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Abstract
Mechanical testing of synthetic turf football surfaces is considered essential to ensure player performance and safety. How-
ever, it remains unknown how well the mechanical outputs reflect player perceptions of these surfaces. The first objective 
of this study was to investigate the agreement between the outputs from the Rotational Traction Tester and the Advanced 
Artificial Athlete with player perceptions across a range of controlled third generation turf football surfaces. The second 
objective was to identify the modifications to the Rotational Traction Tester and the Advanced Artificial Athlete configura-
tions and output variables that give the strongest agreement with player perceptions. An indoor test area containing ten third 
generation turf surfaces with controlled hardness and traction properties was constructed. Each surface was tested using the 
Advanced Artificial Athlete and Rotational Traction Tester in their current configuration and in several modified configu-
rations aimed at better replicating the player–surface interaction. Using a trained panel paired comparisons technique, 18 
University footballers (11 males and 7 females) identified differences in the surfaces based on four sensory attributes Move-
ment Speed, Slip, Leg Shock and Give. Results indicated strong agreement (correlation coefficients between 0.7 and 1.0) 
across several Rotational Traction Tester and Advanced Artificial Athlete testing configurations and output variables with 
player perceptions. It is recommended that the current Rotational Traction Tester is improved through added instrumenta-
tion to allow surface stiffness to be evaluated (the rate of generation of traction resistance). It is further recommended that 
the Advanced Artificial Athlete adopts a new algorithm to improve the accuracy of the surface’s Vertical Deformation and 
Energy Restitution, and the number of drops is reduced from three to one.
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1  Introduction

Third generation synthetic turf (3G turf) pitches are widely 
used as an alternative to natural grass in sports such as 
football and rugby due to their resistance to weather and 
ability to sustain more intensive use [1]. To ensure these 
surfaces meet the performance and safety requirements of 
players, governing bodies such as Fédération Internation-
ale de Football Association (FIFA) and World Rugby have 
developed a quality programme to assess surface proper-
ties through both laboratory and field testing [1, 2]. These 
tests aim to generate discrete and repeatable measurements 
to compare against the required standards for player–sur-
face and ball–surface interactions [3, 4]. Player–surface 
interaction is assessed using the Rotational Traction Tester 
(RTT, Fig. 1a) and the Advanced Artificial Athlete (AAA, 
Fig. 1b) [3]. With the aim of quantifying surface traction, 

This article is a part of Topical Collection in Sports Engineering 
on Football Research, edited by Dr. Marcus Dunn, Mr. Johsan 
Billingham, Prof. Paul Fleming, Prof. John Eric Goff and Prof. Sam 
Robertson.

 *	 Steph Forrester 
	 s.forrester@lboro.ac.uk

1	 Sports Technology Institute, Wolfson School of Mechanical, 
Electrical and Manufacturing Engineering, Loughborough 
University, Loughborough LE11 3TU, UK

2	 School of Architecture, Building and Civil Engineering, 
Loughborough University, Loughborough LE11 3TU, UK

3	 Labosport UK, Unit 3 Aerial Way, Hucknall, 
Nottingham NG15 6DW, UK

4	 Football Technology Innovation Subdivision, Fédération 
Internationale de Football Association (FIFA), Zurich, 
Switzerland

http://crossmark.crossref.org/dialog/?doi=10.1007/s12283-022-00398-x&domain=pdf
http://orcid.org/0000-0001-6342-7552


	 D. Cole et al.5  Page 2 of 13

the RTT outputs Peak Torque from a rotational interac-
tion between a weighted studded test foot and the sur-
face [3]. To measure surface hardness, the AAA utilises a 
spring-mass system in a drop test configuration to meas-
ure the acceleration throughout impact, from which Shock 
Absorption, surface Vertical Deformation and Energy Res-
titution are determined [3].

Despite their widespread use in the pass/fail certifica-
tion of football surfaces, how well the RTT and AAA reflect 
the player experience of a surface has been questioned 
[5–7]. The AAA produces a short dynamic impact curve 
of < 50 ms, with a measured peak force in the range 2–3 kN 
to pass the FIFA standard requirements [3, 8, 9]. In con-
trast, during running on 3G turf a typical foot-strike peaks 
at around 1–2 kN and lasts about 250 ms [10–12]. Vertical 
forces of 3 kN have, however, been recorded underfoot dur-
ing landing from a simulated header [13]. Furthermore, the 
AAA test foot generally resembles the shape and area of 
the human heel [3], in contrast to peak player contact forces 
which typically occur with the whole- or fore-foot in contact 
with the surface [10–12, 14].

Greater disparity can be found between the RTT and 
player-surface biomechanical data during cutting and turn-
ing movements. The weighted studded test foot generates a 
vertical force of 0.45 kN and pressure of 26 kPa throughout 
the ≥ 45° rotation [3]. During cutting and turning, players 
can exert vertical forces of up to 3 kN and peak pressures 
of up to 500 kPa [15–17]. Furthermore, the planted foot 
typically rotates less than 10–15° during the turn [13, 18]. 
Finally, clear differences in design can be observed between 
the circular six-studded test foot and the studded boot out-
soles typically used on 3G turf [16].

Researchers have sought to address some of these 
concerns through creation of their own devices with an 
increased emphasis on biofidelity [19–25]. Whilst these 
devices have increased validity in terms of the player-surface 
interaction mechanics, little research has been conducted to 
assess whether the resulting measurements relate to play-
ers perceptions of the surfaces. Furthermore, their size and 
mass leads to questions over portability and, therefore, their 
practicality for use in surface standards testing, while their 
reproducibility has yet to be demonstrated.

Data related to players’ perceptions of football surfaces 
has often focused upon broad differences between natural 
and 3G turf pitches or perceived injury risk [26–28]. Little 
research is available regarding how players perceive spe-
cific surface properties under-foot [29]. To address this, a 
recent study identified the language typically used by play-
ers to describe their sensory feelings when interacting with 
football surfaces and demonstrated the ability of players to 
reliably detect sensory differences across a range of con-
trolled 3G turf surfaces [30]. This study using a trained panel 
approach, where each player initially underwent training 
to distinguish and evaluate perceived surface properties. 
In addition, the surfaces were presented to each player as 
paired comparisons, where they had to select which of the 
two surfaces had ‘more’ of the sensory attribute of interest.

Following on from the development of a reliable meth-
odology to assess player perceptions of 3G turf surfaces 
[30], the first objective of this study was to investigate the 
agreement between the outputs from the RTT and AAA 
player-surface interaction tests (standard configuration [3] 
and modified to improve biofidelity) and player perceptions 
across various rubber crumb (SBR) infilled 3G turfs with 

Fig. 1   a Rotational Traction Tester (RTT) used to measure surface 
traction [3]. (1) Torque wrench. (2) Lifting handles. (3) Tripod frame. 
(4) Weights. (5) Six studded test foot. b Advanced Artificial Athlete 

(AAA) used to measure surface hardness [3]. (1) Support frame. (2) 
Electromagnet. (3) 20 kg falling mass. (4) Accelerometer. (5) Linear 
stiffness spring. (6) 70 mm diameter test foot



Comparison of player perceptions to mechanical measurements of third generation synthetic… Page 3 of 13  5

differing surface properties. The second objective was to 
identify the RTT and AAA test configurations and output 
variables that provided the strongest agreement with player 
perceptions of the surfaces.

2 � Methods

2.1 � Surfaces

Ten 3G turf surfaces were constructed in an indoor testing 
area to ensure surface properties were controlled and not 
influenced by environmental conditions [30]. Five of these 
surfaces were designed to explore the agreement between 
outputs from the RTT and player perception and the remain-
ing five to explore the agreement between outputs from the 
AAA and player perception. The surfaces were laid in two 
rows of five lanes, each 5 × 1.2 m, banked by 3G turf run-offs 
(Fig. 2). Each surface was constructed to produce specific 
Shock Absorption and Peak Torque values based on RTT 
and AAA testing using the current configurations and test 
protocols [3]. The five surfaces used for the AAA assess-
ment were constructed to produce various Shock Absorp-
tions whilst maintaining a consistent Peak Torque (H1–H5, 
Table 1), and the five surfaces used for the RTT assess-
ment were constructed to produce various Peak Torques 
whilst maintaining a consistent Shock Absorption (T1–T5, 
Table 1). Visual differences between surfaces, which may 
have influenced player perceptions, were minimised by using 
rubber crumb infill throughout and maintaining a consistent 
free pile height.

Key requirements for the surface creation process 
included: to create surfaces with carefully controlled dif-
ferences in Shock Absorption, Vertical Deformation (AAA 
assessment surfaces) and Peak Torque (RTT assessment 
surfaces) (Table 1); to ensure minimal visual differences 
between surfaces to avoid player biases; and to maximise 

the range of values relative to the FIFA Quality bounds 
(Table 1). Whilst the first two of these were achieved, this 
required some compromise with respect to the FIFA Quality 
lower bound for Shock Absorption (lowest 62%), Vertical 
Deformation (lowest 8.1 mm) and Peak Torque (lowest 36 
Nm).

2.2 � Mechanical devices modifications

In addition to testing the surfaces using the current RTT 
and AAA configurations [3], the devices were modified to 
investigate the effects of different interaction characteristics 
considered to be more aligned with player-surface biome-
chanical data.

For the RTT, in addition to the standard 46 kg, normal 
loads corresponding to 66 and 34.6 kg were also investi-
gated. The 66 kg condition was chosen to better represent the 
upper player vertical loads observed during cutting and turn-
ing [15–17] whilst maintaining the usability of this manual 
test device. The 34.6 kg condition was closer to lower verti-
cal loads observed during the final push-off phase where 
most foot rotation occurs [18]. A second test foot with a 
different design was also investigated; this had the same 
diameter but consisted of many rubber dimples rather than 
six studs [31]. When using the standard six studded test foot 
on 3G turf, Peak Torque is observed to occur as each stud 
reaches the path of the preceding stud [32]. The purpose of 
the dimpled test foot was to investigate the development of 
traction forces without stud overlap mechanics affecting the 
outcome. To investigate the interaction resistance throughout 
the rotation, instrumentation was fitted to the RTT to record 
the full torque–angle profile (Fig. 3a). This allowed for the 
calculation of surface stiffness [32], and for a data quality 
check on the operator’s rotational speed during the test [3]. 
The instrumentation consisted of a strain gauge torque sen-
sor, calibrated using a digital torque calibration analyser to 
a resolution of 0.01 Nm and accuracy of ± 0.10 Nm, and 

Fig. 2   Layout of the ten lane indoor surface testing area used for 
player perception and mechanical assessments of the surfaces [30]. 
Five of the surfaces were designed to explore the agreement between 

outputs from the RTT and player perception and the remaining five to 
explore the agreement between the AAA and player perception. The 
organisation of the surfaces across lanes was randomised
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a Hall effect rotational potentiometer, calibrated following 
the manufacturer’s specifications, to a resolution of 0.5° and 
accuracy of ± 1.0°. The torque and angle data were sam-
pled at 250 Hz and filtered using a second order low-pass 
Butterworth filter, cut-off frequency 20 Hz. Two stiffness 
regions were investigated, an initial region of higher stiff-
ness (2.5–15% of Peak Torque) and a secondary region of 
lower stiffness (50–80% of Peak Torque), calculated as the 
gradient of the line of best fit to the torque–angle data within 
that region (Fig. 3b).

For the AAA, the first modification was to increase drop 
height from 55 to 70 mm, increasing contact time, impact 
force and impact energy. Although the contact time was 
not expected to reach the 250 ms associated with running, 
and the forces and loading rates would be further increased 

above those typical of running [10–12], they would better 
match those from a jump landing [13]. The second modi-
fication was to increase the test foot diameter from 70 to 
110 mm, providing a closer match to a typical human fore-
foot area [14]. The new test foot was manufactured from a 
solid nylon rod 110 mm in diameter and cut to 60 mm in 
length (Nylon 6, RS-PRO, density 1.15 kg·m–3, compressive 
modulus 2700 MPa). One end was machined to give a radius 
of curvature designed to maintain the same height differen-
tial between the centre and edge of the foot as the current 
FIFA standards test foot [3]. The other end was machined to 
allow attachment to the existing steel test foot via an interfer-
ence press fit and adhesive tape [8].

A new algorithm to identify the contact phase for the 
AAA impact was also implemented as previous research 

Table 1   Surface construction details and mechanical test properties for each lane obtained from testing using the RTT and AAA and the current 
FIFA standards [3]

The mean (standard deviation) is from the five test locations for the RTT and AAA and from 10 infill depth measurements on each surface. The 
field test requirements for FIFA Quality and Quality Pro surfaces are provided for comparison. Adapted from [30]
SA Shock Absorption, VD Vertical Deformation

Surface ID Shockpad Carpet Stabilising 
infill (2EW 
sand) (kg/m2)

Performance infill 
(SBR)

Total infill 
Depth (mm)

AAA​ RTT​

SA (%) VD (mm) Peak torque 
(N·m)Size (mm) (kg/m2)

AAA assess-
ment surfaces

 H1 Schmitz Pro-
Play Sport 20

50 mm Tiger-
Turf

17 0.8–2.5 12 33.3 (1.1) 71.0 (0.7) 10.7 (0.3) 47.1 (1.7)

 H2 Trocellen 50 mm Tiger-
Turf

17 0.8–2.5 12 31.9 (1.3) 68.9 (0.3) 10.2 (0.1) 45.8 (1.7)

 H3 Alveo (1 layer) 60 mm Tiger-
Turf

15 2.0–4.0 15 37.4 (1.2) 69.8 (0.4) 11.1 (0.2) 42.3 (1.4)

 H4 Schmitz 
ProPlay Sport 
15/215

50 mm Tiger-
Turf

17 0.8–2.5 12 32.4 (1.4) 61.6 (0.9) 8.1 (0.2) 48.2 (1.3)

 H5 Alveo (2 layers) 50 mm Tiger-
Turf

17 0.8–2.5 12 33.1 (1.4) 74.7 (0.7) 12.6 (0.5) 46.1 (1.6)

RTT assess-
ment surfaces

 T1 Alveo (2 layers) 60 mm SIS 15 2.0–4.0 15 40.1 (1.7) 76.1 (0.6) 13.2 (0.4) 35.7 (1.3)
 T2 Alveo (2 layers) 60 mm Tiger-

Turf
15 2.0–4.0 15 40.0 (1.4) 76.9 (0.5) 13.4 (0.3) 39.9 (1.6)

 T3 Rigid MDF 
board

60 mm SIS 15 0.8–2.5 15 39.6 (1.1) 66.3 (0.5) 9.3 (0.2) 47.2 (1.7)

 T4 Alveo (2 layers) 60 mm Tiger-
Turf

15 0.8–2.5 15 37.3 (1.5) 77.2 (0.3) 13.2 (0.2) 52.7 (1.5)

 T5 Alveo (2 layers) 50 mm Tiger-
Turf

17 0.8–2.5 12 33.6 (1.3) 75.8 (0.6) 12.6 (0.3) 47.0 (1.5)

Run-offs Alveo (2 layers) 60 mm Tiger-
Turf

0 0.8–2.5 17 40.0 (1.9) 76.0 (0.8) 9.9 (0.4) 41.3 (1.9)

FIFA Quality 
[3]

55–70 4–11 25–50

FIFA Quality 
Pro [3]

60–70 4–10 30–45
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highlighted the current algorithm to under-estimate Vertical 
Deformation [8]. The new algorithm started by identifying 
the peak force. It then worked forwards and backwards in 
the data to locate the points at which the force first dropped 
below 30 N and, provided the absolute gradient at the point 
exceeded 10 kN·s−1, this defined the new initial and final 
contact times, respectively (Fig. 4a). If the gradient condi-
tion was not met, then the algorithm stepped towards the 
peak force, i.e. forwards for initial contact and backwards for 
final contact, to find the first time point where the gradient 

condition was met to define the initial or final contact time. 
The time at which first contact occurred was used to set the 
zero level of surface deformation. The new algorithm also 
calculated Energy Restitution through determining the area 
under the force–deformation curve (Fig. 4b).

Surface testing across all ten lanes was completed using 
the RTT and AAA test devices in their current configura-
tion. Surface testing for every combination of the modifica-
tions detailed above was completed for the AAA on all five 
AAA assessment surfaces and similarly for the RTT on all 

Fig. 3   a Rotational Traction Tester with additional digital instrumen-
tation to record torque (red) and angle (blue) throughout the rotation. 
b Example torque–angle profile recorded by the instrumented RTT 
with the Peak Torque (red X) Initial Stiffness (area 1) and Secondary 

Stiffness (area 2) regions highlighted. The stiffness values are deter-
mined as the gradient of the line of best fit to the torque–angle data 
within that region (Colour figure online)

Fig. 4   a Example force–time profile from a single AAA impact with 
peak force (red X), current and new contact periods identified. b 
Example force–deformation profile from an AAA impact illustrating 

the new algorithm for calculating Energy Restitution based on cal-
culating the area under the force–deformation loading and unloading 
curves (Colour figure online)
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five RTT assessment surfaces. Testing with the RTT (single 
test) and AAA (three drops) occurred at five equally spaced 
locations per lane, none within 200 mm of the lane edge, 
and followed the test protocol given in the current FIFA 
standards [3]. For the RTT testing, trials were repeated if 
the operator’s rate of rotation deviated by more than 25% 
from the FIFA standard target value, i.e. outside 54–90°/s. 
The outputs from this testing are provided as Supplementary 
Material (Tables S1–S3).

Each trial was processed using custom scripts in Matlab 
2020b (Mathworks Inc, Natick, MA, USA). For each device 
configuration and output variable, two analyses were per-
formed. Firstly, the five surfaces were ranked from lowest to 
highest, and secondly, a one-way analysis of variance with 
Tukey–Kramer post-hoc analysis identified which surface 
pairs were significantly different (P < 0.05).

2.3 � Player perception

Eleven male (20 ± 2 years, 74.3 ± 6.1 kg, 180 ± 5 cm) and 
seven female (20 ± 2 years, 64.6 ± 5.3 kg, 173 ± 10 cm) foot-
ballers from the University first and second teams formed 
the trained panel used to evaluate the properties of the five 
AAA assessment surfaces and five RTT assessment surfaces 
(Table 1) [30]. Ethical approval from the University ethics 
committee was acquired before testing, all players provided 
written informed consent to participate and indicated that 
they were currently injury-free. The panel had previously 
worked with the investigators to develop a common language 
to describe their sensory assessment of football surfaces and 
gain familiarisation with the test protocol [30].

Each player completed an individual evaluation session to 
obtain their sensory responses for the five AAA assessment 
surfaces and five RTT assessment surfaces. Four sensory 
attributes were used (Table 2); for attributes related to hard-
ness (AAA assessment) a jump and landing was performed 
with players asked to identify the sensory response during 
the landing phase, and for attributes related to grip (traction) 
(RTT assessment) a 180° stop and turn was performed, with 
players asked to identify their sensory response during the 
turning phase.

The evaluation sessions started with a brief warm up fol-
lowed by a recap of the attributes and movement standards. 

For each sensory attribute players performed ten pairwise 
comparisons which covered every paired combination of 
the five surfaces relevant to that attribute and with the pairs 
completed in a randomised order (Table 1). The order in 
which attributes were tested was also randomised, however, 
all ten pairs for each attribute were completed before moving 
onto the next attribute. Players were allowed to repeat move-
ments on a surface as many times as they wished and were 
given time to rest for a self-determined period between each 
pair. After completing the movements on a pair of surfaces, 
the player informed the experimenter which of the two sur-
faces resulted in more Leg Shock/Give/Movement Speed/Slip 
(dependent on the attribute being tested). After every 2–4 
player sessions, the surfaces were reconditioned and retested 
using the RTT and FieldTester [8] to ensure their properties 
remained consistent.

The player’s response to each paired comparison was 
recorded in Excel and subsequently processed in Matlab. 
For each sensory attribute, agreement between players was 
assessed using Friedmans T statistic, followed by post-hoc 
analysis using Tukey’s honestly significant difference test to 
identify significant differences between surfaces (P < 0.05) 
and the order in which the five surfaces were ranked.

2.4 � Data processing

To assess the agreement between each mechanical variable 
and player attribute, three assessment criteria were used 
(Fig. 5, Table 3).

The first criterion assessed the strength of the relationship 
between the mechanical and perception data using the Spear-
man’s correlation coefficient. Larger absolute correlation 
coefficients were given higher assessment criterion 1 scores.

The second criterion assessed the number of significant 
differences between surfaces identified by the players that 
were also identified by the mechanical variable. The number 
of surface pairs deemed as significantly different by the play-
ers and by the mechanical variable was expressed as a per-
centage of the total number of surface pairs (i.e. ten for both 
traction and hardness in this study) and a higher percent-
age resulted in a higher assessment criterion 2 score. Thus, 
where an attribute identified several significant differences 
between surfaces that were also identified by the mechanical 

Table 2   Sensory attributes identified by the players and used to measure their perceptions of the test surfaces [30]

Property Attribute name Definition Movement Instruction

Hardness Leg Shock The amount of shock felt in the knees Jump and landing Two footed landing with minimal bend 
in kneesGive The amount of deformation felt under foot

Grip (traction) Movement Speed The speed at which turns can be performed 
at

Stop and turn Foot planted perpendicular to direction of 
travel. Accelerate out of the turn

Slip The likelihood of slipping whilst turning
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variable the result was a high score. Conversely, where an 
attribute identified few significant differences between sur-
faces, or several significant differences that were not identi-
fied by the mechanical variable, the result was a low score.

The third criterion assessed the level of measurement 
repeatability in the mechanical variable. The mean of the 
standard deviations from the five individual tests on each 

surface, was expressed as a percentage of the overall range 
in that variable across the five surfaces. A lower percentage 
indicated higher measurement repeatability (i.e. a greater 
ability to discriminate between surfaces) and a higher assess-
ment criterion 3 score.

The scores for each assessment criterion were summed 
to produce an overall score for that mechanical variable, 

Fig. 5   Example graph displaying the relationship between the 
mechanical variable (Secondary Stiffness) and player sensory attrib-
ute (Slip) expressed as the normalised rank sum. The rank sums were 
normalised on the scale 0–100, where 0 and 100 are the minimum 
and maximum possible values respectively, i.e. the normalised rank 
sum removes sensitivity to the number of players or surfaces used 
in testing. The Spearman’s correlation coefficient for this data was 
1.0, resulting in a top score of 4 for assessment criterion 1 (Table 3). 
Annotations next to surface crosses indicate the surface pairs which 

the players identified as being significantly different (P < 0.05). An 
asterisk next to the surface annotation indicates that the mechanical 
variable was also significantly different (P < 0.05). In this example 
players identified five significantly different pairs in Slip (T1–T2, 
T1–T3, T1–T4, T1–T5, T2–T4) and four of these pairs were also 
identified as significantly different based on the mechanical variable 
Secondary Stiffness (T1–T3, T1–T4, T1–T5, T2–T4). This gave a 
percentage of 40%, i.e. four surface pairs from a maximum of ten sur-
face pairs, and assessment criterion 2 score of 2

Table 3   Scoring thresholds 
used for each of the assessment 
criteria to determine the level 
of agreement between the 
mechanical variable and player 
attribute. Different scoring 
thresholds were used for the 
RTT and AAA variables in 
assessment criterion 3, to reflect 
the differences in repeatability 
of the two test devices

A score of 4 was not enabled for the AAA assessment criterion 3 due to the high repeatability in the AAA 
measurements leading to the potential for this criterion to dominate the scoring across all AAA test config-
urations and variables. The full details of the RTT and AAA design configurations, mechanical variables, 
sensory attributes and surface pairs that this analysis was applied is provided as Supplementary Material 
(Table S4)

Score Assessment criterion 1 Assessment criterion 2 Assessment crite-
rion 3

Spearman’s correlation 
coefficient (absolute)

Number of significantly different pairs identified 
by players and mechanically (% of maximum)

Measurement 
repeatability (aver-
age standard devia-
tion expressed as % 
of total range)

RTT & AAA​ RTT & AAA​ RTT​ AAA​

4 1.00  ≥ 80  < 10
3 0.80–0.99 60–79 10–19.9  < 5
2 0.70–0.79 40–59 20–29.9 5–9.9
1 0.60–0.69 20–39 30–39.9 10–14.9
0  < 0.60  < 20  ≥ 40  ≥ 15
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ranging from 0 to 12 (RTT) or 0 to 11 (AAA). The higher 
the overall score, the more appropriate the device modifica-
tion and mechanical output variable combination in terms 
of level of agreement with player perceptions.

3 � Results

3.1 � Rotational Traction Tester

Mechanical variables Peak Torque and Secondary Stiffness 
produced the highest overall scores for Movement Speed and 
Slip across all RTT configurations (Fig. 6). For the studded 
test foot, lower normal loads (lower applied mass) favoured 
Peak Torque and higher normal loads favoured Secondary 
Stiffness, supporting the relevance of instrumenting the 
RTT. Initial Stiffness scored weakly throughout, while the 
dimpled test foot scored lower than the studded test foot, par-
ticularly for Slip. There was little to choose between the per-
formance of the two sensory attributes (Movement Speed and 
Slip); in combination, the current RTT configuration (46 kg 
and studded test foot) generated the highest scores for both 
Peak Torque and Secondary Stiffness (7 and 7, respectively, 
for Movement Speed and 8 and 8, respectively, for Slip).

3.2 � Advanced Artificial Athlete

Mechanical variable Vertical Deformation generally pro-
duced the highest overall scores across most AAA con-
figurations; however, all variables scored highly except 
for Energy Restitution calculated using the current algo-
rithm (Fig. 7). Changes to the AAA drop height and test 
foot diameter resulted in consistent systematic changes to 
the mechanical variables across the five AAA assessment 
surfaces and, consequently, had little effect on the scores, 
with no clear improvements over the current configura-
tion, i.e. 55 mm drop height and 70 mm test foot diameter. 
Notably, for most device configurations there was little 
difference between using the first drop versus the mean 
of the second and third drops. Energy Restitution demon-
strated the greatest benefit from the new algorithm, with 
the energy absorbed and returned calculated from the 
force–deformation curve giving much stronger agreement 
with both sensory attributes in comparison to the value 
calculated from the falling mass inbound and outbound 
velocities [3]. The attribute Give consistently generated 
slightly higher scores than Leg Shock, principally due to 
higher correlation coefficients.

Fig. 6   Overall assessment 
scores for each mechanical vari-
able and RTT device configura-
tion against a Movement Speed, 
and b Slip. The numbers within 
each bar indicate the contribu-
tion of that assessment criterion 
to the overall score for that bar. 
The boxed configuration on the 
x-axis represents the current 
FIFA RTT device design [3]. 
The individual values for each 
assessment criterion are given 
as Supplementary Material 
(Table S5)
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4 � Discussion

The first objective was to investigate the agreement between 
mechanical surface performance variables obtained using 
the RTT and AAA and player perceptions across various 3G 
turf football surfaces. Overall, there was strong agreement 

between several mechanical variables and sensory attrib-
utes (Figs. 6, 7) supporting the relevance of the mechanical 
test devices in the quality assurance process for approving 
football surfaces. The second objective was to investigate 
whether changes to the devices, either in test method, hard-
ware or data processing, or all three, could improve on this 

Fig. 7   Overall assessment 
scores for each mechanical vari-
able and AAA device configu-
ration against a Leg Shock & 
Current algorithm, b Leg Shock 
& New algorithm, c Give & 
Current algorithm, and d Give 
& New algorithm. The numbers 
within each bar indicate the 
contribution of that assessment 
criterion to the overall score for 
that bar. The boxed configura-
tion on the x-axis represents 
the current FIFA AAA device 
design [3]. The individual val-
ues for each assessment crite-
rion are given as Supplementary 
Material (Table S6)
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agreement. There was evidence to support the inclusion of 
Secondary Stiffness for the RTT (requiring the addition of a 
torque transducer and angle potentiometer). There was also 
evidence for using a new algorithm to calculate Vertical 
Deformation and Energy Restitution more accurately from 
the accelerometer data for the AAA, while using only one 
drop should also be considered.

Changes to the RTT static normal load had little effect on 
the overall score, but gave differing trends for Peak Torque 
versus Secondary Stiffness (Fig. 6). During a RTT test there 
are two main mechanisms contributing to the development 
of traction forces [33]. The first relates to the interaction 
between the ploughing studs and performance infill-fibres 
mix, and the second relates to the interaction between 
the flat underside of the test foot and the confined carpet 
layer beneath. For 3G turf surfaces, the stud–infill interac-
tion resistance becomes increasingly important as rotation 
progresses, representing the dominant contributor to Peak 
Torque and with stud spacing dictating the angle at which 
this occurs [33]. Changes to the normal load affects the level 
of compression in the performance infill beneath the test 
foot and, therefore, all the contributors to rotational resist-
ance [33]. The difference in trends between Peak Torque and 
Secondary Stiffness may result from the mechanisms being 
affected to a differing degree by the changes in normal load, 
while the lack of overall effect may result from all surfaces 
showing a similar trend of increasing traction with increased 
normal load, and vice versa. The poorer performance of the 
dimpled test foot most likely results from the mechanisms of 
traction not closely enough representing those in player–sur-
face interactions, notably the lack of a contribution from 
studs interacting with the performance infill.

The addition of a torque transducer and rotational poten-
tiometer to the RTT allowed for the full torque–angle pro-
file to be captured, and stiffness to be calculated in two 
regions leading up to Peak Torque (Fig. 3b). Furthermore, 
this allowed the operator’s rate of rotation to be monitored 
to ensure this was close to the value specified in the FIFA 
standard [3]. In this study, 6% of trials were repeated as 
the rate of rotation deviated by more than 25% from the 
FIFA standard with all falling below the lower limit of 54°/s. 
Although the effect of rate of rotation on traction remains 
unknown, given the strain-rate dependency of polymeric 
materials in 3G turf [34], having some control over this 
variable appears beneficial to improve test reproducibility. 
Further work is required to explore an acceptable range for 
rate of rotation. Overall, Secondary Stiffness performed 
equivalently to Peak Torque, typically having a slightly 
higher correlation coefficient but being slightly less repeat-
able (Fig. 6). Given that Secondary Stiffness is the gradient 
of the torque–angle curve from 50 to 80% of Peak Torque, 
it represents a more direct measure of the resistance forces 
generated by the studs ploughing through the performance 

infill than Peak Torque, as it is not influenced by stud overlap 
mechanics. This more direct measure of the resistance forces 
can be advantageous for other types of football surfaces, e.g. 
natural grass, where Peak Torque may not be triggered by 
stud overlap [25]. Furthermore, the calculation of stiffness 
is considered less susceptible to noisy data as it is calculated 
from the gradient of the line of best fit over a specific portion 
of the torque–angle curve (Fig. 3) compared to Peak Torque 
which relies on one point.

Changes to AAA drop height and test foot did not 
improve overall scores compared to the current configura-
tion. The changes tended to result in systematic differences 
to the mechanical variables, rarely changing the ranking 
order of the surfaces and, therefore, having little impact 
on the correlation coefficients with the sensory attributes. 
The players appeared to be better at identifying differences 
between surfaces with respect to the surface deformation, 
highlighted by the high scores seen between AAA Verti-
cal Deformation and Give, and to a lesser extent Leg Shock 
(Fig. 7). Thus, it appears that players were using the amount 
of deformation sensed under foot, more so than the amount 
of shock sensed in the knees, when assessing the surfaces’ 
hardness regardless of attribute.

The new contact algorithm for the AAA, developed to 
identify the contact phase between the test foot and surface 
more accurately, affected the values of Vertical Deformation 
and Energy Restitution. Vertical Deformation using the new 
algorithm increased in magnitude, more so for more compli-
ant surfaces, thereby increasing the range of values recorded 
across all the test surfaces and the ability of mechanical test-
ing to differentiate between surfaces. However, the increased 
accuracy of the new algorithm resulted in a small reduction 
in test repeatability as the initial and final contact points no 
longer coincide with easily identifiable maxima and minima 
in the velocity data during impact [8]. Energy Restitution 
had the largest increase in scores for the new algorithm. 
The new algorithm is based on calculating the energy stored 
and returned from the surface force–deformation curve. This 
improves on the current algorithm which considers only the 
inbound and outbound kinetic energy of the falling mass 
[3] neglecting changes in potential energy of the falling 
mass and energy stored in the spring rather than the surface 
(Fig. 1b). Overall, the first drop performed as well as the 
mean of the second and third drops. While the first drop typi-
cally had slightly lower repeatability, the difference was not 
large enough to change the scores. In this controlled labora-
tory study, where the test surfaces were regularly recondi-
tioned to ensure consistency, it was expected that the mean 
of the second and third drops would be more repeatable 
than the first drop. It is likely that this is partly due to the 
first drop compacting the surface beneath the test foot, and 
thereby removing some of the inter-location surface vari-
ability, as well as benefitting from being the mean of two 
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drops. This raises the question as to whether using one drop 
at each of the 19 field test locations [3] is a better solution 
where quantifying spatial variability in surface properties 
is one of the aims of testing, with the additional benefit of 
greatly reducing the number of tests required per pitch [3].

A key outcome of this study was the strong agreement 
between several mechanical variables and player percep-
tions. There are two factors that may have influenced this 
result. Firstly, to investigate the agreement between the 
mechanical devices and the players, a level of control over 
the surfaces and players was needed to reduce the number 
of confounding variables and provide confidence that the 
results were an outcome of the differences in behaviour 
between the surfaces. Testing was conducted in a labora-
tory environment with care taken to ensure consistency 
across each surface lane, unlike in the field where areas of 
low and high usage can result in spatial variability in hard-
ness and traction [34]. Care was taken in the design and 
creation of the surfaces to control their appearance such that 
there were minimal visual identifiers that could have influ-
enced a player’s decisions; in the field, this level of control 
is unlikely to be feasible. The use of a laboratory environ-
ment also meant climatic factors did not affect the surfaces 
properties. It is worth noting that the hardness and traction 
properties of the surfaces were typical of those found in the 
field (Table 1). Secondly, greater control was placed over 
the players’ preparedness than in previous studies [27, 35]; 
the trained panel paired comparisons approach involved the 
players in defining the attributes and movements prior to 
their assessment of the surfaces [36, 37]. This provided con-
fidence that the differences between surfaces perceived by 
players were an outcome of sensory feedback and not differ-
ences in individual techniques. The use of sensory attributes 
developed by the trained panel added further confidence to 
the results, knowing that players rated the surfaces using 
language they understood, rather than their interpretation of 
the industry terms of traction and hardness. Furthermore, the 
players were able to compare laboratory surface pairs imme-
diately; unless two pitches are located next to each other, it is 
unlikely a similarly immediate stimulus could be achieved in 
the field. This likely inability to compare surfaces immedi-
ately may reduce the level of perceivable differences in the 
field, with only larger differences between surfaces identifi-
able. The impact of each of these factors and, therefore, the 
extent to which the results can be extended to outdoor 3G 
turf football pitches, remains unknown.

The surface creation requirements meant that no surfaces 
at the stiffer and low traction ends of the FIFA Quality limits 
could be included in the study (Table 1). In addition, four of 
the five RTT assessment surfaces sat above the compliant 
end of the FIFA Quality limits. However, there was nothing 
in the results to indicate that the outcomes are not appli-
cable across the full FIFA Quality range. In particular, for 

the RTT assessment one of the surfaces was designed to be 
stiffer than the others and sit within the FIFA Quality limits 
(surface T3; Table 1); the results from this surface were well 
aligned with those from the remaining four with no indi-
cation that the difference in stiffness affected the players’ 
perception of Slip or Movement Speed.

The scoring allocation used within the assessment criteria 
(Table 3) determined the final scores for each device modi-
fication and, therefore, the outcomes from this study. The 
bands used for each assessment criterion were carefully and 
objectively selected to ensure that, on average, each crite-
rion contributed an equal weighting to the final score. This 
approach minimised the opportunity for experimenter bias, 
ensured a wide range of scores, and identified the device 
modifications that performed best across all three criteria.

While further evidence to support the results of this study 
is needed, the focus should remain on players with signifi-
cant on-going experience of different football surfaces and 
those most likely to be sensitive to boot-surface interactions, 
thereby avoiding the need for studies with infeasibly large 
numbers of players. Future work should also explore how 
well the results from this highly controlled laboratory-based 
study carry over to outdoor real world football surfaces and 
the introduction of several confounding factors such as vis-
ual appearance of the surfaces and changes in footwear.

This study involved only rubber crumb infilled 3G turf 
surfaces; how well the results may extrapolate to other foot-
ball surface types, such as hybrid, natural turf, non-filled 
and alternative infills, requires further study. However, the 
proposed additional instrumentation for the RTT and new 
algorithm for the AAA provides the opportunity for a much 
more detailed understanding of a surface’s response to simu-
lated player loading, both in the laboratory and the field. 
This has the potential to support the development of future 
football surfaces to better meet the requirements of players.

5 � Conclusions

Strong agreement was observed between surface perfor-
mance variables obtained using the RTT and AAA and 
player perceptions across a range of controlled 3G turf sur-
faces. Modifying the current RTT and AAA test methods 
demonstrated potential to improve this agreement. For the 
RTT, this involves adding instrumentation to allow the cal-
culation of Secondary Stiffness and to monitor the opera-
tor’s rate of rotation. For the AAA, this involves using a 
new algorithm to process the acceleration data to gener-
ate more accurate estimates for Vertical Deformation and 
Energy Restitution, as well as reducing testing frequency 
to one drop. Further work to validate these upgrades to the 
RTT and AAA using outdoor 3G turf football pitches, as 
well as exploring their applicability to other types of football 
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surfaces, is planned to provide further evidence to support 
the findings of this indoor study.
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