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Abstract

Background  Footwear design plays a crucial role in sprint performance by influencing biomechanical
function, force transfer, and physiological response during acceleration. However, limited studies have
investigated how specific cleat design features such as forefoot flexibility and toe up structure affect
sprint acceleration. This study aims to develop and evaluate two soccer cleat prototypes integrating
biomechanical and structural design elements to enhance propulsion and performance in soccer.

Methods Two cleat models were developed: Prototype Regular Cleats with stitched forefoot
lines and Prototype Band Cleats with an elastic forefoot band. Both incorporated a 1 mm carbon fiber
plate, a 25° toe up structure, and a mid-high arch to promote forefoot engagement. The Nike Mercurial
Vapor 16 AG, featuring a 15° toe up forefoot, served as a commercial benchmark. Twenty male players
(14 amateur and 6 college pro level) completed 40 m sprint trials under all three footwear conditions.
Oxygen consumption (VO,), heart rate, and sprint time were analyzed using a repeated measures one-way
analysis of variance (ANOVA) to account for the within-subject experimental design. Post hoc pairwise
comparisons were conducted using Bonferroni correction to identify differences between footwear
conditions.

Results Performance differences were observed among the three cleat conditions. Prototype Band
Cleats demonstrated the fastest sprint times and the highest volume of oxygen (VO,) values, indicating
greater physiological demand during sprint acceleration. Across all participants, Prototype Band Cleats
achieved significantly faster sprint times than Prototype Regular Cleats (p < .05) and significantly higher
VO, than Prototype Regular Cleats (p < .01). Among college pro players, Prototype Band Cleats produced
significantly faster sprint times than the Nike condition (p < .05).

Conclusions  Design features such as an elastic forefoot band, elevated arch, and 25° toe up structure
may enhance acceleration by promoting forefoot loading and suggesting a potential for improved energy
return. These findings highlight how design driven biomechanical optimization can advance performance-
oriented footwear innovation in soccer.
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1. Introduction

Soccer is a globally played sport characterized by high physical demands, including sprinting,
rapid acceleration, and frequent changes in direction (Datson et al., 2017; Martinez-Lagunas
et al., 2014). Among these movements, sprinting ability plays a critical role in performance,
particularly during decisive moments such as ball possession, defensive recovery, and goal
scoring opportunities (Cometti et al., 2001; Stglen et al., 2005). Match analyses have shown
that players repeatedly perform short duration sprints lasting approximately 2—4 seconds,
highlighting the importance of rapid acceleration and maximal speed in competitive soccer
(Andrzejewski et al., 2013; Bradley et al., 2010). Increasing intensity of soccer matches
resulted in athletes to effectively meet the game’s high physical demands (Carling et al.,
2012). Athletes continuously strive to be the best to improve their rapid acceleration while
effectively reaching their highest form of proficiency (Ericsson, 2020; Macnamara et al.,
2014). Accordingly, the growing emphasis on rapid acceleration in soccer has increased
attention toward equipment design that supports sprint performance.

Soccer cleats are a key piece of equipment influencing sprint performance (McPoil,
2000; Sterzing, 2016). The design of the footwear influences the athletes’ sprinting speed
ability (Hennig & Sterzing, 2010). Especially, modern speed soccer cleats were designed to
be lightweight while it also provided barefoot feel to be favored by players. However, it often
lead to minimal shock absorption and support, leading to sacrificing comfort and sprint
performance (Dri, 2024; Lill, 2021). Despite soccer cleats being essential in enhancing
player performance through speed and comfort during play, there is a lack of research on
the design elements of soccer cleats, especially considering their significant impact on the
sport (Hennig & Sterzing, 2010; Okholm Kryger et al., 2021). This study aimed to evaluate
the biomechanical design of speed soccer cleats and determine their impact on performance
during sprinting movements.

Since soccer has widely been embraced and its huge influences on the economy, the
designing of equipment like soccer cleats becomes highly significant these days. It has
continuously had high demands and expectations from the athletes in order to achieve
athletes’ highest performance in sprinting thus becoming effective during the game. Today’s
soccer cleats were characterized by insufficient support and small shock absorption. With
this aim in mind, this study was aimed at enhancing athletes’ speed during running. It also
analyzed the effect of custom soccer cleats against modern day speed soccer cleats (Figure
1). The objective of this study was to gain insight into how to develop speed soccer cleats for

amateur and college pro players.
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Figure 1 Schematic overview of sprint performance analysis for three different products of soccer cleats.

Note: This figure illustrates the experimental setup for analyzing sprint performance under three footwear conditions:
(Product 1) Nike Mercurial Vapor 16 AG, (Product 2) Prototype Regular Cleats, and (Product 3) Prototype Band Cleats.
Twenty male participants, including amateur and college pro soccer players, performed standardized 40 m sprint
trials on a synthetic grass field. The schematic depicts the data collection process for measuring Volume of Oxygen
Consumption (VO. ), Heart Rate (HR), and sprint time across cleat types, enabling evaluation of biomechanical and
physiological differences in sprint performance.

www.aodr.org 105



2. Literature Review

2. 1. Sprint Demands and Forefoot Mechanics in Soccer
Sprint performance plays a critical role in decisive moments of soccer matches, including
goal-scoring opportunities, defensive recovery, and rapid transitions between phases of
play. Match analysis studies using global positioning systems (GPS) have shown that outfield
players typically cover 9—12 km per match, with approximately 8—12% of this distance
performed at high intensity (Di Salvo et al., 2007; Rampinini et al., 2007a, 2007b; Vigne et
al., 2010). Players may perform 17—81 sprints per game, with each sprint lasting 2—4 seconds
and generally covering distances shorter than 20 m. Peak sprinting speeds can reach 31—32
km-h[J1, particularly during straight-line accelerations (Di Salvo et al., 2007; Rampinini et
al., 2007a & 2007b; Vigne et al., 2010). Sprinting mechanics in soccer are characterized by
forefoot contact, especially during acceleration and maximal sprint phases (Scott & Winter,
1993; Tourillon et al., 2019). Forefoot running allows shorter ground contact times and
rapid force application, both of which are essential for effective sprint performance. The
metatarsophalangeal (MTP) joint plays a central biomechanical role by enabling controlled
extension during ground contact and facilitating efficient force transfer during propulsion
(Scott & Winter, 1993; Tourillon et al., 2019). During high speed sprinting, extension of
the MTP joint allows mechanical energy to be absorbed by musculoskeletal structures and
subsequently contributes to forward propulsion during toe off (Stefanyshyn & Nigg, 1997).
Effective engagement of the forefoot region and MTP joint is therefore considered a key

biomechanical component of sprint acceleration and performance in soccer.

2. 2. Footwear Flexibility and Bending Stiffness in Sprinting
Footwear properties can influence how forces are managed during sprinting. During forefoot
contact, forces as high as 2.2 times body weight may be generated as the foot rolls forward
and transitions toward propulsion (Cavanagh & Lafortune, 1980; Stefanyshyn & Fusco,
2004). Particularly, forefoot flexibility and bending stiffness affect how these forces are
distributed. Sole hardness, heel lift characteristics, and forefoot flexibility have been shown
to alter sprint biomechanics by influencing joint motion and force application (Frederick,
1986). Bending stiffness affect the deformation of the shoe during ground contact and push
off, thereby influencing sprint mechanics (Eshraghi & Yazdi Far, 2024). To address this,
modern soccer cleats increasingly incorporate materials such as advanced polymers and
carbon fiber composites in the outsole or midfoot region. These materials increase bending
stiffness while maintaining relatively low mass, potentially altering force transmission during
sprinting (Stefanyshyn & Fusco, 2004). Rather than directly reducing metabolic demand,
design features are included to influence sprint performance by modifying mechanical

behavior during forefoot loading and propulsion.

2. 3. Physiological Implications and Research Gap
Changes in footwear bending stiffness may also influence physiological responses during
high intensity movements. Increased bending stiffness can affect muscle activation patterns
and physiological demand during repeated sprinting and acceleration tasks (Vienneau et
al., 2016). Despite growing interest in footwear stiffness and sprint biomechanics, limited
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research has examined how varying levels of bending stiffness in soccer cleats influence
sprint performance under controlled sprint conditions. In particular, the combined effects
of forefoot engagement, bending stiffness, and sprint performance remain insufficiently
explored. Therefore, the purpose of this study was to investigate the influence of soccer cleat
bending stiffness on sprint performance during short distance sprinting. By comparing
cleats with different stiffness characteristics, this study aims to provide insight into how cleat
design influences sprint mechanics and performance outcomes, thereby informing future

soccer footwear design.

3. Research Method

3. 1. Participants

The study protocol and consent forms were reviewed and approved by Yonsei University
Institutional Review Board (IRB) (No. 7001988-202504-HR-2685-02). A total of healthy
twenty adult men in their 20s and 30s were recruited to meet the participant requirements
for conducting sprinting measurements for soccer cleats. Data were collected at the Yonsei
University campus soccer field from male recreational or professional soccer players. All
volunteers provided written informed consent in accordance with Yonsei University’s ethics
committee approval and were free from recent injuries.

Anthropometric measurements of foot morphology were collected under weight bearing
conditions to reflect functional foot structure. Participants stood barefoot in a relaxed
upright posture with equal weight distributed on both feet. Foot width was measured using
a digital caliper as the horizontal distance between the first and fifth metatarsal heads at the
widest part of the forefoot (Escalona-Marfil et al., 2014). Instep height was measured using
a vertical gauge with a digital caliper, based on the concept of dorsal arch height (Escalona-
Marfil et al., 2014). The vertical distance from the ground to the highest point of the
dorsal foot was recorded, with measurements taken perpendicular to the ground to ensure
consistency.

All participants wore a standardized size 270 mm soccer cleat, corresponding to the
average men’s shoe size in Korea (approximately US 8-09.5), as prior research indicates
that footwear fitting allowances are designed to accommodate foot length variations of
approximately +5 mm within a single size without substantially affecting fit or functional

performance (Au et al., 2011; World Population Review, 2026).
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Table 1 Participant anthropometric characteristics and foot dimension measurements

Height (cm) Foot Length (mm) Foot Width (mm) Instep Height (mm)
171 265 101.8 63.9
171 265 102.1 64.0
172 265 100.7 63.2
172 275 104.9 65.8
173 270 102.8 64.5
173 270 103.1 65.4
173 270 102.6 64.2
174 265 100.5 62.8
174 265 101.7 63.8
174 265 100.8 63.1
175 270 103.6 65.1
176 275 104.8 65.6
178 265 101.2 63.5
178 265 102.6 63.3
179 275 106.1 66.6
180 270 104.2 64.1
181 275 105.9 66.4
182 270 103.3 64.7
183 275 105.5 66.1
185 275 105.7 66.3

3. 2. Development of Designs and Prototypes

As a benchmark for comparison, the Nike Mercurial Vapor 16 AG was selected as the
commercial reference model due to its reputation as a lightweight, speed-oriented soccer shoe
widely used by professional athletes. The design features a 15° toe up forefoot angle, which is
intended to assist forward propulsion and influence sprint performance during acceleration
(Figure 2). The shoe featured a Flyknit upper for adaptive fit and flexibility, combined with
a thermoplastic polyurethane (TPU) outsole engineered for durability with artificial ground
(AG) studs (Figure 3).

Figure 2 Images of Product 1 side view (Nike Mercurial Vapor 16 AG).

Two versions of custom soccer cleats were designed to optimize sprint performance, each
featuring distinct upper designs aimed at enhancing foot flexibility and forefoot motion
(TS Art Soccer Co., Seoul, South Korea). Both cleat models were equipped with carbon fiber
plates approximately 1 mm thick, which contributed to faster and stronger push offs by

enhancing energy return and minimizing energy loss during sprints (Stefanyshyn & Fusco,
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2004). Both cleats also incorporated with a toe up structure angled at about 25° was added
into the design to promote forefoot loading during sprint acceleration, which provides a more
powerful push off for better sprint performance (Scott & Winter, 1993; Tourillon et al., 2019).
This design helps runners improve sprint performance by developing running economy and

biomechanics (Carranza, 2023).

Flyknit

Thermoplastic
Polyurethane

B

Figure 3 Materials of Nike Mercurial Vapor 16 AG.

The cleats were constructed with synthetic cow leather uppers to provide a secure and
comfortable fit, aligning with soccer players’ preferences (Melis et al., 2016). Each pair was
designed to fit a U.S. size 9 (EU size 42, length 270 mm), with size 9 chosen as it represents
the average shoe size in South Korea (World Population Review, 2024). The cleats featured a
low top collar integrated with a 50 mm wide movement resistance band around the ankle. The
band was included to reduce slippage and maintain stability during high speed movements.
The outsole was constructed from durable TPU. It featured an AG stud configuration, with
13 strategically placed studs of varying lengths, ranging from 7 mm to 16 mm. The longer
16 mm studs were integrated on the forefoot and heel areas to improve traction and grip
during explosive bursts of speed, while the 7 mm studs were located on the midfoot region
enhanced stability and grip during rapid directional changes and acceleration (Park, 2015).
Additionally, the outsole featured curved lines that mimicked the natural motion of the foot
resulting in smoother force application through the forefoot during sprints.

The first version of the cleats was designed with a focus on enhancing forefoot flexibility
through the strategic use of seven stitching lines on the forefoot area. These stitching lines
were positioned 10 mm apart in the forefoot area, allowing for greater movement of the foot
during dynamic actions (Figure 4). By introducing these stitching lines, the upper material
flexes naturally along with the movement of the foot and promotes smoother transitions
during the propulsion phase. The design features a 25° toe up forefoot angle, which is
intended to assist forward propulsion and influence sprint performance during acceleration
(Figure 5).
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Figure 5 Materials of developed Prototype Regular Cleats

In contrast, the second version designed to offer a higher forefoot flexibility through the
use of an elastic band across the forefoot area (Figure 6). Unlike the stitching in the Prototype
Regular Cleats, the elastic band in the Prototype Band Cleats provides a high degree of
stretchability. A 50 mm wide elastic band was integrated horizontally into the left and right
forefoot areas, providing better flexibility and responsiveness compared to stitching lines.
Adding elastic bands to the forefoot of the shoes enhances the propulsive phase of running
by delivering a stronger push off (Chen et al., 2014). The elasticity of the band actively
supports push offs by compressing and releasing energy as the athlete applies pressure to
the forefoot. This mechanism stores energy on impact and releases it for a forward motion,
enhancing propulsion and speed (Chen et al., 2014). The elastic band allows for a broader
range of motion, adapting horizontal movements of the foot, which increases the forefoot’s
engagement with the ground (Figure 7). This increases forefoot engagement which boosts

forward force and reducing ground contact time leading to improved acceleration.
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Figure 6 Images of Product 3 side view (Developed Prototype Band Cleats).
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Figure 7 Materials of developed Prototype Band Cleats

These cleat designs aimed to improve sprint speed by optimizing both bending stiffness

and natural forefoot movement. Enhanced bending stiffness allowed for a more powerful

push off, increasing potential energy return while minimizing energy loss during sprints

(Vienneau et al., 2016). The natural movement of the forefoot reduced ground contact time

and improved energy transfer, leading to enhanced sprint performance (Stefanyshyn & Nigg,

1997). Collectively, these features were intended to enable rapid acceleration and quicker

achievement of top speed, offering potential performance benefits during soccer matches.

Table 2 Design specifications and structural characteristics of the commercial cleat and developed prototypes

Category Product 1 (Commercial) (Protcf;s; : (Ilztezgul o (Proi;?;j::tén d)
Toe up angle ~15° ~25° ~25°
Upper Material Flyknit Synthetic Cow Leather Synthetic Cow Leather
Weight 205¢g 255¢g 247 g
Carbon Fiber Plate Not Included (=1 nlwrr]rfl;lgieciness) (1 nerll:l#Sii?(ness)
Arch Configuration Low Moderate Arch Mid High arch Mid High Arch
Ankle Stabilization None 50 mm Ankle Resistance Band 50 mm Ankle Resistance Band
Longer Studs Longer Studs
Stud Distribution Manufacturer Standard (16 mmS)hacErth:egfuoss& Heel: (16 mmS)ha;rEgrreSftOLﬁS& Heel;
(7 mm) at Midfoot (7 mm) at Midfoot
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3. 3. Procedure

All participants started with a 15 minute warm up session including 5 minutes of jogging,
followed by 5 minutes of dynamic stretching for the lower limbs, and finished it with 5
minutes of straight line sprints referring from the previous research (Romero-Franco et al.,
2017). After completing the warmup, all sprint trials were conducted on an outdoor artificial
grass (AG) field (Figure 8). The surface was dry and in good condition at the time of testing.
Temperature was maintained at approximately 20—24 °C, and environmental conditions
were kept consistent across all testing sessions. To minimize daily variations in sprinting
performance, each participant was consistently tested while wearing soccer cleats on the
same synthetic grass field at approximately the same time of day (Carter et al., 2002). There
were 7 minute rest intervals between trials.

A total of the three soccer cleats were evaluated. The first footwear was the Nike soccer
cleats called the Nike Mercurial Vapor 16 AG (Nike, Inc., Beaverton, OR). The other was the
biomechanically design of the custom soccer cleats with stitching on the forefoot area. Lastly,
the custom soccer cleats with elastic band on the forefoot area. Each participant completed
three trials with three different types of footwear, resulting in a total of six trials per person.
All trials were recorded using an iPhone 15 Pro through MySprint app. The starting position
was a crouched stance while having the right hand placed on the track. The starting position
was fixed as the placement of the participants’ right thumb left to the ground which was

detected visually with MySprint. The timing system had a resolution of 0.01 seconds.
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. To 0.64 m of 40 m reference

Phone Tripod

Figure 8 MySprint validation protocol (Romero-Franco et al., 2017, recreated by the authors)
(The reference system used flags to indicate the distances)
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In order to accurately measure split times during the 40 meter trials, a total of seven
pairs of timing flags were strategically placed at distances: o, 5, 10, 15, 20, 30, and 40
meters. The MySprint app was installed on an iPhone 15 Pro running iOS 17.5.1 and tested
with the iPhone’s built in Macro video recording including 240 fps high speed camera
at 1080p resolution. It was analyzed with multiple split times by slow motion recording
with timestamps flags at the start and through each point where the athlete crossed six
designated flags. In order to capture the entire sprint, the iPhone 15 Pro was mounted on
a tripod positioned at the 20 meter marker and 18 meters away from the track. The video
angle was adjusted to the marker positions so that the participants’ hips crossed each flag
at the designated distances of 5, 10, 15, 20, 30 and 40 meters. The first frame was selected
and aligned with the starting position when the participant’s right thumb was still in contact
with the ground. Furthermore, frames were selected when the participant’s pelvis was
aligned with each of the six markers. The MySprint app then calculated each split time in
milliseconds. The recorded sprint times were analyzed using repeated measures to evaluate
whether the biomechanical design of the custom soccer cleats enhanced sprint performance.

3. 4.VO. and HR Measurement
To accurately measure VO, across a wide range of intensities from rest to maximal exercise,
the VO, Master Pro (VO, Master Health Sensors Inc., Vernon, CA) was used. Heart rate (HR)
was continuously monitored by Polar Hio Band (Polar Electro Oy, Kempele, Finland). First,
the gas was calibrated to the manufacturer’s settings. When the VO, Master was turned on
it auto calibrated to the ambient air for O, concentrations, ambient temperature, humidity
and barometric pressure. Upon activation, the VO, Master automatically calibrated to
the ambient air, adjusting for O2 concentration, temperature, humidity, and barometric
pressure (Montoye et al., 2020). Following gas calibration, the VO, Master was fitted to the
participants, who were then instructed to take 10-15 deep breaths to calibrate the flowmeter
(Montoye et al., 2020). During the testing protocol, the device performed auto calibrations at
the 5 minutes and 25 minutes marks, each lasting approximately 30 to 45 seconds (Montoye
et al., 2020). Furthermore, the heart rate sensor band was positioned around the participant’s
upper torso, below the chest (Figure 9). These protocols were based on established research,

ensuring that the device remained accurate throughout the testing process.

ey

Figure 9 Representative images of: (A) VO. Master; (B) Yonsei University soccer field; (C) Polar H10 band.
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3. 5. Experiment Procedure

To maintain consistency across all participants and trials, a standardized experimental
protocol was followed. The procedure was divided into four parts, each structured to ensure
that cleat conditions were tested under similar physical and physiological states. Participants
began by wearing the cleats, which took about 1 minute. After putting on the cleats, they
completed 5 minutes of lower body stretching to activate the key muscle groups. This was
followed by another 5 minutes of light jogging and sprint drills to adjust to the cleat fit and
surface conditions. Once participants felt comfortable, they started a 5 minutes running
session to raise their body temperature and prepare for maximal effort. After this warm up,
the VO, and HR measurement devices were attached. This setup took 5 minutes, allowing
time to confirm sensor placement and calibrate the devices. Following sensor attachment,
participants completed their first 40 meter sprint trial with these cleats. The sprint was
recorded using the MySprint app for split time analysis. Once the sprint was finished, they
took a 7 minutes rest to recover before attempting the second sprint trial. The second run was
also recorded in the same manner.

Before testing, a 7 minutes recovery period was given to allow cardiovascular and
muscular systems to return to baseline. Once rest was complete, the cleats were worn for 1
minute, ensuring proper fit and comfort. After that, participants completed their first sprint
trial using these cleats. The same MySprint protocol and video analysis setup was used to
collect data. After the first run, another 7 minutes rest was given, followed by the second
sprint trial in this cleat. Participants were monitored to ensure they did not experience
discomfort, fatigue, or performance decline between the two runs. Cleats were also worn
after a short 1 minute fitting period. Once properly fitted, participants immediately
completed their first 40 meter sprint run. Following this run, they again rested for 7 minutes
before starting the second sprint trial with the same cleats. After completing this final run,
the entire test session ended for that participant.

The purpose of keeping each phase uniform was to ensure that all participants had
similar physical readiness when switching cleats. The 7 minutes rest intervals between trials
and cleat conditions were intended to reset cardiovascular and muscular fatigue levels. This
helped avoid skewed results that could occur from accumulated exhaustion. The recovery
period was also long enough to allow phosphocreatine stores to replenish in the muscles,
which are crucial for short, intense efforts like sprinting. One key consideration was cleat
fitting time. Each fitting was done in 1 minute. Participants were asked to confirm if the
fit was secure before starting sprints. The lacing, foot position, and comfort were adjusted
as needed. Small adjustments were allowed, but participants were not allowed to move or
warm up again after the fitting. The short fitting window ensured that the overall test session
remained within a reasonable time limit, while still allowing enough preparation to perform
at full capacity.

All participants completed six total sprint trials and two with each cleat type. This
allowed for a balanced dataset and reduced the chance of outliers due to occasional missteps
or external distractions. Every sprint was recorded using the same high speed video setup
with the MySprint app, which enabled frame by frame analysis of split times. The high speed
camera helped capture precise moments when the participant’s hip crossed each timing
marker, ensuring accuracy in sprint timing and distance splits. The entire protocol took

about 60 to 75 minutes per participant. This included warm up, all sprint trials, rest periods,
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and sensor calibration. Despite the intensity of the task, all 20 participants completed the
entire session without injury or early withdrawal. Careful monitoring during each rest period
helped confirm that participants were fit to continue. All trials were conducted on the same
synthetic grass surface under stable weather conditions to keep environmental variables
constant. This detailed and repetitive structure gave the study strong internal control. By
standardizing rest periods, sensor setups, sprint repetitions, and cleat transitions, the effect
of the cleat design could be isolated more clearly. The performance differences observed later
in the study were less likely due to random fatigue or field variation and more likely linked to
actual changes in sprint output caused by the cleats.

The order of footwear conditions was randomized across participants to minimize
potential order effects. Each condition was tested twice, with sufficient rest intervals
provided between trials. By using two sprint trials per cleat and separating them with
meaningful rest, the study also allowed for more reliable averaging of data. If a participant
ran slower in one trial but faster in the next, the data could reflect their mean performance
rather than being skewed by a single fast or slow effort. This approach aligns with good
practices in sports performance testing and added more confidence to the sprint timing
analysis. The experimental protocol was not only detailed but also practical for soccer
specific testing. The use of cleat changes, high speed running, and consistent rest mirrors
real match scenarios where players repeatedly sprint with short rest periods. The inclusion
of physiological sensors like VO, and HR also enabled the study to go beyond just sprint time
and assess internal effort. This dual approach gave the research more depth and helped link
design features with both performance and metabolic response. In summary, the testing
procedure was designed to reflect real gameplay demands while also offering control and
repeatability. The sequence of sprints, rest periods, and cleat changes gave each athlete a
fair opportunity to perform and allowed accurate comparisons of cleat designs under equal

physical conditions.

3. 6. Statistical analysis
Statistical analyses and graph generation were conducted using GraphPad Prism version 10
(GraphPad Software, San Diego, CA) and jamovi version 2.6 (The jamovi project, Sydney,
Australia). Data are presented as mean + standard deviation (SD). Because all participants
completed trials under all three footwear conditions, a repeated measures one-way ANOVA
was used to evaluate differences among the three conditions (Product 1, Product 2, and
Product 3). Mauchly’s test was performed to assess the assumption of sphericity. When
sphericity was violated (p < .05), Greenhouse—Geisser corrections were applied; otherwise,
uncorrected results are reported. Post hoc pairwise comparisons were performed using

Bonferroni adjustment. Statistical significance was set at p < .05.

4, Result and Discussion

4. 1. Design Development and Prototyping
This study investigated the influence of specific soccer cleat design elements on sprint

performance. Based on sprint biomechanics and forefoot dominant running mechanics,
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key structural features were defined as independent design variables across the three
footwear conditions. These variables included toe up angle, arch height, upper material,
forefoot flexibility mechanism, outsole material, and stud configuration. Two custom soccer
cleat prototypes were developed to modify forefoot related design variables. Both designs
incorporated an elevated arch height combined with a toe up forefoot structure to promote
forefoot loading and influence propulsion characteristics during sprint acceleration. Both
cleats had carbon fiber in them to make them flexible and light yet strong. Carbon fiber is
known for its high strength to weight ratio, durable yet flexible for dynamic movements. This
was important to get the balance between stiffness for potential energy return and flexibility
for comfort. Also the outer surface material of the custom soccer cleats was leather. Cow
leather was one of the players’ preference after they evaluated the effect of the outer surface
material of soccer shoes on fit perception (Melis et al., 2016). Leather was one of the common
material used in soccer cleats was praised for its comfort and the feature of stretch to mold
into the foot’s shape (Torp, 2024). Choosing the right materials for functionality and comfort
was the key to improve sprinting.

The first cleat design was focused on balance between flexibility and support by having
stitching in the forefoot area. Stitching was used across the forefoot region to provide
flexibility. The stitching method provides controlled flexibility to ensure the cleats will
hold its shape and provide support during high intensity movements. This design provided
a stable yet flexible platform for sprinting motions. The controlled flexibility helps to keep
the foot aligned, reduce the risk of injury and overall stability during sprints. The second
cleat design was focused on highest level of elastic flexibility by having elastic bands in the
forefoot area. Elastic bands were placed across the forefoot region to provide more flexibility.
These bands allow more stretch and recoil during foot strike, which may contribute to
improved energy return and release. The elasticity ensures the cleats to adapt to the foot’s
movement to provide a snug fit for comfort and performance. The elastic bands allow the
foot to move more naturally to transition smoother through the gait cycle. In the end the
design was focused on quick explosive movements as it provides the flexibility to optimize
sprint performance without compromising support. In summary, both soccer cleat designs
had ergonomic features to improve sprint performance by using the forefoot. The carbon
fiber elements ensured both designs have the flexibility and support. The first design with
stitching has mid level flexibility balancing support and adaptability. The second design with

elastic bands has high elastic flexibility for explosive movements.

4, 2, Demographic Characteristics
This study included 20 male participants with a mean age of 27.4 years (SD = 4.7) (Table 3).
The average height was 175.7 cm (SD = 4.0), and the mean body weight was 75.3 kg (SD =
6.7). The average Body Mass Index (BMI) of the participants was 22.54 (SD = 2.72). It was
calculated by dividing weight in kilograms by the square of height in meters. This fell within
the normal weight range defined by the World Health Organization (WHO) (Wu et al., 2024).
Among the 20 participants, their soccer experience ranged from an amateur level or even

college professional level.
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Table 3 Physical characteristic data for the participants.

Variables Mean SD

Age (y) 27.4 4.7

Height (cm) 175.7 4.0

Body Weight (kg) 75.3 6.7
Body Mass Index (BMI) 22.54 2.72

The mean and standard deviation (SD) volume of oxygen consumption (VO,), heart rate

(HR), and sprint time recorded under three different cleat conditions (Table 4). Product 1

showed an average VO, of 9.54 + 3.46 ml/kg/min, an average HR of 110.2 + 16.05 bpm, and

an average sprint time of 5.053 + 0.20 s. Product 2 recorded the lowest average VO, of 8.30

+ 2.35 ml/kg/min and an average HR of 109.90 + 14.90 bpm, but showed a slightly slower

average sprint time of 5.189 + 0.23 s. Product 3 displayed the highest average VO, of 10.54

+ 2.64 ml/kg/min and an average HR of 111.35 + 14.58 bpm, achieving the fastest average

sprint time of 4.991 + 0.22 s. Overall, while physiological responses (VO, and HR) were

slightly elevated in Product 3, it was also associated with improved sprint performance.

Table 4 Comparison of VO., Heart Rate, and Sprint Time values for each cleat type: (Product 1) Nike Mercurial Vapor

16 AG, (Product 2) Prototype Regular Cleats, and (Product 3) Prototype Band Cleats.

Vo,

Vo,

Cleat Type (ml/kg/min)  (ml/kg/min) Hin?;r:n) 12 g;pm) Sprir;\;;l';r:e © Spril;tDTime
Mean SD
Product 1 9.54 + 3.46 110.2 +16.05 5.053 +0.20
Product 2 8.30 +2.35 109.90 + 14.90 5.189 +0.23
Product 3 10.54 + 2.64 111.35 + 14,58 4.991 +0.22
Table 5 Individual VO. (ml/kg/min) consumption values for each footwear condition
Participant Product 1 Product 2 Product 3

1 7.8 9.9 10.8

2 6.3 7.6 7.7

3 8.6 7.5 9.5

4 14.5 7.7 1.4

5 8.9 13.0 133

6 19.9 14.5 171

7 5.7 7.5 10.9

8 13.7 5.8 14.3

9 6.0 5.7 8.2

10 6.8 10.6 9.8

11 9.7 7.3 8.2

12 8.9 8.5 8.7

13 8.5 8.2 14.5

14 12.7 8.0 7.0

15 6.7 5.5 8.0

16 9.0 8.5 11.8

17 11.6 6.3 10.4

18 7.7 6.9 10.2

19 8.4 6.7 8.1

20 9.3 10.2 10.8
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Table 6 Individual heart rate (bpm) values for each footwear condition

Participant Product 1 Product 2 Product 3
1 101 97 106
2 95 87 95
3 90 109 93
4 121 114 114
5 136 124 144
6 105 104 106
7 84 134 139
8 115 93 17
9 128 127 113
10 106 97 105
11 114 104 105
12 111 118 111
13 78 91 87
14 128 103 116
15 124 126 106
16 128 121 125
17 97 100 102
18 120 133 114
19 105 92 99
20 118 124 130

Table 7 Individual 40 m sprint time (s) for each footwear condition

Participant Product 1 Product 2 Product 3
1 5.132 5.452 4.989
2 5.259 4.621 4.964
3 5.208 5.269 4.870
4 4.568 5.458 4.471
5 5.290 4.847 5.085
6 5.169 5.148 5.213
7 4.692 4,732 4.745
8 5.018 5.256 5.027
9 4.691 5.324 4.567
10 5.121 5.267 5.032
11 5.127 5.296 5.225
12 5.152 5.236 5.143
13 5.143 5.412 5.024
14 4.928 5.167 4.942
15 5.241 5.126 5.398
16 5.122 5.124 5.098
17 4.940 5.027 4.917
18 5.098 5.296 5.072
19 4.938 5.327 4913
20 5.231 5.384 5.119
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Table 8 Repeated—-measures ANOVA summary for VO..

Greenhouse-
Group Mauchly’s Test Geisser F(df1, df2) P-value  Partial n*
Correction
All Participants W =0.849,p=.229 Not applied F(1 .13676235{01) .008 0.241
Amateur W=0.977,p=.872 Not applied F(1 ‘9:5?'[?()5'43) 012 0.293
CollegePro  W=0.897,p=804 Nt applied F1.813.5.060 025 0.540
Table 9 Repeated-measures ANOVA summary for Heart Rate.
Greenhouse-
Group Mauchly’s Test Geisser F(df1, df2) P-value  Partial n*
Correction
AllParticipants ~ W=0.882,p=324  Notappliea /52 34000 875 0.006
Amateur W=0802,p=267  Notapplied 670217V 962 0.002
College Pro W=0.451,p=.203 Not applied F(1 3901 ’4(;‘7456) 571 0.084
Table 10 Repeated-measures ANOVA summary for Speed.
Greenhouse—
Group Mauchly’s Test Geisser F(df1, df2) P-value  Partial n*
Correction
- _ Applied F(1.218,23.14)
All Participants W =0.358,p<.001 (£ = 0.609) =539 .024 0.221
_ _ Applied F(1.350, 17.55)
Amateur W=0.518,p=.019 (e =0.675) 1215 .302 0.085
B _ Applied F(1.034, 5.168)
College Pro W =0.065, p=.004 (6=0.517) =9.138 .028 0.646

4. 3. Oxygen Consumption (VO,)

The average VO, uptake during the 40 m sprint trials was compared among the three cleat

conditions to examine physiological response during sprint acceleration (Figure 10). Across

20 participants, a repeated-measures one-way ANOVA showed that mean VO, values differed

significantly among cleat types. Post hoc comparisons indicated that Product 3 produced

significantly higher VO, than Product 2 (p < .01), whereas no significant differences were

observed between Product 1 and Product 3. The mean VO, values were 9.54 + 3.46 ml/kg/

min for Product 1, 8.30 + 2.35 ml/kg/min for Product 2, and 10.54 + 2.64 ml/kg/min for

Product 3. Compared with Product 2 and Product 1, Product 3 demonstrated approximately

27.0% and 10.5% higher VO, values, respectively.
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Figure 10 Comparison of VO, across cleat types for all participant groups. Violin plots represent the distribution of
individual VO, values, dots indicate individual participants, and error bars represent the mean * SD. From left to

right: All participants, amateur players, and college pro players.

Product 3 showed significantly higher VO, than Product 2 (p < .01), whereas no
significant differences were observed between Product 1 and Product 2 or between Product 1
and Product 3. In the college pro group, Product 3 demonstrated significantly higher VO,than
Product 2 (p < .05), whereas no significant differences were observed between Product 1 and
Product 2 or between Product 1 and Product 3.

At high speeds, the body’s oxygen use approaches or even reaches VO,max, which
represents the maximum amount of oxygen an individual can utilize during exercise (Bassett
& Howley, 2000). Individuals with higher VO,max values can sustain faster running speeds
because they are able to deliver and utilize more oxygen to meet the increased metabolic
demands of exercise (Joyner & Coyle, 2008). These findings suggest that the higher VO,
observed in Product 3 reflects greater physiological demand associated with higher-intensity
sprinting rather than improved metabolic efficiency. The professionals’ consistent sprinting
technique may have minimized intertrial variability, allowing the biomechanical effects of
Product 3’s elastic forefoot band and toe-up structure to be more consistently expressed

during sprint performance.

4. 4, Heart Rate (HR)
HR responses paralleled the VO, results but did not reach statistical significance (Figure
11). Across the entire sample, no significant differences were observed among the three cleat
conditions. The mean HR values were 110.2 + 16.05 bpm for Product 1, 109.90 + 14.90 bpm
for Product 2, and 111.35 + 14.58 bpm for Product 3. The approximately 1—-1.3% higher mean
HR observed in Product 3 was small and remained statistically non-significant (p > .05)

across all participant groups. Although the differences were not statistically significant, the
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HR pattern was consistent with the VO, findings, with Product 3 exhibiting the highest mean
HR across the three footwear conditions. Furthermore, higher running intensity is generally
accompanied by an increase in heart rate (Jang et al., 2016). These findings suggest that the
slightly higher HR observed in Product 3 may reflect greater physiological demand during

sprinting rather than indicating improved physiological efficiency.
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Figure 11 Comparison of Heart Rate (Mean + SD) across cleat types for all participant groups. Violin plots represent
the distribution of individual Heart Rate values, dots indicate individual participants, and error bars represent the
mean * SD. From left to right: All participants, amateur players, and college pro players.

4, 5. Sprint Performance

Sprint time over 40 meters was used as the primary indicator of sprint performance (Figure
12). Statistically significant differences were observed among the three cleat conditions.
Across all 20 participants, Product 3 achieved the fastest mean sprint time (4.991 + 0.22 s),
which was significantly faster than Product 2 (5.189 + 0.23 s, p < .05). Although Product 3
also demonstrated a faster mean sprint time than Product 1 (5.053 + 0.20 s), this difference
did not reach statistical significance (p > .05). The observed reductions correspond to an
approximate 3.82% improvement relative to Product 2 and a 1.23% improvement relative to
Product 1, indicating enhanced acceleration performance with Product 3.

When considering all participants, Product 3 demonstrated statistical significance
in sprint performance compared with Product 2. Among amateur players, no significant
differences in sprint time were observed. This finding may reflect greater interindividual
variability in running technique and acceleration control within this group. In contrast, a
distinct pattern emerged among college pro players. Product 3 achieved the fastest sprint
times and was significantly faster than Product 1 (p < .05), whereas no significant differences
were found between Product 1 and Product 2 or between Product 2 and Product 3. These
findings suggest that athletes with higher technical proficiency and more consistent sprint
mechanics may be better able to utilize the biomechanical characteristics of the Prototype

Band Cleats. In particular, the elastic forefoot band and carbon fiber plate may improve
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force transmission, which may contribute to improved energy return during the drive phase
of sprint acceleration. These design features may also contribute to reduced ground contact
time and enhanced horizontal force production. Rapid acceleration influences not only
sprint performance but also key match situations such as securing first ball contact, creating
separation from opponents, and regaining possession (Hennig & Sterzing, 2010). Therefore,
even small improvements in sprint performance may provide a meaningful competitive

advantage in elite-level soccer.
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Figure 12 Comparison of 40 m Sprint Time (Mean * SD) across cleat types for all participant groups. Violin plots
represent the distribution of individual Sprint Time values, dots indicate individual participants, and error bars
represent the mean * SD. From left to right: All participants, amateur players, and college pro players.

4, 6. Discussion: Design Implications for Sprint Oriented Soccer Cleats

This study examined how specific soccer cleat design elements influence sprint performance,
with particular emphasis on forefoot compliance. The findings indicate that differences
in forefoot flexibility strategies led to differences in sprint outcomes, highlighting the
importance of design elements. Product 2 (Prototype Regular Cleats) demonstrated slower
sprint performance than the commercial reference cleat (Product 1). One possible explanation
is that the stitching based forefoot structure provided moderate but limited flexibility, which
may not have been sufficient to enhance forefoot mechanics and recoil during the propulsion
phase of sprinting. At the same time, this added structure may have increased overall
stiffness or mass without delivering a clear biomechanical benefit during the very short
ground contact times characteristic of sprint acceleration. As a result, Product 2 may not
have effectively supported rapid force application during push off, leading to reduced sprint
performance despite its intentional design.

In contrast, Product 3 (Prototype Band Cleats) demonstrated the fastest sprint times,
particularly among college level professional players. The elastic band based forefoot design
likely provided greater dynamic compliance, allowing more effective forefoot compliance

and recovery during ground contact. This increased adaptability may have provided quicker
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transitions through the propulsion phase, contributing to reduced ground contact time and
enhanced horizontal force application. Notably, both prototypes incorporated carbon fiber
and a forefoot focused stud configuration. The longer studs positioned in the forefoot region
likely improved traction during initial contact and push off, encouraging earlier and more
stable forefoot engagement during acceleration. However, the performance of Product 3
suggests that bending stiffness alone was insufficient to enhance sprint performance. Rather,
the interaction between forefoot flexibility, bending stiffness, and stud configuration appears
to be critical for optimizing sprint acceleration. Instead, the interaction between bending
stiffness and forefoot flexibility appears to be critical. In Product 3, the elastic forefoot
structure may have complemented the carbon fiber reinforcement by allowing controlled
compliance followed by rapid recoil, whereas Product 2 lacked sufficient dynamic flexibility
to achieve a similar effect.

The physiological responses further support this interpretation. Although Product
3 was associated with higher VO, values, oxygen consumption during short distance
sprinting should be interpreted as reflecting physiological response and metabolic demand
during sprint activity. Increased VO, likely reflects greater muscle recruitment and higher
mechanical output required to achieve faster sprint speeds, rather than reduced energetic
cost. Therefore, the increased VO, observed in Product 3 is best interpreted as evidence of
increased sprint intensity.

Taken together, these findings provide several design implications for sprint oriented
soccer cleats. First, forefoot flexibility should be tuned rather than minimized or maximized;
designs that allow forefoot compliance and recovery appear more effective. Second, bending
stiffness should not be considered in isolation. Its interaction with forefoot compliance plays
a decisive role in sprint performance. Third, elastic forefoot structures may be more effective
than stitching based segmentation in supporting explosive sprint acceleration. Finally, the
more pronounced performance benefits observed in skilled players suggest that advanced

athletes may be better able to exploit biomechanical advantages provided by footwear design.

5. Conclusion

From a design perspective, forefoot flexibility should be carefully tuned rather than
minimized or maximized. Elastic forefoot structures that allow controlled compliance
followed by rapid recovery may be more effective than rigid or segmented constructions in
supporting explosive sprint acceleration. Furthermore, the more pronounced performance
benefits observed among skilled players indicate that advanced athletes may be better able to
exploit biomechanical advantages provided by footwear design.

Although, the sample size was relatively small, and biomechanical measurements such
as ground reaction forces, plantar pressure distribution, joint kinematics, and muscle
activation patterns were not directly assessed. Future studies can include larger samples and
incorporate additional biomechanical measurements, such as ground reaction forces and
plantar pressure distribution, as well as motion capture and electromyography (EMG), to
better understand the mechanisms underlying the observed performance differences. Despite

these limitations, the present findings demonstrate that targeted forefoot design strategies
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can meaningfully influence sprint performance in soccer. By emphasizing the interaction
between forefoot compliance, bending stiffness, and stud configuration, this study provides
practical guidance for the development of next generation sprint oriented soccer cleats.
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