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ABSTRACT

Purpose: Comfort has been shown to be the most desired football boot feature by
players. Previous studies have shown discomfort to be related to increased
plantar pressures for running shoes which, in some foot regions, has been
suggested to be a causative factor in overuse injuries. This study examined the
correlation between subjective comfort data and objective plantar pressure for
football boots during football specific drills.

Methods: Eight male university football players were tested. Plantar pressure
data were collected during four football specific movements for each of three
different football boots. The global and local peak pressures based on a nine-
sectioned foot map were compared to subjective comfort measures recorded
using a visual analog scale for global discomfort and a discomfort foot map for
local discomfort.

Results: A weak (rs = -0.126) yet significant (p < 0.05) correlation was shown
between the peak plantar pressure experienced and the VAS rated comfort. The
model only significantly predicted (p > 0.001) the outcome for two (medial and
lateral forefoot) of the nine foot regions.

Conclusions: Subjective comfort data is not a reliable measure of increased
plantar pressures for any foot region. The use of plantar pressure measures is
therefore needed to optimise injury prevention when designing studded footwear.
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INTRODUCTION

Comfort is an important factor for footwear in physical activities. Footwear comfort can be
related to the fit, aesthetics, passive support and dynamic stability of the shoe, as well as
muscle work to stabilise the foot, fatigue, mobility, and alignment of the lower limb (Miller et
al., 2000; Mundermann et al., 2001; Nigg et al., 1999; Reinschmidt and Nigg, 2000; Williams
and Nester, 2006). Comfort has previously been described as an ever-changing individual
perception influenced by mechanical, neurophysiological, and psychological factors (Chen et
al., 1995; Miller et al., 2000; Mindermann et al., 2001; Nigg et al., 1999).

Football boots are usually lightweight to help in optimising in-game performance e.g.
to allow lower fatigue due to the large distances covered. Compared to running shoes, no
cushioning support is provided, the outsole studs distribute pressures differently and the
soles are usually cut narrow to permit better sensation of the ball along the instep. These
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differences in footwear design have been shown to create around 35 % higher forefoot
plantar pressures when walking in football boots in comparison to running shoes (Santos et
al.,, 2001). The high plantar pressures seen in football boots are believed to cause an
increased risk of metatarsalgia and metatarsal stress fractures (Debiasio et al., 2013; Eils et
al., 2004; Queen et al., 2007; Sims et al., 2008; Warden et al., 2007). The incidence rate of
metatarsal stress fractures in male professional football was shown to be 0.04 injuries per
1,000 hours (Ekstrand and van Dijk, 2013) — the rate for amateurs is yet unknown. A squad
of 25 professional players can therefore expect one stress fracture every third season.

Comfort has been shown to be the most desirable property for football boots in user
surveys from 1998, 2006 and 2013 (Hennig, 2014, 2011). Interestingly, injury protection was
one of the lowest scoring desired properties (Hennig, 2014, 2011), despite evidence that
overuse injuries and footwear comfort in football and rugby are interlinked (Kinchington et
al.,, 2012, 2011). Not only has discomfort been related to increased injury risk, previous
studies have linked footwear discomfort to altered lower extremity loading, which
consequently triggered muscular fatigue and thereby decreased performance (Kinchington
et al., 2012, 2011; Luo et al., 2009). Given the importance placed on comfort by footballers
(and the industry in their boot development process) combined with the suggested links with
both performance and injury, it is relevant to better understand what objective factors
influence comfort perception. In particular, understanding the strength of the relationship
between subjective plantar comfort and objective peak plantar pressure data would be of
interest and relevant to the football industry.

Comfort can be assessed both from a general (global) overall comfort perception or
by focusing on specific local areas. Several studies have attempted to assess both global
and local comfort in different footwear types (Che et al., 1994; Dinato et al., 2014; Hinz et al.,
2008; Hong et al., 2005; Jordan and Bartlett, 1995; Mills et al., 2011; Mills et al., 2010).
Existing research has studied the relationship between objective global and local plantar
pressure measures and subjective self-reported comfort perception measures. Studies on
running shoes (Che et al.,, 1994; Dinato et al., 2014; Wegener et al., 2008) and Casual
footwear (Jordan and Bartlett, 1995) have attempted to correlate comfort data of both local
foot regions and global overall sensation with peak plantar pressures with inconsistent
findings.

High plantar pressures are expected to be experienced whilst in-play in football boots
compared to these footwear types due to the rapid linear and multi-directional accelerations
and decelerations and changes of direction that characterise the game. For football boots,
the relationships between plantar pressures and athletic drill (Debiasio et al., 2013; Queen et
al., 2007; Sims et al., 2008; Wong et al., 2007), sex (Debiasio et al., 2013; Sims et al., 2008),
surface type (Ford et al., 2006), and different boot designs (Bentley et al., 2011; Queen et
al., 2008; Santos et al., 2001) have previously been investigated. However, only one study
(Nunns et al., 2015) has been conducted on the relationship between objective measures of
plantar pressure and subjective data for football boots. The study used football boots with
varying added insole cushioning and assessed plantar pressures and subjective comfort
rating during football specific movements. Whilst the results indicated that players were
capable of sensing some difference in plantar pressures, no statistical analysis was
performed on the relationship between plantar pressure and perceived comfort. To further
test this indication, the current study was aimed to establish whether the peak plantar
pressures during four football specific drills were associated with the subjective measure of
footwear comfort. It was hypothesised that using different football boot designs and a
spectrum of football specific movements will allow players to detect plantar changes in



comfort causing a significant relationship between perceived comfort and local peak plantar
pressures as well as overall foot global peak plantar pressures.

METHODS
Ethical approval was obtained from the Loughborough University ethics committee, and
voluntary informed consent was obtained from all participants.

Participants

Eight male university football players participated in the data collection (mean + SD, age =
22.1 £+ 3.2 years; height = 1.76 £ 0.05 m; mass = 76.08 + 4.86 kg). No goalkeepers or
players suffering from lower limb injuries in the past six months were included. All players
wore a UK size 8 and shoe fit was confirmed by palpation for all boots. All players had a
neutral static foot alignment, as determined by the Foot Posture Index (Redmond et al.,
2006).

Footwear

Three experimental boots were used (Figure 1): Nike Mercurial Vapor IX FG, Nike
HyperVenom Phantom FG, and Adidas F50 Adizero TRX FG. These high-end firm ground
boots were chosen due to their popularity; the HyperVenom Phantom FG is a control boot,
while the Nike Mercurial Vapor IX FG and Adidas F50 Adizero TRX FG are both lightweight
speed boots providing minimal protection. The boots differed in the number, shape and
location of studs (as detailed in Figure 1), which was specifically aimed at helping to achieve
a wide range of pressures to be experienced by the players. Boots were tested in a
randomised order. Players wore the same model of typical football socks and no additional
sock liners or insoles were used.

\ Nike HyperVenom Phantom FG,
i Type: Control,
Weight: 0.20 kg,
Stud NB: 4 back & 8 front
: 4

/|

Nike Mercurial Vapor IX FG,
Type: Speed,

Weight: 0.18 kg,
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adidas F50 Adizero TRX FG,
Type: Speed,

Weight: 0.16 kg,

Stud NB: 4 back & 7 front

Figure 1: Football boots used. Dorsal view, plantar view, and plantar view with highlighted studs.

Equipment

A 0.15 mm thick flexible (type 3000E, 125 psi/862 kPa pressure range) Tekscan F-Scan in-
shoe system sensor (Tekscan, Boston, MA) was fitted and installed in the players’ dominant
side boot with double-sided adhesive tape to collect plantar pressure data. The plantar
pressure data were sampled at 750 Hz. All insoles were equilibrated and calibrated following



Tekscan official instructions prior to data collection. A Kodak Zx1 High Definition Pocket
Video Camera (720 p, 30 Hz) was used as reference video with recordings of all drills
performed.

Protocol
The participants were initially taken through a standardised five minute lower limb warm up
followed by dynamic stretches as described by Fletcher and Monte-Colombo (2010). Four
drills were then completed in the following order (Figure 2):
- Continuous running (mean speed 3.33 m.s™): 5 stances x 2 repetitions = 10 stances
- 40 m maximal effort sprint with 180° turn (acceleration phase, sprint phase,
deceleration phase prior to turn): 3 movements x 3 stances x 2 repetitions = 18
stances,
- Maximal effort cutting drill (interchanging 45° side cutting & 45° cross cutting with
dominant leg): 2 movements x 2 stances X 2 repetitions = 8 stances,
- Two-footed drop jump landing from 45 cm height: 1 stance x 5 repetitions = 5
stances.
Players completed the four drills giving 41 total stances in one boot before changing into
another boot type.

B == emmmeemeemeeee s ..
ks *
: 30 m
| %
30m|: g
%
o ' 3.2 m
e
A e
. ) 45°
L] L] ) )
o l1om .
.
30m
.,
U ._.
B C -8

Figure 2: Map of drills used (excluding drop jump landing).
A = straight running at 3.33 m.s™, B = Acceleration, sprint, deceleration and 180° turn followed by
acceleration, C = Cross and side cutting at max effort at 45° cutting angles.

All drills were performed on a third generation artificial pitch (LigaTurf RS+265, Polytan,
Burgheim, Germany). In brief, the pitch had a 25 mm in situ rubber shockpad, the carpet
fibres were 65 mm monofilament polyethylene and the infill comprised 20 kg/m? sand and 12
kg/m? rubber crumb giving a total infill height of 37.1+1.9 mm. Pitch testing conducted
immediately after this study using the FIFA Quality Concept methodologies (Fédération
Internationale de Football Association, 2010), gave a force reduction of 69.1+1.0%, vertical
deformation of 9.7£0.5 mm and rotational resistance of 42.4+4.2 Nm. After completing all



repetitions of each drill players were asked to fill in a subjective questionnaire consisting of
an adjusted 100 mm visual analogue scale (VAS) for global comfort based on Mindermann
et al. (2002), which has shown to be a reliable method to measure subjective plantar comfort
in high heel walking (test-retest reliability ICC 0.876, p < 0.01) and basketball footwear
testing (test-retest reliability ICC 0.62-0.78) (Hong et al., 2005; Lam et al., 2011). Players
were asked to “rate the comfort under the foot by drawing a line on the scale”. The left end of
the scale was labelled ‘not comfortable at all’ (O points) and the right end ‘most comfortable
condition imaginable’ (10 points). The points were not shown on the scale but were used
when analysing the results following the methodology of Miindermann et al. (2002). Players
were also shown an image of the plantar surface of a foot (a foot map, see Figure 3) and
were asked to circle locations where discomfort, if any, were experienced during the drill.

Data analysis

Plantar pressure data was analysed in F-Scan Research 6.60 (Tekscan Inc., Boston, MA).
Every stance was evaluated on the reference video by manually matching the stances to the
force-time graph in F-Scan Research 6.60 (Tekscan Inc., Boston, MA). Any abnormal
movements were excluded from the study. From the continuous jog drill, the five stances
were selected after the target speed had been achieved. From the sprint drill, acceleration
was taken as the first three stances, sprint stances were taken once the push off force
plateaued, and deceleration as the final three stances before the 180° turn. From the cutting
drill, the stance at the extreme position of each cutting movement were selected, excluding
the first and last cutting movements of the drill. From two-footed drop jump landing foot
contact to the point of peak pressure was analysed. Thus, a total of seven different
movements from the four drills were analysed. All plantar pressure data were initially
normalised to body weight. The foot was divided into nine foot regions to match the foot map
data. This was based on the 12 regions defined by the software followed by a manual
grouping of the 2" and 3" metatarsal as the medial forefoot, the 4" and 5™ metatarsal as the
lateral forefoot, and 2™ to 3" tarsal (figure 3). This was done since players often marked a
region that covered more than one tarsal / metatarsal on the foot map. Peak plantar
pressure was obtained for each selected stance phase over the whole foot and for each of
the nine foot region.

A B
Figure 3: Foot sections used for analysing local perception and local peak plantar pressures.

A: Actual foot sections: Medial heel, lateral heel, midfoot, 1% metatarsal, 2™ metatarsal, 3" metatarsal,
4™ metatarsal, 5™ metatarsal, hallux, 2" tarsal, 3"-4th tarsal, 5" tarsal. B: Merged foot sections:
Medial heel, lateral heel, midfoot, medial forefoot, central forefoot, lateral forefoot, hallux, 2"-3"

tarsal, 4"-5" tarsal.

Statistical analysis was conducted in Statistical Package for the Social Sciences Software
(SPSS) version 19 (SPSS Inc., Chicago, lllinois). Significance was set at p < 0.05.
Correlation between the global peak plantar pressure over the entire foot obtained from a
specific movement in each boot condition and matching VAS scores of overall comfort were



determined using a Spearman’s correlation. Spearman’s correlation was used since VAS
scale data obtained violated the normal distribution assumption for parametric tests for the
whole foot plantar pressure and VAS scale outcomes. Binary logistic regression (Brace,
2012) was performed to compare peak plantar pressure of each of the nine local foot region
obtained from a specific movement in each boot condition (the predictor variable) and the
foot discomfort map (the dependent variable).

RESULTS

A total of 984 stances, from all eight participants performing seven different movements
(generating 41 stances) in three boots, were analysed. A wide range of global peak
pressures were obtained though the variety of drills and boots (example demonstrated in
table 1). A weak (rs = -0.126) yet significant (p < 0.05) correlation was shown between the
whole foot peak plantar pressure experienced during the recorded stances and the VAS
rated comfort (figure 3). The negative correlation demonstrated that an increase in global
peak pressure related to a small decrease in global comfort.

Table 1: Global peak pressure range experienced for each participant and mean minimum and
maximum peak pressure

Peak pressure

(kPa-BW™) 1 2 3 4 5 6 7 8 Mean + SD
Min 28 26 31 43 22 38 29 26 3.0£0.7
Max 104 103 91 99 132 116 11.2 10.9 10.8+1.2

Min = minimal peak pressure experienced, Max = maximal peak pressure experienced, SD =
standard deviation
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Figure 4: Correlation between outcome of the VAS comfort scale and peak pressure over the entire
foot. rs = spearman’s correlation.

With the foot divided into nine foot sections, 1,512 local peak plantar pressure measures
were compared to the plantar discomfort experienced (yes/no) collected from each player, a
total count of 79 discomforts was marked by the players. The omnibus chi-square
demonstrates that only discomfort markings at the medial and lateral forefoot significantly
predicted (p < 0.001) the peak plantar pressure outcome from the nine foot regions (table 2).



The binary logistic regression model accounted for between 8.0 and 25.8% of the variance in
plantar discomfort experienced for the medial forefoot and between 9.0 and 22.9% for the
lateral forefoot. The central forefoot and lateral heel showed a model accountancy of up to
12.4 and 14.1% respectively, but with very low R? lower barriers. For the other foot regions
poor fit was shown between the model and the recorded data. Notably, the model predicted
25% of actual discomforts at the lateral forefoot whereas the model was unable to predict
discomforts in any other foot region.

Table 2: Binary logistic regression outcome for foot map markings and local peak plantar pressures.

Correctly Discomforts Discomforts

Omnibus B S.E. R’ (%) predicted predicted (N)
Chi-square
(%) (%)
Hallux 2.49 0153 0097 1.4-2.8 89.2 0 22
2nd 3rd 4th
2 0.10 0198 0634 0.1-05 98.9 0 2

tarsal
5" tarsal 0.89 -0.180 0.616 0.1-0.3 97.7 0 4
Medial 14.61%* 0716 0216 8.0-258  94.9 0 17
forefoot
Central 2,57 0890 0562 1.4-12.4  98.9 0 4
forefoot
Lateral 16.54** 0649  0.169 9.0-22.9  94.9 25 17
forefoot
Midfoot 0.49 0346 0468 0.3-1.4 97.7 0 8
Medial heel 2.31 0414 0277 1.3-8.2 98.3 0 3
Lateral heel 2.93 0.582 0.350 1.6-14.1 98.9 0 2

B = Coefficient of predictor, S.E. = standard error, R* = coefficient of determination, *** = p <0.001

DISCUSSION

The aim of this study was to compare local and global peak plantar pressure data with
subjective VAS comfort scale data and foot map marking of plantar discomfort. This was
done to understand if subjective data can be used as a reliable indicator of increased local
pressures. The hypothesis that a correlation exists was only weakly supported. A weak
negative correlation (p < 0.05) was seen between overall plantar comfort and the peak
plantar pressure experienced. The relationship between foot map marking of plantar
discomforts and locations of increased plantar pressures showed no relationship for most
foot regions and only weak relationships at the medial and lateral forefoot regions.

It was demonstrated by Santos et al. (2001) that higher plantar pressures occur when
wearing football boots in comparison to running shoes due to the decreased plantar surface
area in the football boot. Other varying factors between football boots and running shoes
include the built-in cushioning in running shoes as well as the traction features required for
football boots due to the more multi-directional manoeuvres performed. It was therefore
expected that the range of comfort values obtained in this study using football boots and
football movements would be greater than in the previous study of Dinato et al. (2014) who
used running shoes. In contrast to the hypothesis, a widely distributed weak correlation was
also observed in this study, indicating that players were unable to detect overall changes in
plantar pressures through comfort. A direct comparison of the achieved plantar pressures
between studies was not possible as Dinato et al. (2014) did not normalise their peak plantar
pressure results with the person’s body weight. But with a mean participant body mass of
76.1 £ 9.2 kg, the peak pressures achieved in the study varied between 1.63 and 4.13



kPa.BW™, which is considerably lower than the pressure range seen in this study (table 1).
Also, mean peak pressures obtained during the sports specific tasks in the football boots
were notably higher with a mean of 7.07 + 1.86 kPa.BW™.

Previous research has been inconsistent in its conclusion on the relationship
between comfort and plantar pressures. Jordan and Bartlett (1995) found no relationship
when assessing walking in casual footwear, whilst Che et al. (1994) did find a relationship
between the integral and the peak of pressure and comfort feedback when walking in
running shoes. However, comfort feedback when running in running shoes did not show
sensitivity to plantar pressure changes (Braunstein et al., 2015; Che et al. 1994; Dinato et al.
2014; and Wegener et al., 2008). Indeed, Braunstein et al. (2015) and Dinato et al. (2014),
who used similar methods to the current study, found no correlation between local plantar
pressures and subjective comfort measures in running shoes. The ability to detect higher
plantar pressures in local regions by using a discomfort map in this study was also found to
be very poor. Therefore, despite experiencing a wide range of peak plantar pressures
experienced across the different boot and various movement tasks, participants were still
unable to detect increased plantar discomfort resulting from increased plantar pressures.
Despite hypothesizing a significant relationship between local peak plantar pressures and
comfort for football boots, only the medial and the lateral forefoot region showed significant
correlations in this study. The inconsistency in previous research, in combination with the
current results, indicates that plantar comfort rating is a poor predictor of increased local
plantar pressures yet overall comfort is still weakly related to peak plantar pressures. It is
expected that other factors, such as high shear forces on the plantar surface or discomfort in
other areas of the foot, may also have affected the players’ rating of plantar comfort. It
therefore seems essential that research on new developed football boot designs, conducted
to show the boot is superior or fit for purpose prior to launch, includes a thorough
investigation of plantar pressure measures to identify potential high-pressure areas and
thereby minimise the risk of metatarsalgia and stress fractures (Bennell et al., 1996; Warden
et al., 2007). Previous research on comfort in football boots has suggested a multi-faceted
approach to assess footwear. It has been suggested that a combination of mechanical,
perception and biomechanical assessment is needed for a holistic understanding of boot
performance (Nunns et al., 2015). The results obtained in this study support the need for a
multi-faceted approach. Furthermore, despite evidence for relationships between the
comfort, injury prevention and performance characteristics of a football boot (Kinchington et
al., 2012, 2011; and Luo et al., 2009), it appears that these relationships may not be strong
enough to allow any category to be neglected in the assessment of the boot.

Previous research has found that wearing Tekscan F-Scan in-shoe system sensors
(Tekscan, Boston, MA) alters gait characteristic during running (Kong and De Heer, 2009)
and that their durability is limited to a single test session (El Kati, 2010). Based on these
findings, and to optimise validity of the pressure data in this study, the sensors were cut to fit
the actual shape of each boot and attached to the insole using double-sided adhesive tape
(as suggested by El Kati et al., 2010). In addition, each sensor was only used once (i.e. for
one boot and player), and the recommended sensor equilibration and calibration techniques
were rigorously adhered to. Previous studies used sensors which were non-adjustable
standard insole shapes and the fit inside a slim football boot is therefore not optimal and may
impact pressure measures at the periphery, which are the zones with higher risks of
metatarsalgia (Ekstrand and van Dijk, 2013). Additionally, measuring comfort with plantar
pressure in-shoe system sensors would naturally alter the sensation due to the added layer.
It can be argued that measuring with a Tekscan F-Scan in-shoe system sensor (Tekscan,



Boston, MA) of 0.15 mm thickness in comparison to the 1.9 mm Pedar (Novel, St. Paul, MN)
insole sensor and the 2 mm EMED (Novel GmbH, Munich, Germany) insole sensor would be
more valid. Despite attempting to optimise the validity by minimising the impact from the
insole sensor then only weak relationships were observed.

Finally, players only wore the football boots for a short duration (30 min per football
boot). This timespan was only sufficient to capture discomforts originating from the players
immediate (short term) reaction to the boot. Had the study focused on longer duration wear
then different results may have been obtained. Longer duration may also have greater
relevance when considering overuse injuries such as stress fractures and metatarsalgia
which occur due to repeated long term microtrauma (Ekstrand and van Dijk, 2013). Thus,
although the short term comfort response of the player is relevant to the football boot
industry, longer term comfort may have more relevance from an injury perspective and may
have yielded a stronger correlation with peak plantar pressure.

In conclusion, this study demonstrated that subjective comfort data is not a reliable
measure of increased plantar pressures for any foot region. Only a weak correlation was
seen between peak plantar pressure of the entire foot and overall perception of comfort. It is
therefore important that research include plantar pressure distribution measures when
developing new football boot designs as a safety measure to prevent metatarsalgia
aggravating locations.
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