material Description (mmz) range (kPa)
Smooth rubber N70 t=3.55mm 930 109 - 415
Machined treads N70 t=35mm,h=15mm,w=3.00mmands-= 1133 - 1406 164 — 627
1.5 mm.
Holed rubber N70 t =3.55 mm and 2mm diameter. 636 169 — 644
Babolat pimples N/A t=3.5mm,w=6.3mmandd=12.1 mm 802 -1104 93 -345
Babolat dimples N/A w=2mm,d=6.5mm with a depth of 2.1mm 960 — 982 140-417

The area calculation procedure was the same as the one utilised and described in section
6.3. Each test sample was pressed onto a thin layer of black ink under normal loads of
104.5 N, 202.6 N, 300.7 N and 398.8 N. Examples of ink prints used to calculate the
pressures are presented in Figure 7.17. Based on the four calculated contact areas, the
estimated pressures ranges covered for each sample, shown in Table 7-3, are
representative of the pressures mentioned in previous studies. As expected, the measured
contact areas increased with increased vertical load for both shoe sizes and the test shoe
sliders, in agreement with previous experiments. For the ‘Smooth’ and ‘Holed rubber’

samples, the contact area was assumed to be the same for the four normal loads tested.

B W

Figure 7.17 Examples of ink prints used to calculate pressures. Babolat dimples (left), Babolat

pimples (centre) and machined treads sample (right).
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7.4 Preliminary lab testing of TSSTv1

Two main preliminary studies were implemented with the aim to evaluate and validate
the two configurations of the pre-prototype. This preliminary test stage helped to identify
the potential improvements or failures in order to complete a final prototype design. The

two pilot studies implemented with their respective objectives were:

1. Comparison against UoSh test methodology: Initial validation against previous
methodology.
2. Professional tennis surfaces testing: characterise friction and evaluate the capability

of the test devices to distinguish between surfaces.

7.4.1 Comparison against UoSh test methodology

The following study was published in the conference proceedings of the 11™ International

Sports Engineering Association 2016, Delft, Netherlands (Ura and Carré, 2016).

As a first validation, a comparison of friction measurements was performed between the
pre-prototype on the “sled” configuration and the UoSh lab-based device (section d)).
The testing took place on one acrylic hardcourt surface HC9, described in section c). Two
forefoot segments of the Babolat all court tennis shoe Figure 7.18 of the same design but
different size (EU sizes 31 and 39) were tested on the surface with the UoSh device. The
vertical loads ranged from 600 — 1600 N in intervals of 200 N.

Additionally, with the sled configuration, two sliders with a “Smooth rubber” and
“Babolat pimples” were used as test shoes for this experiment (Figure 7.18). Both sliders
were tested over the same surface with a vertical load ranging from 100 — 400 N in
intervals of 100 N. The test orientation for both samples was of approximately 50° in
relation to horizontal movement. Based on the displacement data, the test shoe slider
speed was determined to range from 0.15 to 0.45 m/s. Ambient temperature was
monitored throughout the testing. Additionally, after 5 tests with each test shoe slider,
they were allowed to cool down for a minute. The x4, was calculated for both data sets,

using the protocols previously described for each test rig.
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|

Figure 7.18 The three test rubber utilised, from left: smooth rubber, Babolat pimples and the Babolat

shoe.

Figure 7.19 shows the results for ps plotted against average applied pressure calculated
and presented in Table 7-3 (assumed to be the average pressure experienced by the shoe
immediately before the onset of sliding). All the tests showed the same general pattern

with u, decreasing with increased applied pressure.
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Figure 7.19 (a) Plot of the average SCOF against applied pressure for each shoe and test slider with fitting

equations;

The results showed that the principle of matching player insole peak pressures with a
small test area and lower vertical loads applied, instead of applying higher vertical loads,
has potential to have similar results. Regarding the comparison between the ‘Babolat
pimples’ and the ‘smooth rubber’ samples with it is clear that sole geometry (e.g. presence

of a tread pattern) has a significant effect on friction behaviour. The differences between
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these two sliders tested could be due to the different adhesional and hysteretic friction

mechanisms generated.

Although further validation of the u, and u; need to be done, this first validation has
shown promise to replicate real play conditions, however, in the next sections additional

results are compared and analysed.

7.4.2 Professional tennis surfaces testing

One of the main abilities of the new pre-prototype (TSSTv1) is that needs to distinguish
between surfaces in terms of the friction measured. For this reason, a number of
mechanical tests were conducted with the TSSTvl test methodology on both

configurations (angled-ram and sled) over a range of different classified tennis surfaces.

The testing was in combination with the “smooth rubber”, “holed rubber” and “Babolat
pimples” test shoe samples, previously described. All the testing was carried out under
the operating procedures described in section 7.2.1. For the sled configuration, all the

tests were done with a mass of 20 kg on top of the sled.

A variety of seven tennis surfaces, based on the ITF court pace classification, were
selected for the testing. The surfaces tested, described in section c) and 3.3.4 were: 4
acrylic hardcourt surfaces (HC1, HC2, HC4, and HC6), one polyurethane carpet (HCS),
a hybrid clay surface (AC1) and an artificial grass (AG1). Additionally, a P-150 emery
paper and a smooth acrylic surface were tested. 5 trials for each test rubber were carried

out for each surface.

The mean values of i obtained with the two configurations on each surface are presented
in Figure 7.20 and Figure 7.21. The surfaces in the ‘x’ axis of the graphs are ranked based
on their roughness values (R,) previously described in section 3.3.3. It is important to
note that during the testing with the “Holes” sample in combination with the sled

configuration a mechanical problem was present, and no data was collected.

A one-way ANOVA with repeated measures was used to examine the ps between the
surfaces for each configuration. Significant differences (p < 0.05) were found between all
the surfaces (acrylics, hybrid clay, artificial grass and polyurethane carpet) for each test

tread sample. However, there were a few exceptions of no significant difference:
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Angled-ram:

e “Smooth” test shoe - acrylic and polyurethane carpet (p = 0.97) and hybrid clay
and artificial grass (p = 0.09).
e “Holes” test shoe — artificial grass and polyurethane carpet (p = 0.7).

Sled:

e Babolat test shoe - acrylic and polyurethane carpet (p = 7).
e Smooth test shoe — artificial grass and hybrid clay (p = 0.52).

Figure 7.20 shows the s values obtained with the ‘angled-ram’ and ‘sled’ configurations.
In general the ‘angled-ram’ measures lower y values compared to the ‘sled’. One possible
explanation for this could be that, as mentioned in the ‘angled-ram’ test protocol, by
manually increasing the angle, the test shoe starts to experience some ‘micro-sliding’
before the gross sliding, so possibly, the calculated u, could not be considered as a static
coefficient of friction, as some movement has already started. Another factor is the angle
dependency of the normal and horizontal applied forces. Although the pneumatic ram
tries to maintain the resultant force constant as the angle increases (Figure 7.6), the ratio
of horizontal to vertical forces also increases, and it may affect the instant of the test shoe

sliding on the surface.

For both configurations, the “Babolat pimples” exhibited lower 1 values compared to the
“Smooth” and “Holes” samples. This could be explained by comparing the apparent
contact areas of the test samples. As mentioned in section 3.5.3, the contact area measured
for the Babolat pimples (843.1 mm?) is lower than the assumed contact area for the
‘Smooth’ sample (930 mm?). This suggest more adhesion between the ‘Smooth’ sample

and the surface and hence higher friction values.

As shown in Figure 7.20, the p, values for the three tread samples, with both test
configurations (angled-ram and sled) in general presented similar trends between the
hardcourt surfaces (HC6, HC8, HC4, HC1 and HC2). However, with the ‘angled-ram’
configuration, on the synthetic/artificial surfaces, the ‘Holed rubber’ and ‘Smooth’ tread
samples exhibited the opposite behaviour. For the ‘Sled’ only the artificial grass (AG1)
showed an opposite behaviour. These results could be again explained by the horizontal

to vertical ratio. Both synthetic surfaces, as described in section d), are characterised by
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having an infill sand, in which the test shoe interacts in a different way compared to
hardcourt surfaces. For the ‘Angled-ram’, as the angle is manually increased, the
horizontal to vertical ratio increases, and hence, the friction experienced on the artificial
clay (AC1), could be more a ‘rolling’ friction of the clay particles, rather than a ‘sliding’
friction. With the ‘Sled’, the opposite behaviour could be happening, as the vertical force
is large enough to compact the clay particles with the test shoe rubber and ‘slide’ rather

than be rolling.
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Figure 7.20 Mean values of 1, obtained with the TSSTv1 angled-ram (top) and sled (bottom).

Figure 7.21 shows the p values for the Babolat pimples and Smooth samples with the
sled configuration. For the synthetic surfaces (AC1 and AG1) it is clear that the device is
capable to distinguish between surfaces. However, for the rest of the hardcourt surfaces,
it is difficult to see differences. By analysing individual plots, the smooth sample results
present more peaks within each sample plot, which could be explained by a stick-slip

effect. In contrast, the graphs from the Babolat pimples, this effect is less noticeable.
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Figure 7.21 py values against sliding velocity obtained with the sled configuration. Babolat pimples (top)

and Smooth (bottom).

In terms of roughness except for the HC6 surface the general tendency of friction is to

increase as the roughness increases. Looking in more detail to surface HC6, it can be seen

that this polyurethane carpet it provides a higher level of cushioning compared to the rest

of the surfaces.

In conclusion the

two configurations have shown to be capable to measure and

differentiate the average ps on a range of different tennis surfaces. For the py further

testing and analysis need to be done. Additionally, the surface roughness could be used

as a parameter to help classify the acrylic hardcourt surfaces. However, for other surfaces

with a level of cushioning, or with other characteristics, such as hybrid clay and artificial

grass other parameters need to be tested (e.g. cushioning, particle size, etc.).
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7.5 Parametric study of simulated tennis treads

The following study was published in the conference proceedings of the 11™ International

Sports Engineering Association 2016, Delft, Netherlands (Goff et al., 2016b).

The purpose of this pilot study was to investigate and understand the effect of different
tread patterns of a tennis shoe on the friction generated during the shoe-surface
interaction, in order to decide the best tread pattern to utilise with the final test friction

device.

The five tennis treads patterns, shown in Figure 7.15 and described in section 7.5.2 were
tested to measure the effect of tread geometry under different vertical load conditions.
The experiments were carried out with the TSSTv1 in the sled configuration over the
commercially available hard-court tennis surface HC5 sample (R, = 12 um), described in
section c). The static (x) and dynamic () coefficients of friction were determined for
each trial under the test protocols defined in section 7.2.1. The testing was carried out
over a range of vertical loads and over a range orientation angles. As mentioned in the
previous experiment and in the description of the test samples in Table 7-2, the
combination of a vertical load and the calculated area of each test sample, generated
pressures similar to match conditions. Figure 7.22 shows each tread sample, with the
extreme angles utilised for testing, with an arrow depicting the direction the tread samples
slide. The angle ranged between 0 and 90°. Each sample was tested at four different
normal loads with either a 10, 20, 30 or 40-kg mass placed on top of the test sample. Each

load/angle was tested five times to assess the repeatability of each run.

Figure 7.22 The test samples within the initial testing set and the extreme angles at which they were

tested.
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Figure 7.23 show an example of the results obtained for the smooth rubber sample. It
shows y as a function of Fiy and pk as a function of v with the fitting equation. These

results were calculated for the five test samples.

| 10kg
| 1.2}
Hk 20 kg

i

0% 100 200 300 00 %10 0.15 0.20 0.25 030 035 0.40 045

Fy (N) v (m/s)

Figure 7.23 Smooth rubber. Left: Coefficient of static friction against Normal Force with fitting

equation. Right: Coefficient of dynamic friction against speed.

Some general observations could be made from the obtained results in this study. Despite
the spread in data, there is a tendency of the static friction to decrease as the normal force
increases for all the cases, it is clear that 1 > 1y, as expected. It was also expected that
the sample speed decreases as the normal force increases, due to the larger retarding force

due to friction.

For a given angle, the dynamic coefficient of friction decreases with increasing normal
force, similar to the coefficient of static friction. For both coefficients as the normal load
increases, the data gets more cluttered, revealing less dependence on angle compared to
small normal force. For the dynamic coefficient of friction curves, the erratic form is
mostly due to an observed stick-slip phenomena and to the linear interpolation used to

represent all five repeat test runs.

By observing the impact of tread angle on 1, some relationships were identified. For the
‘holed rubber’ and ‘Babolat dimples’ graphs, u, decreases as the angle increases,
particularly at higher normal loads. This is due to the directions of the treads at the
different angles. At 0° the treads are perpendicular to the direction of slide and at 90° are
parallel to the direction of slide. However, differing to this expectation, p varies in a
similar amount with angle for all samples. There is no clear correlation between y, and
tread angle for the Babolat pimples and machined sample. Comparable results are seen

for py at different angles. Both the ‘holed rubber’ and ‘Babolat dimples’ show a general
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decrease in 1y with increasing angle, contrary to the ‘Babolat pimples’ and ‘machined

sample’ where no significant relationship can be seen.

As stated by (Boswell, 2016), a possible reason for these results is due to how the slider
changes as the angle is changed. This could have an effect on the measured values of g
and 4. At 0° the front edge of the slider is curved during the slide. However, at 90°, the
front edge is no longer curved and is instead a flat edge as shown in Figure 7.24 .
Therefore, there is an impact on s due to the front edge. For the results it is clear that
rather than seeing an effect of the change in the tread pattern, there is an effect of the front
edge as the angle is increased. This leads to no clear conclusion of how the angle affects

the static and dynamic coefficient of friction.

Figure 7.24 Test shoe slider depicting the front edge of the slider at 0° (Left) and 90° (Right). Red arrows

indicate direction of slide.

However, it is clear that the data from the three bespoke samples, particularly the
‘smooth’ and ‘holed rubber’, exhibit similar frictional effects compared to the two
Babolat tennis treads, specifically at higher normal loads. In relationship to the final test
prototype, this suggests that these bespoke samples could be utilised with the final test
methodology to obtain frictional data characteristic of real tennis treads. The
recommendation of which patterned sample to use, based on the feasibility of machining
and the results analysed in this section, either the ‘smooth rubber’ or ‘holed rubber’ would
be suggested. These samples exhibited very similar behaviour at higher loads to the
Babolat samples and hence are representative of the friction a tennis player would

experience. In the next section a further study on the ‘holed rubber’ is presented.

7.5.1 Critical shoe contact area ratio

The following study was submitted to the Journal of Sports Engineering and Technology
in July 2016 and it is under review (Goff et al., 2016a).
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Based on the findings from the parametric tread study presented in the previous section
(7.5), and because of the practicality to produce ‘holed rubber’, further investigation and
testing was carried out, with the objective to study the effect of contact area on the

frictional interaction between shoe and a court surface.

Seven bespoke samples were manufactured from the N70 Nitrile Butadiene rubber to be
tested for this study and are presented in Figure 7.25. All the samples are the same size,
and have the same 3mm diameter holes and with the same pattern as the first holed sample
presented in Table 7-3. However, changes between the samples rely on the area ratio. The
area ratio is defined as the hole area within the contact area divided by the contact area

plus hole area. Figure 7.26 shows a typical image of a contact area and its calculation.

Figure 7.26 Visualisation of calculation of contact area found by dividing the red area on the left by the

read area on the right.

To calculate the area ratio, a border of known dimensions was set around the wear regions
of each sample after testing. After the testing, each sample was photographed, under
appropriate lighting conditions to exhibit contrast between the regions of wear and
regions of no wear. Then the images were processed via thresholding. Figure 7.27 shows

five of the seven samples tested.

-159 -



Chapter 7 Novel portable device — design and development

2 3 4 5 7

Figure 7.27 Photographs showing wear of the five samples (top) and images processed via thresholding

(bottom). Sample numbers are shown above the samples.

The wear region was represented by the black pixels and the area of this region was found
by calculating the percentage of black pixels in the overall image. This wear region
represents the maximum possible contact area that could occur during testing because of
the wear variability between trials. The wear pattern on each sample is the accumulation
of all trials. The area ratio was calculated using Equation 7-4 except for samples 1 and 6
could not be assessed using this method, as extra testing took place on these samples
before photographs were taken. Therefore, the wear area of sample 1 was assumed to be
the same as sample 2, excluding the hole area. For sample 6, the wear area and area ratio
were found by interpolating the data across all area ratios. The information regarding the

area ratio calculations for each sample is shown in Table 7-16.

Areaholes

AR =
Areawear region + Areaholes

Equation 7-4
The experiments were carried out with the TSSTvI in the sled configuration on the
commercially available hard-court tennis surface HC5 described in section ¢). The static
(1) and dynamic (1) coefficient of friction were determined for each trial using the test
protocols defined in section 7.2.1. Each sample was tested at the normal loads of 104.5,
202.6,300.7 and 398.8 N, achieved by one to four 10-kg masses on top of the test sample.

Five tests were done for each condition, having a total of 20 tests for each sample.
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Table 7-4 Data used to calculate area ratios for each sample tested. Pressure range calculated with the
normal loads (104.5, 202.6, 300.7 and 398.8 N).

Total area Total Black Wear area 1.\10'. holes Area Pressure
Sample (m?) ixels ixels (m?) within wear ratio range
P P area (kPa)

1 n/a n/a n/a 5.57x 10" 0 0 188 -716

2 8.37x 10" 116022 66401 479 x 10* 14 0.116 218 — 832

3 8.37x 10 106876 53650 420x 10* 22 0.181 248 — 949

4 7.75x 10 110960 57811 4.04x10* 28 0.227 258 — 987

5 7.75x 10 54080 27490 3.94x 10" 38 0.288 265-1012

6 n/a n/a n/a 3.68 x 107+ n/a 0.328%* 283 -1083

7 8.37x10™ 60291 24435 3.39x 10" 52 0.373 308 -1176

* denotes values with calculated through interpolation.

Figure 7.28 and Figure 7.29 show coefficient of static friction (4) against the normal
force and dynamic coefficient of friction (y4) as a function of speed for the seven samples
under testing. Raw data are shown on the static friction plots, with best fit curves to the

data.
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Figure 7.28 Sample 1 results. Left: Coefficient of static friction against Normal Force with fitting

equation. Right: Coefficient of dynamic friction against speed.
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Figure 7.29 Samples 1-7: Coefficient of dynamic friction against velocity results.
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For the p, graph shown in Figure 7.28, it is clear that samples 2, 3 and 4 exhibited very
similar frictional values to sample 1 (smooth), particularly at the higher normal loads of
300 and 398 N. However, the samples with a higher area ratio, samples 5, 6 and 7 showed
a clear drop in y; at the 398 N normal load. This drop in friction appears to occur at an
area ratio between 0.227 (sample 5) and 0.228 (sample 6), and represents a significant
difference in friction. This was further confirmed with the average and standard error bars
in Figure 7.30. There is no statistical difference of p values for 104 and 200 N normal
loads. However, for 300 and 40 kg mass attached, the 1 values show differences between
samples 1 — 4 and 5 — 7. The standard error bars for samples 1 — 4 do not overlap those
of samples 5 — 7. Therefore, there is a critical area ratio between 0.227 and 0.228 (sample
4 and 5) where the coefficient of friction drops for higher normal forces. In terms of the
player-surface interface, these relationships suggest that at normal loads similar to real
tennis movement, the higher area ratios have less frictional resistance than those with a

lower area ratio.
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Figure 7.30 Average values of y; with standard error (£ SD) for the seven samples for the four normal

loads applied.
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The dynamic friction graphs show a similar behaviour to the static friction graphs. Tread
samples 2, 3 and 4 show similar frictional values across all loads. However, unlike the
graphs, sample 1 (smooth) exhibit lower dynamic friction at lower loads 104.5 and 202.6,
implying that a smooth rubber will provide less frictional resistance, once sliding
compared to a holed sample with a low area ratio. In a similar way, at higher area ratios
of samples 5, 6 and 7, dynamic friction falls, particularly at the highest normal load of

398 N, trending towards 0.8.

Furthermore, although normal force was emphasized over pressure in this study,
pressures were calculated from the wear areas previously found in Table 7-4. From these
estimates, p values showing the frictional change between area ratio was produced in
terms of pressure rather than normal force as presented in Figure 7.31. Focusing on the
transition region with 30-kg masses attached, pressures on samples 4 and 5 were about
744 kPa and 763 kPa, respectively. With 40 kg attached, those pressures rose to 987 kPa
and 1012 kPa.
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Figure 7.31 Graph depicting s against pressure for the seven rubber samples with a range of area ratios.

As discussed in the previous section 3.5.3, the Babolat Propulse 4 all court tennis shoe,
have a ‘dimples’ section located at the outer part of it outsole. The area ratio of the
dimpled portion was calculated under the same procedure previously described giving a
value of 0.35, being very close to sample 6 of this study. Figure 7.32 shows the best-fit

curve for the Babolat sample tested in the previous study presented in section 7.5. As
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expected, based on the Babolat’s area ratio, the u; curve shows to have a similar behaviour

at higher normal loads (from 300 N).
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0.8 | | | | | | | )
50 100 150 200 250 300 350 400 450

Normal Force (N)

Figure 7.32 Fitting functions for coefficient of static friction. Babolat dimples shoe sample result is

shown with a black thick curve.

The results from this study, give a clear insight into how the area ratio parameter can be
used to achieve different frictional effects between a tennis shoe and a hardcourt surface.
It also highlights the necessity to characterise this relationship through mechanical
testing. As discussed in section 4.2.2, with the increasing trend of top tennis players
sliding on hardcourt surfaces, tennis shoe manufacturers can utilise the area ratio of a
tennis tread to allow players to initiate and continue sliding with less risk of injuries due
to friction resistance. Furthermore, a holed tennis tread with an area ratio greater than
0.288 could be used on a tennis shoe outsole as a sliding element, in combination with
other elements to give more stability or traction. The position of these elements can be
complemented with insole pressure studies, to determine the optimal position depending

on the type of movement and frictional needs.

As a conclusion for the final test rig, it is recommended to use a punched hole sample
with a minimum area ratio of 0.288, which behaves similar to a part of a tennis shoe, as

presented in this section.
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7.6 Discussion of chapter

The preliminary tests of the pre-prototype (TSSTv1), showed that the device has the
potential of measuring and distinguishing friction between typical tennis surfaces.
However, further improvements need to be done to the rig, in order to reach higher test
shoe velocities, as it was previously shown (section ) an effect of the shoe velocity in the

friction generated with the surface.

In addition, some mechanical and component developments have been identified to be

required to ensure the rig is working to its full potential.

7.6.1 Rig

In general, a review of materials and mechanical components were identified after the

first stage of preliminary tests. These improvements are:

e A more solid and light frame structure.
e Change of material to some specific parts, as aluminium is ductile.

e Implement a solution to easily move around a tennis court.
Angled-ram configuration:

e Improve the interaction between the treaded bar and the pneumatic cylinder.
e An efficient way to adjust the height of the cylinder in order to reach a range of

angles.
Sled configuration:

These improvements, previously described, are to enhance the performance of the test
device, and to reduce time testing. Therefore, these do not represent a major problem and
could not be affecting the results. However, a more serious problem is analysed in the

next section.

7.6.2 Slider tipping problem

During the preliminary testing, it became evident that the first slider design had some
issues that needed to be reviewed. On both test configurations, after some tests, it was

found some marks on some of the tennis surfaces, suspecting that the slider began to tip
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to the front edge damaging the surface with the front screws. It was decided to study this

phenomenon to understand it and find a solution for the final design.

Angled-ram configuration

Figure 7.33 Photographs of test shoe slider tipped to the front during two tests on hardcourt (Left) and
hybrid clay (Right).

With the help of Solidworks, it was decided to analyse how the forces are transferred into
the test slider and onto the surface. Figure 7.34 shows the slider 3D CAD model with a
representation of three possible scenarios based on the angle of application. It can be seen
that, when the pneumatic ram applies its force at a 20° this force is close to the centre of
the slider, however as the angle increases, this force moves to the front of the slider, close
to the curve part of the slider and making it tip to the front. These scenarios were observed
during high speed videos (240 fps) taken during some testing. Figure 7.33 show two
images of the test slider tipping to the front. A possible implication of this could be the
reduction of the contact area, and hence the pressure applied to the surface, which could
be affecting the friction measurement. Another implication is that, as shown in Figure
7.33, because of this tip to the front, the rubber could be getting fixed on the surface,

increasing the adhesion between the two materials, and hence the friction measurement.

Figure 7.34 Direction of force application.
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Sled configuration

For this configuration, Boswell (2016) found similar tipping behaviour to the angled-ram
configuration. For the sled, it was evident that at higher normal loads, the slider began to
tip to the front edge. This was also manifest on how the rubber sample got worn, as shown
in Figure 7.35, in which it can be seen that the rubber sample was worn unevenly. Slow
motion videos (240 fps) were taken of the siding motion with the 10 kg and 40kg masses

on top, in order to visualise the tipping issue.

Figure 7.35 Example of uneven wear of holes sample.

The 10kg video showed that before and during the slide, the test slider continued parallel
to the surface. In contrast the 40kg video showed that, although the slider was parallel at
the start of the test, during the slide the test slider tipped onto the front edge and therefore,
was no longer horizontal to the surface. In order to analyse this tipping problem for the
slider turning, the centre of mass of the rig setup needed to be found. It was obtained with

the help of Solidworks CAD software.

L

X

Xpom = 0.123 m
y=0.074
b=0.017 mm
¢=0.020 mm
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L.

X

Xgam = 0.124 m
y=0.122
b=0.016 mm
c=0.068 mm

Figure 7.36 Example of force diagrams representing the turning moment problem. Top: 10 kg; Bottom:

40 kg.

Figure 7.36 shows the setups for 10 and 40 kg. These models assume the homogeneity of
parts, however, they are useful to analyse the forces which the slider is subject to and try
to understand and explain the tipping at higher loads. Although Figure 7.36 only shows
the 10 and 40 kg scenarios, the respectively centre of mass, with the forces were

calculated also for 20 and 30 kg.

Fram 1s is calculated using equation 7.4. The pressure used in the preliminary testing was
2 bar, therefore, Fr,, Was constant throughout.
F =PA where A = nr?

Equation 7-5
Fx is the reaction force from the surface, and it counters the weight of the rig, therefore
is equal to its weight and it is assumed to act at the centre of the slider. Equation 7-5 is
used to calculate the frictional force F. This is the necessary force for the slider to begin
movement, when Fy= Fj.

E fs = UsFy

Equation 7-6
For this model, p, is assumed to be constant for every situation. From Figure 7.19, the
values of p are extracted, for a smooth rubber test sample and each loading condition.
The values are 1.8, 1.4, 1.2 and 1.1 for the 10, 20, 30 and 40 kg respectively. In a real
situation, this g, values as well as Fr and acceleration will vary through the slide.

Subsequently, the overall counter clockwise turning movement was calculated from

equation 7.6 and labelled as M.
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M = (F; x y) = (Fy X b) — (Fram X ©)
Equation 7-7
Table 7-5 shows the respective distances, forces and moment for each situation. It is clear
that the 40 kg condition gives a much larger turning moment. At 10 kg, the moment is
small around 2.6 Nm and it is not enough to turn the slider onto the front edge. However,

the moment at the 40 kg condition, is around 5 times larger, which causes the slider to
tip.

Table 7-5 Distances, forces and moments for each loading condition.

Variable 10 kg 20 kg 30 kg 40 kg
Xram (M) 0.123 0.123 0.123 0.124

y (mm) 0.074 0.091 0.106 0.122

b (mm) 0.017 0.016 0.016 0.016

¢ (mm) 0.020 0.037 0.052 0.068
Fram (N) 475.2 475.2 475.2 475.2
Fy(N) 104.5 202.6 300.7 398.8
Fy(N) 188.1 283.6 360.8 438.8

M (Nm) CCW 2.65 5.12 8.80 15.0

7.7 Summary of chapter

In summary, this chapter describes the design methodology implemented to develop the
portable test methodology, a series of preliminary tests and the design refinements for the

final device.

1. A rapid pre-prototype test device was designed and manufactured. After some
preliminary testing, the device revealed some apparatus limitations, such as slider

tipping under the two configurations.

2. After the assessment of three methods, CNC machining and punching of holes was
selected as a robust method to produce bespoke test rubber samples. Three types of
test sample were then produced: a ‘smooth rubber’, ‘machined treads’ and a ‘holed

rubber’ samples.

3. It was found that a commercial available rubber, Nitrile N70, with similar mechanical

properties to actual tennis shoes, could be used to produce standard test sliders.
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4. After some preliminary tests with the pre-prototype (TSSTvl), the main findings

obtained identified are:

a)

b)

d)

As a first validation, the comparison of the TSSTv1-sled against the UoSh traction
rig proved to be promising as the values obtained by matching pressures with the

regular shoes and a bespoke tread sample.

The ability of the TSSTv1 sled and angled-ram configurations proved to be able
to distinguish the y, between three main surfaces: hardcourts, artificial grass and
clay, either with commercial tennis shoes samples and bespoke tread samples.
However, for py further testing and analysis need to be done as a stick-slip

behaviour was found.

Commercial shoes and bespoke treads exhibited the ability to be used as test
sliders with the prototype TSSTv2. After some friction testing there is a tendency
of the static and dynamic friction to decrease as normal force increases, which is

in good agreement with other studies.

Results from the ‘Holed rubber’ treads with area ratios from 0 up to 0.227
exhibited little change in frictional behaviour. However, there is a clear drop in
friction at area ratios of 0.288 and above at the 400 N normal load condition.
Samples 5, 6 and 7 showed similar frictional effect to the commercial ‘Babolat

dimples’.

The front edge of the test slider during a slide, showed to have an effect on the
and 1y measured on both configurations. For the ‘angled-ram’ this was corrected
by changing the point where the load is transferred to the test slider. For the ‘sled’
the 40 kg condition gives a much larger turning moment. Therefore, it is

recommended to use smaller loading conditions.
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8. General Discussion

8.1 Summary of Findings

The current thesis aimed to take previous existing understanding of the biomechanical
parameters and tribological mechanisms that occur during typical tennis player
movements, build further on this understanding and develop a robust, portable device to
assess the friction characteristics of tennis surfaces. Specific aims were identified in order
to achieve the overall aim of the thesis aims. Three experimental chapters (4, 5 and 6) and

a design chapter (7) were developed in order to achieve the overall thesis objectives.

Chapter 4 utilised the video analysis in combination with lab and field mechanical testing
to specifically inform the main biomechanical parameters that affect the shoe-surface
interaction in tennis (Specific objective 1, p. 3). As mentioned in Fernandez et al. (2006),
tennis is characterised by dynamic and athletic movements such as running, turning and
deceleration on a variety of surfaces. This variety of movements develops different levels
of friction during the shoe-surface interaction and it is critical to identify them, as they
affect the performance and injury risk of an athlete (Frederick, 1986). The video analysis
presented in section 4.2, proved to be helpful as an observational tool to study typical
tennis movements and to identify the player’s risk-specific movements on tennis courts.
After an observational analysis, it was reported that landing and sliding are movements,
despite the surface, were more falls occurred. Slip and grip were identified as main
contributors to increase the chance of a player’s fall, which is in good agreement with
Clarke et al., (2013) who stated that poor friction may result in a fall or slip. Additionally,
the video analysis was useful to reveal a tendency of players to perform sliding
movements on hard courts similar to clay courts. The results showed a sliding occurrence
of 28% on hard courts compared to a 46% on clay courts, supporting the statement that
the players adapt to the friction characteristics of the playing surface (Damm et al., 2013).
The shoe velocities during a slide on hard courts were measured for a small sample
through video analysis and were ranging between 2.8 and 4.5 m/s, suggesting that players
can adapt to the shoe-surface factors, in order to maintain a slide or stop abruptly. An
effect of the shoe velocity during a sliding movements was found and corroborated by

lab testing.

Finally, in order to obtain more accurate results in terms of shoe-surface friction, a novel

loading methodology was developed in Chapter 4 to replicate more closely a player’s
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loading profile as suggested by Dixon et al., (1999) and Chang et al., (2001b). One of the
main objectives of this new methodology was to be utilised with the final portable test
methodology. Although this new methodology opens new possibilities and was useful to
measure the static coefficient of friction, it was concluded to use a previous protocol

(Clarke et al., 2013) because of its simplicity and less components to implement it.

The current thesis aimed to compare data collected from existent experimental field test
methodologies on different tennis surfaces, in order to identify advantages and
disadvantages of each one (Specific objective 2, p. 3). From Chapter 5 it was evident that
experiments with two bespoke devices (The Crab and a sled), on grass and clay surfaces,
were useful to show the practicability on each surface. On clay and grass surfaces, the
bespoke sled device was found useful to measure shoe-surface friction. The device
showed the ability to exhibit differences in friction depending on characteristics for grass
such as: level of wear around a tennis court, moisture level and grass height. For clay,
the friction results collected presented differences in friction depending on the particle
size and the amount of artificial clay. In a similar way, the second device, The Crab III,
showed to be useful on clay surfaces, however, for grass, due to its very low normal load,
was found to be skidding on providing no reliable friction measurements. Stiles and
Dixon (2006), mentioned that the actual loading of the shoe-surface system caused by a
tennis player is higher than that replicated by most mechanical devices. Therefore, the
findings suggest to keep normal loads high enough during mechanical testing on tennis
courts. However, there is a compromise between the magnitude of a high normal load and
the portability of a test methodology. In Chapter 6 it was demonstrated that measuring
friction by matching insole peak pressures of match conditions with lower contact areas,
is in good agreement with friction measured by applying higher vertical loads, which
opens the possibility to design light mechanical devices. Damm et al., (2014) reported
peak pressure values ranging from 340.4 — 596.6 kPa, which can be achieved by a

combination of a specific vertical load in combination with a small test shoe.

In tennis, as previously showed (section 3.5.3) there is a vast variety of shoes available
for tennis. The shoes include a variety of different thread geometries in order to give the
enhance the player’s performance on clay, grass and hardcourt surfaces. To carry out
further laboratory/field based testing as necessary to build on understanding of

tribological mechanisms of the shoe-surface interface (Specific objective 3, p. 4).
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Chapters 5 and 6 presented the results of some pilot studies in which some of these

frictional mechanisms were evaluated.

As demonstrated in section 4.2 sliding is a tennis movement widely used on clay surfaces,
however most recently has been utilised on hardcourts to reduce recovery times to reach
a ball (Pavailler and Horvais, 2014). During a sliding the player orientates the shoe on
different directions in relationship with the movement, to obtain the desired outcome,
creating a unique and specific orientation between the treads and the surface. In Chapter
6 the effect of the shoe orientation during a slide on the friction was evaluated as a
tribological mechanism. The results showed that the shoe orientation and normal force,
were found to affect the friction mechanisms during a sliding movement. Each orientation
tested (0°, 30°, 60° and 90°), showed strong and significant linear regressions between
normal force and the dynamic coefficient of friction. Damm et al., (2013b), reported
values of 33.2 and 44.6 degrees for the shoe orientation angle during a forehand and
turning movements respectively. Although the experiments were performed with one
specific shoe, the results suggest that the players could experience different levels of

friction during a tennis match.

Additionally, it was found that during a slide movement on hardcourts, the front part of
the shoe outsole experiences a temperature increase up to 6°C compared to four other
positions along the shoe. The results from the shoe-surface temperature study showed a
correlation between the vertical load and outsole temperature change. As the load
increased from 600 to 1800 N, the temperature change went from 1.3°C to above 6°C on
four different surfaces. It was also found that the number of consecutive slides contributes
to a change in temperature. As the number of slides increases, the DCOF decreases,
however after approximately 14 consecutive slides, the DCOF starts to increase again (for

the surface/shoe combination tested).

Chapter 7 aimed to design and develop a bespoke prototype(s) for assessing the friction
during shoe-surface interactions in tennis (Specific objective 4, p. 4). After a detailed and
parametric design, the construction of a pre-prototype (TSSTv1) and a prototype TSSTv2
was implemented. The main characteristic of these devices is the ability of having two
test configurations in order to replicate two tennis movements. In order to measure the
friction of the shoe-surface interaction, it was important to closely mimic biomechanical

and tribological mechanisms. For this reason, some biomechanical and tribological
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conditions were selected from the literature review in conjunction with the results from

the experimentation to be used as boundary conditions for the test devices.
Biomechanical conditions

1. Interms of kinematics, two ‘high risk’ movements were chosen to be replicated with
the test device: a shoe landing and a slide (section 4.2.1).

2. Utilise different values of normal loads during friction testing (Clarke et al., 2012a)

3. Target peak pressures for the two movements: a landing (400 — 500 kPa) and slide
(200 - 250 kPa).

4. It was found an effect of shoe-velocity on friction during a sliding movement,

however due to mechanical components, this needs further reviewing.
Tribological parameters

e The temperature of the shoe and surface need to be monitored through testing.
Additionally, a rest time between trials is recommended to cool down the rubber
sample (section 6.4).

e A Nitrile commercial rubber (N70) was found to have similar mechanical properties

and provide comparable frictional measurements compared to tennis shoe rubber.

In addition to the boundary conditions previously defined, and to aid the process of
surface classification, it is recommended to utilise other surface parameters, such as
roughness (Clarke et al., 2012b) clay particle size (section 5.3), clay sand infill volume
(section 5.4). and grass height (5.2).

Additionally, Chapter 7 aimed to initially evaluate, compare and validate the designed
pre-prototype (TSSTv1) against lab established methodologies (Specific objective 5, p.
4). A first preliminary set of lab-tests with the pre-prototype showed the next key
findings:

e A comparison of results between the TSSTv1 using the sled configuration with the
UoSh test rig showed good agreement for the static friction measured and confirmed

the principle of matching player peak pressures in order to replicate play conditions.

e The results of a series of tests over a range of 7 professional tennis surfaces with two
bespoke tread samples and a commercial tennis shoe, showed the ability of the pre-

prototype to distinguish between surfaces in terms of static friction. These differences
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were found with both angled-ram and sled configurations. For the dynamic friction a

stick-slip effect was found, making it difficult to distinguish between the surfaces.

e The parametric study of five tennis tread patterns (2 commercial and 3 bespoke) tested
under a range of loads (100 — 400) and orientations (0 — 90°) revealed that the static
and dynamic friction have a high dependence on normal load rather than angle of
orientation. In general, it was found that two bespoke samples (holed and smooth)

showed similar frictional effects compared to a commercial tennis shoe.

e The study of the effect of contact area on the friction in contact with a surface revealed
how the area ratio parameter can be used to achieved different frictional effects.
Samples with an area ratio greater than 0.288, provided less friction compared to other

samples and behaved similar to a commercial shoe outsole section.

8.2 Implications of Thesis findings

8.2.1 Player’s utilisation of friction during shoe-surface interactions

As previously mentioned, nowadays, tennis is characterised by powerful strokes, high
spin and hence more athletic movements (Fernandez et al., 2006). These movements
typically consist of an initial split step followed by side steps to reach an incoming ball
(Hughes and Meyer, 2005). In tennis there is a wide variety of tennis movements like
running, turning, breaking, slipping and sliding. Although it is well known that player
movements differ between grass, clay and hardcourt surfaces (O’Donoghue and Ingram,
2001), it has been suggested that the main characteristic affecting the player-surface
interaction may be the friction (Girard et al., 2007). Although the results from this thesis
confirm it, the factors affecting the generated friction have never been studied for the

sport of tennis.

As previously showed in Figure 1.1, a specific tennis movement is determined by the
interactions between the three main factors: player biomechanics, the shoe and surface.
The sum of these factors (equation 8-1) affect how a player adapts to a tennis court, and

hence, increases or reduces the performance or injury risk.
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Player biomechanics + Surface + Shoe = Tennis movement

Equation 8-1

The previous equation, shows the factors involved during a tennis movement, however it
does not show how these interact. The way a player moves on a tennis court with the
correspondent interactions is represented in Figure 8.1. As shown in the diagram, during
this process, two main interactions occur in order to perform a particular movement:

player-shoe and shoe-surface.

Player’s Perception
Biomechanics |
Loading and
orientation
Shoes
Friction » Tennis movement
Surfaces

Figure 8.1 Graphic representation of the interactions during a tennis movement.

The first step of this process, in order to perform a movement, is determined by the player-
shoe interaction. It involves the player making an instantly decision about the amount of
load (horizontal and vertical) to apply into the shoe and how the shoe needs to be oriented
in reference to the direction of movement. All of this is based on the type of shoes and
playing surface. This interaction is mainly determined by the biomechanics of the player
(kinematics and kinetics), which is based on the player’s technique and ability. Next, the
second step of this process is the interaction between the shoe with the playing surface.
This involves a contact between the asperities of both materials producing a friction
between them. This friction is ruled mainly by two mechanisms, the adhesion and
hysteresis (Persson, 2001, Persson, 2006), which are affected by different factors such as
material properties, contact area, pressure, velocity, contact time and other variables
(Chang et al., 2001a). Thanks to the specialisation of tennis shoes available in the market,
a tennis player could utilise different parts of the tennis shoe to perform a specific
movement. (Wilson 2016). The results from the treads analysis (section 7.5) suggest that
a player could experience different levels of friction depending on the part of the shoe

that utilises.
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Finally, during the tennis movement when the shoe and surface are in contact, the player
receives a feedback from this interaction which could help deciding if it is necessary to
make a change either to the biomechanics or the shoe orientation in order to perform
successfully the movement. Players have the ability to regulate the friction experienced
with the court surface. A good example is the sliding movement showed in section 4.3.1
and in Figure 5.15, in which the player by modulating the ratio between the vertical and
horizontal loads, controls the amount of friction experienced. Damm et al., (2013)
reported different utilised COF values for a forehand manoeuvre performed on acrylic
and clay tennis courts which confirms that a player could adapt to the tennis court

depending on how he perceives the shoe-surface interaction.

The present thesis identified, based on how a player moves on a tennis court (Figure 8.1),
and on the results from the experiments presented, other variables that affect the frictional
mechanisms for the shoe-surface interaction. These mechanisms depend on the
characteristics of the playing surface and treads design. Parameters such as the magnitude
of the load applied (Clarke et al., 2012a), shoe orientation (section 6.2), shoe velocity
(section 4.3), clay infill volume (section 5.4), clay particle size (section 5.3), level of wear
of a grass court, moisture level (section 5.2) and the temperature generated between the
shoe with the playing surface (section 6.4) have been proved to affect the friction

generated by the player-shoe-surface interaction.

By studying and understanding these variables within this thesis furthers understanding
of the influence of player’s biomechanics, shoes and surfaces characteristics on the

tribological parameters and therefore the implications on each area.

8.2.2 Implications on characterising tennis surfaces

As mentioned in Miller (2006), there is little knowledge on how the different court
surfaces in tennis impact the player-shoe-surface interactions. Previously, friction
measurements between shoes and hard courts have exhibited relationships between
surface roughness and dynamic friction (Clarke et al. 2012b). In a similar way, for clay
surfaces, it was found that the infill particle size significantly influenced the friction
developed (Clarke et al. 2013). The findings from the current thesis confirmed roughness
and clay infill particle size as key parameters affecting the friction between a tennis shoe

in contact with a surface. Furthermore, the results presented in this thesis suggest other
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surface characteristics such as clay infill volume, grass height, moisture level and worn

areas as potential contributors.

As pointed in the literature review, there are a few regulations or any standards on the
surface parameters for a tennis court. This lack of knowledge suggest that the players
could be exposed to different levels of friction within a tennis court. The only one found
during this study was the grass height for Wimbledon (AELTC, 2016), which some
experimental results confirmed an effect on the friction generated during the shoe-surface
interaction. As suggested by Midburn and Barry (1998), there is a necessity of an optimal
range of the frictional properties of a tennis shoe with the different tennis surfaces, with
the objective to reduce the risk of injuries and to maintain and/or enhance the
performance. For these reasons, results from the surface parameters presented in this
thesis should be used to, firstly, understand how these affect the friction and then to

potentially be used as control measurements to build and classify tennis surfaces.

For surface manufacturers, it could also be of special interest as the surface parameters
studied and their effect on friction, could help improving their surfaces based on the
implications of shoe-surface characteristics. Additionally, it could help to improve their

manufacturing processes to keep consistent the frictional characteristics of a tennis court.

As concluded by Damm et al., (2013), the players adapt to the friction characteristics of
the playing surface. Subsequently, by monitoring and controlling the surface parameters
of a tennis court, the players could have the necessary information of a particular court
and plan their playing strategies based on this. For example, the roughness measurements
on hardcourts, clay infill volume (Ura et al., 2014b) or particle size (Ura et al., 2014a) on
clay courts, in combination with friction measurements with the TSSTv2, could be used
to classify a tennis court. In the same way, for grass, it will be necessary to determine the

best parameters to use for this classification.

This approach could be of special interest to the ITF, which could be used to classify and
categorise the surfaces around the world based on the type and friction generated during
specific tennis movements. In a similar way as the ITF CS 01/02 test method is used to
classify the court pace in terms of ball-surface interaction (ITF, 2016a), the TSSTv2 could

be used to classify the court friction in terms of shoe-surface interaction.

To help developing this classification, a new test protocol is suggested to be implemented

with the TSSTv2. This new test protocol is a combination of the test procedures
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previously defined in section 7.2, with some improvements formulated from the

conclusions of the four preliminary tests presented in section 7.4.

Although the proposed methodology includes focusing on matching ‘play’ conditions,
the main idea of this test protocol is to perform tests at different vertical loads (e.g. sled:
10, 15 and 20 kg masses on top), in order to generate a wider range of pressures in

combination with the test slider.

Once the values of friction are calculated for each normal load condition, the next step
will be to calculate the applied pressure based on the estimated test slider contact area at
each normal load. With this test data, interpolation can be performed to predict the friction
values for real-play pressures. An example of this approach is shown in Figure 8.2, which
represents the data collected with the sled configuration and the ‘holed rubber’ sample
number 5 (with a 0.288 area ratio). This test slider as discussed previously, behaves
similarly to the Babolat dimples shoe sample. The data was collected with the 10, 20, 30
and 40 kg masses on top of the sled. These results were obtained from section 7.5.1, and

the pressures were calculated from the correspondent calculated areas, shown in Table

7-4.
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Figure 8.2 Graph depicting i, against pressure for sample 5.

With this information, the ITF will be able to assess and classify different surfaces
according to a specific movement and under particular real-play pressures. By having the

biomechanical data (in-sole pressures) for any particular player movement, a specific

- 180 -



Chapter 8 General Discussion

friction value could be obtained from the graph. As an example, if a running forehand on
a hard court wants to be evaluated, based on the collated pressure data presented in Table
2-3 in section 2.4.3, a pressure of 417 kPa could be used to interpolate and calculate the
static coefficient of friction, which in this case is 1.45 (see * in Figure 8.2). With this
approach, a series of tennis movements could be evaluated for each surface for
comparison, and then, each surface could be ranked and classified. This represents an
initial approach to start classifying the tennis surfaces according to the shoe-surface

interface.

8.2.3 Implications for tennis shoes and shoes in general

As mentioned in the literature review, the specialisation of shoes for tennis has evolved
according to the player’s necessity on a specific surface and thanks to the development
of new materials and manufacturing processes. Similar to the surfaces, there is only one
official regulation about the shoes used on each surface (AELTC, 2016), and due to the
huge variety of tennis shoes in the market, it is difficult to determine the best shoe

selection for each surface, in order to enhance performance and/or reduce injury risk.

For these reasons, the knowledge generated in this thesis related to shoe treads (Goff et
al., 2016a), could be of interest to manufacturers to improve the design of tennis shoes.
The parametric study of treads showed different levels of friction depending on the tread
design (Goff et al., 2016b). These could lead to develop a range of tennis shoes for each
surface, based on individual player’s needs. Eventually, this knowledge could be applied
to other areas, such as safety shoes. Additionally, as pointed out in the shoe outsole
temperature study (Ura et al., 2015b) the outsole material properties could change with
extreme sliding, so this opens the opportunity to develop new materials able to adapt to
changes in temperature and extreme environmental conditions, which could affect the

shoe-surface friction.

It could also be of interest to the ITF to help standardise and classify the tennis shoes for
each surface, in order to reduce injury risk. It is recommended the development and
implementation of an in-house shoe testing programme, in order to assess the safety and
performance of shoes on each surface. This programme, similar to the ITF Court Pace
classification, could be based on some of the results presented in this thesis, such as
material characterisation and shoe treads testing; however, a wider study of tread

parameters and their effect on friction is recommended. As an example, the study of shoes
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like the “Wilson glide” (Wilson, 2016), is relevant to determine their real effect on the
player’s technique and safety, and to potentially protect the “nature” of the game. The
mentioned programme could be developed to assist purchasers or tennis players to
determine the best type of shoe for each surface, and to allow or ban specific shoes on

specific surfaces.

Additionally, by studying, and designing new shoe treads for each tennis surface, could
increase the specialisation of shoes available for any tennis player. Understanding the
effect of different treads in contact with a surface could lead a player to utilise a series of
tennis shoes during a tournament, or during a tennis match depending on their play
strategy (e.g. sliding, more traction, etc.). They could also wear specific shoes depending
on the amount of wear of a tennis court (e.g. grass court) or depending on the

environmental conditions.

8.2.4 Implications on portable sport test methodologies

Results from the present thesis with the TSSTv1 and TSSTv2 have provided evidence
that, based on its portability, lightness and the pressure concept approach, the TSSTv2
could be adapted for the study of shoe-surface interaction in other sports or other areas
such as the safety industry (Ura and Carré, 2016). The combination of mechanics,
pneumatics and electronics in the design of this novel device, will help to provide
repeatable friction measurements, eliminating the variability when human testing is

performed, as mentioned by (Clarke et al., 2013).

Additionally, recommendations for future development of portable mechanical tests
should attempt to replicate tennis movements (e.g. sliding and landing) with the use of
biomechanical data (loading characteristics and foot contact area), and in combination
with the assessment of tribological parameters of the shoe-surface interaction. This
approach opens new possibilities to other sports and activities in which other type of

interactions occurs (e.g. skin-equipment).
8.3 Conclusions

This project has identified some of the tribological mechanisms that occur during typical
tennis movements on grass, clay and hardcourts. Experimentally has studied some of

these, and based on the results, developed a robust portable device to assess the friction
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characteristics of surfaces and provide a better understanding of the shoe-surface

interface.

The thesis identified relationships between shoe and surface characteristics such as clay
particle size, sand infill volume, shoe-surface temperature, shoe orientation and shoe
treads with the main tribological contributors that affects the shoe-surface friction, such

as adhesion and hysteresis.

The designed portable test device is based on two tennis movements, landing and sliding,
which were identified, through video analysis as key movements on the main tennis
surfaces. This device enables a novel approach to generate pressures that are
representative to match-conditions by using a smaller test shoe and scaling the vertical
load applied to it. This improved the problem of replicating the player-surface-shoe

interaction under realistic play conditions with portable test devices.

Finally, the findings highlight the necessity to further study more tribological parameters
of the shoe-surface interaction, in order to help the International Tennis Federation to
identify the main contributors and to start classifying the shoes and surfaces in terms of

player’s safety and performance.

Finally, the findings highlight the necessity to further study more tribological parameters
of the shoe-surface interaction, in order to help the International Tennis Federation to
quickly assess tennis shoes and courts around the world and classified them according to

expected performance during specific player movements.

8.4 Current and Future Research

When reviewing the results of this research, certain limitations need to be taken into

account:

e At the moment of submission of this thesis, based on the results with the TSSTv1, the
final prototype design (TSSTv2) was developed and assembled. The final design with
a description of the elements incorporated in the new design is presented in the
Appendix D.

¢ Additionally, the TSSTv1 was tested only under lab conditions.
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When collecting frictional data of tennis court surfaces with the TSSTv1 and TSSTv2
future experimentation needs to concentrate on both lab and field testing, being field

testing the priority, as most of the testing with the pre prototype was under lab conditions.

As identified in the surface experimental results, the friction during a shoe-surface
interaction depends on the surface characteristics. Therefore, to continue determining the
friction contributors, it is therefore recommended to study other surface characteristics.
On grass, further testing is needed to measure the effect of grass properties such as line
paint, height, blade direction on friction under dry and wet conditions. On clay, further
investigation on the clay particle size effect on friction, and the contribution to friction of
a possible ploughing effect would be necessary to understand the interaction between
rubber and clay particles. For hardcourts, the study of other surface parameters, such as
cushioning (carpets) is necessary. Additionally, the monitoring of shoe-surface friction
measurements before, during and after tournaments, is recommended to evaluate any

changes in the surface performance and to continue building the knowledge of this area.

When examining the biomechanical conditions, in order to continue improving and
exploring new loading methodologies (Chapter 5), further testing needs to be performed
to study the effect of different parameters (e.g. different load profiles, surface roughness,
contact area, impact velocity and pressure). Supplementary kinetic and kinematic
parameters should be obtained from player’s tennis movements, in order to better
replicate the boundary conditions used in the mechanical test devices. Three dimensional
kinematic parameters such as the shoe-surface velocity during specific movements are
also important to obtain. Such measurements can be achieved by using motion capture

systems or by exploring the video tracking analysis presented in this research.

As presented in this thesis, to obtain reliable results from on-court testing, with elite tennis
players represents a challenge, therefore, to aid the study of biomechanical conditions,
further development of the video analysis presented in Chapter 5, (sliding incidence
analysis and shoe-surface velocity) could be helpful. By increasing the number of video
samples analysed, the preliminary results presented in this thesis could be confirmed and
other measurements could be determined. As showed from the preliminary video analysis

results, further experimental study to measure the effect of shoe-surface velocity on
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friction is needed, and could be done by analysing a sliding movement, evaluating

different shoe velocities on different tennis surfaces.

The current thesis aimed to examine typical outsoles of tennis shoes, and specifically
tread geometries. The results of previous literature were used to determine the main tread
characteristics to study, and experimental pilot studies of some treads were implemented.
An effect of the tread geometries and dimensions on the shoe-surface friction was found,
however, the sample was small compared to the tennis shoes in the market. Therefore,
future research performing a wider parametric study of outsole parameters to measure the
effects on friction is required. Further assessment of material properties of different
rubbers is necessary and the effects of shoe-surface wear on friction. Moreover, an effect
of the test shoe velocity on the dynamic friction was found, however due to time, it is
necessary to continue studying this phenomena, as the results showed a dependence on

the normal force applied (section 7.5).

Additionally, the results from the shoe outsole temperature study, demonstrated an effect
of the temperature on the friction generated on the shoe-surface interface, therefore,
further testing on a variety of surfaces such as carpets, grass and clay is recommended, to

confirm the previous results and to determine further effects on other types of surfaces.
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Appendices

Appendix A
Video Plaver Surface Court Player Primary Frictional
No. Y Location Movement Mechanism Mechanism
1 Bartolli Clay Baseline Running - FH Sliding Grip
2 Beneteau Clay Baseline Running - FH Sliding Grip
Landing after
3 Monaco Clay Baseline Running - FH shoot Grip
Landing after
4 Nadal Clay Baseline Running - BH shoot Slip
5 Petrovic Clay Baseline Running - FH Sliding Grip
Running drop
Wozniacki Clay Net shot Sliding Grip
Petrovic Clay Baseline Running - FH Sliding Grip
Landing after
8 Mladenovic Clay Baseline Forehand shoot Grip
Change
9 Lisicky Clay Baseline direction Brakeing Slip
Landing after
10 Nadal Clay Baseline Running - BH shoot Slip
11 Djokovic Clay Baseline Running - FH Sliding Grip
12 Ivanovic Clay Baseline Running - FH Sliding Grip
13 Sharapova Clay Baseline Running - FH Sliding Grip
Landing after
14 Jankovic Clay Baseline Return forehand shoot Slip
Landing after
15 Williams Clay Baseline Return forehand shoot Slip
16 Azarenka Grass Baseline Push-off Landing Slip
17 Del Potro Grass Baseline Running - BH Braking Slip
18 Hewitt Grass Baseline Running - FH Braking Slip
19 Murray Grass Serveline Running - FH Landing Slip
Nadal Grass Net Running drop Landing after Slip
20 shot shoot
21 Sharapova Grass Baseline Running - BH Landing Slip
22 Sharapova Grass Baseline Running - BH Landing Slip
Sharapova Grass Baseline Change Landing Slip
direction - Push
23 off
Djokovic Grass Baseline Change Landing Slip
24 direction
Veshina Grass Baseline Running- Braking Slip
25 change direction
26 Federer Grass Baseline Running - FH Landing Slip
Federer Grass Baseline Running - FH Landing after Slip
27 shoot
28 Federer Grass Baseline Serve - push off Landing Slip
Djokovic Grass Baseline Change Braking Slip
direction - push
29 off
Del Potro Grass Baseline Change Brake- push Slip
direction - Push off
30 off
Clijsters HC Baseline Running - FH Landing after Grip
31 shoot
Djokovic HC Baseline Running - BH Landing after Grip
32 shoot
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Dokic HC Baseline Running - BH Landing after Grip
33 shoot
Federer HC Baseline Change of Push off Slip
34 direction
LiNa HC Baseline Change of Push off Grip
35 direction
Li Na HC Baseline Running - BH Landing after Grip
36 shoot
37 Sabine HC Baseline Running - FH Sliding Grip
Serena HC Baseline Running - FH Landing after Grip
38 shoot
Serena HC Baseline Change Brake- push Grip
direction - Push off
39 off
Tipsarevic HC Baseline Running - FH Landing after Grip
40 shoot
Djokovic HC Baseline Change Brake- push Slip
direction - Push off
41 off
42 Nadal HC Baseline Running - BH Push off Slip
Williams HC Baseline Change Brake- push Slip
43 direction off
44 Ivanovic HC Baseline Running - FH Landing Grip
Sania HC Baseline Change Brake- push Grip
45 direction off
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Appendix B
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Appendix C- Design stage- Conceptual design

Problem definition

As a first step in the design methodology implemented (Figure 3.3), the definition of the
problem is vital. In chapter 1, the aim of this project was defined as the design of a
portable mechanical test methodology to measure the tribological characteristics of a
shoe-surface interaction in tennis. As suggested in previous studies (Dixon et al., 1999,
Clarke et al., 2013), a valid mechanical test should ideally replicate the materials and
loading of specific human—shoe—surface interactions. However, as mentioned in chapter
5, due to the magnitudes of the vertical forces generated during complex dynamic
movements, the replication of the actual biomechanical loading using portable equipment

is a challenge.

Therefore, with the objective to design a test device capable to replicate actual ‘match-
play’ conditions and be portable at the same time, it was decided, to analyse the
conclusions from the experiments chapters 4, 5 and 6, in order to specify the boundary

conditions for the test rig.

As discussed in Chapter 4, and based on the results from the ‘player movements’ video
analysis, it was decided to replicate two shoe movements which represent the majority of
risk movements in tennis: a ‘landing’ (push-off and running forehand/backhand) and a
‘sliding’ (forehand/backhand). Figure A - 1 and Figure A - 2 show schematic

representations of these two movements in terms of forces and velocities.

I
SIS S

Impact

Figure A - 1 Actual (left) and schematic (right) representation of a landing movement (push-off) showing

a landing force (F) and an impact velocity (v).

The ‘landing’” movement shown in Figure A - 1 is characterised by a foot impact with an

angle and with a force applied to the surface. The combination of these three parameters
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will cause the tennis shoe to initiate a slide on the surface if there is not sufficient friction

in the contact.

Fv

I
/A

Sliding

Figure A - 2 Actual (left) and schematic (right) representation of a sliding movement showing sliding

displacement (d), vertical and horizontal forces (Fy and Fy) and sliding velocity (v).

The ‘sliding’ movement shown in Figure A - 2 is characterised by a shoe displacement
with a specific velocity over a surface. Vertical and horizontal forces are applied during

the movement.
a) Biomechanical studies

As discussed in the literature review, several lab and field studies (section 2.4, Table 2-3)
have reported vertical loading conditions during dynamic tennis movements on hard and
clay courts above the 1000 N. Due to the high magnitudes of these forces it represent a
challenge to apply these on a tennis court with a portable test device. For this reason, it
was decided instead of replicating the forces, to replicate real-play conditions by
matching in-sole peak pressures. This approach was validated in part by the previous pilot
study on pressure and friction presented in Chapter 4. By the replication of ‘match-play’
pressures, this allows the use of lower vertical loads by reducing the contact area of the

test shoe.

Based on the values reports in previous lab and field experiments in Table 2-3, the target

pressures to match with the portable test device, were defined as shown in Table A - 1.

Table A - 1 Pressure range for the two movements

Movement Pressure (kPa)
Landing 400 — 550
Sliding 200 - 250
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b) Tribological mechanisms

As discussed previously in the literature review when tennis shoes outsoles, made from
viscoelastic rubber, are compressed against a hard tennis surface with some roughness,
there is an interaction between their asperities, and hence a friction between them is

generated.

As discussed in previous sections of this work, during dynamic tennis movements, the
generated friction is ruled by different parameters such as normal load (Chapter 2) surface
roughness (Chapter 2), shoe orientation (Chapter 6) and shoe-surface temperature
(Chapter 6). These have proved to be parameters that affect the adhesional and hysteretic

components of the friction.

It was shown, in section 6.2, that the shoe orientation also has an effect on friction. For
this reason, the design needs to be able to vary the shoe orientation in reference to the

movement. This will be covered later in this chapter.

As discussed in section 6.4 it is also necessary to consider the shoe-surface temperature
effects during testing. If necessary, it will be important to allow time between trials to

cool down the test slider.

To complement the friction measurement, it is recommended to measure the surface
roughness, as it has been proved to be a parameter that affects the friction. This
measurement will help to have a better understanding of the friction and to help

classifying the surface.

It is important to notice that although an effect of the shoe velocity during a sliding
movements was found (section 4.3), it was decided to not use this parameter for the design
stage, as it has been identified that this needs further examination and analysis, as stated

later in this thesis (section 8.4).
Functional analysis

In order to continue with the problem definition and concentrating on what the device
needs to achieve rather than how to achieve it, a functional analysis was implemented.
The objective of this analysis is the definition of the main function and sub-functions of

the designed product.
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The simplest way of expressing this is to represent the product or device to be designed
as simply a ‘black box’ which converts certain inputs into desired outputs. Figure A - 3
shows the diagram with the identified overall function, ‘Testing device’ in terms of
converting the inputs ‘shoe’ and ‘surface’ interactions into an ‘assess friction’ output.
These were defined based on the initial objectives, defined in Chapter 1, in combination

with the conclusions from Chapter 4, 5 and 6.

Assess friction
Testing device I:>
Function

Inputs Output

Figure A - 3 The black box model defined for the project, showing inputs, function and output

The next step was the breakdown of the overall function to identify the sub-functions.

Three main sub-functions were identified:

1. Replication of play-match pressures (a vertical load with a specific contact area).
2. Replication of two tennis movements (an angled impact and a horizontal slide).

3. Calculation of frictional force (measuring forces and displacements).

The diagram presented in Figure A - 4 shows all the processes needed to go from the
inputs to the outputs. After categorising the sub-functions, the player biomechanics were

identified and added as a new input for the defined system.

Calculate
frictional
force

Replicate
tennis
movements

. Measurement of
Angle impact and ~ .
) . horizontal/vertical
horizontal slide
forces
-~

Replicate
pressures

—

Assess friction

Vertical force
applied on specific
contact area

Player
Biomechanics

Figure A - 4 Black box model with sub-functions identified.
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Product design specifications

Once the inputs, functions, sub-functions and the outputs of the new device are identified,
the next phase of the implemented design methodology was to identify the product
specifications. This method produces an accurate specification of the performance
required by the design solution. It mostly concentrates on setting precise limits within
which the design solution must operate. The product specifications were defined in

conjunction with the ITF, according to their needs. These are:

e Light weight.

e Portable.

e Simple operation.

e Powered without connection to mains electricity.
e Measure shoe-surface friction.

e Representative of match play conditions.

e Interchangeable test shoe.

e No damage to surface tested.

e Repeatability of results.

e Reliability.

’

The next steps of this phase are the ‘Separation of attributes’ and the ‘Definition of limits
respectively. It consists of separating the specifications identified as ‘demands’ from
‘wishes’. The ‘demands’ must be achieved, whilst the ‘wishes’ would like to be achieved
if possible. Table A - 2 shows the performance specification with its demand/wish
category and the limits defined. The limits of some of these attributes were defined with

the ITF as they were sponsors of this project.
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Table A - 2 Product design specifications with the respective defined limits.

Product specification Demand/ Wish Limit
- Light weight D Not to exceed 30kg.
- Portable size D Sum of dimension not more than 158 cm.
- Simple operation D Single person with minimal training.
- Powered without connection to mains . .
.. w During operation.
electricity
- Measure shoe-surface friction D Distinguish bgtwgen different shoe-
surface combinations
- Representative of match play D Apply a range of specific pressures and
conditions ability to vary angle.
- Interchangeable test shoe D Quick change of test shoe.
- No damage to surface tested D Any metal contact with surface.
- Repeatability D Low variation of measurements taken.
- Reliability D Consistently produces same results.
Concept generation
Brainstorming

Based on the conclusions of chapter 4 about the replication of the two player’s movement,
a set of initial ideas were sketched around the design. Only the more representative ones

are presented in this section.
The first ideas were around two main objectives:

e To simulate a ‘landing’ and a ‘sliding” movements previously described.

e To determine and design a representative test shoe.

The first sketches, presented in Figure A - 5, were based on a general approach. This
involved two main options: human assisted or non-human assisted. Based on the ITF’s
field testing experience and on the product specifications of ‘simple operation’ and
‘portable and light’ it was decided to focus the design on the human assisted option. The
main objective of this option was to combine some mechanical or electronic components

with an operator, to have a balance between accuracy and portability.
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Figure A - 5 Human assisted (left) and automated (right) general ideas.

Focused on the characteristics of the ‘landing’ and ‘sliding’ movements previously
described in section 4.2, the next step was to determine the best way to replicate the
specific player movements. Two main ideas were determined based on the schematic
representations presented in Figure A - 1 and Figure A - 2. These ideas focused in

reproducing the movements on the basis of how players apply forces on a tennis surface.

For the ‘landing’ movement, the idea generated was the ‘angled-ram’ device (shown in
Figure A - 6-left), which is based in the basic inclined plane concept previously discussed
in the literature review. This conceptual device is composed by an actuator which applies
a force on a test shoe which hits the surface with a controlled angle. The main objective
of this device is to find the angle where the test shoe is slides on the surface. The slip

angle is related to the static coefficient of friction.

For the ‘sliding’ movement, the aim is to simulate a sliding shoe on the surface, and it
was represented by a simple sled device, shown in Figure A - 6-right. It is composed by
a weight loaded test shoe, which, after applying a horizontal load, starts to move on the
surface. This concept is based to the UoSh traction rig, (Clarke et al., 2013), whose
operation includes in measuring the limiting friction generated when a shear force is

gradually increased against a test shoe under a constant vertical load.

| e o Terris shee

Figure A - 6 The ‘angled-ram’ (left) and ‘sled’ (right) devices concept ideas.
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A final idea, was to merge both devices from Figure A - 6, into one configurable device
capable to be transformed on both ‘angled-ram’ and ‘sled’. The main advantage of this
idea is in terms of the restriction of portability and dimensions of the device. By having
one configurable device, in comparison of two devices, makes easier to travel and/or

reduces possible transport costs.

In order to fulfil the second objective of the brainstorming, additional ideas related to the
test shoe were developed. Figure A - 7 shows the first main sketched ideas; a circular test

shoe (1), a piece of tennis outsole (2) and a slider with rounded ends (3) were the main

ones.
Teyt swee
® cude -
= on
N f‘.("a\ = W) Y &
\ — / - nd Aloal &
/ \ \ ‘~.|( : — Nlval
\ / —— © el ' hoe
\ 7 / r
widde Bubhec
L\\ l'\ e ¢
Figure A - 7 Test shoe conceptual design sketches.
Morphological chart

After the brainstorming and generation of the first ideas for the test device, a
morphological chart with the essential features or functions determined in the previous
was completed. The aim of this morphological chart method was to generate the complete
range of alternative design solutions, and hence, to widen the search for potential new
solutions. Table A - 3 shows the morphological chart generated with the main features of
the portable device with some possible solutions for each function. One of the main
criteria to define the solutions was to utilise, as much as possible commercial parts, in

order to facilitate the maintenance service of the device.
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Evaluation and selection of components

To evaluate the different option solutions for each function (Table A - 3), a weighted
objectives method was produced. It was based on the functional analysis and product
specifications previously defined in section. The aim of this method is to compare the
alternative solutions for each function, and select the best one based on the basis of

performance.

The first step in this method, is to list the option solutions for each function and evaluate
them based on the product specifications. Each solution is scored using values from 1 to
5, evaluating the contribution of the solution to each of the product specifications
(5’ represents the highest contribution). After the evaluation, the solution with the
highest final sum score is then selected as the optimal and it is utilised for further

development.

Table A - 4 to Table A - 11 show the comparison and evaluation of the different solutions,

for each function previously defined, proposed in the morphological chart.

For the ‘application of horizontal’ force function, showed in Table A - 4, the evaluation
shows the pneumatic cylinder as the optimal solution for this design. Although human
power represents the simplest way to achieve this function, the score in repeatability and

reliability were too low compared to ‘pneumatic cylinder’.

Table A - 4 Evaluation of ‘Application of horizontal force’ function.

3 5 |3
Product sz |€ |3 | & | &
e Z1 8| 5| 22| 2 0ol 2 2 | &2 =
specifications | 20| 7 | § | 8| £ 2| 28| = 2 = £ 2
21 o 8| 55| 88| == Se| &3 | F = | 4
2l | 8| 8| 25| E=| 22| 22| 212|885
< | 8 22| w2 og| 2G| awd| § | &
= 8| 2 28| o E| 25| = T Q| 5| H| A
L5 o | Y| 5 2l 35 g 5| =
Sl E| B2 | 555 | € |
: n =¥ O =2 k= °
Solution s = 2
1. Pneumatic cylinder 3 5 3 3 5 - 3 515132 |1
2. Electric actuator/motor 3 5 3 1 - 2 - 3 S| 5127 2
3. HL.lman power (pulling or 5 1 5 5 ) 3 ) 3 11 2l 4
pushing)
4. Pulleys 515 3 3 - 1 - 3 313 (26| 3
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Table A - 5 shows the evaluation of ‘application of vertical force’. The solution with the
highest score was the ‘weights’ options. Although the score value was very close to
‘pneumatic cylinder’, the difference relied in the highest score of the simple operation

and power specifications for the ‘weights’ solution.

Table A - 5 Evaluation of ‘Application of vertical force’ function.

3 5 |3
Product s|ls | € | % g | &
. . = R | € 2 a 2 SN § z >
specifications | 2| & | E | 8| T | 28| = = | £ 2
2l o 8| 25| 85| 8= Se| €| 2| F = | =
2l 5| 8| w8 28| 5<| 22| 22| E| 2| 8| §
= | g 2| 2| 09| 5| 2| ¢ 8
= 8| 2 SE| oF| 28| 29 =8| 2| B| B |~
= s | 83| g o < g 5| m
S|&| E| g8 2 B8l |8 |2
; B £ 8 [~ = o
Solution s = 2
1. Pneumatic cylinder 5 5 3 3 - 5 - 4 505135 2
2. Electric actuator/motor 3 5 3 3 - 3 - 4 515|131 3
3. Human weight 5 1 4 5 - 5 - 5 313|131 4
4. Weights 5| 4 5 5 - 5 - 4 5015 (381

The evaluation of ‘measurement of reaction force’ is shown in Table A - 6. Two options
were scored, being the load cell the one with the highest score. The contribution of

lightness and portability to the device, were the specifications with the highest score.

Table A - 6 Evaluation of ‘Measurement of reaction force’ function.

3] 2 3t
7o)
Product £ =2 & s 2 £
| 8|2 2z 2 S ] Z 2|
specifications | 2| Z | & = 3 | £2| 5, ool 2| 2| = | x
Q - . = T =
sl 2| &| =8| 25| E<=| 28| o2| S| 2| 5| §
El €|l o| 25| 2E| 28] §E@| e S| 5| = | &
@ 5| e | 25| £EF| 28| £ £ 5| &
QS| E| Bl | EFE |8 |~
Solution @A ° ~ = °
= = z
1. Portable force plate. 1 3 1 - 5 - 3 505125 2
2. Load cell. 4 4 3 1 - 5 - 5 5151321

Table A - 7 shows the evaluation for the ‘measurement of displacement’ function. This
evaluation showed same scores for the LVDT and analog position sensor, suggesting that
any of these devices could be selected. However, the analog position sensor was ranked
as number one, as in comparison to the LVDT, requires less or any of extra machined

parts for the mounting.
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Table A - 7 Evaluation of ‘Measurement of displacement’ function.

3] “ 3t
7o)
Product £ 3 & s 2 £
fications | B S| E| S8 7.1 222 |2 | £z
specifications | 2| @ g § 8| % g| £ Ti 2 2 EE] =]
~ +~— v «
z ,_'% &l =8 2 | g9 gbg o £ % ) s =
E|lE|le| 25| o8] 28| 87| 2| 8 | F | = | &
| 5| a| 85| BEF| 2 E| < g g2
S| £ E[z238] 2 | 888 | & |4
Solution @~ 3 ~ = °
= = z
1.LVDT 4 3 1 - - - 5 505 (27 2
2. Measurement tape 4 5 5 5 - - - 3 1 1 24 | 3
3. Analog position sensor 4 | 4 3 1 - - - 5 515 |27

In terms of the ‘Standard test shoe’ function, Table A - 8 presents the evaluation of three
solutions. Here, the best solution focused on designing a bespoke slider with a
commercial rubber attached to it as the best solution. Tennis outsoles will be a good
option to use as a test rubber, however, because of the variability of tread designs on the
market, and the difficult process to remove the outsole of a tennis shoe, the commercial

rubber option is ranked with the highest score.

Table A - 8 Evaluation of ‘Standard test shoe’ function.

3 2 3
7o)
Product £ 3 & s 2 &
S Z| 8| =5| 22| 2 0 5| 2 | 2 =
specifications | 2| = | & | 25| | £2| 2 2o E1E| = |
sl 2| &) 28| g2 25 58| 22| 2|2 8| =
Zlel S| ge|l 2| 58| 5| g 5| =] 2| &
S E| 2| 58| o&E| 88| 27| g2 & |5 | F|&
Fl2| 5|28z |55 % |§ |2~
R= o 4 15} 5} o
Solution S o K~ = °
= = z
1. Tennis shoe segment 3 4 5 - 5 5 2 5 505139 3
2.B ke slider / commercial
espoke slider / commereial | 5 | 5 | 5 | 5 4 5 5 504|431
rubber
3.B ke slider/tenni
espoke slider/tennis 5055 | - 5 5 2 5 505 |42 2
outsole

Table A - 9 shows the evaluation of the possible solutions for the ‘Calculate static and
dynamic’ function. Raspberry Pi and Arduino finished as the highest scored solutions,
suggesting that any of these could be used in the final design. The main differences
against a computer with acquisition cards were the portability and lightness of the

Raspberry and Arduino solutions.
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Table A - 9 Evaluation of ‘Calculate static and dynamic’ function.

3 2 3
w
Product £ B B B 2 £
s 21 85| 28| 2 SR ™ 2 | 2 =
specifications 2 = s § gl $g| € Ti 2 122 & = | «
[} - . =1 = o
2l 2| 8| =8| 25| 55| 22| g% S| 2| 8| §
2l gl el 28| 2| 28| 8§87 de| 8| Z|H|H
@ 5| e | 25| £EF| 28| £ £ 5| &
QS| E| Bl | EFE |8 |
Solution Rl o ~ = )
= — z
1. Computer + acquisition
Computer + acquisitio 3|34 2| 5| - ; 515 (27 2
cards
2. Raspberry Pi 5 5 3 5 - - - 32
3. Arduino 5 5 3 4 5 - - - 5 5 32 2

For the ‘Move around a tennis court’ function, Table A - 10 shows the three solutions
evaluated. Although the simplest solution is the lifting by hand option, after many hours
of testing, this could represent a disadvantage for the operator. The motorised wheels and
remote control represent a good option in terms of effectiveness of moving around a
tennis court, however, the implementation and the power specifications, reduced the score
of this option. At the end a combination of the human with some rolling wheels

incorporated in the final design, make the best solution to solve this function.

Table A - 10 Evaluation of ‘Move around a tennis court’ function.

3 © 3
7o)
Product £ =2 & k) 2 £
. . 2| 8| 5| 2¢2 = SN E 2| s
specifications | 2| 5 | £ | 28| 2| 28| = 2 2| E| -
21 o Q| 2E| 88| 5= 8o 83| 2| & s | %
sl 2| 8| <8 25| 55| 22| o3| E| 2| 2| §
2l gl a| 88| 2| 28| 87| de| 8| Z | B | H
@ 5| e | 25| 5| 28| £ £ 5| &
dl = E[2° 2 | 57§ |§ |
Solution @A ° ~ = °
= — z
1. Lifting by hand 1 5 - - - 4 505130 2
2. Rolling on wheels 5 5 4 5 - - - 5151331
3. Motorised wheels and
5 5 4 1 - - - 4 515129 3
remote control

Table A - 11 presents the evaluation of the ‘securing to the ground’ function. Although
the pins solution was scored with the highest values for lightness and portability
compared to the other three options, the main difference was the ‘No damage to the
surface’ specification. After a research, for the pins, it was not found any solution
involving no damage to the surface. For this reason, it was considered to utilise the weight
of the operator in combination with the weights to apply the vertical force, the best option

to secure the device on the surface.
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Table A - 11 Evaluation of ‘Securing to the ground’ function.

[ o
Q % Q
Product £l s £ B 8 &
= =
I IR 5| £z 3 2ol 2 2 | &2 =
specifications | 2| & | S | € 8| £ | 28| = = £ 2
5| 5| 2| 52| 28|25 5| 28|32 | 5|2
22|25 53| 53| 22| 93| E 2| 2| &
= | 8 ) = S| 28| 3¢ 8| 0 | =S5 | = | &
| & = 5 g =" o3| & aQ, o]
N A Y S| g5 2c| 8 g o | =
S| E|ESlz | 555 | & |«
lution @A S ~ = °
Solutio < E 2
1. Pegs 515 1 - - - - 1 413 |19 4
2. Weights 2| 4 5 - - - - 4 30 3 |21 2
3. Human weight 2 3 5 - - - - 4 313120 ( 3
4. Weights + human weight 3 3 5 - - - - 4 41 4 (23| 1

As a summary, Table A - 12, shows with the best scored solutions for each function.
These solutions, will be used further in the design process, sections 7.2 and Appendix D,
in order to build a robust device. However, during the detailed and parametric design
stage, some modifications to the original design components could be implemented, in

order to improve the design.

Table A - 12 Summary of the results for the evaluation process

Function Solution
1. Application of horizontal force Pneumatic cylinder
2. Application of vertical force Weights
3. Measurement of reaction force Load cell
4. Measurement of displacement Analog position sensor
5. Standard Test shoe Slider with commercial rubber
6. Calculate static and dynamic friction Raspberry Pi
7. Move around a tennis court Rolling on wheels
8. Securing to the ground Weights + human weight

-210 -



Appendices

Appendix D — Current Research-Final prototype design

In order to develop the final prototype, specific improvements and components must be
designed and manufactured to improve the accuracy of the device. This section describes
the elements and designs for the two main elements of this design: the test rig and the test
slider. These were designed based on the product specifications, previously described in

detail in the Appendix C.

For this final design stage, a list of new components was selected and incorporated in the

new design. These include:

1. IVAC pneumatic cylinder
A light and strong pneumatic cylinder with an integrated solenoid valve, cushion
and speed control. By having everything in one unit, space is saved, with less

tubing and no need for separate mounting of valves.

2. Analog positioning sensor
A magnetic analog cylinder sensor which gives the linear displacement of the ram.
It is mounted straight onto the case of the pneumatic cylinder. It has a sample rate

of 1.15 ms.

3. Castors
Two thermoplastic rubber elastomer (TPE) castors with polypropylene wheel
centre (low-noise operation with low rolling and swivelling resistance), were
included in the design, in order to facilitate the transport of the device around a

tennis court.

Additionally, Bosch Rexroth 2016 aluminium extrusion was used in the design of the test
device. Figure A - 8 shows the completed Tennis shoe-surface test (TSSTv2) in the folded
position with major dimensions shown. The specific features of this configuration are

discussed below.
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Figure A - 8 Tennis Shoe-Surface Test V2 (TSSTv2) in the folded position.

The size of the TSSTv2 in the folded position is 500 x 240 x 120 mm with a total weight
of approximately 10 kg. These dimensions were defined to minimise the space required
for transportation. As required by the ITF, the sum of the three dimensions is 860 mm,

much less than the 1580 mm as previously specified.
Angled-ram configuration

In order to start the testing, and to move from the folded position to the angled-ram
configuration, segment one (s/) needs to be lifted and secured at 90° with the horizontal
with the “L” supports. Then, segment two (s2) is attached to segment one. This procedure
is shown in Figure A - 9, and the final assembled TSSTv2 in the angled-ram configuration
is presented in Figure A - 10. The dimensions in this configuration are 500 x 240 x 490
mm. To help secure the device on the surface, there is a weight support at the front of the

device, in which some weights could be positioned.

Figure A - 9 Steps to unfold the TSSTv2 for 1st configuration.
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As shown in Figure A - 10, one of the main improvements to this configuration design
is the carriage in the vertical support, where one of the ends of the pneumatic cylinder is
attached. This carriage moves freely in the vertical direction over polypropylene guides
helping to reach the necessary test angle. Once the carriage is positioned in the desired
position, it is secured by a clamping lever. The second improvement, is the circular
indentor attached to the horizontal threaded bar which helps to push the pneumatic
cylinder, when the angle is varied through the activation of the hand wheel. The third
improvement is a foot plate, which in combination with some weights on the front part of

the device, helps to secure it to the ground, by the operator standing on the plate.

Analog positioning
sensor

Castor
wheels

Pneumatic unit

20 oo Load cell

Foot plate ' 31 _ » Weight support

—_—

Indentor

Figure A - 10 The TSSTv2 angled-ram configuration.

Figure A - 11 shows the extreme positions with in this device. In this configuration, the
device was designed to be able to reach a range of angles (0) between 20 — 60° which are

equivalent to a range of static coefficient of friction (1) between 0.36 - 1.76.
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Figure A - 11 The TSSTv2 on a 20° (left) and 60° (right) positions.

As mentioned previously, two wheels were integrated in the final design, which can be
activated by tilting the device to the back. Once the wheels are in contact with the surface,
the device could be easily moved to a new test position without lifting the entire device.
Based on the previous pre-prototype test device, this improvement represents an

enormous advantage for the test operator.
Sled configuration

The transition from the angled-ram configuration to the sled one is performed in three
steps. These steps are shown in Figure A - 12. The first step consists of removing the
handle wheel, threaded bar, foot plate and test indentor from the device. Then, the device
is tilted 90°. As the devices rotates, the pneumatic cylinder gets into a flat position,
parallel to the test surface. Finally, the third step consists of mounting the test slider on

bottom of the sled carriage, and join the sled to the end of the pneumatic ram.

Figure A - 12 Steps to transform from the angled-ram to sled configuration.

214 -



Appendices

Figure A - 13 shows the device in the sled configuration. The dimensions of this
configuration are 820 x 24 x 50 mm. The sled with the test slider and weights are
equivalent to 200 mm from the total length. A desired number of weights could be

attached to the top of the sled in order to match the pressure desired in combination with

the test shoe slider.

200mm

Figure A - 13 The TSSTv2 sled configuration.

Test shoe slider

Based on the preliminary testing conclusions and the problems identified and discussed
in the section 7.6.2, a new test shoe slider was designed. The dimensions of the new

slider are 51.8 x 25 x 15 mm with a flat area of 625 mm® (25 x 25 mm).

To solve the tipping problem in the angled-ram configuration, the joint point between the
pneumatic ram and the slider was moved to a position in which the applied force stays on
the flat part of the slider, no matter the angle in which the force is applied. The
representation of a force applied at the extreme angle positions 20 and 60° is presented in
Figure A - 14. Another solution that could be implemented is to punch holes towards the
edges of the slider (curve parts). In case the slider tips to the front, then the area ratio

could be maintained.

The second improvement implemented is the height of the slider, with new moves
positions for the locking screws. In some testing cases previously, represented a problem

when the screws came into contact with the test surfaces.
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25mm

&

15 mm

-

51.8 mm

Figure A - 14 Final test shoe device with its dimensions (Left). Direction of force applied on three

different angles.

In order to have a more robust test slider and prevent thread jamming problems, the
material of the slider was changed from aluminium to stainless steel, which provides a

better support for the screws.

TSSTv2 device

As stated in the limitations of this research, section 8.4, at the moment of submission of
this thesis, the TSSTv2 assembly stage was still in progress, so it was not evaluated and
validated. However, Figure 4 - 15 shows some images of the actual TSSTv2 with the new

test slider.
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Figure A - 15 TSSTv2 device. Top: folded position; Middle sled position; and Bottom: test slider.
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