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Preface

The Reprint “Applied Biomechanics and Sports Sciences” was conceived to integrate

multidisciplinary perspectives on the mechanisms underlying human performance. The contributing

authors explore how biomechanical and neuromuscular principles can translated into practical

strategies to optimize movement efficiency, training prescription and injury prevention. This

collection brings together experimental and applied studies that span a diversity of sports and

methodological approaches, illustrating how advances in biomechanics and technology can inform

evidence-based coaching and performance enhancement. As Guess Editors, we aimed to provide a

scientific platform that bridges laboratory-based research and real-word applications, highlighting

the growing relevance of biomechanics as a cornerstone of modern sports science. We would like

to express our gratitude to all the researchers, reviewers and editorial staff who have contributed to

making this Reprint possible.

Filipe Conceição, Ricardo J. Fernandes, and Pedro Jimenez-Reyes

Guest Editors
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Editorial

Applied Biomechanics and Sports Sciences: Closing Editorial

Filipe Conceição 1,2, Ricardo J. Fernandes 1,2,* and Pedro Jimenez-Reyes 3

1 Centre of Research, Education, Innovation and Intervention in Sport, CIFI2D, Faculty of Sport,
University of Porto, 4200-450 Porto, Portugal; filipe@fade.up.pt

2 Porto Biomechanics Laboratory, LABIOMEP-UP, Faculty of Sport, University of Porto,
4200-450 Porto, Portugal

3 Center for Sport Studies, Rey Juan Carlos University, 28933 Madrid, Spain
* Correspondence: ricfer@fade.up.pt

1. Introduction

The integration of biomechanics and sports sciences has accelerated markedly in recent
years largely due to advances in sensor technology, data analytics, and computational mod-
eling. Wearable devices, such as inertial measurement units and portable electromyography
systems, have enhanced the capacity to capture real-time data in ecologically valid condi-
tions, supporting both training and rehabilitation practices [1,2]. Parallel to this, artificial
intelligence and machine learning approaches are increasingly employed in performance
prediction and individualized training design [3,4]. However, substantial gaps remain
since translating complex biomechanical findings into practical tools that coaches can apply
with confidence continues to be a challenge, while longitudinal multi-level studies are still
underrepresented [5]. Furthermore, there is limited integration across biomechanics, phys-
iology and psychology, restricting our ability to holistically model athlete development.
This Special Issue sought to highlight research directions that combine methodological
rigor with real-world impact, in line with contributions to applied biomechanics, aquatic
performance, and sprint profiling.

2. An Overview of Thematic Contributions

The contributions to this Special Issue can be grouped into four thematic clusters that
mirror emergent research priorities. The first relates to accessible monitoring technologies,
exemplifying the push toward accurate but low-cost tools that broaden the application of
biomechanics beyond laboratory settings [6]. This perspective is consistent with our work
on affordable and reliable measurement solutions for neuromuscular assessment in applied
contexts [7,8]. A second cluster focuses on predictive modeling and longitudinal profiling,
a field where advanced statistics and computational models are increasingly applied to
monitor training adaptations and forecast record progression [9,10]. This resonates with our
extensive contributions to swimming physiology and energetics, where integrative models
have been developed to link biomechanics and bioenergetics to performance outcomes [11].

A third theme highlights underrepresented populations and contexts, such as female
athletes, youth, and those recovering from injury. Addressing these gaps is essential to clos-
ing the persistent imbalance in sex- and age-based data in sport science [12]. The attention
to such groups in this Special Issue also reflects the editorial vision of creating inclusive
knowledge that informs talent identification and equitable training strategies. Finally,
several studies focus on biomechanical variability and asymmetry, with applications in
explosive actions and rehabilitation. This line of research reflects the necessity of accounting
for functional imbalances when designing interventions [13,14]. Our research on sprint

Appl. Sci. 2025, 15, 59 https://doi.org/10.3390/app151810059
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force–velocity profiling also exemplifies this principle, highlighting how individualized
mechanical profiles can guide strength and speed training, optimizing performance while
reducing risk of injury [8,15].

3. Conclusions and Future Directions

The contributions in this Special Issue illustrate the breadth of contemporary applied
biomechanics, spanning validation of new tools, predictive analytics, profiling of youth
athletes and clinical rehabilitation. A recurrent theme is that biomechanics must not be
considered in isolation, but should be integrated with physiology, psychology, and training
methodology to capture the complexity of sport performance. Persistent challenges include
the need for standardized approaches across laboratory and field contexts, the greater in-
clusion of underrepresented populations and the translation of sophisticated methods into
user-friendly formats for practitioners [5,16]. Future research should prioritize longitudinal
and integrative frameworks that track adaptation over time, advanced computational tools
(including artificial intelligence and force–velocity profiling for individualized diagnos-
tics; [17]) and equitable approaches tailored to women, youth, and clinical populations [12].
In addition, scalable wearable technologies must be designed with attention to ethical and
practical factors, such as affordability and data privacy [2,18]. Building on the expertise of
this Special Issue’s Guest Editors, the future of applied biomechanics should continue to
move toward integrated, accessible and impactful applications that benefit both elite sport
and broader human performance contexts.
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Abstract

Existing research points to sex-specific biological and physiological differences, but the
effects of sex and age on water polo-specific motor skills have not yet been sufficiently
investigated. The current study investigated sex- and age-related disparities in in-water
vertical jump, change of direction ability, sprint performance, aerobic fitness and shot
velocity, hypothesising that these variables are related to the players’ specific motor per-
formance. Sixty-six players (47 males, 19 females) were split into an adult and a young
group (each with n = 33). Two-way (sex and age as factors) analysis of variance and
Tukey’s post hoc test were employed to evaluate the influence of sex and age on specific
water polo skill performance. The male players’ in-water vertical jump (135.4 ± 8.1 vs.
121.5 ± 6.1 cm), shot velocity with previous displacement (68.3 ± 6.4 vs. 51.0 ± 2.5 km·h−1)
and without displacement (68.5 ± 5.7 vs. 52.2 ± 2.9 km·h−1), 10 m sprint (5.6 ± 0.9 vs.
6.6 ± 0.4 s), aerobic fitness (311.7 ± 92.1 vs. 235.7 ± 70.3 m) and change of direction
(3.3 ± 0.4 vs. 3.9 ± 0.4 s) scores were superior to those of female players. No significant
age-related differences were observed in shot velocity with previous displacement (F (1,53)
= 2.124, p = 0.151, η2p = 0.039) or 10 m sprint performances (F(1,62) = 0.935, p = 0.337, η2p =
0.015). Male players outperformed females in most water polo-specific motor skills, while
age-related differences were limited.

Keywords: physiology; agility; skills; endurance

1. Introduction

Research on sex and age disparities in sports spans multiple disciplines and examines
their impact on athletic performance. However, persistent participation gaps suggest un-
derlying patterns that remain poorly understood [1]. Available data indicate that equalising
performance between the sexes in sport is challenging, as adult men generally perform
10–30% better than trained women across various sports [2]. Traditional discussions often
focus on biological sex due to anatomical and physiological differences caused by sex chro-
mosomes and hormones [2,3]. These discrepancies emerge during puberty, when hormonal
changes shape physical development and influence the performance trajectories of male
and female players throughout ageing [4,5]. While biological sex establishes fundamental
physical distinctions, the influence of age introduces additional complexity to performance
development and athletic trajectories.

Appl. Sci. 2025, 15, 9381 https://doi.org/10.3390/app15179381
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Age plays a crucial role in athletic performance, influencing physical and sport-
specific motor skills, as well as career longevity. Peak performance is typically achieved in
early adulthood, although this varies according to the specific demands of each sport [6].
These differences highlight the need for age-specific training programmes to optimise
performance potential [7]. In water polo, technical skills such as ball handling, passing,
shooting, eggbeater kicking, and defensive and offensive actions depend on physiological,
anatomical and biomechanical factors [8,9]. Consequently, variations in technical skills
across developmental stages impact training strategies, competition levels and talent
identification. These factors, shaped by both sex and age, influence performance and
athlete development. Moreover, men and women may exhibit different performance
profiles even within the same age group, due to differences in maturation [10] and the
ageing process, which affects the sexes differently [11].

A closer examination of the data may reveal a more complex and potentially unex-
pected pattern that challenges conventional assumptions. In water polo, the importance of
specific technical skills in game situations is well established, as they are essential to overall
performance and player success [12,13]. However, a review of the literature indicates that
sex- and age-related disparities in these skills are not yet fully understood [14]. This study
conducted a comprehensive investigation into such disparities in the technical abilities of
water polo players. It also explored the physiological and experiential factors underlying
these differences, as well as their impact on performance and developmental trajectories.
By addressing these gaps, the study provides new insights into how skill acquisition and
refinement may differ based on age and sex. These findings highlight the need to examine
sex- and age-specific effects on performance to inform better training strategies.

Understanding how sex and age influence sport-specific technical skills is essential for
optimising training, performance and talent development in elite water polo [15]. While
the existing literature emphasises physiological differences between the sexes and age-
related performance trends, few studies have systematically investigated how these factors
affect key technical skills in water polo [16]. As a sport that uniquely combines strength,
agility, endurance and tactical execution in an aquatic environment, it is crucial to assess
performance using specific metrics such as in-water vertical jump, swimming velocity, shot
velocity, and change of direction [17]. Furthermore, female and younger players remain
underrepresented in performance research, resulting in a lack of evidence-based approaches
tailored to their needs [18]. To address these research gaps and better understand how sex
and age jointly shape technical performance in water polo, this study adopted a targeted
empirical approach.

Previous research on athletic performance, acute exercise, and training in water polo
has focused on male players or neglected sex-related differences altogether. As a result,
substantial gaps remain in our understanding of female players physiological characteris-
tics, performance thresholds, and responses to exercise and training relative to their male
counterparts. Moreover, the influence of ageing on sex-specific differences in these areas
requires further investigation. The aim of the present study was to determine whether
sex- and age-related disparities in water polo are as pronounced as those reported in other
sports. We addressed this question by analysing empirical data within a framework that
not only confirms established trends but also highlights unexpected deviations. We hypoth-
esised that sex and age influence the performance of water polo-specific technical skills
and that their interaction also contributes to performance outcomes.

2. Materials and Methods

A total of 66 water polo players with experience of both national and international
competitions volunteered to participate in the study. The mean (±SD) age of the males
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and females were 21.17 ± 1.0 and 19.11 ± 1.0 years, respectively. All players trained for
at least 5 sessions and played one game per week. The study employed a cross-sectional
design, incorporating both male and female water polo players from different age categories
(adult 25.24 ± 1.0 and young 15.91 ± 0.1 years of age), enabling a direct comparison of
performance outcomes and a robust evaluation of the proposed hypotheses concerning the
main effects of sex, age and their potential interaction.

The independent variables—sex and age—were selected based on their well-
documented influence on physiological development and athletic performance trajec-
tories. Neuromuscular differences may contribute to this, but motor unit activity was
not measured, so the mechanisms remain speculative. The dependent variables—specific
technical skills—were chosen because they reflect fundamental capacities required for
success in water polo and offer reliable quantifiable measures of sport-specific performance.
To rigorously test the hypotheses, we developed and implemented a battery of water
polo-specific technical skill assessments designed to capture the differences between sex
and age groups. These assessments comprised in-water vertical jump, change of direction
ability, 10 m sprint, aerobic fitness (measured via a field-based protocol) and shot velocity,
all of which are recognised as key performance indicators in high-level water polo competi-
tion. Familiarisation sessions were not deemed necessary, as all participants had extensive
experience with the tested skills, which are regularly integrated into both training sessions
and competitive play.

2.1. Experimental Design

Players began the testing session with a standardised 500 m low-to-moderate intensity
warm-up, performed in a 25 m indoor swimming pool maintained at 27 ◦C with a uniform
depth of 1.90 m. Immediately following the warm-up, participants completed six water
polo-specific technical skill tests (Figure 1), administered in a fixed order to ensure con-
sistency across subjects. These were (i) in-water vertical jump height, assessed using a
Sony Handycam HDR-PJ530, Tokyo, Japan digital video camera (1920 × 1080 p resolution)
positioned laterally to the testing zone. Each player performed two maximal-effort jumps
from a vertical starting position, with the highest value recorded for analysis. The technical
error of measurement (TEM) for this test was 0.9 cm [19]; (ii) shooting velocity with and
(iii) without displacement, which were assessed in the presence of a goalkeeper to replicate
game-like conditions. For each condition, players executed six maximal shots from a 5 m
distance [20]. Shot velocity was measured using a 10 Hz radar (Applied Concepts, Inc.,
Flat Salkerpro, TX, USA), positioned 8 m from the goal, with a sensitivity of 0.045 m·s−1

and a calculated TEM of 2.6%; (iv) 10 m front crawl sprint performance, as measured from
three maximal trials, with the fastest time retained for analysis (TEM: 0.1 s); (v) aerobic
fitness, which was assessed via the multistage shuttle swim test, a progressive, intermittent
protocol previously validated for aquatic sports contexts [21]; (vi) change of direction
ability, which was evaluated using a water polo-specific test protocol [22], with three trials
completed and the best time recorded (TEM: 0.1 s).
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Figure 1. Representation of the experimental evaluations of specific technical skills.

2.2. Statistical Analysis

Descriptive statistics, including mean ± standard deviation and 95% confidence
intervals, were calculated and reported for all performance variables to provide a com-
prehensive summary of central tendency and dispersion. A two-way analysis of variance
(2 × 2 ANOVA) was employed to examine the main effects of sex and age group, as well
as their interaction, on water polo-specific technical skill performance. When significant
differences were identified, Tukey’s post hoc tests were applied to determine pairwise con-
trasts between groups. The assumptions underlying the use of parametric tests—namely,
normality of distribution and homogeneity of variances—were assessed using the Shapiro–
Wilk test and visual inspection of residual plots. All statistical analyses were performed
using IBM SPSS Statistics version 29.0 (IBM Corp., Armonk, NY, USA), with the threshold
for statistical significance set at p < 0.05. Additionally, Cohen’s d was computed to quantify
effect sizes and enhance interpretation of group differences. Effect sizes were classified as
small (<0.2), moderate (0.2–0.5), large (0.5–1.0), or very large (>1.0), following established
conventions [23].

3. Results

Sex-related disparities were observed across all evaluated water polo-specific technical
skills (Table 1). Male players consistently demonstrated superior performance compared to
their female counterparts in each of the assessed tests. Specifically, males achieved higher
scores for the in-water vertical jump (F(1,62) = 51.297, p < 0.001, η2p = 0.453), as well as
in shot velocity both with (F(1,53) = 107.312, p < 0.001, η2p = 0.669) and without previous
displacement (F(1,52) = 134.790, p < 0.001, η2p = 0.722). Significant sex differences were
also observed in 10 m sprint performance (F(1,62) = 19.496, p < 0.001, η2p = 0.239), aerobic
fitness, as measured by the shuttle swim test (F(1,61) = 14.986, p < 0.001, η2p = 0.197), and
change of direction ability (F(1,62) = 32.953, p < 0.001, η2p = 0.347). These findings highlight
the presence of robust sex-related disparities across key physical performance domains
relevant to water polo. The magnitude of the observed effects, as reflected by the large
partial eta squared values, suggests that sex is a substantial determinant of technical and
physical performance in this population.
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Table 1. Descriptive statistics (mean ± SD) of specific motor abilities performance by sex.

Variables
In-Water

Vertical Jump
(cm)

Shot Velocity
with Previous
Displacement

(km·h−1)

Shot Velocity
Without Dis-

placement
(km·h−1)

10 m Sprint
(s)

Aerobic
Fitness (m)

Change of
Direction (s)

Male 135.4 ± 8.1 68.3 ± 6.4 68.5 ± 5.7 5.6 ± 0.9 311.7 ± 92.1 3.3 ± 0.4
I.C. 95% ]132.9; 137.7[ ]66.2; 70.3[ ]66.7; 70.3[ ]5.3; 5.8[ ]284.4; 339.1[ ]3.2; 3.4[
Female 121.5 ± 6.1 51.0 ± 2.5 52.2 ± 2.9 6.6 ± 0.4 235.7 ± 70.3 3.9 ± 0.4
I.C. 95% ]118.6; 124.5[ ]49.7; 52.4[ ]50.6; 53.8[ ]6.3; 6.8[ ]201.9; 269.7[ ]3.6; 4.1[

Cohen’s d −1.82 −3.05 −3.19 1.19 −0.88 1.4
I.C. 95% ]−2.4; −1.2[ ]−3.8; −2.2[ ]−4.0; −2.3[ ]0.6; 1.7[ ]−1.4; −0.3[ ]0.8; 1.9[

Age-related differences were evident in several of the assessed performance measures,
with older players generally outperforming their younger peers (Table 2). Statistically
significant differences between age groups were observed in in-water vertical jump height
(F(1,62) = 3.725, p = 0.058, η2p = 0.057), shot velocity without displacement (F(1,52) = 5.864,
p = 0.019, η2p = 0.101), aerobic fitness (F(1,61) = 7.811, p = 0.007, η2p = 0.114), and change
of direction performance (F(1,62) = 7.408, p = 0.008, η2p = 0.107). These results suggest
that age contributes meaningfully to the development of strength, endurance and agility-
related capacities in young water polo players. Conversely, no significant age-related
effects were found for shot velocity with previous displacement (F(1,53) = 2.124, p = 0.151,
η2p = 0.039) or for 10 m sprint performance (F(1,62) = 0.935, p = 0.337, η2p = 0.015),
indicating that these specific skills may plateau earlier or be less sensitive to age-related
physiological development. Furthermore, no significant interaction effects between sex
and age were detected in any of the tests, suggesting that the influence of each variable
on performance is independent and additive rather than synergistic. Taken together,
these findings support the role of age as a contributing factor to certain motor abilities,
particularly those involving explosiveness, aerobic capacity and agility, but that this is not
uniform across all skill domains.

Table 2. Descriptive statistics (mean ± SD) of specific motor abilities performance by age group and
the interaction between sex and age.

Variables
In-Water

Vertical Jump
(cm)

Shot Velocity
with Previous
Displacement

(km·h−1)

Shot Velocity
Without Dis-

placement
(km·h−1)

10 m Sprint
(s)

Aerobic
Fitness (m)

Change of
Direction (s)

Young 129.9 ± 8.5 63.6 ± 8.7 63.3 ± 7.6 5.9 ± 1.2 256.8 ± 82.9 3.5 ± 0.5
I.C. 95% ]126.9; 132.9[ ]60.2; 67.0[ ]60.3; 66.3[ ]5.5; 6.3[ ]226.9; 286.8[ ]226.9; 286.8[

Adult 132.8 ± 10.9 63.3 ± 10.5 64.3 ± 10.3 5.8 ± 0.7 321.2 ± 91.6 3.4 ± 0.4
I.C. 95% ]128.9; 136.7[ ]59.2; 67.3[ ]60.4; 68.2[ ]5.5; 6.0[ ]288.7; 353.7[ ]3.2; 3.5[

Interaction
Sex–age

F(1,62) = 1.961
p = 0.166
η2

p = 0.031

F(1,53) = 0.898
p = 0.348
η2

p = 0.017

F(1,52) = 1.399
p = 0.242
η2

p = 0.026

F(1,62) = 0.183
p = 0.671

η2
p = 0.003

F(1,62) = 3.383
p = 0.071

η2
p = 0.053

F(1,62) = 0.761
p = 0.386
η2

p = 0.012

4. Discussion

Given the pivotal role of technical skills in water polo performance and the evident
inter-team variability, enhancing this competence is essential for improving players’ game
outcomes [17,24]. To assess water polo players’ technical skills, sex- and age-related
disparities were examined using specific performance tests. The current study demonstrates
that both sex and age significantly influence sport-specific technical skills among water
polo players. Key performance indicators, such as in-water vertical jump, swimming

8



Appl. Sci. 2025, 15, 9381

velocity, and change of direction ability, showed significant differences between male and
female players, as well as across development age groups. These findings align with prior
research highlighting physiological differences, including muscle power and anaerobic
capacity [25,26], but further contribute by providing sport-specific insights. Notably,
younger players exhibited lower velocities and reduced explosiveness, suggesting that
standardised training protocols may inadequately address the specific development needs
of these subgroups [27].

This underrepresentation in performance research underscores the necessity of individ-
ualised skill development approaches. Our data showed established sex- and age-related
patterns, but also unexpected deviations. As hypothesised, male players were superior
in all specific technical skills tested and showed better aerobic and anaerobic capacity.
Older players outperformed their younger counterparts in in-water vertical jump height,
non-displacement shot velocity, aerobic capacity and agility, suggesting age-related de-
velopment in these specific technical skills. However, age was not associated with shot
velocity following displacement or 10 m sprint performance, suggesting these skills may
plateau earlier or exhibit lower age sensitivity. Sex and age independently influenced
performance, as their interaction was not significant.

Water polo offensive and defensive specific technical skills are crucial to the success of
a team, as tactical performance depends on their efficient use during the game [28,29]. For
instance, vertical jumping ability using the eggbeater kick is crucial for performance [30],
enabling high passes, shots over defenders and body position control [19,31]. Our players
exhibited lower in-water vertical jump heights compared to male [32] and female [33] elite
players. Sex-based disparities were observed, as previous assessments of mean eggbeater
force, maximal force, mean peak force, jump distance, and total impulse also revealed
disparities between the sexes [34]. Furthermore, in-water vertical jump ability and the
velocity at which the ball is thrown are widely recognised as crucial factors in the execution
of an effective shot at goal [20,35].

The results observed regarding sex disparities in shooting velocity showed that male
players scores were consistent with findings from previous studies [36,37], while the per-
formance of our female players was below average when compared to their counterparts
in other studies [25,38,39]. These sex disparities are largely due to differences in muscle
mass, upper body strength and power in male players [9]. This also supports prior findings
indicating that sex influences playing status in professional water polo [40]. However,
female players compensate for physical disparities through refined technique, strategic
shot placement, and tactical awareness, highlighting the multidimensional nature of shoot-
ing efficiency in elite water polo [16]. These results emphasise the need to include the
development of specific technical skills and game intelligence in training, especially for
female players, despite physiological limitations.

The physiological demands in water polo require endurance, strength and strategy to
sustain intense efforts and minimise fatigue [26]. Aerobic metabolism plays a dominant
role, but anaerobic energy is crucial for sprints and physical contact [16,41]. Our female
players showed an anaerobic capacity equivalent that of players in the Australian Na-
tional league, while male players achieved test results comparable to those of the national
squad [42]. In addition, the sprint performance of both sexes corresponded to that observed
in Spanish water polo players [43]. Previous research shows that players maintain a high
heart rate during play, highlighting the need for aerobic fitness for recovery and optimal
performance [44,45]. Regarding aerobic capacity, the players of the Australian National
Women’s Team outperformed our players, in both sexes, illustrating the differences in
competition levels [46].
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Water polo demands rapid movement transitions and spatial awareness [26]. Our
female players outperformed both the Canadian team and comparable male counterparts in
change of direction performance [47,48]. Younger males also outperformed older ones [49],
highlighting sex and age effects on agility. The current study showed that age influenced
the performance specific technical skills. After puberty, maturation, experience and training
outweigh physical growth [5], often causing greater variation among players than between
age groups [7,50]. In a previous performance factors study with youth water polo players,
age-related disparities in specific motor abilities were analysed. Similarly to our data, it
was found that older players performed better in motor tasks, though not in swimming
velocity [51]. This can be explained by the improvements in coordination during early
adolescence, and then individual disparities matter more than growth [52]. These findings
suggest age aids physical development, but younger players may need targeted training to
improve technique, agility and power.

5. Conclusions

The present study has some limitations that should be acknowledged. First, the unbal-
anced sex distribution, with a larger number of male players compared to female players.
This imbalance may affect the interpretation of sex-related comparisons and limit the gen-
eralisability of the findings to female players. Secondly, anthropometric characteristics
were not systematically collected or reported for the players, which limits the ability to
contextualise performance outcomes and compare them with previous studies. Future
research should aim to include more balanced samples to allow stronger conclusions re-
garding sex differences. However, the findings of this study provide important information
for coaches and practitioners who want to optimise water polo training by addressing sex-
and age-related disparities in specific technical skills.

Male players were consistently superior to female players in in-water vertical jump,
shooting velocity, sprint velocity, aerobic fitness, and change of direction, indicating the
need for sex-specific training strategies. Female players could benefit from targeted strength
and shooting drills that emphasise technique and tactical awareness to compensate for
physiological deficits. Also, coaches and researchers should acknowledge that players’
performance is related to age, which implies skill-based training regardless of age. To ensure
balanced development, age-specific programs should prioritise foundational technical
skills in younger players while progressively incorporating more complex tactical elements.
Furthermore, continuous monitoring and adaptation of training loads are essential to
address both maturation and individual progression effectively.
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Featured Application

This study shows that squat phase and speed affect interlimb loading asymmetries after
ACL reconstruction. Clinicians should monitor movement tempo and target neuromuscular
control during rehabilitation to reduce asymmetries and improve outcomes during closed
kinetic chain exercises.

Abstract

Asymmetries are common during squats following anterior cruciate ligament reconstruc-
tion (ACLR). This study examined interlimb loading differences between squat phases
at 6 months post-ACLR. Thirty-five participants performed bodyweight squats at self-
selected speed and were analyzed using 3D motion capture. Vertical ground reaction force
impulse (vGRFi), external knee flexion moment impulse (KFMi) and hip-to-knee flexion
moment impulse ratio (HKRi) were calculated, along with interlimb ratios (ILR). Squat
phase durations were also recorded. Paired t-tests and ANCOVA (controlling for time)
were used to compare biomechanical variables across squat phases. Greater asymmetry
was observed during ascent for vGRFi ILR (p = 0.045), KFMi ILR (p < 0.001) and HKRi
ILR (p = 0.006). The ascent phase was faster than descent (p = 0.036). After adjusting for
time, phase-related differences in ILRs were no longer significant. These findings suggest
that greater limb and knee-specific loading asymmetries occur during the ascent phase of
squats but may be influenced by movement speed. Importantly, significant knee-specific
loading asymmetries persisted regardless of squat phase. At 6 months post-ACLR, address-
ing neuromuscular control and movement speed during rehabilitation may help reduce
biomechanical imbalances during closed kinetic chain exercises.

Keywords: rehabilitation; biomechanics; movement asymmetry; ACL; neuromuscular control

1. Introduction

Squats are a commonly performed exercise during rehabilitation after anterior cruciate
ligament (ACL) reconstruction (ACLR) [1,2]. During early- and mid-rehabilitation stages
after ACLR, intralimb compensations during squats that shift loading toward the hip
and ankle joints of the injured limb, as well as shifted loading to the non-injured limb,
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occur [3,4]. These compensatory movement patterns often persist after patients have
completed rehabilitation, as seen up to 7 years after ACLR [5]. Restoring symmetric
movement patterns is important because altered knee joint loading is associated with
negative outcomes such as a second ACL injury and the development of knee osteoarthritis
(OA) [4,6–8].

Previous research has focused on loading asymmetries during the entire length of
squats (descent combined with ascent phase) in individuals after ACLR. A study performed
by Sigward et al. compared the injured vs. uninjured limb of individuals after ACLR during
the entire length of squats, finding that individuals exhibited lower peak knee flexion angles,
knee extension moments and peak vertical ground reaction forces while squatting at 3
and 5 months after surgery [1]. Through investigations of squat biomechanics by Sanford
et al. and Garrison et al., the injured knee of individuals after ACLR was compared to
healthy controls during the entire length of squats, with increases in anterior femoral
translation relative to the tibia, asymmetric ground reaction forces, increased hip energy
absorption contributions and decreased knee energy absorption contributions present [5,9].
While previous studies have demonstrated squat-related asymmetries, the distinct phases
of the squat [descent and ascent] impose different demands on the musculoskeletal and
neuromuscular systems (e.g., knee extensors elongate during descent and shorten during
ascent), warranting phase-specific investigation [10,11]. Only the work performed by Strong
et al. described squat asymmetries during the descent and ascent phases of squats [4].
However, their data compared the injured knee after ACLR to a single limb of healthy
controls without measures of interlimb asymmetries, reporting greater differences in knee
flexion and ankle flexion moments during both the descent and ascent phases at 2.9 months
and the descent phase alone at 8.8 months post-ACLR (p < 0.05) [4]. Nonetheless, the
comparison of interlimb squat biomechanics during the descent compared to the ascent
phase of squats remains absent from the current literature.

The purpose of this study was to determine if loading symmetries differ between the
descent and ascent phases of bilateral squats at 6 months after ACLR and if the length of
time during each phase influences squat loading patterns. We hypothesized that interlimb
loading asymmetries would be present and similar during the descent and ascent phases
of the bodyweight squats. Findings from this study may inform more phase-specific assess-
ment and rehabilitation strategies aimed at reducing persistent movement asymmetries and
optimizing knee joint loading after ACLR. Ultimately, reducing asymmetries during func-
tional movements may help decrease the risk of early osteoarthritis and reinjury following
primary ACL reconstruction.

2. Materials and Methods

2.1. Study Design

This is a cross-sectional secondary analysis from a prospective cohort study aiming to
determine the association between joint loading and cartilage degeneration after ACLR [12].
Participants were enrolled pre-operatively early after sustaining an ACL injury and fol-
lowed through 18 months after ACLR. The timepoint of interest in this study was 6 months
after ACLR.

2.2. Participants

Participants between the ages of 15 and 35 who were within one month of ACL injury
at the time of enrollment were eligible for the larger prospective study [12]. Exclusion
criteria included previous knee injury or surgery in either knee, history of inflammatory
disease, immune compromise, chronic use of NSAIDS, history of cortisone injection during
prior three months, current pregnancy, contraindications to MRI, contraindications to
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MRI, symptomatic concomitant grade III tear to other knee ligaments requiring surgical
intervention, a pre-operatively planned meniscectomy by the treating orthopaedic surgeon
and acute or degenerative chondral lesions present on post-injury MRI. All participants
provided written informed consent (minors provided assent with written consent from a
parent or legal guardian).

Participant Characteristics

Participants self-reported age, sex and race. All study data were collected and/or
managed using Research Electronic Data Capture (REDCap) electronic data capture tools
hosted at UNMC. REDCap is a secure, web-based application designed to support data
capture for research studies [13,14]. REDCap at UNMC is supported by the Research IT
Office, funded by the Vice Chancellor for Research (VCR). Operative reports were collected
from each participant’s surgeon and were used to identify graft type and meniscus repair.

2.3. Squats

Three-dimensional motion analysis was used to examine participants’ bilateral squats.
Kinematic and kinetic data were simultaneously collected with two embedded force plat-
forms (1080 Hz; Bertec Corporation, Columbus, OH, USA) and an eight-camera motion
capture system (120 Hz; Qualisys Inc, Goteborg, Sweden). Passive retroreflective markers
(14 mm) were placed on anatomical landmarks of the trunk, pelvis and lower extremities
as previously described, including the sternum, C7, T10 and bilateral acromia, upper back,
posterior superior iliac spine (PSIS), iliac crest, anterior superior iliac spine (ASIS), medial
and lateral femoral epicondyles, medial and lateral malleoli, superior and inferior heel
and the first and fifth metatarsal heads [15]. In addition, rigid shells, each containing four
retroreflective markers, were secured bilaterally at the lateral thigh and shank.

Participants first completed a 1-s static trial in anatomical position [15]. After this
calibration trial, the markers on the ASIS, femoral epicondyles, malleoli and first metatarsal
heads were removed prior to dynamic trials. As part of a larger testing protocol (gait, single-
leg squats, drop vertical jumps), participants then completed three sets of five bilateral
squats with arms crossed over the chest [16]. They were instructed to squat to a comfortable
depth at a self-selected speed without further instruction or practice.

Marker trajectories were labeled in Qualisys Track Manager and exported to Visual3D
(HAS-Motion, Kingston, ON, Canada). Target and ground reaction force (GRF) data were
low-pass filtered using a fourth-order bidirectional Butterworth filter with a 12 Hz cutoff
frequency [1].

A subject-specific model including the trunk and lower extremities was created using
measured height and mass to estimate segment lengths and joint centers as previously
described [1]. To account for the marker diameter and its base, virtual landmarks were
offset by 9 mm toward the underlying bone [17]. Virtual ASIS and PSIS landmarks were
used to create a Visual 3D composed pelvis. Hip joint centers were estimated using the
method of Bell et al., knee joint centers were defined as the midpoints between the virtual
femoral epicondyle landmarks, and ankle joint centers were defined as the midpoints
between the virtual malleolar landmarks [18,19].

Each squat was segmented into descent and ascent phases. The start of the squat was
defined when vertical center-of-mass velocity exceeded 0.02 m/s downward, and the end
of the squat was defined when upward center-of-mass velocity decreased below 0.02 m/s
(Figure 1). The lowest vertical center-of-mass position determined the transition point
between the descent and ascent phases. External knee and hip moments were calculated
using an inverse dynamics approach, and joint impulses for the descent and ascent phases
were computed using the trapezoidal rule [20].
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Figure 1. Graphical representation of the body’s center of mass (COM) in the vertical direction. The
vertical velocity of the COM was used to define the beginning and end of each squat. The middle
three of each set of five squats were used for analysis. Dashed lines represent the end of the descent
phase and the beginning of the ascent phase, defined by the lowest vertical position of the COM.
Abbreviations: m/s, meter per second; s. seconds.

Variables of interest included vertical ground reaction force impulse (vGRFi), external
knee flexion moment impulse (KFMi), ratio of external hip flexion to knee flexion moment
impulse (hip-to-knee ratio (HKRi)) and time spent in the descent and ascent phase. Data
from the 3 middle squats (second, third and fourth) of each set of squats (9 total squats
averaged) was averaged to account for more variable movement patterns during the first
and fifth squats of each set [1]. For each variable, an interlimb ratio (ILR) was calculated
using this equation: involved limb/uninvolved limb. An ILR of 1 indicates an equal
distribution of load between limbs (vGRFi), between knees (KFMi) or between the hip and
knee joints across limbs (HKRi). An ILR of less than 1 for vGRFi and KFMi indicates lower
loading in the injured limb or knee compared to the uninjured limb or knee. An ILR greater
than 1 for the HKRi indicates a greater contribution of loading in the hip than the knee in
the injured limb compared to the uninjured limb. Time spent during the descent and ascent
phases was expressed in seconds.

2.4. Statistical Analysis

Statistical analyses were completed using IBM SPSS Statistics (IBM Corp. Released
2022. IBM SPSS Statistics for Windows, Version 30.0. IBM Corp: Armonk, NY, USA). Demo-
graphic and surgical characteristics were described using means and standard deviations
or frequencies and percentages, as appropriate. First, paired t-tests were performed to
compare each biomechanical variable (vGRFi, KFMi, HKRi) between phases. One outlier
for HKRi was detected that was more than 1.5 box-lengths from the edge of the box in
a boxplot. It represented expected variation within the sample population and thus was
kept in the analysis. Three extreme outliers for HKRi were detected that were more than
3.0 box-lengths from the edge of the box in a boxplot. These 3 outliers were removed
from the analysis of HKRi due to their leverage on statistical results. Assumptions of
normality were not violated, as assessed by visual inspection of histograms and P-P plots.
Secondly, an ANCOVA was used to determine if ILRs for each squat variable differed
between phases after controlling for time. There was a linear relationship between time
on each phase and each of the biomechanical variables for each of the phases, as assessed
by visual inspection of a scatterplot. Standardized residuals were normally distributed, as
assessed by Shapiro–Wilk’s test (p > 0.05). There was homoscedasticity and homogeneity of
variances, as assessed by visual inspection of a scatterplot and Levene’s test of homogeneity
of variance, respectively. There were no outliers in the data, as assessed by no cases with
standardized residuals greater than ±3 standard deviations. A p-value of 0.05 was set
a priori.
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3. Results

Forty participants were initially enrolled in the study. Five participants were lost to
follow-up by 6 months after ACLR, resulting in thirty-five participants included in this
analysis. Descriptive statistics for sex, age, race, weight, height and BMI of the included
participants are presented in Table 1. More than half of the participants (54%) had a
concomitant meniscal repair. Nearly two-thirds (63%) of participants had a patellar tendon
autograft during ACLR. Overall limb loading (vGRFi) was more symmetric compared to
knee-specific loading contributions (KFMi, HKRi) (Table 2, Figure 2).

Table 1. Participant and surgical characteristics.

Number of Participants
(%) or Mean (SD)

95% Confidence
Interval

Sex (female) 21 (60.0)

Age (years) 19.7 (4.6) 18.1–21.3

Race
Asian 2 (5.7)

Black or African American 3 (8.6)
Hispanic, Latino or Spanish 3 (8.6)

White 25 (71.4)
Other 2 (5.7)

Weight (kg) 74.2 (16.3) 68.6–79.8

Height (m) 1.7 (0.1) 1.7–1.7
Body mass index (BMI; kg/m2) 25.9 (4.8) 24.2–27.5

Concomitant meniscus repair (Yes) 19 (54.3)

Graft type
Hamstring tendon autograft 4 (11.4)

Patellar tendon autograft 22 (62.9)
Quadriceps tendon autograft 8 (22.9)

Allograft 1 (2.9)
Abbreviations: %, percentage; SD, standard deviation; kg, kilograms; m, meters; BMI, body mass index.

Table 2. Results of interlimb ratios for vertical ground reaction force impulse, external knee flexion
moment impulse and ratio of external hip flexion to knee flexion moment impulse, as well as time
during the different phases of squats.

Descent (Mean ± SD) Ascent (Mean ± SD)
p-Value

Injured Uninjured ILR Injured Uninjured ILR

vGRFi
(BW/kg·m) 0.48 ± 0.12 0.52 ± 0.13 0.93 ± 0.12 0.45 ± 0.10 0.51 ± 0.10 0.90 ± 0.14 0.045 *

KFMi
(N·m·s/kg·m) 0.22 ± 0.10 0.35 ± 0.15 0.70 ± 0.39 0.18 ± 0.09 0.32 ± 0.11 0.64 ± 0.39 <0.001 *

HKRi
(N·m·s/kg·m) 1.74 ± 0.71 1.12 ± 0.53 1.84 ± 0.93 2.04 ± 0.84 1.17 ± 0.53 2.06 ± 1.12 0.006

Time (s) 1.00 ± 0.25 0.96 ± 019 0.036 *
* p-value of <0.05. Abbreviations: SD, standard deviation; ILR, interlimb ratio; vGRFi, vertical ground reaction
force impulse; BW, bodyweight; s, seconds; kg, kilograms; m, meters; KFMi, external knee flexion moment
impulse; N, newtons; HKRi, ratio of external hip flexion to knee flexion moment impulse.
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Figure 2. Interlimb ratios for vertical ground reaction force impulse, external knee flexion moment
impulse and ratio of external hip flexion to knee flexion moment impulse during the descent and
ascent phases of squats. Error bars represent ±1 standard deviation. * p-value of <0.05. Note: The
dashed line represents an interlimb ratio of 1 and an equal distribution of loading for each variable
between the injured and uninjured limb. Abbreviations: ILR, interlimb ratio; vGRFi, vertical ground
reaction force impulse; KFMi, external knee flexion moment impulse; HKRi, ratio of external hip
flexion to knee flexion moment impulse.

There was a significant difference in loading asymmetry between the descent and
ascent phases of bilateral squats for all biomechanical variables (Table 3). Participants
demonstrated more asymmetry during the ascent phase for vGRFi ILR (p = 0.045; Descent
(D): 0.93 ± 0.12, Ascent (A): 0.90 ± 0.14), KFMi ILR (p < 0.005; D: 0.70 ± 0.39, A: 0.64 ± 0.39)
and HKRi ILR (p = 0.006; D: 1.84 ± 0.93, A: 2.06 ± 1.12) (Figure 1). There was a significant
difference in time with the ascent phase being faster than the descent phase (p = 0.036;
D:1.00 ± 0.25 s, A:0.96 ± 0.19 s) (Figure 2).

Table 3. Results of paired t-tests comparing the vertical ground reaction force impulse, external knee
flexion moment impulse, ratio of external hip flexion to knee flexion moment impulse and time in
each squat phase during the descent compared to ascent phase of bilateral squats.

Mean Difference SD SEM 95% CI p

vGRFi ILR
Unadjusted 0.029 0.083 0.014 0.001 to 0.058 0.045 *

Adjusted 0.024 - 0.032 −0.039 to 0.088 0.449

KFMi ILR
Unadjusted 0.066 0.095 0.016 0.034 to 0.099 <0.005 *

Adjusted 0.071 - 0.093 −0.115 to 0.257 0.449

HKRi ILR †
Unadjusted −0.218 0.418 0.074 −0.368 to −0.067 0.006 *

Adjusted −0.223 - 0.260 −0.744 to 0.298 0.395

Time (s) - 0.047 0.129 0.022 0.003 to 0.092 0.036 *

* p-value of <0.05. † Three extreme outliers were not included in this analysis (n = 32). Abbreviations: SD, standard
deviation; SEM, standard error of the mean; s, seconds; t, t-value; df, degrees of freedom; vGRFi, vertical ground
reaction force impulse: KFMi, external knee flexion moment impulse; HKRi, ratio of external hip flexion to knee
flexion moment impuse; ILR, interlimb ratio.
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After adjusting for time during each phase, there was no longer a statistically signif-
icant difference in vGRFi ILR (F(1, 67) = 0.581, p = 0.449, partial η2 = 0.009), KFMi ILR
(F(1, 67) = 0.579, p = 0.449, partial η2 = 0.009) or HKRi ILR (F(1, 61) = 0.733, p = 0.395, partial
η2 = 0.012). Adjusted means and variability for each of the biomechanical variables are
provided in Table 3.

4. Discussion

Our results indicate that at 6 months after ACLR, participants continue to exhibit
deficits in knee loading symmetry during both the descent and ascent phases of squat-
ting. Initially, greater asymmetry was observed during the ascent phase, as evidenced
by vGRFi, KFMi and HKRi, compared to the descent phase. Specifically, the injured limb
demonstrated approximately 30% lower external knee flexion moment impulse compared
to the uninjured limb, along with nearly twice the hip flexion moment contribution relative
to knee flexion moment contribution (HKRi). However, given that the ascent phase was
performed at a faster speed than the descent (4% faster), we controlled for movement
time to account for potential confounding. After adjusting for time, interlimb loading
asymmetries persisted, but the previously observed difference in asymmetry between the
ascent and descent phases was no longer statistically significant.

The findings of our study align with and expand upon previous research. Sigward
et al., Sanford et al. and Garrison et al. reported asymmetries when analyzing the squat
as a single movement, while Strong et al. identified phase-specific asymmetries when
comparing the limb of participants after ACLR to a healthy control limb [1,4,5,9]. In our
study, asymmetries were evident in both phases; however, they were more pronounced
during the ascent phase, which may be attributed to several factors. First, participants were
instructed to perform squat sets without standardized control over time under tension and
phase-specific velocity. Our findings indicate that differences in movement velocity across
phases may influence an individual’s control over the squatting movement, particularly
during the ascent phase, thereby highlighting pre-existing asymmetrical movement pat-
terns. Additionally, neuromuscular control of the lower limb and muscle activation are
critical factors in squat execution during rehabilitation after ACLR. It is well established that
neural control patterns differ across eccentric compared to concentric muscle contractions,
with a lower rate of motor unit recruitment required under equal force conditions during
eccentric versus concentric muscle contraction [21]. ACL injury and subsequent ACLR
often result in arthrogenic muscle inhibition (AMI), a neural impairment that restricts
proper quadriceps activation in the affected limb that is still present up to 2 years after
ACLR [22,23]. Given that greater quadriceps activation is required during the ascent phase
compared to the descent phase of a bodyweight squat, reduced quadriceps neuromuscular
activation may contribute to the greater asymmetry observed in this phase [24]. Finally,
the depth of the squats was selected at the discretion of the participants according to their
comfort and ability. Deeper squats have been associated with increased muscle activa-
tion, particularly in the quadriceps and gluteus maximus [25]. Therefore, variations in
squat depth, along with potential improper muscle activation, may contribute to greater
asymmetries during the ascent phase compared to the descent phase.

Strengths and Limitations

This is the first study to compare loading asymmetries between the injured and un-
injured limbs during the descent and ascent phases of bilateral squats after ACLR. By
breaking down the movement into its directional components, we gain novel insight into
the specific biomechanical strategies patients use after ACLR, which could inform more
targeted rehabilitation protocols to address persistent deficits. Limitations of our study
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include a relatively small sample size of athletic participants with a young average age
(19 years). Therefore, our findings may not be generalized to older populations. In addition,
the differences in vGRFi, KFMi and HKRi interlimb ratios between the descent phase and
ascent phase were relatively small; it is unknown if these differences are clinically meaning-
ful. Finally, not controlling squat depth across participants aided in the generalizability of
our study findings to real-world movements but could have impacted findings.

5. Conclusions

At 6 months after ACLR, interlimb asymmetries persist during both the descent and
ascent phases of the squat, with greater asymmetries observed during the ascent phase.
However, these asymmetries were no longer present after controlling for phase duration.
This suggests that underlying neuromuscular control deficits remain even during controlled
bodyweight activities at this stage of the rehabilitation process. Furthermore, movement
speed during rehabilitation exercises should be carefully considered to effectively mitigate
biomechanical imbalances in closed kinetic chain movements.
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Abstract: Background: A comprehensive understanding of variations in physical attributes
both between and within young players is crucial for accurately identifying talent based
on physical performance. This study aimed to compare maximum strength, jump, and
sprint test results among young soccer players from different age categories and playing
positions. Secondarily, this study aimed to analyze the association between maximum
strength, jump, and sprint performances. Methods: A total of 103 players were categorized
as U23, U19, U17, and U16. The players were placed into these age categories based on
their football abilities. All participants completed standardized warm-ups, and testing pro-
cedures followed protocols established in previous studies. Results: Significant differences
were found between age categories regarding the Isometric Mid-Thigh Pull (p < 0.001;
η2

p= 0.33), Countermovement Jump (CMJ) (p < 0.001; η2
p= 0.50), Squat Jump (SJ)

(p < 0.001; η2
p= 0.29), and sprint (p < 0.001; η2

p= 0.30) tests. No significant differences were
detected in Broad Jump results between age categories. Moreover, no significant differences
were observed in any physical capacities between playing positions. Furthermore, signifi-
cant moderate-to-strong correlations (r = 0.30–0.86) were observed between all physical
tests. Conclusions: Age categories can distinguish soccer players’ performance in different
physical tests while no differences were observed between playing positions. Similar mag-
nitude correlations were observed across all tests with only the CMJ and SJ being strongly
correlated. Coaches and strength and conditioning professionals should apply a variety of
tests to assess different physical qualities since they have different patterns between age
categories.

Keywords: strength; athlete profiling; age category; playing position; maximal voluntary
isometric contraction; soccer

1. Introduction

The profiling of soccer players highlights physical, physiological, and anthropometric
characteristics [1–3]. Previous studies have reported significant differences regarding run-
ning performance and strength capacities between players of distinct age categories and
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playing positions [4,5]. Indeed, elite soccer players have shown better physical performance
compared to their non-elite counterparts, whether at senior level or in youth categories [6].
This information is highly valuable for coaches and sports scientists since it enables the
assessment and comparison of players’ physical capacities, regardless of their playing
position or competition level [1]. Consequently, it supports the process of individualiza-
tion during training prescriptions and load monitoring without disregarding the natural
predisposition of some players to exhibit greater or lesser capacity in specific performance
metrics [7]. In soccer, the profiling of players is intimately related to the profile of games
and training practices, especially concerning the player’s field position and age category.
Indeed, significant differences between playing positions and age categories in soccer
players across different physical qualities were previously reported [8,9], demonstrating
the necessity of coaches to individualize training prescriptions.

Soccer is characterized as a high-intensity interval-based sport, which requires a
blend of skills such as speed, agility, endurance, and strength [10]. The most decisive
actions in soccer depend on maximal strength and anaerobic power generated by the
neuromuscular system, which is directly linked to the capacity for force production [11]. It
has been suggested that the Isometric Mid-Thigh Pull (IMTP) test is effective for assessing
maximum strength due to its validity, reliability, simplicity, and low risk [12]. Previous
studies have reported that isometric tests such as the IMTP are well-suited for daily
soccer routines since it results in minimal muscle damage compared to eccentric-based
tests [13], which are commonly used for stratifying strength training programs, and serves
as an index of fatigue [14]. Moreover, IMTP performance has been correlated with sprint
performance, which is highly correlated with peak speed in professional English youth
(U23) soccer players [12]. IMTP absolute peak force has shown greater differences in higher
age categories, with moderate to large effect sizes (d = 0.62 to 1.66), and the largest effects
observed in the highest age groups [15].

Jumping and sprinting abilities are widely used as indicators of neuromuscular fitness
in youth players and as talent identification markers to differentiate between elite and non-
elite soccer players [16]. Although jumping movements are not the most frequent in soccer
matches, analytical testing involves lower technical complexity compared to sprinting and
change of direction movements while providing distinct performance parameters. Vertical
jumping, in particular, reflects lower-limb muscular explosive strength and is useful for
monitoring training-induced adaptations [17,18]. Common exercises for evaluating rapid
strength include the Countermovement Jump (CMJ) and Squat Jump (SJ) [19]. It has
been reported that stronger players (measured via the IMTP) have demonstrated better
CMJ performance [12].

Sprinting is another critical action that can determine the outcome of a soccer game.
Indeed, straight sprints are the most dominant actions in scoring situations, with the
majority performed without the ball, emphasizing the importance of assessing sprint
performance [20,21]. Previous studies reported significant differences between age cate-
gories in sprinting performance [22]. Moreover, it has been shown that elite young soccer
players are faster, stronger, and show better jumping performance than their non-elite
counterparts [23]. Additionally, among elite young soccer players, noticeable differences
between field positions are reported regarding various performance metrics including
sprint, favoring higher performances of offensive position players (e.g., wide midfielders
and forwards) [24,25].

Therefore, a comprehension of physical qualities between young players is essential for
effectively recognizing talent based on their physical performance attributes and optimizing
training strategies according to each player’s profile. This study aims to (i) compare the
physical capacities of young soccer players from a professional club across different age
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categories; and (ii) compare the physical capacities between playing positions. Secondly
the present study aims to analyze whether strength, jump, and sprint tests are correlated.
The hypotheses are as follows: (i) higher age categories will perform better across all tests;
(ii) forwards will achieve superior sprint test results compared to their peers in other
positions; and (iii) IMTP and vertical jump tests will be correlated.

2. Methods

One hundred and three highly trained male soccer players from a Portuguese
club, were recruited to participate in this study, from U23 (n = 24 players; age:
19.7 ± 1.6 yrs; height: 1.80 ± 0.07 m; body mass: 75.6 ± 6.9 kg), U19 (n = 28 players; age:
18.1 ± 0.6 yrs; height: 1.79 ± 0.06 m; body mass: 72.2 ± 6.8 kg), U17 (n = 25 players; age:
16.6 ± 0.6 yrs; height: 1.76 ± 0.06 m; body mass: 67.9 ± 6.2 kg), and U16 (n = 26 players; age:
15.5 ± 0.5 yrs; height: 1.72 ± 0.06 m; body mass: 65.2 ± 8.6 kg). Regarding exclusion criteria,
only goalkeepers and injured players, who were not able to be assessed in these tests, were
excluded, in order to ensure a more representative number of subjects. Data collection was
part of the teams’ routines in which players are assessed throughout the season. Therefore,
normal ethics committee clearance was not required [26]. However, the club’s director
provided written consent for the data for the study.

2.1. Dynamometry

The Piforce had two load cells (CATLT DYLY103) of 200 kg, each with a maximum
capacity of 1961 N (one on each side to measure the force applied by each leg). The force
was measured at a sampling rate of 80 Hz using an Arduino Uno with an HX711 converter.
For the IMTP (Figure 1A), participants were placed in a standing position and the bar height
was adjusted up or down to allow the athlete to obtain the optimal knee (125–145◦) and
hip (140–150◦) angles [27]. Participants were instructed to exert force “as fast and strong
as possible” to obtain peak force (PF) [28]. The PF was estimated with Python code using
Visual Studio (Microsoft Corporation, Redmond, WA, USA). The onset of force production
was defined by visual detection as previously suggested [28] for each maximal voluntary
contraction (MVC) and quantified in Newtons. After that, all MVCs were processed using
an automated routine in Visual Studio Code, which gave a Peak Force value for both cells.
For data analysis, maximum repetition was selected for each test, and the average was
calculated between the two cells for those tests.

Figure 1. (A) Isometric Mid-Thigh Pull (IMTP). (B) Force–time curve of the IMTP exercise using a
Python routine implemented in Visual Studio Code, the blue line represents the force-time curve,
while the red line indicates the onset of force production.
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2.2. Jumps and Speed Equipment

The CMJ, SJ, and DJ tests were assessed by Chronojump software
(Chronojump 2.3.0-83), which has been used to assess jump metrics [29]. The Broad
Jump (BJ) was assessed using a tape measure with participants being positioned with
the front part of the foot on the 0 m mark. The sprint test was assessed by using the
same Chronojump software (Chronojump 2.3.0-83) with two photocells that were placed
at the 0 m mark and at the end mark (40 m), with the participant being positioned 1 m
behind the photocell. These procedures were previously used to assess the speed of football
players [1,30].

2.3. Protocols

Soccer players were familiarized with each exercise in previous training sessions.
The tests were conducted under the same conditions with a 48 h recovery post-game.
To increase the tests’ reliability, players performed the same warm-up protocol, which
consisted of a 5 min exercise on a stationary bike. To minimize the fatigue effect between
tests, the assessments were split into three sessions: one for the maximum strength test
(IMTP), another for rapid strength tests (CMJ, SJ, DJ, and BJ), and a third for the sprint
test. The order of the tests in each session was randomized. Regarding the IMTP, after
the standard warm-up, players performed two maximal voluntary isometric contractions
(MVICs) of 3 s with a 2 min recovery between trials. If a countermovement occurred
prior to the beginning of the pull (IMTP), the trial was not considered, and the player
was asked to repeat it. Moreover, in relation to the CMJ, SJ, DJ, and BJ, after the standard
warm-up, players performed two maximal jumps with a 1 min recovery between reps. The
DJ was performed from a 20 cm high box. For all jumps, if hip flexion, dorsiflexion, or
an arm swing occurred along the jump, the trial was not considered, and the player was
asked to repeat it. For the sprint test, after a general warm-up, players performed a single
40 m sprint after resting for 2 min. For all tests (with the exception of the IMTP), the best
repetition was used in the analysis.

2.4. Statistical Analysis

All data were analyzed using IBM SPSS Statistics 27.0 (IBM Corporation, Armonk,
NY, USA). An assumption test was first conducted to check for data normality, outliers,
and homogeneity of variance-covariance matrices, with no violations identified. To ana-
lyze differences between age categories and playing positions, a one-way ANOVA was
performed. Post-hoc analysis was conducted using Bonferroni correction to determine
differences within each factor. Moreover, the correlation between tests were analyzed
using Pearson’s and Spearman’s coefficient for normally and not normally distributed data,
respectively. The correlation coefficients were classified as weak (<0.3), moderate (0.3–0.7),
and strong (>0.7) [31]. The partial eta squared values were reported as a measure of the
effect size of the ANOVA findings, and were classified as small (η2

p = 0.01–0.05), medium
(η2

p = 0.06–0.013), and large (η2
p > 0.14) effects. Additionally, the significance was set at

p < 0.05, and to analyze the effect size, it was also calculated by Cohen’s d.

3. Results

3.1. Playing Position

Comparing test results by playing position, no statistically significant differences were
found: IMTP (p = 0.41; d = 0.04), CMJ (p = 0.26; d = 0.06), SJ (p = 0.11; d = 0.08), DJ (p = 0.35;
d = 0.05), BJ (p = 0.33; d = 0.05), and sprint (p = 0.47; d = 0.04).
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3.2. Age Categories

The results revealed that there were statistically significant differences in the IMTP
(p < 0.001; η2

p = 0.33), CMJ (p < 0.001; η2
p = 0.495), SJ (p < 0.001; η2

p = 0.29), and sprint
(p < 0.001; η2

p = 0.23) test results among all age categories.
Regarding IMTP performance (Figure 2A), significant differences were found in the

following comparisons: U23 and U17 (U23 = 1706 ± 269 N; U17 = 1386 ± 199 N; p = 0.001;
d = 1.68); U23 and U16 (U23 = 1706 ± 269 N; U16 = 1330 ± 228 N; p < 0.001; d = 1.51); and
U19 and U16 (U19 = 1565 ± 176 N; U16 = 1330 ± 228 N; p = 0.007; d = 1.15).

Figure 2. Comparison of test performances between age groups. (A) Isometric Mid-Thigh Pull
performance in Newtons with significant differences (*) between U23 and U16 (p = 0.001), U23
and U17 (p < 0.001), and U19 and 16 (p = 0.007); (B) Countermovement Jump height with signifi-
cant differences (#) between U23 and U16 (p < 0.001), U19 and U16 (p < 0.001), and U17 and U16
(p = 0.003); (C) Squat Jump height with significant (#) differences between U23 and U16 (p < 0.001),
U19 and U16 (p < 0.001), and U17 and U16 (p < 0.001). (D) Broad Jump distance with significant
differences (*) between U23 and U16 (p = 0.002), and U19 and U16 (p = 0.008); (E) sprint speed
with significant differences (#) between U23 and U16 (p = 0.002), U19 and U16 (p < 0.001), and U17
and U16 (p < 0.001).
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For the SJ (Figure 2B), significant differences were detected between U23 and U16
(U23 = 36.26 ± 4.98 cm; U16 = 30.26 ± 3.87 cm; p < 0.001; d = 2.17); U19 and U16
(U19 = 36.11 ± 3.57 cm; U16 = 30.26 ± 3.87 cm; p < 0.001; d = 1.57); and U17 and U16
(U17 = 35.21 ± 4.14; U16 = 30.26 ± 3.87 cm; p = 0.003; d = 1.24).

In relation to the CMJ (Figure 2C), there were also significant differences in the fol-
lowing comparisons: U23-U16 (U23 = 38.60 ± 4.88 cm; U16 = 29.84 ± 3.83 cm; p < 0.001;
d = 2.00); U19-U16 (U19 = 39.53 ± 3.68 cm; U16 = 29.84 ± 3.83 cm; p < 0.001; d = 3.56); and
U17-U16 (U17 = 36.03 ± 3.81 cm; U16 = 29.84 ± 3.83 cm; p < 0.001; d = 1.62)

For the BJ (Figure 2D), the only differences that were found were when comparing the
following: U23-U16 (U23 = 2.02 ± 0.11 cm; U16 = 1.86 ± 0.13 cm; p = 0.002; d = 2.01); and
U19-U16 (U19 = 2.00 ± 0.15 cm; U16 = 1.86 ± 0.13 cm; p = 0.008; d = 12.76).

Regarding the sprint (Figure 2E), there were significant differences in the following
comparisons: U23-U16 (U23 = 7.61 ± 0.24 m/s; U16 = 7.28 ± 0.35 m/s; p = 0.002; d = 1.10);
U19-U16 (U19 = 7.62 ± 0.16 m/s; U16 = 7.28 ± 0.35 m/s; p < 0.001; d = 1.30); and U17-U16
(U17 = 7.73 ± 0.31; U16 = 7.28 ± 0.35 m/s; p < 0.001; d = 1.37).

3.3. Correlation Between Tests

Correlation analysis revealed that all physical performance tests were significantly
correlated. Detailed information regarding the strength of the correlation and level of
significance between tests can be found in Table 1.

Table 1. Pearson correlation analysis between the different physical performance tests. * denotes a
significant correlation between tests (p < 0.05).

IMTP
Squat
Jump

Countermovement
Jump

Broad
Jump

Sprint

IMTP
r = 0.30

(p = 0.003) *
r = 0.43

(p < 0.001) *
r = 0.38

(p < 0.001) *
r = 0.33

(p = 0.002) *

Squat Jump
r = 0.86

(p < 0.001) *
r = 0.59

(p < 0.001) *
r = 0.37

(p < 0.001) *

Countermovement Jump
r = 0.60

(p < 0.001) *
r = 0.42

(p < 0.001) *

Broad Jump
r = 0.39

(p < 0.001) *

Sprint

4. Discussion

To the best of our knowledge, this is the first study in soccer that compares physical
assessment test results across different age categories and between playing positions, and
correlates the physical tests. The main findings of this study were (i) higher age categories
outperformed lower age categories in all tests; (ii) no differences were found between
playing positions; and (iii) moderate correlations were seen between the IMTP and all the
other tests while a strong correlation was observed between the SJ and CMJ.

In accordance with our initial hypothesis, players from higher age categories achieved
generally better results. Indeed, significant differences were found on the IMTP between
U23 and U17 and U16, and U19 and U16. These findings could be explained by size-
dependent factors, such as muscle mass, as well as size-independent factors like genetics
and hormonal influences [32]. Players from higher age categories are also more experienced
in strength training, benefiting from the morphological and neural adaptations associated
with the recurring strength training stimulus, resulting in a greater maximum force capacity.
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This is corroborated by studies showing an increase in peak force, measured via IMTP
testing, with age throughout different age categories [15,33].

Regarding explosive force, statistically significant differences were found across all
tests. The CMJ and SJ tests revealed differences between every age category compared
to U16. Moreover, in the BJ, the U23 and U19 age categories performed better compared
to the U16 age category. Jumping test performance provides shorter than necessary time-
frames for players to achieve their maximal force capacity, and stronger players perform
better in jump performance [34]. Stronger players present greater overall force generation
capacity independent of the time constraints associated with force production. In fact,
late rate of force development and maximum voluntary contraction torque were found
to be correlated with muscle mass having a significant influence on the late rate of force
development capacity [35]. However previous studies have reported divergent findings.
For instance, Castagna and Castellini [19] found that vertical jump was not a suitable metric
for distinguishing young Italian national players across different age categories (U17, U20,
and U21). The results of the present study are consistent with this observation as the U23,
U19, and U17 groups did not exhibit statistically significant differences in vertical jump
performance. This lack of differentiation can be attributed to the average ages of the groups
examined: 19.7 years for U23 and 18.1 years for U19, which approximately correspond to
the U20 category in Castagna and Castellini’s study [19], and 16.6 years for U17, aligning
closely with their U17 category. This age similarity could explain the similar performance,
particularly between the U23 and U19 age categories.

Regarding sprint performance, significant differences were observed in all age cat-
egories outperforming the U16. Faster sprint speeds are associated with greater ground
reaction forces [36], which faster players present as superior rapid force capacity. Indeed,
players from higher age categories presented superior explosive force performance. This
can also be attributed to the distinct maturational status of players since different matura-
tional stages lead to specific physiological and structural changes [37–39]. Similar results
were reported in two top-level Brazilian clubs in which senior and U20 players presented
higher speeds in a linear 20 m sprint compared to U17 and U15 players [40]; significant
age-related differences were observed in sprint performance among young soccer players
as well [41].

Contrary to our initial hypothesis, no differences were found between playing posi-
tions, with previous studies reporting contrasting findings [1,42–46]. For example, greater
sprint performance in forwards compared to defenders was observed across different sprint
distances (5 m, 10 m, 20 m, and 30 m) [42,43]. On the other hand, no differences in 10 m
and 30 m sprints between playing positions were reported [44–46]. Authors suggested that
approaching the professional level at higher age categories, positional differences occur
with forwards becoming the fastest players of the team [47]. One possible explanation
could be due to modern soccer’s increasing emphasis on outfield players contributing to
overall play, leading to more uniform physical performance across positions [48]. Moreover,
a recent study reported no significant differences in sprint performance, knee flexor force
capacity, and mechanical properties of the hamstrings between playing positions in players
from different competition levels [1]. This finding suggests that such a phenomenon is not
exclusive to youth development but also persists in senior competition contexts.

Regarding correlation between tests, a significantly stronger correlation was veri-
fied between the CMJ and SJ (r = 0.86; p < 0.001) due to similarities between the two
tests since players applied vertical force on the ground (i.e., vertical force vector). The
IMTP also revealed a moderate correlation with explosive jumping and sprinting. Previ-
ous studies demonstrated a moderate-to-strong correlation between the IMTP and sprint
(r = −0.69; p ≤ 0.01) and jumping performance (r = 0.81; p ≤ 0.01), respectively [49,50].
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Although stronger players tend to perform better in jumping and sprint performance
tests, the moderate correlations found suggest that other factors besides peak torque are
determinant for jumping and sprint performance such as neuromuscular coordination
and rapid force development [51]. Both the CMJ and SJ were moderately correlated
(r = 0.60; p < 0.001) with the BJ. Although these tests encompass a squatting pattern, the SJ
and CMJ are essentially vertical-oriented while the BJ has a horizontal force component
mediating jump performance [52].

Sprinting and jumping can be categorized as explosive movements. The results of
the present study indicated that jumping tests were moderately correlated with sprint
performance (r = 0.37–0.42; p < 0.001). However, sprinting and jumping performance
present kinetic and kinematic differences due to reliance on distinct attributes. A previ-
ous systematic review and meta-analysis demonstrated moderate-to-strong correlations
(r = 0.45–0.73; p < 0.001) between standing long jump distance and acceleration (0–30 m)
and maximal sprint (30–100 m), respectively [53]. Moreover, moderate correlations were
reported between the SJ (r = 0.56; p < 0.05) and CMJ (r = 0.55; p < 0.05) and sprint [54]. In
fact, sprinting is associated with a capacity to generate higher ground force reactions, with
a specific orientation, in minimal contact times [55], whereas jumps involving a horizontal
force vector component (e.g., BJ) are characterized by higher ground contact times, which
influences the magnitude of correlations. Indeed, it is expected that players exhibiting
greater maximal force production (i.e., higher peak force) generally demonstrate superior
outcomes across various performance metrics [56–58]. This is primarily attributable to
their elevated relative strength (maximum force capacity relative to body mass), which
enhances their ability to overcome inertia more efficiently. Additionally, the development
of maximal strength, as well as jumping and sprinting capabilities, appears to exert a
mutually reinforcing effect, contributing positively to overall athletic performance. This
interrelationship is further supported by the significant correlations frequently observed
among distinct physical qualities.

In the context of optimizing specific performance attributes in elite youth soccer
players, it is suggested for coaches to employ training strategies that incorporate a broader
range of exercises. Such an approach may elicit complementary adaptations beyond those
directly targeted through the performance-specific training task itself. Furthermore, future
research should seek to replicate the current methodological framework across diverse
cohorts of elite youth soccer players. This is particularly relevant given that the criteria
defining “elite” status may vary between competitive leagues, potentially influencing the
physical performance profiles observed.

Furthermore, establishing normative performance benchmarks for youth soccer play-
ers using physical assessments may offer valuable reference values for developing evidence-
based return-to-play criteria for common injuries in soccer, such as hamstring strains and
anterior cruciate ligament injuries [59,60]. Future studies should monitor the progression
of performance in the aforementioned tests alongside the incidence rate of these injuries in
order to assess their validity.

This study has some limitations. Firstly, the data were collected at a single time
point, and it is known that physical performance can fluctuate over the course of a season.
However, it could be extremely challenging to evaluate players across all age categories
within the same period using an extensive battery of tests without compromising the
success of high-level competitions. Secondly, the fact that the club provides strength
training to all players may have influenced the results, making them less generalizable
as strength training can either enhance or diminish performance outcomes. Finally, the
players were grouped by age categories (competitive level) rather than maturational age,
which is naturally an important factor to consider. However, this decision was based on a
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more ecologically valid and realistic approach. Indeed, in the current context, an increas-
ing number of young players are joining teams with older age groups, including at the
senior level.

Further research is needed to examine the relationship between chronological age
and competition level through physical assessments that include goalkeepers for a more
complete analysis.

5. Conclusions

The results of this study showed that age categories can distinguish performance
in physical tests with the highest differences being observed between the U23 and U16
categories. It is likely that older players display overall higher performance levels given the
effects of maturity and strength training on maximum strength, rapid strength, and speed.
However, these results should be considered context-specific. On the other hand, playing
position was shown to not be influential to distinguish players physically. However, it
should be noted that these results could be task-specific since soccer is a multidisciplinary
sport that does not only depend on physical capacity. Moreover, moderate correlations
were observed among the different tests, with the CMJ and SJ showing strong correlations,
possibly due the vertical applied force vector in both tests.

The present study indicates that the physical characteristics of players from different
age categories and from different positions are becoming more similar, possibly due to
specific training characteristics and the influence of physical attributes in modern soccer.
Finally, it suggested the implementation of different tests to assess physical qualities as
demonstrated in the present study. However, if possible, these tests should be applied
at multiple points throughout the season, allowing for the identification not only of the
athletes’ physical development but also of potential gaps within each age category. This
would enable improved monitoring and control of training load.
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Abstract: Countermovement bipodal jumps (CMJs), are widely used for health and per-
formance assessment, but the software required for such analyses is often costly. The
study aim was to examine the validity of an Excel/VBA spreadsheet for comprehensive
CMJ kinetic analysis. The outcomes have been informed from scientific literature, and
the spreadsheet includes modules for data filtering and photogrammetric analysis. To
evaluate its validity, 21 participants performed CMJs on a dual force platform system, and
the primary outcomes were compared with those derived from prestigious software (MARS
4.0). When jump height was calculated based on take-off speed and flight time the Mean
Absolute Errors were 1.79 and 0.69 cm and the minimal detectable changes (MCD) were
1.28 and 0.16 cm. For the propulsive impulse, the error was 5.5 N · s and the MCD was
5.41 N · s. The intraclass correlations were 0.932 (0.902–0.953), 0.984 (0.977–0.989), and 0.940
(0.914–0.959), respectively, demonstrating a strong relationship, and residuals exhibited
homoscedasticity. Considering the variability reported in previous studies for intra- and
inter-subject comparisons, these errors are minimal, highlighting the spreadsheet’s sensi-
tivity. With its exhaustive analytical capabilities and customizable features, this template
serves as a valuable tool for trainers, physiotherapists, and academic teaching settings.

Keywords: affordable solution; force plate; fundamental movement assessment; ground
reaction force and vertical jump

1. Introduction

Physical performance and health evaluation are crucial in both high-performance
sports and clinical practice. Jump tests are widely recognized as key indicators of an
individual’s functional capacity, explosive strength, and neuromuscular status [1,2]. Promi-
nently, health assessment protocols across diverse populations incorporate jump mea-
surements to assess strength and balance—two fundamental elements in fall prevention
and longevity promotion [3]. There is also a relationship between jump height, sprint,
and muscular strength, suggesting that jump outcomes could be used as an indicator of
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sport performance [4]. Furthermore, asymmetries in jump performance, where one limb
generates more force than the other, often reflect underlying muscular imbalances or com-
pensatory mechanisms that disproportionately overload one limb, thereby exacerbating
the risk of injury in sports and other high-intensity physical activities [5]. These studies
emphasize the significance of jump tests as essential tools in both athletic and public health
evaluations. An in-depth analysis of the countermovement bipodal jump (CMJ) requires
analyzing each leg’s variables in isolation, not only taking into account the magnitude of
the ground reaction forces but also the temporal offset between each phase of the dominant
and non-dominant leg.

In this context, force platforms are frequently regarded as the benchmark instrument
for assessing the kinetic and kinematic variables associated with jumping [6,7]. The ac-
curacy and reliability of the data obtained from these platforms are contingent upon the
software employed, as the precision of variable calculations hinges on the formulas uti-
lized [8]. A notable example is Measurement, Analysis, and Reporting Software [MARS
4.0], developed by the esteemed brand Kistler. MARS 4.0 is a comprehensive solution that
requires no specialized programming knowledge, making it accessible for broad use in
both research and practice [9]. This software facilitates the extraction of a wide array of
parameters, including kinematical and temporal parameters or kinetics ones [10]. Among
these, two of the most widely used in research are jump height calculated via take-off
velocity or flight time [8,11–14] and propulsive impulse [15,16], which directly influences
take-off velocity and, consequently, jump height.

One of the primary challenges associated with software specifically designed to evalu-
ate jumps is its prohibitive cost, with most brands exceeding one thousand euros. Conse-
quently, many coaches and research laboratories with limited budgets find it unaffordable.
This underscores the need to develop cost-effective solutions for assessing bipodal CMJs,
given the considerable amount scientific literature dedicated to this jumping skill. Con-
ventional spreadsheet-based software (such as Microsoft Excel) offers an alternative, given
its widespread availability and user-friendly interface and has been used for complex
sport sciences applications [17,18]. Furthermore, Excel includes features that are particu-
larly advantageous in academic settings, such as customizable formulas that can be easily
modified and automated (even including more sophisticated script in VBA computer
programming language). Indeed, few authors have developed spreadsheets enabling the
straightforward calculation of bilateral CMJ parameters, including eccentric and concentric
phase impulses, as well as jump height derived from flight time or take-off velocity [19,20].
However, there is currently no solution available that facilitates the assessment of CMJ
using a dual-platform system, allowing for the isolated analysis of each leg. In this context,
the existing literature emphasizes that the choice between unilateral or bilateral jumps
should be dictated by the specific objectives of the study: unilateral CMJ provides a more
accurate indicator of individual limb performance, whereas bilateral CMJ offers a broader
understanding of inter-limb compensatory strategies [20,21].

The present study aimed to compare, in the particular case of the CMJ, the primary
outcomes (jump height and propulsive impulse) generated by an ad hoc spreadsheet with
those derived from prestigious software (MARS 4.0). It is hypothesised that the error would
be small and that the spreadsheet is sensitive enough to capture changes in future intra-
and inter-subject studies. Given that the spreadsheet allows a good number of variables to
be calculated and that it is customizable, its use can be extended to rehabilitation, sports
performance, and academic teaching settings.

37



Appl. Sci. 2025, 15, 1519

2. Materials and Methods

This cross-sectional observational study examined the differences between reliable, valid,
and user-friendly software (MARS 4.0; Milwaukee, WI, USA) and a freely available, ad hoc
Excel/VBA spreadsheet (Excel version: Microsoft® Excel® LTSC MSO [16.0.14332.20824]
64-bit) for the analysis of jumping biomechanics. MARS 4.0 software has demonstrated
high intra-subject reliability [9] and has been utilized in studies evaluating the validity
of various instruments [22]. Due to its proven reliability and widespread use in the field,
MARS 4.0 software could be regarded as a benchmark in biomechanical assessments.

2.1. Sample

This study was conducted with a cohort of 21 healthy and physically active male
students from the Faculty of Sports Sciences at the University of Granada, aged between 18
and 25. Participants had to meet the following inclusion criteria: (i) being young, healthy
adults aged 18 to 30 years, without musculoskeletal dysfunction. Subjects with any of the
following criteria were excluded: (i) surgical interventions in the last six months, (ii) any
disability that made it difficult to perform the tests correctly, (iii) any pain that could affect
the outcome of the tests, (iv) the technical inability to execute a CMJ jump. None of the
participants had experienced any musculoskeletal injury in the three months preceding this
study that could potentially impair their jumping ability. Participants were informed of the
benefits and risks of the investigation prior to signing an institutionally approved informed
consent form. This study adhered to the ethical guidelines outlined in the Declaration of
Helsinki for human research and was approved by the Research Ethics Committee of the
University of Granada (nº: 687/CEIH/2018).

2.2. Instruments

The tools employed in this study included MARS 4.0 software, an Excel/VBA spread-
sheet (including VBA script), and a force platform. Kistler MARS 4.0 (Measurement,
Analysis, and Reporting Software) encompasses various kinetic analysis modules, includ-
ing ones specifically for jump analysis (e.g., CMJ, Squat, Drop Jump, and Hop Jump) [10]. In
this study, in addition to the MARS 4.0 analysis itself, the data for each jump were imported
into the custom-made Excel/VBA spreadsheet. A selected set of variables was then calcu-
lated and compared with the MARS 4.0 outcomes: (i) jump height computed from take-off
velocity, (ii) jump height computed from flight time, and (iii) force impulse between maxi-
mal force and take-off. This last variable was used as an approximation of the propulsive
impulse, since MARS 4.0 does not provide this variable directly, and it was assumed that
the propulsive phase begins approximately when the force reaches its maximum positive
value. The force platform utilized in this research was a Kistler 9286BA (60 × 40 × 3.5 cm;
Winterthur, Switzerland), a portable piezoelectric force platform with a maximum sampling
frequency of 1000 Hz, a 16-bit AD converter, and a voltage range of ±10 volts. Kistler is
an internationally recognized brand, and its platforms have been employed as benchmark
systems in studies validating jump height assessment instruments [8,22].

The following subsection provides a detailed explanation of the use of the ad hoc Ex-
cel/VBA spreadsheet, enabling other researchers to effectively implement it. The structure
and usage of the spreadsheet will be thoroughly discussed. Additionally, the spreadsheet,
accompanied by two video tutorials, some CMJ force data examples (in .txt format), and
a pdf document including a list of the variables provided with percentiles (based on the
105 jumps recorded for this study) is available as Supplementary Material.
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2.2.1. Structure and Use of the Excel/VBA Spreadsheet

The Excel/VBA tool has several sheets and VBA modules with comments explaining
the function of each of these modules. The Excel/VBA tool sheets are as follows: (i) Import
data (Sheet 1), were data obtained from a force plate and can be imported (based on VBA
open code); (ii) Input (Sheet 2), a sheet that contains the force data from both plates, copied
directly from the sheet Import data or pasted by the user; (iii) CMJ analysis (Sheet 3), the
sheet containing the formulas and graphs necessary for performing the analysis; (iv) Report
(Sheet 4), a sheet that can be printed, and that includes some CMJ outcomes; (v) Percentiles
(Sheet 5), for the variables computed by the spreadsheet based on the data of the present
manuscript (same as included in Supplementary Material); (vi) Photo analysis (Sheet 6),
where a photogrammetric analysis can be performed based on a photo sequence of the
jump; (vii) Database (Sheet 7), where the variables extracted from each jump can be stored;
and (viii) Help! How to set the landmarks (Sheet 8) and (ix) Help! How to know photo path
(Sheet 9), which provide brief instructions for selecting the landmarks (events) required
to perform the jump analysis and to select the path of the photo sequence. Sheets 1, 2,
and 3 are explained in further detail below, while sheets 4, 5, 7, and 8 do not require user
manipulation or are simple to manage. Sheet 6 will be explained in another subsection.

Sheet 1 (Import_data) facilitates the uploading and filtering of data from a .txt file, a
common format used by many tools. The sheet is designed to import .txt files from two
force data logging software programs, MARS 4.0 and Bioware (V5.4.2.0, Kistler Ibérica SL,
Barcelona, Spain). The data are organized according to the .txt file format. For example, the
MARS 4.0 software generates a .txt file containing four columns: the time column, which
records the time data for each entry; the Fz (N) column, which presents the resultant force
values from the two platforms used; the FzLeft (N) column, which displays the force data
on the Z-axis of the left-leg force platform; and the FzRight (N) column, which shows the
force data on the Z-axis of the right-leg platform. All the forces represent the vertical ground
reaction force. If users want to import the data in another format, they have to modify
the VBA script (it does not require high level programming knowledge). The Excel/VBA
spreadsheet includes a fourth-order zero-phase shift Butterworth low-pass data noise filter
with a user-defined cut-off frequency, implemented in VBA by Van Wassenbergh [23] and
based on the book of Winter [24].

On Sheet 2 (Input), data from the Import Data sheet is reorganized to derive the kinetic
variables of the CMJ. The user must specify the platform’s sampling frequency in cell E1
and the gravitational acceleration value in m · s−2 in cell E3.

Sheet 3 (CMJ Analysis) is crucial for performing the kinetic analysis of the jump. It
relies on Excel formulas and VBA programming. A video demonstrating the tool’s usage
and sample files with jump kinetic data are provided as supplementary materials. To assist
users in understanding these instructions, different cell ranges (matrices) are color-coded,
and plots are outlined in various tones (see Figure 1):

• List of matrices: Orange Matrix (A1:C13), Green Matrix (A19:I5020), White Matrix
(J19:K5020), Grey Matrix A (L19:Q5020) and Grey Matrix B (AD1:AY11), Blue Matrix
A (R19:W5020) and Blue Matrix B (AD67:AY77), and Red Matrix A (X19:AZ5020) and
Red Matrix B (AD132:AY142).

• List of plots: Pink Border Plot (in cells range D1:R14), Black Border Plot (in cells range
AD21:AW63), Blue Border Plot (in cells range AD87:AW189), and Red Border Plot (in
cell range AD151:AW194).

39



Appl. Sci. 2025, 15, 1519

Figure 1. Schematic representation of the Excel sheet.

The first step for the user is to click on the button Manual Calculation (cell B1) to
prevent the sheet from performing calculations that could potentially freeze the program
when modifying the data in the graphs. After this, in the Pink Border Plot (Figure 2), the
following parameters should be determined using the corresponding slider bars located
below that plot: (i) the start of the baseline (marker B1), which will facilitate the estimation
of body weight; (ii) the end of the baseline (marker B2), which should be approximately two
seconds from point B1 (or 2000 samples if the platform records at 1000 Hz); (iii) the start of
the jump (marker labelled as Start in the graph), just before the countermovement phase;
and (iv) the end of the jump (marker labelled as Finish in the graph), once the force returns
to the subject’s weight (or a position close to it). The data selected from the graph between
the Start and Finish points will be displayed in the Black Border Plot, Blue Border Plot, and
Red Border Plot. Once these four points have been selected, the Automatic Calculation
Button can then be clicked.
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Figure 2. Pink Border Plot, used to select the baseline and the start and finish of the CMJ.

The user of the Excel/VBA spreadsheet will then mark the start and end of the x-axis
on the chart (to calibrate the length of that axis and compute a scaling factor in cell BF2 that
transforms pixels into graph coordinates) and the ten key points of the CMJ (Figure 3) [19]:

1. Unweighting phase start. The beginning of the CMJ or the start of the negative
impulse phase.

2. Braking phase start (or positive impulse start). The end of the negative impulse phase.
3. Propulsive phase start. The end of the countermovement phase, where the velocity

equals zero and the negative phase impulse equals the positive phase impulse.
4. Positive impulse finish (the force signal crosses the baseline).
5. Flight phase start. The moment when the take-off begins and the platform does not

register any force.
6. Landing time start (or braking landing impulse start). When contact with the platform

is re-established.
7. Landing positive impulse start. The start of the positive impulse during landing.
8. Braking landing impulse finish (or repositioning phase start). The end of the braking

phase (the velocity equals zero).
9. Landing positive impulse finish (or unweighting phase start). When the force signal

crosses the baseline again.
10. Landing unweighting phase end. The end of the CMJ.

 

Figure 3. Key event with explanatory illustrations of the CMJ events to be marked on the Grey Border
Plot. Color blue represents the unweighting phase impulse, color red represents the braking phase
impulse and color green represents the propulsive phase impulse.
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To position the key points on the graphs, simply click on the graph at the desired key
point location. It is possible to utilize the controls located in cells AW17:AZ17, AW84:AZ84,
and AW149:AZ149 to fine-tune the position of the points. In cells AW17, AW84, and AW149
the user selects the point they wish to modify, and in cells AZ17, AZ84, and AZ149, they
specify the number of frames the point steps forward or backward on the plot. If there is
any previous data, it is possible to delete it by pressing the control near the bottom-right
corner, which includes a counter for the number of points selected, ranging from zero to
twelve (with two points used for calibration and ten as key points or landmarks).

To check that the key points have been chosen correctly, the user should look at cells
AE14, AE17, and AQ15 for the total force, cells AE80, AE83, and AQ82 in the case of the
left-leg platform, and cells AE145, AE148, and AQ146 in the case of the right-leg platform.
The values in these cells are calculated by subtracting the following: (i) the unweighting
phase impulse and the braking phase impulse (cells AE14, AE80, and AE145); (ii) the
propulsive positive impulse and the jump break phase impulse (cells AE17, AE83, and
AE148); and (iii) the repositioning impulse and the landing unweighting phase impulse
(cells AQ15, AQ82, and AQ146). The subtraction of these force impulses must be as close
to zero as possible. It will almost never be possible for the value to be zero, due to factors
such as sampling frequency (perhaps not sufficient to capture all of the force signal data)
or deformation of the shoe sole (causing not all of the force to be applied to accelerate the
center of mass). For the selection of the unweighting phase start (event 1) and the take-off
time (event 5) the user must also look at cells AJ14, AJ17, AJ80, AJ83, AJ145, and AJ148,
where the resultant force (in Newtons) in the unweighting phase start and the difference
(in Newtons) between resultant force and half body weight in the flight phase start are
displayed. A number of research studies have analyzed the influence of these thresholds
on the reliability and magnitude of CMJ outcomes and are recommended to be reviewed
for a more precise analysis [25,26].

The pixel data are generated in column BD2:BD13, and the data are then converted
into real coordinates in cells BE2:BE13 (based on the scale factor calculated in cell BF2).
The user should repeat this procedure to analyze the data for each platform separately in
the Blue Border Plot and the Red Border Plot (to analyze the phases of each leg). If the
user wants to perform the analysis based on global force data (without considering the
data from each platform in isolation), they should paste the data into cells BI and BN. This
approach may be useful for studying the contribution of each leg during each phase of the
CMJ. If the user wishes to examine the time lag between the two legs, it would be more
convenient to perform the analysis separately for each platform.

The computation of both continuous signals and discrete variables is detailed in the
following two subsections.

2.2.2. Continuous Kinetic Variables Computation Formulas

The Orange Matrix contains a series of data necessary for calculating the kinetic
variables: (i) in cell B4, the acceleration of gravity; (ii) in cells B5 and B6, the time at the start
and end of the baseline measurement; (iii) in cells C5 and C6, the force at those moments;
(iv) in cells B7 and B8 and C7 and C8, the time at the start and end of the jump and the
corresponding force values; and (v) in cells B9 and B13, a series of variables related to
body weight:

• Cell B9. The weight in Newtons is calculated based on the values between points B1
and B2 (baseline) on the pink-bordered graph.

• Cell B10. The body mass in kg is determined from the weight (cell B9) and the
acceleration of gravity (cell B4).
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• Cells B11 and B12 display the weight recorded with an external scale, indicated on the
Input sheet, which serves as a confirmatory measure to ensure consistency with the
calculated weight value.

• Cell B13 contains half of the body weight.

To calculate the kinetic variables of the CMJ, velocity and displacement at each in-
stant are determined through an integration process based on instantaneous acceleration.
This process is explained in detail below. The sheet is designed to accommodate up to
5000 records. If the platform records at 1,000 Hz, this corresponds to a recording duration
of 5 s (with each row representing one millisecond). The sampling number is displayed in
the Green Matrix, column A. Columns B, C, E, and F contain data from the “Input” sheet.
Columns D, F, and H calculate the resultant force: column D shows the resultant force by
subtracting the force recorded by the platform from the participant’s weight (column D) or
half of the body weight (columns F and H). The White Matrix displays the rows containing
the jump data, as selected on the Pink Border Plot. The Grey Matrix shows data from the
resultant force (limited to data selected in the Pink Border Plot), the Blue Matrix displays
data from the force platform under the left leg, and the Red Matrix includes data from the
force platform under the right leg.

Columns L, R, and X display the instantaneous total resultant force, the force recorded
on the left platform and the force on the right platform, respectively. Columns M, S, and Y
contain the instantaneous acceleration data, calculated by dividing the instantaneous force
by the weight. Columns N, T, and Z present the instantaneous velocity, derived from the
instantaneous acceleration and the velocity of the preceding row. In columns O, U, and
AA, displacement is calculated using the instantaneous velocity and the displacement from
the previous row. The instantaneous power (columns P, V, and AB) is determined based on
the instantaneous force and velocity. Finally, the instantaneous impulse (columns Q, W,
and AC) is computed using the instantaneous force and the sampling frequency. All these
calculations are summarized in Table 1.

Table 1. Computation of the continuous kinetic variables.

Matrix Variable Excel Col. Computation

Grey

Net resultant force D, L Subtracting the participant’s weight to the
resultant force at each instant

Acceleration of the GC M By dividing the net resultant force at each
instant by the weight of the participant

Velocity of the GC N

Adding to the instantaneous velocity at
previous record, the instantaneous

acceleration multiplied by the time of
one record

Displacement of the CG O

Adding to the instantaneous displacement
at previous record, the instantaneous

velocity multiplied by the time of
one record

Instantaneous power of the CG P
Multiplying the net resultant force at each

instant by the velocity of the CG at
each instant

Instantaneous impulse of the CG Q Multiplying the net resultant force at each
instant by the time of one record
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Table 1. Cont.

Matrix Variable Excel Col. Computation

Blue A and
Red A

Net resultant force of the left/right
body side F, H, R, X Subtracting half of the body weight to the left or

right force at each instant

Left or right body side acceleration S, Y By dividing the net left/right force at each
instant by half of the body weight

Instantaneous velocity of the left or
right body side T, Z

Adding to the instantaneous velocity of the left
or right body side in the previous record, the
instantaneous acceleration of the left or right

body side multiplied by the time of one record

Displacement of the left or right body
side U, AA

Adding to the instantaneous displacement in the
previous record, the instantaneous velocity of

the left or right body side multiplied by the time
of one record

Instantaneous power of the left or
right body side V, AB

Multiplying the net resultant force of the left or
right body side at each instant by the velocity of

the left or right body side at each instant

Instantaneous impulse of the left or
right body side W, AC

Multiplying the net resultant force of the left or
right body side at each instant by the time of

one record

2.2.3. Discrete Kinetic Variables Computation Formulas

In the Grey Matrix B, several variables related to the quality of the jump are calculated,
taking into account the resultant force. Columns AE and AF list the names and numbers of
each key event of the jump. The AG column indicates the row number or sample in which
the event appears, while the AH column specifies the second in which the event occurs.
Further important discrete variables are detailed in Table 2.

Table 2. Computation of the discrete kinetic variables.

Matrix Variable Excel Column Computation

Grey B, Blue
B, and Red B

Partial impulses AJ Sum of the instantaneous impulses
between the two selected events

Propulsive average velocity and
braking average velocity AL

Averaging the velocity values between
the start of the propulsive phase and

the start of the flight phase and
between the start of landing and the

end of the braking phase

Average Force AN Dividing the impulse of each phase by
the phase duration

Average Power AO
Multiplying the average force in each

phase by the average velocity in
each phase

The total analysis time of a CMJ using this tool is under five minutes, as demonstrated
in the Supplementary Video that explains the use of this spreadsheet. The Excel spreadsheet
produces a report table containing several computed parameters (Table 3) included in the
MARS 4.0 software, many of them are extensively used in the literature [27].
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Table 3. Report generated by the Excel/VBA spreadsheet (example of a CMJ).

General Measures Phase Delays (ms)

Excentric impulse (N · s) 113.5 Unweighting phase start −51

Propulsive impulse (N · s) 194.0 Braking phase start delay 35

Impulse ratio 0.585 Positive impulse finish −5

Take-off speed (m/s) 2.62 Flight phase start −5

Jump height with initial velocity (cm) 35.14 Landing time start delay −5

Flight time (Sec) 0.57 Landing positive impulse start delay 0

Jump height with flight time (m) 39.94 Braking landing impulse finish delay −289

Propulsive relative power (W/kg) 14.8 Landing positive impulse finish delay −282

Landing positive impulse (N · s) 308.6 Landing unweighting phase end delay −15

Landing peak force (N) 1117.9 Phase duration differences (ms)

Left-leg negative impulse (N · s) −61.6 Unweighting phase start 86

Right-leg negative impulse (N · s) −47.2 Braking phase start delay −30

Inter-leg negative impulse asymmetry
(R-L) (%) 26.5 Positive impulse finish 0

Left-leg positive impulse (N · s) 106.6 Flight phase start 0

Right-leg positive impulse (N · s) 200.2 Landing time start delay 5

Inter-leg positive impulse asymmetry
(R-L) (%) −61.0 Landing positive impulse start delay −289

Left-leg landing positive impulse (N · s) 58.76 Braking landing impulse finish delay 7

Right-leg landing positive impulse (N · s) 230.7 Landing positive impulse finish delay 267

Inter-leg landing PI asymmetry (R-L) (%) −118.8 Landing unweighting phase end delay 0

Landing force peak Left leg (R-L) (N) 343.6

Landing force peak Right leg (R-L) (N) 791.0

Landing force peak asymmetry (R-L) (%) −78.9

2.2.4. Performing a Photogrammetric Analysis

As mentioned above, the Excel/VBA template allows for an additional photogram-
metric analysis in Sheet 6, Photo analysis. This can be useful to check that the CMJ has
been performed correctly, to provide feedback to the participant being evaluated, to check
that the events have been marked correctly, or for educational purposes, to show the start
and end frame of each phase.

This analysis requires recording a photo sequence of the CMJ, which must be saved
in the computer folder where the Excel file is located. Each photo should be numbered as
Photo (1), Photo (2), etc. This is easily performed in the Window environment by selecting
all the photos and naming the first one as Photo (1). Once this is performed, the user
should modify cells C1 (selecting the variable number from the range A3:A7, which will be
synchronized with the photo frame in the graph on the right), I1 (it is recommended to see
Sheet 9 Help! How to know the path of the photo), I2, I4, and Q3 (selecting the frame of the
associated folder where the take-off of the CMJ takes place). Next, the user must modify
the maximum value of scroll bar 1 by right-clicking on it and setting the maximum value
equal to the number of photos in the associated folder. Finally, it is possible to navigate
between frames by clicking on the rotate button or the scroll button. In the graph on the
right there is a red dot corresponding to the CMJ photo frame (Figure 4).

45



Appl. Sci. 2025, 15, 1519

Figure 4. Photo sequence and force data synchronized in Sheet 6 (Photo analysis).

2.3. Procedures to Analyze the Validity of the Spreadsheet

After a standardized warm-up—comprising five minutes of continuous running, a
protocol of five minutes of dynamic stretching targeting the muscles most engaged during
the jumps, and five CMJs—the participants undertook the jumping protocol. The data were
recorded using MARS 4.0 software, which provides several variables semi-automatically.
The raw force data was also imported into the ad hoc Excel/VBA spreadsheet, filtered with
a cut-off frequency of 100 Hz [28] and analyzed. Jump height, determined from take-off
velocity or flight time, and propulsive impulse outcomes were compared between MARS
4.0 and the ad hoc spreadsheet.

Prior to the jump, the following instruction was given: “Jump as high as you can,
initiating the jump from an upright stance and with hands on the hips and performing a
countermovement”. The CMJ should be performed involving a rapid downward movement
followed by an upward movement (countermovement) to utilize the elastic component of
the musculature for achieving a greater jump height. The participants were instructed to
hold a static position for approximately two seconds before the jump to establish a baseline
for calculating body weight. Each participant performed five jumps, with a two-minute
rest between each. If the subject mistakenly performed arm swings during the jump, it
was repeated.

2.4. Statistical Analysis

All the statistical analyses were conducted using Microsoft Excel 2018. All the data
were tested for normality with a visual inspection of the QQ-plots and of the histograms.
To compare the results from the Excel/VBA spreadsheet with those from the MARS 4.0
software, the following statistical issues were analyzed for each of the variables: (i) the
residual homoscedasticity via Bland–Altman plots including the regression lines for the
residuals; (ii) the magnitude of the error in both absolute and relative terms with the Mean
Absolute Errors (MAE), Standard Error of Measurement (SEM), and Percentage Mean
Absolute Error relative to the average measurement obtained with the MARS 4.0 software
(PMAE); (iii) the level of agreement based on the Lin’s intraclass correlation coefficient (Lin
CCC) with the 95% confidence intervals. The strength of agreement for the Lin CCC was
categorized as follows: > 0.8, very strong; 0.6–0.8, strong; 0.4–0.6, medium; 0.2–0.4, weak;
<0.2, very weak [29]. Finally, to determine the magnitude of change that would exceed the
threshold of measurement error [30], the minimal detectable change (MDC) as a 90% and
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95% confidence interval (MCD90 and MCD95) was calculated. It was performed with the
following formulas: MCD90 = SEM · √2 · 1.65 and MCD95 = SEM · √2 · 1.96.

3. Results

The means and standard deviations of the height obtained with MARS 4.0 and with
the ad hoc Excel/VBA spreadsheet were 36.5 ± 7.3 cm and 37.2 ± 7.2 cm when calculated
using take-off velocity and 36.5 ± 6.6 cm and 35.8 ± 6.6 cm when calculated using flight
time. The mean propulsive impulse was 207 ± 20 N · s and 209 ± 20 N · s.

For jump height calculated based on take-off velocity, the MAE was 1.79 cm (PMAE
was 4.92%). In contrast, for jump height calculated based on flight time, the MAE and
PMAE were lower, 0.69 cm and 1.89%, respectively. For the propulsive impulse, the MAE
was 5.5 N · s (PMAE = 2.66%). All Lin’s CCC values indicated a very strong relationship.
The statistical parameters, including the 95% confidence interval for the Lin CCC, the SEM,
and the minimal detectable changes, are included in Table 4.

Table 4. Statistical parameters used to evaluate the spreadsheet’s validity.

Variable

Statistical Parameter

Reliability Error (cm) * MCD (cm)

Lin CCC (95% CI) MAE SEM MDC90 MDC95

Jump height from take-off velocity 0.932 (0.902–0.953) 1.79 0.55 1.28 1.52
Jump height from flight time 0.984 (0.977–0.989) 0.69 0.07 0.16 0.19

Propulsive impulse 0.940 (0.914–0.959) 5.5 1.95 4.55 5.41
* Lin’s concordance correlation coefficient with the lower and upper ends of the 95% confidence interval; * MDC:
minimal detectable change; MAE: Mean Absolute Error; SEM: Systematic Error of Measurement.

Residuals depicted in the Bland–Altman plots appeared homoscedastic for all three
variables (and the associated regression lines did not exhibit any linear relationship),
indicating that the differences between MARS 4.0 and the ad hoc Excel/VBA spreadsheet
were not dependent on the magnitude of the measurement (see Figures 5–7).

Figure 5. Bland–Altman plot of the height computed from take-off velocity.
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Figure 6. Bland–Altman plot of the height computed from flight time.

Figure 7. Bland–Altman plot of the propulsive impulse.

4. Discussion

This study introduces a custom Excel/VBA spreadsheet designed specifically for the
analysis of dual platform countermovement bipodal jumps, offering a cost-effective and
accessible alternative to high-end software solutions. The manual identification of key
events during the jump, which can be completed in less than five minutes, allows for the
extraction of a wide range of biomechanical variables. These variables are summarized in a
printable format, integrating data from both force platforms while also allowing for the
individual analysis of each leg’s function during the jump. The comparison between the
ad hoc Excel/VBA spreadsheet and the prestigious software (MARS 4.0), recognized as
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a benchmark in biomechanics laboratories, revealed small differences. The difference in
jump height estimated using flight time was less than one centimeter, and less than two
centimeters when estimated using take-off velocity, corresponding to relative errors of
approximately 2% and 4%, respectively. The propulsive impulse showed a difference of
approximately 5 N · s, with a relative error of about 2.5%. These findings suggested that the
custom spreadsheet provided accurate results, making it a viable option for laboratories
and researchers with limited resources.

When assessing the magnitude of these errors, it is essential to consider the typical
between-group and within-subject differences reported in the literature. In other words,
coaches and scientists must avoid measurement errors larger than the differences they
intend to measure [31,32]. For example, a researcher intending to use the ad hoc Excel/VBA
spreadsheet for a specific aim should carefully consider the magnitude of error relative to
the differences found in similar studies. Regarding jump height, a difference of approx-
imately 1.8 cm was observed when using take-off velocity for estimation and of 0.7 cm
when using flight time. Some scientific literature results are discussed below, in which the
use of the ad hoc Excel/VBA spreadsheet would be recommended or not. In a study by
Markström and Olsson [11] comparing jump performance between throwers and sprinters,
the sprinters exhibited a jump height approximately 10 cm greater (35 cm vs. 45 cm).
Similarly, in a study by Mihalik et al. [13], a four-week training program incorporating
resistance and plyometric exercises, with a frequency of two days per week, demonstrated
improvements in jump height ranging from 3 to 5 cm after three weeks. Both examples
show differences larger than the spreadsheet errors of 1.8 cm when using take-off speed
to estimate jump height and 0.7 cm when using flight time, indicating that it is sensitive
enough to accurately detect these variations. In addition, a shoe with higher bending
stiffness improved jump height by an average of 1.7 cm [14]. While this improvement
exceeds the 0.7 cm error associated with the Excel/VBA spreadsheet using flight time, it
is very close to the 1.8 cm error observed when using take-off speed, suggesting that the
latter method may not be suitable for such studies. Moreover, Markovic [33] assessed the
effects of plyometric and concentric exercise programs lasting between 6 and 12 weeks,
finding jump height improvements of approximately 5% to 10% (equating to 2–6 cm). These
percentage increases are substantially higher than the percentage error for jump height
obtained with the Excel/VBA spreadsheet using flight time, confirming its adequacy for
such assessments. However, when take-off speed is used, the percentage error (≈4%) is
lower than that reported in most studies included in the meta-analysis but is comparable
to those with the smallest improvements. In these latter cases, the use of take-off speed
for estimation is not recommended. In a study examining within-subjects jump height
changes across sessions, systematic biases of 1.3 cm were found [12]. These biases exceed
the Standard Error of Measurement (SEM) of the ad hoc Excel/VBA spreadsheet, whether
using take-off velocity or flight time to estimate jump height. The MCD90 and MCD95

confirm that the spreadsheet is capable of detecting most of the changes discussed, as it
can detect changes in jump height of 1.28 or 1.52 cm and 0.16 or 0.19 cm when using the
take-off velocity or the flight time, respectively.

Regarding propulsive impulse, fewer studies have focused on this variable, possibly
due to the relative ease and interpretability of measuring jump height. Since the MARS 4.0
software does not provide a propulsive impulse measurement directly, the force impulse
from maximal force to take-off was used as an approximation. Given that propulsive
impulse directly determines take-off velocity and consequently flight height, it is arguably a
more direct and potentially less error-prone variable than flight time [34]. An observational
study reported propulsive-concentric impulses of 171.18 ± 38.6 N · s in females and
254.1 ± 37.46 N · s in males [35], so the ad hoc Excel/VBA spreadsheet could detect these

49



Appl. Sci. 2025, 15, 1519

differences, because it showed a margin of error of 5 N · s. In other related research, the
platform recorded concentric impulse values of approximately 230 ± 50 N · s in CMJs [16].
This standard deviation (50 N · s), encompassing both random and systematic errors, is
significantly higher than the Excel/VBA spreadsheet’s 5 N · s error, indicating that this can
be considered a minimal error. Furthermore, the use of arm swing on concentric impulse
allows for a gain in propulsive impulse of about 30 N · s [15], a difference also detectable
by the Excel/VBA spreadsheet. In this case, the MDC90 and the MDC95 indicated that a
change greater than 4.55 or 5.41 N · s would be required to be certain that the change is not
due to measurement error when using the spreadsheet. These values are also below the
differences in the means of the studies used as examples, confirming the sensitivity of the
measurement.

The present study was not exempt from limitations. Firstly, this study’s focus on young,
healthy male participants limits its applicability to other groups. Although the Bland–
Altman plots did not show any kind of tendency on the residuals, it would be necessary to
study whether the template is still accurate with lower jump heights, achieved, for example,
by children or sedentary people or even with athletic jumpers reaching greater jump
heights. Although no statistical power study was conducted, the sample size was similar
to that of studies analysing jumping assessment instruments or procedures [8,25,26,28].
In addition, the events are marked based on visual observation of the signal and there
exists a human error that has to be considered. Manual marking of CMJ phases could
introduce subjectivity and inconsistencies, particularly for inexperienced users. Such error
can be assessed by comparing the marking of events with a fully automatic system and also
by performing intra- and inter-rater reliability studies. Nevertheless, the sheet includes
calculations that attempt to minimize such error. In particular, three subtractions of force
impulses are calculated which should be the closest possible to zero, explained at the end
of the Section 2.2.1. On the other hand, considering its wide use in research, only one
brand and one force platform software (Kistler and MARS 4.0) was used, and it would
be interesting to analyse whether other systems could provide similar accurate results.
Finally, a fourth-order, zero-phase-shift Butterworth low-pass filter was selected, based on
a previous study [28], but perhaps other types of filters would have been more appropriate
(e.g., an adaptive filter [23] or a residual-based filter).

Despite these limitations a notable advantage of the custom Excel/VBA spreadsheet
is its adaptability and ease of use. Unlike more complex mathematical software (e.g.,
MATLAB or Python), it does not require extensive programming expertise, making it
accessible to a broader range of users, including those in educational settings (i.e., in
university degrees such Sports Science, Kinesiology, or Physiotherapy). The flexibility of
the spreadsheet allows researchers to tailor the analysis to specific research questions or
educational objectives, enhancing its utility in both research and teaching environments.
This is particularly valuable in settings where the budget for specialized software is limited,
yet there is a need for reliable and valid biomechanical analysis tools. Furthermore, the
spreadsheet’s ability to analyze each leg separately during bipodal jumps offers insights
into inter-limb coordination and asymmetries. This feature is crucial for identifying com-
pensatory strategies or imbalances that could predispose athletes to injury [35,36]. While
the current study focused on jump height and propulsive impulse, future research could
expand the validation of this tool to include other kinetic variables, such as rate of force
development, explore its reliability across different populations and conditions, or compare
the accuracy with that of systems such as 2D and 3D photogrammetry or inertial sensors.
The spreadsheet could also provide several physical outcomes useful for training or re-
habilitation purposes such as (i) muscle power, (ii) rate of force development, (iii) impact
peaks upon landing, (iv) outcomes related to the degree of muscle recovery, or (v) the
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improvements in muscle strength or jumping ability following an intervention program.
It can also be utilized to assess specific research issues such as (i) the effect of different
plyometric jump programs on asymmetries [37]; (ii) the inter-limb coordination during
jumping, which can also be used as a measure of neuromuscular fatigue e.g., generated by
competition [38]; (iii) the effects of shoe soles designed to minimize energy dissipation and
improve the jumping performance [14]; or the relation between inter-limb asymmetries and
jumping performance [39]. Additionally, inter-rater and intra-rater reliability studies could
further establish the robustness of this tool, ensuring its broader applicability in diverse
research contexts. Moreover, it is noteworthy that, in the past, the high cost of force plates
often restricted their accessibility, compelling modest laboratories to rely on photogrammet-
ric systems or contact mats for jump evaluations. However, with the recent availability of
force plates priced under USD 1,000, the utilization of conventional spreadsheets becomes
increasingly relevant.

5. Conclusions

This study presented a user-friendly and customizable Excel/VBA spreadsheet de-
signed for detailed jump kinetic analysis using a dual force platform system. The results
demonstrated that the spreadsheet produced small errors in calculating jump height—
whether based on flight time or take-off velocity—and in estimating propulsive impulse.
These small errors, coupled with high intraclass correlation coefficients and homoscedastic
residuals, suggest that the tool is adequate for a number of practical applications.

While further validation is required, the custom spreadsheet offers a robust, cost-
effective alternative to commercial software for analyzing dual-platform, bipodal jumps. Its
accessibility, adaptability, and precision make it a valuable resource for trainers, researchers,
and educators.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app15031519/s1, Table S1: List of variables with percentiles for
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example 2-bioware; Excel/VBA spreadsheet for CMJ analysis and report.xlsm.
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Abstract: The badminton jump smash is vital for winning rallies, but players can have
unintended variations in performance. This study examines the causes of intra-individual
smash speed variations among 19 Malaysian male elite players. Twenty-five jump smashes
were recorded using a 3D motion capture system, with the three fastest (95.0 ± 3.6 m·s−1)
and three slowest (85.8 ± 5.8 m·s−1) smashes per participant categorised into different
groups. Six racket/shuttlecock variables and six upper body technique variables during the
swing phase and at the point of contact were analysed. Five out of the six racket/shuttlecock
variables, including post-impact shuttlecock speed, racket head speed at contact, impact
location, distance from the racket’s geometric centre, and swing time, significantly differed
between groups. Only the shoulder elevation angle differed significantly from 75% to 95%
of the forward swing (p = 0.023), with less elevation during faster smashes. Consistency in
producing high shuttlecock speeds during the jump smash for elite players is primarily
achieved through variables linked to timing. Players/coaches should focus on being able to
initially produce high racket head speeds, at which point ensuring a consistently efficient
impact between the stringbed and shuttlecock should be the priority.

Keywords: SPM analysis; variation in intra-individual; overhead technique; performance
racket; jump smash; kinematic time series

1. Introduction

The forehand smash was reported as the last shot played in 29% and 22% of the men’s
and women’s singles rallies at the 2008 Beijing Olympic Games [1]. It is widely regarded
as the most effective and aggressive stroke in badminton. The success of this stroke lies
in creating a fast downward trajectory of the shuttlecock towards the desired location on
the opposite court and putting the opponent in a defensive situation [2]. Unsurprisingly,
the post-impact shuttlecock speed is often used to define the quality of the shot. As a
result, substantial attention has been paid by researchers to understand the development
of speed in badminton smash [3–5], as well as in other similar projectile-hitting sporting
motions, such as the tennis serve [6–8] and volleyball jump spike [9–11]. At the elite level,
the badminton smash shuttlecock speed may vary due to body positioning, technique, and
the timing (impact location) of the smash, among other factors [12]. However, to the authors’
knowledge, there is no study to date that has conducted any intra-individual analysis
investigating why a given player’s shuttlecock speed may vary between smash strokes.

Appl. Sci. 2025, 15, 844 https://doi.org/10.3390/app15020844
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A higher velocity in the smash is associated with specific characteristics at the moment
of racket–shuttlecock contact, including a more internally rotated shoulder [3,4], as well as
reduced elevation of the shoulder and less extension of the elbow [4]. Additionally, a faster
smash is linked to greater angular velocity of the internal rotation of the shoulder, a factor
contributing significantly (66%) to the development of racket head speed [13]. Other key
elements contributing to the acceleration phase of the smash include forearm pronation [14,15]
and wrist flexion [14]. Notably, the rotational motion of the trunk during both the backswing
and forward acceleration phases also plays a substantial role in achieving a faster smash
speed [5,16]. Furthermore, a consistent impact location of the shuttlecock on the racket face is
critical to minimise reductions in smash speed due to the impact location [12].

Previous research has considered differences in technique for overhead sports such as
badminton, tennis, and volleyball. In the badminton smash, significantly greater shoulder
internal rotation, horizontal abduction, and wrist flexion torque were found for skilled
players compared to unskilled players [17]. Furthermore, participants who produce faster
smash speeds have been shown to have greater shoulder internal rotation upon impact
and a greater pelvis–thorax separation angle in the transverse plane at the end of retraction
compared to participants with slower smashes [3]. In the tennis serve, shoulder internal
rotation has been shown to be a major contributor to the differences in horizontal racket
head velocity between fast and slow servers [8]. In the volleyball spike, differences in upper-
limb angular velocities during successful versus faulty spikes were found for different
phases, covering 35% to 45% and 76% to 100% of the motion [18].

The parameters that contribute to intra-individual variations in badminton smash
speeds are unknown when the goal is to maximise shuttlecock speed. This does not include
cases where a reduction in speed may be the goal in favour of a different trajectory, e.g., a
steeper smash (‘stick smash’). Previously, several key determinants have been identified to
differentiate between shuttlecock speeds across a cohort of players; however, these results
should not be generalised to an individual [3]. While cohort-based studies provide valuable
insights into group trends and biomechanical factors associated with high-performance
smashes, they often overlook intra-individual differences. These differences can arise due to
unique player-specific techniques, variations in motor control, and adaptations developed
through training or anatomical constraints. For instance, individual players may employ
distinct smash techniques, including variations in arm kinematics, shoulder elevation, and
trunk rotation [5]. They may also display unique sequencing and timing patterns within
the kinetic chain, driven by their skill levels, anthropometric characteristics, or personal
preferences [2]. As such, the objective of this study was to investigate causes of reduced
intra-individual shuttlecock speed during the badminton smash among elite Malaysian
players. Understanding whether technique and/or racket/shuttlecock variables cause
reductions in shuttlecock speed at an individual level will allow coaches and practitioners
to better advise players on how to consistently execute their fastest smash.

2. Materials and Methods

2.1. Participants

Nineteen elite male right-handed Malaysian badminton players were recruited for
this study (age: 20.2 ± 0.7 years; mass: 71.7 ± 4.5 kg; height: 1.77 ± 0.06 m; reported
as mean ± SD). All players were actively competing in international-level tournaments
and representing Malaysia, including BWF-sanctioned events. These players typically
rank within the top tiers nationally and have demonstrated consistent performance in
competitive settings.

All players were preparing for competitions and injury-free at the time of data collec-
tion. Ethical approval was obtained from the National Sports Institute of Malaysia (ISN)
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Research Ethics Committee, and written informed consent was obtained from participants
prior to their participation. Players’ own rackets were used for all testing to reflect real
match conditions, with a manufacturer-reported unstrung racket mass of 84.0 ± 1.8 g and
self-reported string tensions of 29.8 ± 0.7 lb.

2.2. Data Collection

All data collection was conducted on an instrumented standard full-size badminton court
at the Sports Biomechanics Laboratory at the ISN under controlled conditions (Figure 1a).
The kinematics of each jump smash were recorded using 25 Oqus 7+ series infrared cameras
(Qualisys AB 411 05, Goteborg, Sweden) at 700 Hz (Figure 1a).

(a)

(b)

Figure 1. (a) Data collection setup, with three force plates and the target area highlighted in black
(shuttle path shown from shuttle machine to striking location through to target area); (b) setup from
above with 3.88 m × 0.4 m target area shown.

A total of sixty-two, 12.5 mm reflective markers were attached to key bony anatomical
landmarks (Figure 2a) using Qualisys double-sided and hypafix non-woven adhesive
tape to create a 15-segment representation, including the head, thorax, pelvis, 2× upper
arms, 2× forearms, 2× hands, 2× thighs, 2× shanks, and 2× feet [4] in Visual 3D v6.00.18
(C-Motion Inc., Germantown, MD, USA). The definition of each segment was constructed
from a local reference frame using a minimum of three markers on the segment based on
three axes (x: pointing to participants’ right; y: pointing forward; z: pointing from distal to
proximal structures), as reported in a previous study [3]. Each racket was equipped with
one 12.5 mm marker at the bottom of the handle and eight pieces of 10 mm2 retro-reflective
tape on the racket head and shaft (Figure 2b). New Yonex Aerosense 30 shuttlecocks were
used for all data collection, with a piece of circle-reflective tape (diameter 19 mm) attached
to the tip of the shuttlecock (Figure 2c). Misshaped or broken shuttlecocks were discarded.
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Figure 2. Marker placement on (a) the participant, (b) the racket, and (c) the shuttle tip.

All participants were given approximately 20 min for warm-up and 15–30 min for
court familiarisation before data collection. During data collection, high serves/lifts were
replicated using a Knight Trainer shuttle launcher (Black Knight, Canada) for the partic-
ipants to perform their maximum jump smashes, taking off and landing on a fixed area
with both feet (Figure 1b). Twenty-five maximum jump smashes aimed at a designated
area on the opposite side of the court were performed by each participant. Trials where the
shuttlecock did not land in the designated area were excluded.

2.3. Data Reduction

The three fastest and three slowest jump smashes (identified by the post-impact
shuttlecock speed) for each participant were categorised into FAST and SLOW conditions,
respectively, for further analysis. Position data were labelled using Qualisys Track manager
(QTM2021.2; build 4260, Qualisys, Goteburg, Sweden), and gaps within the data were filled
using a combination of linear and polynomial interpolation. All body marker position data
were filtered within Visual 3D using a low-pass Butterworth filter with a cut-off frequency
of 60 Hz, which was determined through a residual analysis [19] using MATLAB R2022a
(The MathWorks Inc., Natick, MA, USA).

A 15-segment model in Visual 3D was used to calculate kinematic parameters during
the swing phase for each trial according to two key instances: (a) the start, defined as the
instance when the racket head speed reached 5 m/s during the backswing phase and did
not subsequently drop below this threshold, and (b) shuttle–racket contact, defined by the
frame where the anterior–posterior velocity of the shuttlecock changes from negative to
positive [20]. Joint angles were calculated as Cardan angles (Table 1), where an xyz rotation
sequence was used [21] for all angles except for the shoulder, where a zyz rotation sequence
was used [22] following the ISB recommendation, and the thorax, where a yxz rotation
sequence was used [23].

Table 1. Cardan joint angle definitions.

Joint Rotation Anatomical Position Positive Direction

thorax axial rotation (x-factor) 0◦ anti-clockwise (viewed from above)
shoulder plane of elevation 90◦ a horizontal flexion

elevation 90◦ a elevation
internal/external rotation 180◦ a internal rotation

elbow flexion/extension 180◦ extension

Note: a Shoulder angles are given for the upper arm elevated to the horizontal (abducted by 90◦ from the
anatomical position) and internally rotated such that the forearm is horizontal when the elbow is flexed to 90◦
(similar to [24], with 90◦ and 180◦ added to the plane of elevation and internal rotation angles, respectively, due to
the specific ranges of motion in badminton).
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Post-impact shuttlecock speed, racket head speed, impact timing (swing time from
the start of the forward swing to racket–shuttlecock contact), and impact location were
calculated using a curve-fitting methodology [25], which was adapted for badminton [12]
to include a 1 ms contact period [26]. Additionally, the racket face angle relative to the
vertical upon contact and the shuttlecock angle post-impact relative to the horizontal were
calculated [26–28].

2.4. Data Analysis
2.4.1. Technique Variables

The technique variables include the following kinematic parameters: namely, the shoul-
der plane of elevation, elevation and rotation, elbow flexion/extension angle and angular
velocity, and trunk angle data during the swing phase. All angle and angular velocity curves
were time-normalised to the start of the forward swing period to the point of racket–shuttle
contact. The reliability of each variable for both the FAST and SLOW conditions was analysed
using an integrated pointwise index (intraclass correlation, ICC) test.

2.4.2. Racket/Shuttlecock Variables

The post-impact shuttlecock speed, racket head speed, swing time, and impact location
(longitudinal and mediolateral) relative to the racket head centre were separated into FAST
and SLOW conditions based on the post-impact shuttlecock speed.

2.4.3. Statistical Analysis

Integrated pointwise indices using the ICC (type: consistency) were calculated using
variance components of an ANOVA based on a two-way mixed model [29] with pointwise
confidence intervals set to 95% supplemented at each time point to analyse the test–retest
reliability for the curve data. The classification of ICCs according to another study [30] was
adapted for interpretation: poor < 0.4; 0.4 ≤ fair < 0.6; 0.6 ≤ good ≤ 0.74; and 0.74 < excel-
lent. Data were tested for normality using the Shapiro–Wilk test, where the assumption
of normality was met if p > 0.05. If a high similarity within each participant’s conditions
(FAST vs. SLOW) was found (indicated by a high ICC value), the three trials for each
condition were averaged (mean) into two single time histories to provide a representative
time history of the technique used during each condition. A within-measures ANOVA and
statistical parametric mapping (SPM) were performed to assess any significant differences
in the technique variables between the conditions over the normalised swing phase. A
significance threshold of alpha < 0.05 was set for ANOVA measurements, whilst a Bonfer-
roni correction was used to adjust for post hoc analysis. Paired T-tests were performed in
order to detect differences between the racket/shuttlecock variables for each of the two
conditions (FAST vs. SLOW). A within-measures ANOVA using 1D statistical parametric
mapping (1D-SPM) [31] was performed in MATLAB R2022a (The MathWorks Inc., Natick,
MA, USA), and an ICC test and a paired t-test were performed in IBM SPSS Statistics 26
(IBM, Armonk, NY, USA).

3. Results

Overall, the ICC test revealed excellent similarities in all the participants’ technique
variables in both the FAST and SLOW conditions, identified by a high average ICC value
of 0.983 ± 0.065 (mean ± SD). Hence, the three fastest and three slowest trials for each
participant were combined into two single time histories (FAST and SLOW) for each
technique variable studied to represent the technique used when performing fast and slow
smashes, respectively.
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3.1. Technique Variables

Of the five technical variables analysed, namely the shoulder elevation angle (Figure 3),
shoulder plane of elevation (Figure 4), shoulder internal/external rotation (Figure 5), elbow
flexion/extension (Figure 6), and trunk x-factor angle (Figure 7), no significant differences
were observed between the FAST and SLOW conditions during the swing phase, except for
the shoulder elevation angle (Figure 3). A significant difference in the shoulder elevation
angle was identified from 75% to 95% (Figure 3) of the forward swing between the FAST
and SLOW trials (p = 0.023), with players being less elevated at the shoulder joint during
their FAST trials compared to their SLOW trials.

 

Figure 3. Shoulder elevation angle mean ± standard deviation (SD) for FAST and SLOW conditions
on the left and ANOVA SPM (t) on the right.

 

Figure 4. Shoulder plane of elevation angle mean ± standard deviation (SD) for FAST and SLOW
conditions on the left and ANOVA SPM (t) on the right.

 

Figure 5. Shoulder internal and external rotation angle mean ± standard deviation (SD) for FAST
and SLOW conditions on the left and ANOVA SPM (t) on the right.
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Figure 6. Elbow flexion extension angle mean ± standard deviation (SD) for FAST and SLOW
conditions on the left and ANOVA SPM (t) on the right.

 

Figure 7. Trunk x- factor angle mean ± standard deviation (SD) for FAST and SLOW conditions on
the left and ANOVA SPM (t) on the right.

3.2. Racket/Shuttlecock Variables

The overall range of badminton smash speeds was 75.8–100.6 m·s−1, with the largest
variation for an individual being 13.4 m·s−1 (13% difference) and the smallest difference
for an individual being 3.3 m·s−1 (3% difference). Across the 19 participants, significant
differences were observed between the FAST and SLOW trials in terms of post-impact
shuttlecock speed (95.0 ± 3.6 m·s−1 vs. 85.8 ± 5.8 m·s−1, p < 0.001), racket head speed at
contact (66.3 ± 3.4 m·s−1 vs. 64.3 ± 3.7 m·s−1, p < 0.0005), and longitudinal impact location
(8.5 mm vs. −2.6 mm, p = 0.027) (Table 2). Interestingly, the paired T-test also revealed that
there were significant differences in the swing duration and impact location between the
FAST and SLOW trials. The swing duration during the FAST condition was, on average,
0.0036 s (3.6 ms) shorter than that in the SLOW trials (p = 0.0012). Meanwhile, the players
were observed to demonstrate ‘worse’ impact locations in their SLOW trials, demonstrated
by the greater absolute distance of the impact location from the geometric centre on average
(13.41 mm; p = 0.001) compared to in their FAST trials.

Table 2. Paired-samples T-test on the six racket/shuttlecock variables.

Variable Unit Mean (SD) p-Value

FAST SLOW

post-impact shuttlecock speed m·s−1 95.03 ± 3.58 85.79 ± 5.83 <0.0005 *
racket head speed upon contact m·s−1 66.25 ± 3.43 64.32 ± 3.72 <0.0005 *

mediolateral impact location mm −15.31 ± 8.12 −19.57 ± 18.56 0.209
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Table 2. Cont.

Variable Unit Mean (SD) p-Value

FAST SLOW

longitudinal impact location mm 8.46 ± 15.65 −2.58 ± 27.74 0.027 *
absolute distance of impact location from

geometric centre of the racket face mm 29.48 ± 10.09 42.89 ± 13.76 0.001 *

swing time ms 162.7 ± 10.5 166.3 ± 12.4 0.001 *

Notes: * denotes statistically significant difference between groups; all results are presented as means (SD).

4. Discussion

The intra-individual variation in shuttlecock smash speed across the 25 trials for each
participant varied from 3.3 to 13.4 m·s−1, with significant differences between the FAST and
SLOW groups for both post-impact shuttlecock speed and racket head speed. A maximum
difference of 3.3 m·s−1 (3%) across 25 trials could be considered a small difference and
perhaps what might be expected for elite players, but 13.4 m·s−1 (13%) is over three times
greater than this value and for an elite player is perhaps surprising. This drop of 13% would
bring an ‘elite’ player in line with ‘regional’-level players based on data from [3], where
elite players achieved similar shuttlecock speeds of 94.6 m·s−1 whilst regional players
achieved 84.6 m·s−1.

A comparison of technique and racket/shuttlecock variables revealed several im-
portant differences between the FAST and SLOW conditions. Unsurprisingly, significant
differences existed between the FAST and SLOW conditions for post-impact shuttlecock
speed and racket head speed, respectively, given the high correlation between the two
variables (r = 0.90; [3]).

Overall the participants performed smashes with greater longitudinal impact locations
(11 mm closer to the racket tip) in the FAST group compared to the SLOW group. It is not
obvious why this difference in impact location occurred across a group of elite players, but
it could indicate that coordinating the timing of the racket shuttle impact was challenging
even for elite players. Having an impact location closer to the tip of the racket does result
in a faster racket speed at the point of impact on the racket, and therefore, it makes sense
that the fastest shuttlecock speeds came from impacts slightly closer to the tip of the racket.
There becomes a point at which an increase in longitudinal impact location would cause
a reduction in shuttlecock speed due to the impact efficiency between the stringbed and
shuttlecock. The mean longitudinal and mediolateral impact locations during the FAST
condition were similar to the ‘optimal’ impact location reported by another study [12],
namely 8.5 vs. 11.6 mm and −15.3 vs. −5.7 mm, respectively.

The ‘impact quality’ may also be related to the significant difference in swing duration,
where players performed, on average, 3.6 ms shorter swing durations during the FAST
condition. The small amount of extra time taken during the SLOW condition swings
perhaps allowed the shuttlecock more time to drop and thus produce impact locations
lower on the racket head and further away from the optimal position [12].

The technique of the participants did not vary substantially between the FAST and
SLOW conditions, with only one upper-body joint angle differing between the FAST
and SLOW conditions, namely the shoulder elevation angle between 75 and 95% of the
swing phase. The players held their arm in a less elevated position during the FAST trials
compared to the SLOW trials, and this is supported by [4], where the arm is placed in a
more favourable position to generate greater angular velocities of shoulder internal rotation.
A lower shoulder elevation angle reduces the distance between the racket and the body,
effectively shortening the moment arm of the racket–hand system. This potentially reduces
the rotational inertia of the arm–racket complex, allowing for faster angular acceleration
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during the swing phase. The closer proximity of the arm to the body also potentially
reduces the torque required to achieve higher racket head speeds, along with the work
done against gravity. Given the ability level of the participants, it was unlikely that their
technique would differ between the two conditions. Whilst the technique (joint kinematics)
used at the various joints remained similar between the conditions, and, therefore, so did
the overall ranges of motion, they were completed over shorter periods of time during
the FAST condition, implying greater angular velocities and thus greater racket head
speeds, transferring more momentum to the shuttlecock (assuming an equivalent impact
efficiency).

Previous studies have found shoulder internal rotation upon contact to be an impor-
tant technique variable, with a more internally rotated shoulder being linked to greater
shuttlecock speeds [3,4]. Similarly, players who achieve a more counter-rotated trunk
position at the end of the backswing phase have been shown to achieve greater shuttlecock
speeds [3–5]. Neither of these technique variables showed any differences between the
FAST and SLOW conditions when assessing intra-individual variation throughout the
entire swing phase. These results suggest that players changing their technique is unlikely
to be the cause of variations in shuttlecock speed, and instead, successfully executing and
timing their technique to ensure an efficient impact is likely to explain this variation in
shuttlecock speed.

Future work should investigate technique differences with non-elite populations or
different age groups, as well as carrying out longitudinal studies, to see what technique
changes are made as players progress through various stages and performance groups,
thereby highlighting which technique factors are important for consistently developing
greater racket head speed and shuttlecock smash speed. It is also likely that players of a
lower standard have more variability in their technique, allowing for a greater understand-
ing of what technique factors cause a reduction in shuttlecock speed.

In conclusion, for elite players, the differences in shuttlecock speeds between smash
and slow strokes are likely to be caused by racket/shuttlecock variables, not specific changes
in technique. In particular, more distal longitudinal impact locations, within sensible limits
where impact efficiency is not significantly impacted, and completing the swing phase over a
shorter period of time have been shown to generate greater racket head speeds.

5. Limitations

This study’s design differentiated between FAST and SLOW smash conditions rather
than assigning athletes to distinct groups. This choice may not fully encapsulate motor control
or technical variability across different performance levels or fatigue states. All the players
in this study were right-handed; the findings should be applicable to left-handed players,
but future studies should address this. No specific fatigue assessments were conducted, but
rest intervals were provided as required, and there was no specific evidence of fatigue in
terms of smash speed, as for some players, their fastest smashes occurred towards the end
of the 25 smashes. However, some of the variation found between the conditions could
be attributable to factors beyond the designated conditions, such as muscular fatigue. The
uniform population of elite male Malaysian players is both a strength and limitation of this
study; future studies should look to consider female athletes as well as junior and non-elite
participants to broaden the applicability of the findings to the whole population.

6. Conclusions and Recommendations

In summary, this study presents preliminary insights into biomechanical differences
in badminton smashes under FAST and SLOW conditions, providing an initial step toward
understanding movement variability and performance in sport-specific contexts. Despite

62



Appl. Sci. 2025, 15, 844

the limitations, the findings highlight the importance of nuanced analysis methods in
biomechanical studies, particularly in complex, high-performance movements such as
the badminton smash. More sophisticated design and analysis choices may be necessary
to capture the full scope of the motor control mechanisms underlying elite badminton
techniques, especially when addressing intra-individual variations and compensatory joint
mechanics. Additionally, from a tactical perspective, it may also be relevant to create
conditions where players have a particular focus on generating a maximal shuttlecock
speed vs. accuracy balance and evaluate what technique factors change in the likely
scenario that players reduce the racket head speed and shuttlecock speed to increase the
smash accuracy. A longitudinal study tracking the progression from junior to senior levels
could provide valuable insights into the biomechanical changes that occur over time and
their impacts on performance. Such an approach would help deepen our understanding of
how technique evolves with experience and its influence on smash performance.
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Featured Application: Both integrated game-based and resisted sprint training methods effectively

enhance acceleration in professional women’s football. Incorporating high-speed actions into

training significantly improves sprint performance across distances, offering a practical solution

during competitive periods.

Abstract: The recognition of high-speed demands in football has led elite academies to prioritize
acceleration capabilities for player selection and promotion, particularly given their fundamental role
in the motor skills of professional players and their impact on goal-related opportunities. This study
explored the effectiveness of game-based versus resisted sprint training methods in enhancing the
acceleration abilities of professional women’s football players. Over the entire competitive period, the
training load of 26 athletes (24.2 ± 3.7 years) was assessed using GPS devices, and sprint capabilities
were evaluated through four 30-m acceleration tests spaced six weeks apart. Linear mixed models
(LMMs) analyzed physical load parameters, including distance covered at high speeds, speed events,
and maximum speed, with periods and players as fixed and random effects, respectively. Significant
sprint performance improvements were observed across all intervals, particularly when high-intensity
distance volumes were combined with resisted sprint training. Conversely, high-intensity running
without additional stimuli also led to performance gains, albeit to a lesser extent. Both game-based
and resisted sprint training methods were effective in enhancing acceleration capabilities, while the
absence of specific sprint focus did not significantly alter sprint performance. These findings support
the inclusion of tailored sprint training in athletic programs to optimize acceleration in women’s
football players.

Keywords: sprint performance; team sports; women’s football; training load; resisted sprint

1. Introduction

In contemporary women’s football, high-intensity conditional demands have increased
significantly [1], mirroring trends in their male counterparts [2,3]. Such demands play a
crucial role in talent recruitment, especially in elite academies, with acceleration capabilities
becoming pivotal criteria for player selection and promotion [4–6].

Acceleration is not only integral to a football player’s skill set but also crucial for
athletes in team-based sports, particularly in performance-driven scenarios [7–10]. In
football, acceleration plays a fundamental role in winning duels, defending, and creating
goal-scoring opportunities [7]. Sprinting, as one of the most frequent actions leading to
goals, highlights its importance in these decisive moments [7,10]. The ability to accelerate
effectively provides players with a competitive edge in game-critical situations, reinforcing
the necessity of developing this skill as part of an athlete’s overall performance profile.
Moreover, these abilities have been found to differentiate athletes based on their sporting
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levels [11,12]. This recognition has increased interest among both practitioners and re-
searchers, leading to more studies on improving individual acceleration [13–16]. However,
some experts suggest that selecting naturally faster players may be more effective than
trying to improve players’ acceleration capabilities [17].

To address this objective, different approaches have targeted the specific enhancement
of these capabilities. Sprint-specific methodologies adopt a decontextualized approach, pri-
oritizing targeted athlete stimulation over game-related contextual factors. This allows for
precise performance improvements without the interference of in-game variables [14–16,18].
Among these methodologies, resisted sprint training has gained popularity in team sports
for its effectiveness in improving early acceleration under diverse overloading condi-
tions [18]. In contrast, free and assisted sprinting are more suited to phase-specific adapta-
tions, particularly in optimizing force application at high speeds [15]. Collectively, these
sprint-specific interventions—whether resisted, free, or assisted—have been shown to
improve sprint performance across various sports and competition levels [19–21]. Yet, the
significance of exerting effort in relevant contexts is likely to contribute to the growing adop-
tion of game-based methods [22]. Among these, small-sided games (SSGs) have gained
prominence for their emphasis on technical–tactical skills and frequent short, high-intensity
bursts. Nevertheless, although they are effective at improving cardiovascular fitness and
mimicking official match acceleration–deceleration patterns, some studies indicate they
might not optimally increase high-speed running or mirror the most intense competition
periods [23,24]. Conversely, recent research suggests that adjustments in factors such as the
number of players, individual player space, and space organization can potentially bridge
the disparities in demands associated with high-speed activities [25–28].

Optimizing these abilities remains a priority in sports research and practice. This is
not only due to their significant impact on player performance in sports but also due to
the growing connections to the most frequent football injury, the hamstring tear [29–34].
We hypothesize that (i) the acceleration capabilities of female professional football players
can be optimized during the competitive period, and (ii) both approaches can improve
these capabilities, provided that the stimulus is delivered correctly. This study aimed to
assess the effectiveness of integrated and resisted sprint training protocols in improving
acceleration ability in professional women’s football.

2. Materials and Methods

2.1. Subjects

Twenty-six professional female football players from a single Spanish first division
team, with an average age of 24.2 years (±3.7), a height of 1.69 m (±0.07), and a top speed
of 27.2 km/h (±2.8), volunteered for this study. These athletes engaged in a regular weekly
exercise routine that consisted of five football practices (approximately 8 h in total), five
strength/power exercise sessions, and one competitive match per weekend. Notably, none
of the players had prior experience with sprint-specific training. Their distribution across
positions was as follows: 8 defenders, 8 midfielders, 6 wingers, and 4 forwards. Goalkeepers
were excluded from the study due to distinct variations in their preparatory periods
compared to outfield players. A priori power analysis was conducted to ensure the study’s
ability to detect significant changes in sprint performance (0–30 m) over time. A linear
mixed model (LMM) was fitted, with testing period (T1–4) as a fixed effect and random
intercepts for each player (‘player ID’), accounting for within-subject variability. Based
on 100 simulations with the current sample size of 26 players and 127 total observations,
the power was estimated at 87.0% (95% CI [81.3, 92.4]), confirming that the sample size
was sufficient to detect significant differences between periods. Prior to commencing the
investigation, written informed consent was obtained from the players, and where needed,
from their parents. This study protocol, in accordance with the principles of the Declaration
of Helsinki, was granted approval by the research ethics committee at the Universidad Rey
Juan Carlos (Ref: 0102202306623).
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2.2. Study Design and Procedures

A longitudinal quasi-experimental design was employed to understand the effects
of different approaches to stimulating acceleration capabilities at various points during
the regular season. Participating players underwent three 6-week training periods during
the regular season. These periods were divided into (i) regular football training (inte-
grated) supplemented with resisted sprint-specific training (IRSST); (ii) integrated training
without a focus on high-speed actions (INT); and (iii) integrated training with a focus on
high-speed actions (INTHS). Regular football practice involved 1 active recovery session
(or complementary training for players who participated less than sixty minutes in the
previous match); 1 passive recovery session (no training at all); and 3 optimization train-
ing sessions characterized by (i) short, high-intensity events and neuromuscular actions
through relatively dense (<100 m2 per player) football drills with a lower number of players;
(ii) tactically oriented football drills characterized by larger individual areas (>200 m2 per
player) and a greater number of players involved; and (iii) low-volume, high-intensity
training sessions where high-speed events are interspersed with long rest periods. Lastly,
pre-match training consisted of high-intensity, short-distance, high work-to-rest drills. The
schematic representation of the experimental design is illustrated in Figure 1.

Figure 1. Schematic representation of the experimental design.

2.3. Sprint Training

Two training protocols were designed to complement game-based approaches and
were present throughout the 3 intervention periods. The structure and characteristics of the
game-based methodology were kept constant across the different intervention periods. The
training for period 1 (P1) consisted of sprint-specific training characterized by a progressive
overload in both intensity and volume of training. A detailed description can be found in
Table 1. The training for period 2 (P2) consisted of its usual training dynamics, characterized
by a game-based methodology. Finally, the training for period 3 (P3) maintained the same
structure as that present in P2, complemented with game-based tasks that emphasized
high-speed situations through larger relative areas per player (>200 m2 per player) or the
inclusion of specific tasks aimed at recreating transition situations.
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Table 1. Resisted training program training.

Session/Week Training Volume

1 3 × 20 m 20% BM 2 × 20 m 25% BM 100 m
2 4 × 20 m 30% BM 2 × 20 m 25% BM 120 m
3 5 × 20 m 40% BM 2 × 20 m 50% BM 140 m
4 6 × 20 m 60% BM 2 × 20 m 50% BM 160 m
5 7 × 20 m 70% BM 2 × 20 m 75% BM 180 m
6 8 × 20 m 80% BM 2 × 20 m 75% BM 200 m

Abbreviations: BM—body mass; and m—meters.

2.4. Sprint Performance Testing

The acceleration capabilities of the athletes were assessed using a 30-m maximum
acceleration test starting from stationary. These capabilities were calculated based on the
mean values of two 30-m sprint tests. Assessments were conducted at four time points
throughout the season: T1 (after the pre-season), T2 (post-resisted intervention), T3 (post-
control period), and T4 (post-integrated intervention). Data were collected using timing
gates (Witty Microgate, Microgate, Bolzano, Italy): Dual-beam timing gates were placed
on the track 1 m above ground level at 0, 20, and 30 m from the starting line to monitor
training sessions of free sprinting. The starting position was located 0.5 m behind the
first timing gate. A visual representation of a sprint testing session is shown in Figure 2.
All tests were preceded by a standardized warm-up (6 min running at 8–10 km/h with
general conditioning exercises and dynamic stretching) and a specific warm-up including
wall drills, progressive speed runs, and resisted and flying runs. Likewise, all tests were
performed at the same time of day for each player in order to avoid any negative effects
of circadian rhythms. Verbal encouragement was provided by the research staff during
all tests.

Figure 2. Sprint testing session setup. Starting position is located at −0.5 m, with testing distances
labeled at 0, 20 and 30 m.

2.5. External Load Monitoring

Daily external load (EL) records were collected using GPS units at a rate of 18 Hz
(GPEXE Pro2, Exelio SRL, Udine, Italy, firmware version 0.13) and analyzed for the 6 weeks
leading up to each assessment (with the exception of the pre-season measurement). Sprint-
related variables, such as (i) the number of meters covered at high (>21 km/h) and (ii) very
high speeds (>24 km/h); (iii) the number of speed events (actions involving > 1 s runs above
21 km/h); and (iv) the quantity of accelerations (>3 m/s2), were considered both in absolute
terms and relative to the practice time during the three periods between measurements:
(a) post pre-season (T1) to post-resisted intervention (T2); (b) post-resisted intervention (T2)
to post-control period (T3); and (c) post-control period (T3) to post-integrated intervention
(T4). Along with these, the maximum capability of (v) acceleration and the (vi) peak
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speed were included in the analysis. Variables such as the distance covered by walking
or jogging were excluded from the analysis due to their limited significance in optimizing
these capabilities.

2.6. Statistical Analysis

Statistical analyses were conducted using R-Studio for Windows (version 4.4.1; Posit,
PBC, Boston, MA, USA, 2020) with the lme4 package, as well as with jamovi (Version 2.3)
[Computer Software]. The Kolmogorov–Smirnov test and Levene’s test were employed
to assess the normality of residuals and homogeneity of variance, respectively. Both
the performance-related and EL data exhibited a normal distribution and homogeneous
variance. We employed LMMs, estimated using REML and the nloptwrap optimizer, to
understand the relationship between sprint performance across different distances and
periods. For predictions related to 0–30 m, 0–20 m, and 20–30 m distances based on the
period (represented respectively by the formulas: 0–30 m~1 + period, 0–20 m~1 + period,
and 20–30 m~1 + period), we incorporated ‘player ID’ as a random effect to account for
individual player variability. The same was replicated for EL parameters with absolute and
relative time distances above 21 and 24 km/h, speed events, and maximum speed for the
defined periods in order to estimate the average workload per session during the analyzed
period. The fixed factors comprised 6-week periods (P1–3) for EL sprint-related parameters
and testing sessions (T1–4) for distinct assessment time points. Random intercepts were
assigned to individual players in both analyses. The confidence level was established at
95%, and values of p < 0.05 were considered statistically significant. Upon determining the
significance of the fixed factor, Bonferroni post hoc pairwise comparisons were employed.

The adoption of this analysis approach is recommended over more traditional designs,
such as repeated measures ANOVA, due to its ability to handle incomplete designs and
account for correlations from repeated observations across various microcycles. LMMs
also effectively manage missing data without requiring imputation or case exclusion,
thus retaining all available data, minimizing bias, and enhancing the reliability of results.
This comprehensive approach ensures the dataset’s integrity and provides a more robust
analysis, as supported by recent sports science research [35].

3. Results

3.1. Sprint Performance

For the 0–30 m prediction, the model demonstrated a significant overall explanatory
power, with a conditional r2 of 0.89 and a marginal r2 of 0.12. The intercept, when the
period equals zero, was at 4.86 (95% CI [4.76, 4.96], t(59) = 96.70, p < 0.001). Similarly, for
the 0–20 m prediction, the model displayed a conditional r2 of 0.85, a marginal r2 of 0.08,
and an intercept at 3.46 (95% CI [3.39, 3.54], t(59) = 92.03, p < 0.001). Finally, the model
predicting the 20–30 m range showcased a conditional r2 of 0.84, a marginal r2 of 0.22, and
an intercept at 1.40 (95% CI [1.37, 1.43], t(59) = 83.00, p < 0.001).

Significant main effects were observed for the testing session across three intervals:
0–30 m (beta = −0.07, t(59) = −7.64, p < 0.001), 0–20 m (beta = −0.04, t(59) = −5.17, p < 0.001),
and 20–30 m (beta = −0.03, t(59) = −8.38, p < 0.001). These findings suggest that the effect
size was consistently negative across all intervals, with standardized beta values indicating
the following magnitudes: for 0–30 m, Std. beta = −0.35, 95% CI [−0.44, −0.26]; for 0–20 m,
Std. beta = −0.28, 95% CI [−0.39, −0.17]; and for 20–30 m, Std. beta = −0.46, 95% CI [−0.57,
−0.35] (see Figure 3).

Specifically, post hoc analysis revealed significant differences between T1 and the other
testing sessions (p < 0.001) across all analyzed distances (0–30 m, 0–20 m, and 20–30 m).
Additionally, T2 and T3 were found to differ significantly from T4. However, no statistical
differences were observed between the control period (T2 vs. T3) (see Table 2).
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Figure 3. Sprint performance for 0–20 m, 0–30 m, and 20–30 across different testing sessions.
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Table 2. Comprehensive post hoc analysis of sprint performance across testing sessions.

Sprint Performance

1st Test 2nd Test 3rd Test 4th Test Post Hoc

0–20 3.44 ± 0.03 3.36 ± 0.04 3.35 ± 0.03 3.3 ± 0.03

T1–T2: p < 0.001;
Diff: 0.08; t: 4.82
T1–T3: p 0.002;

Diff: 0.08; t: 7.67
T1–T4: p < 0.001;
Diff: 0.14; t: 7.67
T2–T4: p 0.005;

Diff: 0.06; t: 3.43
T3–T4: p 0.019;

Diff: 0.06; t: 3.02

0–30 4.81 ± 0.05 4.66 ± 0.05 4.69 ± 0.04 4.57 ± 0.04

T1–T2: p < 0.001;
Diff: 0.15; t: 7.77
T1–T3: p < 0.001;
Diff: 0.13; t: 5.33
T1–T4: p < 0.001;
Diff: 0.24; t: 11.61
T2–T4: p < 0.001;
Diff: 0.09; t: 4.74
T3–T4: p < 0.001;
Diff: 0.11; t: 5.00

20–30 1.37 ± 0.01 1.31 ± 0.01 1.32 ± 0.02 1.27 ± 0.02

T1–T2: p < 0.001;
Diff: 0.07; t: 7.19
T1–T3: p < 0.001;
Diff: 0.05; t: 4.17
T1–T4: p < 0.001;
Diff: 0.10; t: 10.63
T2–T4: p < 0.001;
Diff: 0.04; t: 4.07
T3–T4: p < 0.001;
Diff: 0.06; t: 5.31

Notes: T1, T2, T3, and T4 represent the first, second, third, and fourth testing sessions, respectively; Diff—absolute
difference(s) between tests; and p—p-value.

3.2. External Load Analysis

LMMs were fitted to predict different metrics using the period variable, consistently
treating ‘player ID’ as a random effect. The model targeting distance/Z5(m) showed a
conditional r2 of 0.13, a marginal r2 of 4.61 × 10−3, and an intercept of 38.45 (95% CI
[26.02, 50.88], t(1725) = 6.07, p < 0.001). Whereas for distance/Z5(m)′, the conditional r2

was 0.03, the marginal r2 was 0.03, and the intercept was −0.12 (95% CI [−0.49, 0.25],
t(1725) = −0.64, p = 0.521). In the model predicting distance/Z6(m) using the formula
distance/Z6(m) ~ 1 + period, the model displayed moderate explanatory power (condi-
tional R2 = 0.14) and a marginal r2 of 4.89 × 10−3. Its intercept, corresponding to period = 0,
was valued at 10.98 (95% CI [2.06, 19.90], t(1725) = 2.41, p = 0.016). In contrast, the model
for distance/Z6(m)′ revealed a conditional r2 of 0.03 and a marginal r2 of 0.02, with an
intercept at −0.24 (95% CI [−0.53, 0.05], t(1725) = −1.61, p = 0.108). Predicting “max speed”
(km/h) led to a model with a conditional r2 of 0.12, marginal r2 of 4.22 × 10−3, and an
intercept of 23.10 (95% CI [22.52, 23.68], t(1725) = 78.01, p < 0.001). For “speed events”, the
model’s explanatory power was moderate (conditional R2 = 0.17), with a marginal r2 of
7.31 × 10−3, and an intercept of 15.02 (95% CI [11.73, 18.30], t(1725) = 8.97, p < 0.001). Lastly,
the model pertaining to “speed events′” exhibited a conditional r2 of 0.06, a marginal r2 of
0.04, and an intercept of 0.03 (95% CI [−0.05, 0.12], t(1725) = 0.81, p = 0.419).

The period variable had significant effects on the z5 distance (beta = 5.73, t(1725) = 2.80,
p = 0.005) and on the z5′ distance (beta = 0.54, t(1725) = 6.61, p < 0.001), followed by
pronounced effects on the z6 distance (beta = 4.14, t(1725) = 2.90, p = 0.004) and on the
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z6′ distance (beta = 0.34, t(1725) = 5.36, p < 0.001). This illustrates that the effect size
was consistently positive across these distances, with standardized beta values providing
further clarity: for z6, Std. beta = 0.07, 95% CI [0.02, 0.12]; for z6′, Std. beta = 0.13, 95% CI
[0.08, 0.18]; for z5, Std. beta = 0.07, 95% CI [0.02, 0.12]; and for z5′, Std. beta = 0.16, 95% CI
[0.11, 0.21] (see Figure 4).

Figure 4. Visual representation of several key high-intensity parameters analyzed over the periods.
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For high-speed running distances, post hoc analysis found statistically significant
differences in absolute volumes between P1 and P3. Similarly, differences in relative
volumes were significant for both the P1–P3 and P2–P3 intervals (p < 0.001) (see Table 3).

Table 3. Comprehensive post hoc analysis of absolute and relative workload parameters at high
intensity, alongside principal workload indicators by period.

Period 1 Period 2 Period 3 Post Hoc

A
bs

ol
ut

e
W

or
kl

oa
d

distance/Z5
(m) 45.0 ± 5.45 48.9 ± 5.14 56.1 ± 5.21 P1–P3: p: 0.024;

Diff: −11.1; t: −2.65
distance/Z6

(m) 18.4 ± 3.95 15.1 ± 3.75 25.1 ± 3.79 P2–P3: p < 0.001;
Diff: −10; t: −4.19

speed events 16.4 ± 1.47 19.1 ± 1.41 20.2 ± 1.43

P1–P2: p: 0.021;
Diff: −2.66; t: −2.71;

P1–P3: p < 0.001;
Diff: −3.75; t: −3.72

acc events 2.09 ± 0.31 1.96 ± 0.30 3.64 ± 0.30

P1–P3: p < 0.001;
Diff: −1.55; t: −7.36;

P2–P3: p < 0.001;
Diff: −1.67; t: −9.66

R
el

at
iv

e
W

or
kl

oa
d

distance/Z5
(m)′ 0.66 ± 0.13 0.64 ± 0.11 1.65 ± 0.11

P1–P3: p < 0.001;
Diff: −0.99; t: −5.99

P2–P3: p < 0.001;
Diff: −1.0; t: −7.0

distance/Z6
(m)′ 0.29 ± 0.11 0.20 ± 0.09 0.90 ± 0.09

P1–P3: p < 0.001;
Diff: −0.61; t: −4.72;

P2–P3: p < 0.001;
Diff: −0.7; t: −6.31

speed events’ 0.229 ± 0.03 0.243 ± 0.03 0.486 ± 0.03

P1–P3: p < 0.001;
Diff: −0.26; t: −7.33;

P2–P3: p < 0.001;
Diff: −0.24; t: −8.11

acc events’ 0.03 ± 0.01 0.02 ± 0.01 0.09 ± 0.01

P1–P3: p < 0.001;
Diff: −0.06; t: −6.95;

P2–P3: p < 0.001;
Diff: −0.06; t: −8.91

In
te

ns
it

y
In

di
ca

to
rs

max speed
(km/h) 23.3 ± 0.25 23.6 ± 0.24 23.9 ± 0.24 P1–P3: p: 0.023;

Diff: −0.52; t: −2.66

max acc
(m/s2) 3.91 ± 0.04 3.94 ± 0.04 4.05 ± 0.04

P1–P3: p < 0.001;
Diff: −0.15; t: −4.09

P2–P3: p < 0.001;
Diff: −0.11; t: −3.7

max dec
(m/s2) −4.30 ± 0.06 −4.46 ± 0.05 −4.50 ± 0.05

P1–P2: p < 0.001;
Diff: 0.17; t: 3.65;
P1–P3: p < 0.001;
Diff: 0.20; t: 4.23

m/min 64.6 ± 4.80 65.6 ± 3.88 116.2 ± 3.92

P1–P3: p < 0.001;
Diff: −51.6; t: −8.30;

P2–P3: p < 0.001;
Diff: −50.5; t: −9.16

Regarding very high-speed distances, there were significant differences between P2
and P3 in both absolute and relative terms (p < 0.001). While P1 and P3 showed variations in
relative volumes, no such differences were observed between P1 and P2 for either absolute
or relative very high-speed running measurements.

4. Discussion

This study primarily aimed to clarify the ongoing debate concerning the efficacy of
integrated versus decontextualized sprint-specific strategies on acceleration in professional
women’s football. Our findings suggest the potential for enhancing acceleration capabilities
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during competitive periods among trained players. Notably, both integrated and sprint-
specific strategies, when emphasizing high-speed actions, exhibited positive impacts on
sprinting ability across diverse distances.

In the context of team sports, professionals aim to balance player availability and per-
formance [36]. Unlike individual sports, the relationship between fitness and performance
in team sports is not straightforward [37]. This reality, compounded by dense competitive
schedules, impacts loading strategies, often placing priority on player availability [38].
Notably, poor load management increases the risk of injury, particularly during periods
of intense competition [39]. However, accepting a gradual decline or “plateau” in perfor-
mance indicators such as acceleration over the course of a season can have negative effects
on athletes. This is especially true since these conditions are not uniform among players
throughout the season, so the stimulation to optimize such capabilities cannot be discarded.

Our results suggest that similar improvements in acceleration can be achieved using
both sprint-specific methods and game-based approaches, provided the design of the game-
based approaches allows for situations that necessitate high-intensity actions. Concerning
resisted sprint training for female athletes, the literature still has a limited number of
investigations on this topic. However, the results observed during this first period align
closely with the findings of studies such as [40,41]. Both studies were of similar length,
consisting of eight sessions, and despite the employment of different loads (12% BM and
40% BM), similar reductions in 30-m sprint times were reported. Specifically, reductions
ranged from approximately 0.9 s for physically active women (T30: 5.14 s) to 0.16 s for highly
trained handball players (T30: 4.81 s). In contrast, other studies focusing on analogous
training methods have not provided detailed split times, choosing instead to highlight the
impact on overall running velocity. Such studies observed minor enhancements during
the later stages of acceleration without significant changes in the initial phases [42,43]. The
variability in outcomes across these studies might stem from differences in intervention
durations, participant characteristics, or specific loading dynamics, further complicating
comparisons given the existing research gap [14,15].

Moreover, comparing the effectiveness of these methods with game-based strategies
is challenging, mainly due to the lack of research focused on this objective. Most existing
research on game-based interventions has demonstrated subpar outcomes in terms of
enhancing acceleration when sport only is implemented [14], a finding reinforced by our
study. Studies conducted by Djaoui et al. [44] or Kyprianou et al. [45] have examined game-
based approaches, highlighting their inefficacy in reaching top speeds, which may be due
to an overreliance on technical–tactical contexts or the intrinsic motivation of the athlete.

Performance improvements were noted in two conditions: (i) when specific sprint
training was incorporated while maintaining a comparable overall workload to other inter-
vals (e.g., P1 vs. P2); and (ii) when integrated training increased both absolute and relative
workloads, particularly for key metrics (e.g., P1 vs. P3 and P2 vs. P3). In the periods
characterized by integrated training that did not emphasize speed actions (P1 vs. P2), sig-
nificant differences were only observed in variables such as “speed events” and “max dec”.
Both variables showed higher average intensities during P2. However, despite recording
equal or lower average intensities for the previously mentioned variables, performance
improvements were only notable when the stimuli of that period (P1) were complemented
with resisted sprint training. In contrast, during P3, the increase in maximum deceleration
intensity was notable. These higher deceleration intensities likely reflect increased over-
all physical demands, which may be partly due to improved acceleration capabilities or
elevated velocities preceding decelerations as a result of task design modifications. For ex-
ample, extending the acceleration phase before a change of direction—such as accelerating
over 15 m compared to 5 m—results in higher approach speeds (approximately 83% versus
54% of maximum velocity), which, in turn, requires a greater number of braking steps
(around five to six steps versus three steps) [46], and also increases the deceleration load not
in terms of training volume but in intensity [47]. Specifically, T1 0–20 recorded 3.44 ± 0.03,
T2 0–20 had 3.36 ± 0.04, and T3 0–20 was at 3.35 ± 0.03, with differences ΔT1–T2 = 0.08
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and ΔT2–T3 = 0.01. Similarly, T1 0–30 had 4.81 ± 0.05, T2 0–30 was 4.66 ± 0.05, and T3 0–30
recorded 4.69 ± 0.04, with differences ΔT1–T2 = 0.15 and ΔT2–T3 = −0.03. Lastly, T1 20–30
showed 1.37 ± 0.01, T2 20–30 was 1.31 ± 0.01, and T3 20–30 registered 1.32 ± 0.02, with
variations ΔT1–T2 = 0.05 and ΔT2–T3 = −0.01. During the final phase, P3 (T3–T4), notable
reductions in sprint times were observed across all distances. Specifically, the 0–20 m
segment showed a difference ΔT3–T4 = 0.06 (p = 0.019), the 0–30 m segment showed a dif-
ference ΔT3–T4 = 0.11 (p < 0.001), and the 20–30 m segment had a difference ΔT3–T4 = 0.05
(p < 0.001). These reductions indicate further improvements in acceleration capability,
particularly during the latter portions of the sprint. It is noteworthy that longitudinal
observational studies [48,49] have reported enhancements in acceleration performance
during the preseason and first stages of competitive periods. Remarkably, these gains
were observed even without specialized training interventions targeting these capabilities,
suggesting that sport practice during these phases might inherently foster the development
of such capabilities.

Nevertheless, reductions in high-intensity training volumes during the latter phase
of the season, as observed by Mara [49], combined with the absence of specialized sprint
training noted by Jiménez-Reyes et al. [48], have been associated with a decline in sprint
performance, particularly during the initial phases of acceleration. Conversely, the ability to
reach maximal speeds appears relatively consistent with limited inter-individual variation,
as noted by López-Sagarra et al. [50].

Our findings emphasize the effectiveness of integrated training, especially when fo-
cused on high-speed activities, in enhancing acceleration capabilities across evaluated
distances. Maintaining mean absolute and relative workloads through a game-centric
integrated approach over an identical duration (6 weeks) was less effective in enhancing ac-
celeration capabilities than when complemented with sprint-specific training (as evidenced
by differences only in speed events and “max dec” between P1 and P3). However, the inclu-
sion of high-speed metrics—such as distances covered at speeds exceeding 21 and 24 km/h,
the number of speed events, or vigorous accelerations—led to significant performance
improvements across all distances compared to integrated training alone.

Both individual studies [51,52] and systematic reviews [14,15] have found game-
centric approaches like SSGs to be ineffective in enhancing sprinting capabilities. In the
third phase of our study (P3), we prioritized strategies such as altering space [28], providing
expansive play areas per player [25,53], and incorporating specific SSG variations termed
‘transition games’ [26,27,53] focused on counter-attacking scenarios with swift offensive and
defensive transitions. Our results revealed improvements that surpassed those previously
documented in the literature. While current evidence highlights the increased specificity
of game-based approaches in elevating the frequency of high-intensity events, no studies
have yet evaluated their long-term effects on in-season professional football players.

4.1. Limitations

Conducting research in elite athletic environments presents unique challenges. Through-
out this study, the absence of players during evaluation sessions due to international duties
was a notable limitation. Additionally, the dynamic nature of the team composition, influ-
enced by transfer periods, further complicated our research. Given these challenges, we
opted for an LMM approach, diverging from traditional analysis methods. This decision
was driven by the difficulties in achieving a complete block design, underscoring the adapt-
ability required in high-level research contexts. One limitation of the study is the extended
time span between the second and third testing sessions, partly due to the inclusion of
a transitional period. Although only the six weeks leading up to T3 were analyzed after
the competitive regime resumed, and no significant workload differences were observed
compared to the first intervention period, the variation in time intervals between testing
sessions, particularly between T2 and T3, may have influenced the results.
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4.2. Future Research Directions

While this study contributes valuable insights into the impact of integrated and
sprint-specific training methods, further research is needed in several areas. First, more
investigations are warranted on resisted sprint training in female athletes, as the current
literature is still limited. Studies exploring optimal load configurations and their long-term
impact on acceleration capabilities will help refine best practices. Additionally, further
research on game-based approaches, particularly those incorporating specific high-intensity
actions, is necessary to better understand their effects on sprint performance. Comparative
studies examining the effectiveness of integrated strategies across various team sports and
populations could provide a broader perspective on their utility.

4.3. Practical Implications

The findings of this study have important implications for the design of training pro-
grams in professional women’s football. Coaches and performance staff should consider
incorporating both sprint-specific and speed-oriented game-based training into their regi-
mens, particularly during competitive periods. When game-based training is used, special
attention should be given to designing drills that recreate high-speed events. Maintaining
these high-intensity stimuli throughout the season is critical to avoiding declines in sprint
performance. Each intervention period showed approximately a one-tenth of a second
improvement in 0–20 m and 0–30 m sprints, equating to a 30–50 cm advantage in 30 m
sprints during one-on-one duels, which can be decisive in match situations. These results
offer valuable information supporting different strategies that can be incorporated into
varied training contexts to enhance sprint performance.

5. Conclusions

Both high-speed game-based approaches and resisted sprint training have been identi-
fied as effective methods for enhancing acceleration capabilities. Resisted sprint training,
in particular, delivers substantial benefits, even when high-intensity events are not specifi-
cally targeted during regular football training. Introducing training elements that increase
high-intensity volumes prevents the decline of sprint performance over the competitive
season, yielding improvements similar to those seen in sprint-specific interventions. In
contrast, periods of training without a sprint focus led to changes in performance that were
not statistically significant. These findings highlight the importance of incorporating struc-
tured sprint-focused elements into football training to maintain and improve acceleration
throughout the season.
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Abstract: This study aimed to forecast trends in swimming world records (WRs) and in the age of
record holders. A total of 566 individual freestyle WRs (290 for males and 276 for females) were
retrieved from open access websites. The frequency of observations in WRs in each decade and
event was computed for males and females. The swimmers’ chronological age was converted into
decimal age at the time of breaking the world record. ARIMA forecasting models and exponential
smoothing techniques were used to examine historical trends and predict future observations. The
WRs improved over time, and there was a nuanced pattern in the age of world record holders. While
certain events (50 m and 100 m) showed swimmers achieving records at older ages, others (e.g.,
200 m, 400 m, 800 m, and 1500 m) displayed variations. Forecasting shows a continuing improvement
in WRs in the upcoming years, with the age of male world record holders stabilizing in shorter events
and decreasing in longer distance ones, while for females, general stabilization should be expected
for the majority of competitive events.

Keywords: swimmers; performance; decades; prediction; freestyle

1. Introduction

Success in competitive swimming requires a clearly defined pathway of progression
to deliver the best performances in adulthood. In the past, several backcourt strategies
have been implemented to help swimmers have a longer and more sustainable career. The
implementation of Long-Term Athletic Development models [1,2] or performance moni-
toring over swimmers’ careers [3–5] contributed to understanding how swimmers behave
over the years and how they may improve in the long-term. Moreover, the determination
of normative data and percentile curves [6] and the comparison of age-related performance
progression against top athletes [7] have also been used for tracking swimmers headed
toward future success.

At some point in a swimmer’s career, there will be stabilization in their performance
near the peak. The age range between 15 and 16 years has been considered a determinant
for achieving the best individual performance in long-distance events [8]. Males’ peak indi-
vidual performance seems to occur between 18 and 19 years for short-distance specialists
and between 17 and 18 years for long-distance specialists [9]. The analysis of overall trends
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and the individual paths of performance over a decade showed deceleration around the
age of 16 years [4], with the peak performance being reached around 18–19 years for young
adults [10].

World-class performances are also highly dependent on swimmers’ sex. Allen et al. [7]
concluded that top male swimmers achieved peak performance ~2 years later than their
female counterparts. This difference in age of peak performance between sexes appears to
be explained almost entirely by the ~2-year earlier onset of puberty in females compared
with males [11]. However, during recent decades, the improved performance of elite female
athletes has narrowed the gap by 8 to 12% compared to male athletes [12]. Despite that,
some genetic traits related to athletic development and peak performance will always
persist [13], not allowing for the complete disappearance of this gender gap.

As swimmers grow older, they may become unwilling or physiologically unable to sus-
tain the training loads required to achieve top performances in their events. Although these
swimmers may endure the training loads, the continuous training stress may increase their
susceptibility to injury [14]. This scenario could result in a premature peak in performance,
leading to a career break or a drop-out. As a consequence, most of these decisions are taken
to pursue other challenges like parenting, pursuing an academic/professional career, or
even just recovering from the emotional or physical exhaustion induced by training [15].
Still, if they return to practice a few years later, they can compete at an elite level (e.g., Dara
Torres, Rūta Meilutytė, or Cody Simpson).

Recent top-level performances in shorter distances (including some in World and
Olympic events) were achieved by swimmers who were over 30 years old (e.g., Roland
Schoeman, Jason Lezak, Marleen Veldhuis, Nicholas Santos, Sarah Sjöström). It seems
that some of today’s top-ranked swimmers are winning at a more advanced age than their
previous counterparts. Knetchle et al. [16] found that the age of peak performance of
World and Olympic champions competing between 1992 and 2013 was ~2–3 years older
compared with Olympic gold medal winners (aged ~21 and ~23 years) from 1896 to 1980.
Rust et al. [17] also found that the age of peak swimming speed for elite female swimmers
increased in the 50 m freestyle from 1994 to 2012.

World records in long-course freestyle swimming have constantly improved over the
decades, influenced by changes in training practices and/or technology. However, it remains
unclear if there is a preference in the age of world record holders across different types of
freestyle events (short-distance vs. long-distance). Studying world record dynamics based
on historical data can provide insights into world record trends and whether they differ by
sex and event type. As athletes continually strive for excellence, it is intriguing to examine
whether there is a shift in the age at which swimmers achieve those world records. To the best
of the authors’ knowledge, there is a lack of research on world records in swimming, as no
research has been conducted in this context. So, there is a chance here to conduct a deeper
analysis of world record trends and predict what can happen in the years to come.

This study aimed to achieve the following: (i) perform a comprehensive analysis
of historical data on swimming world records; (ii) identify patterns and trends in world
records and in the age of record-breaking athletes; and (iii) predict the next two world
records and the age of the world record holders. The following has been hypothesized:
(i) there is a trend of improvement in world records over time in long-course events; (ii) the
age of world record holders differs between short-distance and long-distance freestyle
events; (iii) future world records might be accurately predicted based on historical data,
with discrepancies in trends based on sex and event type.

2. Materials and Methods

2.1. Design

An observational retrospective and prospective design was selected for the present
study. A comprehensive dataset of swimmers’ demographics and world records (WRs)
in freestyle swimming events was compiled by two independent researchers consulting
open access websites (e.g., swimrankings.net; omegatiming.com; worldaquatics.com). The
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time frame of this study covered 10 decades to capture long-term trends. As such, the
WRs in 50 m, 100 m, 200 m, 400 m, 800 m, and 1500 m freestyle events (long-course)
from 1920 up to 2019 were considered. The event, swimmer’s name, chronological age,
and date of the record were extracted for each swimming event and grouped by decade
(e.g., 1920–1929). The chronological age of each swimmer was converted into decimal age
at the time of breaking the world record. A total of 566 individual WRs (290 for males and
276 for females) were included for further analysis. All records have been converted from
min to s if applicable to the event. The Institutional Ethics Committee stated that ethics
approval was not required for this type of study design.

2.2. Statistical Analysis

The frequency of observations in WRs in each decade and event was computed. The
Kolmogorov–Smirnov test was used to analyze the normality assumption. The mean plus
one standard deviation was used for descriptive statistics and divided according to sex.
Since the aim was to detect overall temporal trends across decades, rather than specific
interdecadal comparisons, a one-way ANOVA was used to assess differences in WRs and
in the age of world record holders between decades. The Levene test was used to evaluate
the homogeneity assumption. The effect size was collected through Eta Squared (η2) and
interpreted according to Ferguson as follows [18]: no effect if η2 ≤ 0.04, a minimal effect if
0.04 > η2 ≤ 0.25, a moderate effect if 0.25 > η2 ≤ 0.64, and a strong effect if η2 > 0.64).

Autoregressive Integrated Moving Average (ARIMA) models were used to examine
historical trends and predict future observations among WRs and the age of world record
holders. For this purpose, a univariate time series was used with a sequence of measure-
ments of the same variable collected over time. For each model, the forecast started after
the last non-missing value in the range of the requested estimation period and ended at the
last period for which non-missing values of all of the predictors were available or at the
end date of the requested forecast period, whichever was earlier. This approach allowed
each event to be described in terms of time and/or age as either increasing, decreasing, or
stabilizing. Just two observations were considered for the description of the forecast trends
within the next decade.

All statistical analyses were performed using SPSS software (v.27, IBM, SPSS Inc.,
Chicago, IL, USA), with statistical significance set at p ≤ 0.05.

3. Results

Table 1 shows the frequency of WRs in freestyle events over the decades according to
sex. While there was a trend for a higher frequency of WRs in both groups between the
1960s and the beginning of the 21st century, it has slowed down in the last decade.

Table 1. The frequency of WRs in freestyle events (long-course pool) over the decades according to sex.

Decades

1920–1929 1930–1939 1940–1949 1950–1959 1960–1969 1970–1979 1980–1989 1990–1999 2000–2009 2010–2019

Males
50 m -- -- -- -- -- 3 15 2 7 --
100 m 3 3 3 4 7 9 5 1 8 --
200 m 4 1 2 9 17 9 8 3 8 --
400 m 5 3 4 10 13 14 7 4 5 --
800 m 6 7 5 5 6 13 3 3 4 --
1500 m 6 -- 2 4 9 11 3 4 1 2

Females
50 m -- -- -- -- -- 2 13 2 8 1
100 m 7 6 10 5 13 3 2 11 2 --
200 m 3 6 -- 5 7 14 2 1 8 --
400 m 7 9 2 2 13 12 2 -- 6 3
800 m -- 4 1 6 9 19 4 -- 1 5
1500 m 4 3 2 1 10 11 2 -- 1 6
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Table 2 shows the differences between decades in mean WRs according to sex. There
was a natural trend of improvement in WRs over the decades, with a strong effect in all of
the events analyzed.

Table 2. Differences between decades in mean WR times (in s) according to sex.

Decades One-Way ANOVA

1920–
1929

1930–
1939

1940–
1949

1950–
1959

1960–
1969

1970–
1979

1980–
1989

1990–
1999

2000–
2009

2010–
2019

F p η2

Males
50 m -- -- -- -- -- 23.77 ±

0.08
22.56 ±

0.43
21.90 ±

0.12
21.32 ±

0.36 -- 34.44 <0.01 0.82

100 m 58.80 ±
1.51

56.60 ±
0.20

55.70 ±
0.26

55.00 ±
0.37

53.03 ±
0.74

50.81 ±
0.78

48.94 ±
1.37 48.21 * 47.44 ±

0.43 -- 147.71 <0.01 0.97

200 m 134.65
± 4.90 127.20 * 125.80

± 0.57
123.12
± 1.51

117.85
± 2.35

111.65
± 1.53

107.90
± 0.85

106.34
± 0.34

104.35
± 1.36 -- 132.75 <0.01 0.95

400 m 300.08
± 8.86

284.03
± 4.63

275.15
± 2.38

265.24
± 4.88

250.42
± 3.15

236.12
± 4.52

228.82
± 1.63

224.28
± 1.96

220.45
± 0.54 -- 235.80 <0.01 0.97

800 m 642.03
± 15.17

610.66
± 9.10

583.54
± 5.77

555.64
± 11.06

521.80
± 8.67

492.53
± 8.99

471.90
± 1.13

466.82
± 0.94

457.88
± 4.05 -- 287.54 <0.01 0.98

1500 m 1233.32
± 56.56 -- 1107.35

± 11.81
1071.75
± 16.26

1001.54
± 24.60

930.24
± 18.96

896.46
± 1.76

885.98
± 4.08 874.56 * 872.58

± 2.21 90.23 <0.01 0.96

Females
50 m -- -- -- -- -- 26.87 ±

0.18
25.67 ±

0.44
24.65 ±

0.20
24.16 ±

0.28 23.67 * 35.76 <0.01 0.87

100 m 71.74 ±
2.01

65.90 ±
1.27

62.67 ±
1.16

59.70 ±
0.51

57.14 ±
1.17

54.83 ±
0.13

54.25 ±
0.83

53.10 ±
0.62

51.89 ±
0.25 -- 204.61 <0.01 0.97

200 m 164.47
± 3.56

147.07
± 4.41 -- 138.18

± 2.24
129.24
± 1.63

121.84
± 2.92

117.65
± 0.14 116.78 * 115.00

± 1.28 -- 170.99 <0.01 0.97

400 m 354.25
± 18.72

315.71
± 8.55

302.75
± 3.75

289.00
± 2.55

276.64
± 6.65

255.01
± 6.13

244.65
± 1.13 -- 241.15

± 1.37
237.90
± 1.27 126.42 <0.01 0.96

800 m -- 702.23
± 27.89 652.50 * 621.73

± 12.36
573.03
± 16.29

525.90
± 12.09

498.83
± 2.78 -- 494.10 * 488.57

± 3.35 133.26 <0.01 0.96

1500 m 1454.75
± 35.87

1353.20
± 45.85

1263.55
± 9.26

1246.50
*

1001.28
± 42.24

997.49
± 20.14

956.42
± 6.10 -- 942.54 * 928.80

± 5.85 153.53 <0.01 0.98

* Single WR.

Table 3 shows the differences between decades in the mean age of world record holders
according to sex. Preliminary data analysis reveals a nuanced pattern in the age of world
record holders. While certain events (e.g., 50 m and 100 m) show a consistent trend of
swimmers achieving records at older ages over the decades, other events (e.g., 200 m, 400 m,
800 m, and 1500 m) display variations.

Table 3. The differences between decades in the mean age (decimal age) of WR holders according to sex.

Decades One-Way ANOVA

1920–
1929

1930–
1939

1940–
1949

1950–
1959

1960–
1969

1970–
1979

1980–
1989

1990–
1999

2000–
2009

2010–
2019

F p η2

Males

50 m -- -- -- -- -- 23.44 ±
1.88

21.84 ±
2.42

25.46 ±
0.00

24.58 ±
2.69 -- 2.92 0.05 0.28

100 m 22.61 ±
6.45

21.20 ±
0.97

20.18 ±
1.41

22.26 ±
2.64

21.06 ±
1.80

21.05 ±
1.62

21.07 ±
1.37 22.59 * 23.64 ±

1.17 -- 1.30 0.28 --

200 m 21.23 ±
2.24 20.52 * 18.72 ±

1.44
19.26 ±

2.55
20.08 ±

2.21
19.58 ±

1.99
20.48 ±

1.38
17.53 ±

1.16
20.85 ±

2.44 -- 1.16 0.34 --

400 m 20.97 ±
2.67

19.98 ±
1.76

19.36 ±
1.89

18.76 ±
2.03

19.24 ±
2.12

18.01 ±
0.94

20.78 ±
1.34

19.02 ±
1.76

19.41 ±
2.17 -- 2.15 0.05 0.24

800 m 20.18 ±
3.66

19.70 ±
2.35

20.14 ±
1.65

17.57 ±
2.37

21.11 ±
1.94

16.91 ±
1.07

23.58 ±
2.24

19.19 ±
1.61

21.25 ±
3.23 -- 4.75 <0.01 0.47

1500 m 22.53 ±
3.17 -- 20.91 ±

0.01
18.94 ±

2.63
20.45 ±

2.33
17.57 ±

2.69
21.49 ±

1.31
19.90 ±

1.27 21.22 * 20.17 ±
0.72 2.52 0.03 0.38

Females

50 m -- -- -- -- -- 17.91 ±
1.64

17.02 ±
1.38

23.65 ±
4.38

25.94 ±
3.27 23.95 * 19.27 <0.01 0.79

100 m 18.48 ±
1.01

16.78 ±
1.02

19.12 ±
1.20

22.48 ±
4.65

16.98 ±
3.38

20.87 ±
0.29

19.25 ±
0.34

23.93 ±
2.71

24.11 ±
0.25 -- 8.54 <0.01 0.58

200 m 18.52 ±
3.04

16.48 ±
1.14 -- 19.07 ±

1.28
17.41 ±

2.55
16.28 ±

1.39
17.23 ±

1.50 16.42 * 20.75 ±
1.63 -- 5.87 <0.01 0.52

400 m 18.15 ±
1.45

17.22 ±
0.86

19.75 ±
0.01

17.98 ±
0.11

16.67 ±
1.05

16.54 ±
1.14

16.69 ±
0.54 -- 20.57 ±

1.13
18.07 ±

1.14 9.86 <0.01 0.63

800 m -- 21.15 ±
3.82 20.67 * 15.72 ±

2.56
15.79 ±

1.44
16.26 ±

1.49
17.11 ±

1.04 -- 19.49 * 18.06 ±
1.22 5.22 <0.01 0.47

1500 m 18.52 ±
1.86

18.03 ±
0.45

20.18 ±
0.72 16.27 * 15.47 ±

1.06
15.10 ±

1.20
16. 25 ±

0.45 -- 18.97 * 18.16 ±
1.65 8.14 <0.01 0.68

* Single WR holder.
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Figures 1 and 2 show the forecast models for the next two WRs in male and female
freestyle events, respectively. The future observations show a natural improvement in WRs
for both sexes in the upcoming decades.

Figure 1. Forecast models for predicting male WRs in all freestyle events (panel (A), 50 m; panel
(B), 100 m; panel (C), 200 m; panel (D), 400 m; panel (E), 800 m; panel (F), 1500 m). Fit: line of best fit;
UCL: upper confidence limit; LCL: lower confidence limit; WR: predicted time for world record.

Figure 2. Forecast models for predicting female WRs in all freestyle events (panel (A), 50 m; panel
(B), 100 m; panel (C), 200 m; panel (D), 400 m; panel (E), 800 m; panel (F), 1500 m). Fit: line of best fit;
UCL: upper confidence limit; LCL: lower confidence limit; WR: predicted time for world record.
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Figures 3 and 4 show the forecast models for the next two ages of male and female
world record holders, respectively. The future observations show that the age of male world
record holders seems to stabilize in shorter events and decrease in longer distance ones,
while for females, general stabilization should be expected for the majority of the events.

Figure 3. Forecast models for predicting age of male world record holders in all freestyle events
(panel (A), 50 m; panel (B), 100 m; panel (C), 200 m; panel (D), 400 m; panel (E), 800 m; panel
(F), 1500 m). Fit: line of best fit; UCL: upper confidence limit; LCL: lower confidence limit.

Figure 4. Forecast models for predicting age of female world record holders in freestyle events (panel
(A), 50 m; panel (B), 100 m; panel (C), 200 m; panel (D), 400 m; panel (E), 800 m; panel (F), 1500 m).
Fit: line of best fit; UCL: upper confidence limit; LCL: lower confidence limit.
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4. Discussion

This study aimed to perform an analysis of historical data on swimming world records
and the age of world record holders to identify trends and predict future events. There
was a natural trend of improvement in WRs over the decades, with world record holders
becoming older mainly in short-distance events. The future observations show a continuing
improvement in WRs, with general stabilization in the age of world record holders but
with a slight decrease in the age of males in long-distance events.

The retrospective analysis of WR evolution revealed a natural trend of improve-
ment over the decades, consistent with broader trends seen in other sports [19]. The
advancements in science and technology, such as better swimwear, training equipment,
and monitoring devices, have enabled athletes to push the boundaries of their capabili-
ties. Beyond technological support, swimming has become more multidisciplinary with
technical teams being more complete, higher in number, and more specialized in the
different aspects of performance. Over the years, swimmers have had access to more
sophisticated training programs, personalized nutrition or recovery plans, and in-depth
analysis of racing strategies [20], all of which contributed to enhanced performance and
record-breaking achievements.

The growth of swimming as a sport has also led to increased participation and com-
petition at both the elite and grassroots levels (e.g., as seen in the Michael Phelps effect).
Greater competition at younger ages often drives athletes to train harder and strive for
excellence, leading to improvements in performance at an adult age [21]. The changes in
the sport itself by the periodic amendments to the rules and regulations governing swim-
ming competitions may also have influenced WR evolution. For example, changes in pool
design, including deeper, deck-level pools, and more effective anti-wave lane ropes [22]
and starting blocks [23], have impacted swimming performances and contributed to the
progression of WRs over time. These changes have made the sport more complete and
up-to-date and have triggered the globalization of swimming to another level, exposing ath-
letes to different coaching philosophies and competition styles from around the world. This
exchange of knowledge and expertise drives innovation and improvement in swimming
performance on a global scale.

The analysis of WRs revealed a notable trend in record frequency over the past few
decades. Specifically, it was observed that between 1960 and 2010, there was a consistent
increase in the frequency of world records being broken, which is in agreement with
previous studies [24]. It is plausible that the significant improvements in swimming
technology, evaluation techniques, and training processes during the mid- to late 20th
century, as well as the scientific development in swimming suit design up to 2010, led to
more rapid advancements and thus a higher frequency of record breaking. The beginning
of the 21st century, mainly between the 2004 Athens Olympic Games and the 2009 Rome
World Championships, represented the “shiny-suit era”, with a large number of WRs
being broken. However, it has been over a decade since FINA (nowadays World Aquatics)
banned full-body tech suits, which can help explain the slowdown in the rate of world
record breaking in the last couple of years.

Contrary to this trend in WRs, there was a nuanced pattern observed in the age of
world record holders over the decades. Previous analyses of Olympic swimming data
showed that the age of peak performance has remained remarkably consistent until later
in the 1980s [25]. However, this trend changed between 1992 and 2013, with the Olympic
finalists being remarkably older than in previous editions [26]. The dual career initiative
in sport (which comprises the successful combination of education, training, or work
with sport) can be an explanatory factor for swimmers peaking later in their careers [27].
This may also be dependent on the characteristics of each event (short-distance or long-
distance). While for short-distance events there was a trend of an increase in the age of
world record holders over the decades, an unchanged trend was found for long-distance
ones. The consistent trend of swimmers achieving world records at older ages in short-
distance events may be attributed to the requirements of the effort. These events typically
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rely heavily on explosive speed and power, which can be maintained or even improved
with age through targeted training and experience [28]. The continued development of
race strategy details [29], along with the improvement in novel recovery approaches or
medical support [30], help older swimmers to extend their competitive careers and continue
setting records at older ages. In contrast, the variations observed in the age of world record
holders in long-distance events may reflect the unique physiological demands of these races.
Long-distance events require a combination of endurance, aerobic capacity, and race-pacing
maintenance [31], which may peak at an earlier stage of an athlete’s career. Younger athletes
may have a natural advantage in terms of aerobic capacity and recovery ability, allowing
them to excel in longer-distance events more easily than their older counterparts [32].

Forecasting models of WRs (Figures 1 and 2) show promising evolution over the
next decade (during the 2020–2029 period). As an example, predicted WRs for the 100 m
freestyle event are 46.79 s and 46.69 s within the next few years. Three male WRs have
already been broken within this time frame (e.g., David Popovici clocking 46.86 s in the 2022
European Aquatics Championships in Rome, Pan Zhanle clocking 46.80 s and 46.40 s in the
2024 World Aquatics Championships in Doha and in the Paris 2024 Olympics, respectively).
This means that our models are fair and acceptable, and it should not be expected that
swimming WRs will plateau so soon as previously reported by Nevill et al. [24]. There have
already been 20 individual WRs (11 male and 9 female) in long-course events within this
decade. Although there is a consensus that swimmers at this stage have already reached
their physiological limits [33], there seems to be some room for improvement for further
advancements in swimming performance. Considering the projections for the winning
time in the Paris 2024 Olympics [34], it was not expected that any WR would be broken.
Still, a fair number of WRs in freestyle events were achieved (two male WRs) and were
somewhat in agreement with what our forecasts showed.

Forecasting models related to the age of record holders (Figures 3 and 4) showed
us a mixed path. General stabilization in the age of world record holders in most of the
freestyle events should be expected in the upcoming years. Stabilization in the age of male
and female elite freestyle swimmers was seen between 1994 and 2016. Contrarily, Konig
et al. [26] found an increase in the age of swimmers across World Championships and
Olympic Games finals in a 20-year time frame (from 1992 to 2013). Although this might be
a phenomenon with a random fluctuation, the age of a world record holder may sometimes
not be within the age interval of those participating in the finals of great events. Some
recent great performances were achieved by phenomenal teenage individuals like Summer
McIntosh (15 years) and David Popovici (17 years). At the time of breaking the WRs,
those swimmers were far from the 2016 average age (~23 years) of freestyle world-class
swimmers [35]. So, this seems to be a random phenomenon with a nuanced pattern that
opens space for outlier emergence that may counteract some forecast results. The existence
of outliers is a well-known phenomenon that should be embraced by those who regularly
work on sports prediction statistics [36]. As such, any future observations in this case
should be interpreted with caution.

This study contributes valuable insights into the world records and age dynamics
(e.g., career peak) for world-class swimmers. Coaches should be aware that there are sex-
specific and event-specific dynamics in evolving trends over the decades. Understanding
these trends can have implications for talent identification and long-term development of
performance. This can also drive political strategies to keep the most talented swimmers
close to the sport so that they can have a more sustainable career. The forecasting approach
can also be seen as a powerful tool that can help us understand the potential performance
and age limits for future world record breaking.

Some limitations and/or key aspects should be considered in upcoming research:
(i) The included WRs were restricted to freestyle events. As such, a deeper analysis
should be performed considering the progression of WRs in the remaining swimming
events/techniques. (ii) Only WRs in the long-course pool were extracted, which leaves
doubt as to whether the same trend would occur when WRs in the short-course pool are
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considered. (iii) Only broader trends about world records were shown, which suggests that
future studies could delve into interdecadal analysis.

5. Conclusions

It can be concluded that a natural trend of improvement in WRs over the decades
happened in long-course freestyle events, with world record holders becoming older mainly
in short-distance events. The technology and training advancements played a key role here.
In the upcoming years, WRs will improve, with distinct patterns being displayed in the age
of world record holders depending on the competitive event. The age of male world record
holders will stabilize in shorter events and decrease in longer distance ones, while for
females, general stabilization should be expected for the majority of the competitive events.
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Featured Application: The main practical application of this research is the presentation of a

new type of outdoor fitness equipment (OFE) available to both trainers and users, with scientific

support regarding its ability to recruit the desired muscles in a similar way to conventional gym

machinery. In addition, it was possible to improve the effectiveness of the OFE by including an

intensity regulation system, thus allowing the principle of intensity progression to be considered,

as well as increasing the control of training intensity in this type of machinery.

Abstract: This study compares the electromyographic activity (EMG) of different muscle groups
(rectus femoris, vastus lateralis, biceps femoris, tibialis anterior, and gastrocnemius) of the lower
limbs when performing a traditional seated leg press (SLP) with a classic piece of outdoor fitness
equipment (OFE-SLP), and with a new OFE leg press that allows the user to adjust the intensity of the
exercise by means of a selectorized system (BIOFIT-LP). It was found that the EMG of the OFE-SLP
was significantly lower than that of the SLP, but similar activations to those of the SLP were achieved
with the BIOFIT-LP. In conclusion, the inclusion of a system to be able to change intensity of the
exercise in OFE achieves an EMG activity similar to traditional machinery in trained young men.

Keywords: leg press; lower limb muscle; outdoor gym; resistance training; selectorized stack machine;
surface EMG

1. Introduction

The practice of strength training has become popular in recent years, due to the various
benefits it brings to the health and functionality of its practitioners [1–3]. Increased strength,
hypertrophy, and metabolic improvements are some of the results sought through this
type of training [1,4]. To carry this out, multiple resources can be employed, with the
use of conventional gym equipment for strength training being one of the most common
methods [4–6]. In addition, in recent years, a new line of outdoor fitness equipment (OFE)
has emerged, which is sports equipment similar in operation to traditional gym equipment,
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but commonly located in outdoor public spaces such as parks [7,8]. It has become easier to
find OFE due to its increasing popularity, especially among adults and older people who
want to improve their health through outdoor strength training [8,9].

It is known that lower limb muscle mass and strength is a determining factor for
multiple aspects such as functional capacity [10] and sports performance [11], with strength
training of this part of the body being the quintessential means of skeletal muscle mass
gain [12]. This has led to a proliferation of machinery to exercise the lower limb musculature,
most of them being multi-joint [11,13,14] and involving different muscle groups [11].

However, prior to the use of any type of machinery for strength work, it is necessary
to analyze whether it is effective, i.e., whether it achieves a sufficient activation to generate
adaptations of the musculature involved, and whether it is safe, i.e., whether it is not
harmful to the musculoskeletal and joint health of the exercise performer [15]. In terms
of efficacy, techniques such as surface electromyographic analysis (sEMG) are used to
determine the musculature involved in the exercise action. This tool allows the study of
muscle function through electrophysiological recording techniques that detect the electrical
potentials that cross the membrane of the fibers in the superficial muscles involved in each
exercise [16]. In this way, electromyographic activity (EMG) makes it possible to discover
the degree of neuromuscular activation during the execution of an exercise for each of the
muscle groups that are analyzed, demonstrating its efficacy [17,18].

Many studies have analyzed the EMG of the different muscle groups of the lower
limbs in exercises performed with conventional gym equipment [19,20], finding that guided
machines such as the traditional seated leg press (SLP) are effective for the work of this
muscle group, with activation especially observed in the quadriceps femoris muscles [21].
In this type of equipment, it has also been shown that submitting the subject to a greater
intensity generates a greater EMG of the involved muscles [22]. However, despite the
popularity of OFE and, in many cases, the large investment of public funds being made for
the purchase and installation of these machines in public spaces [8,23], thus far it has only
been found that their use can improve both the body composition and strength production
capacity in legs and arms in the older population [9], and no studies have analyzed whether
OFE is effective, i.e., whether it involves the target musculature at an intensity sufficient
to generate structural adaptations in the muscle. On the other hand, classical OFE does
not allow progression of the intensity of the exercise, as it allows work exclusively with a
self-body mass as the unique intensity of the exercise [24]. Therefore, it would be interesting
to also analyze the EMG with a new line of OFE that does allow an increase in intensity of
the exercise, with a system similar to that of traditional gym equipment. However, so far
there are no data available in this regard either.

Therefore, the objectives of this research were: (a) to analyze and compare the EMG of
the lower limb muscle groups when performing an SLP with traditional gym equipment,
a leg press machine of classic OFE (OFE-SLP), and a leg press machine belonging to a
new line of OFE which allows an adjustment in the intensity of the exercise by means
of a selectorized system (BIOFIT-LP); and (b) to determine the differences in the EMG of
the lower limb muscle groups at 60 and 75% of the 1RM in the machines that allow the
selection of the intensity of the exercise (SLP and BIOFIT-LP).

Regarding the hypotheses of the present investigation, it is hypothesized that: (a) there
will be an EMG activation of the lower limb muscles when performing the SLP in the three
machines, with the activation being greater when using the machines that allow increasing
the intensity of the exercise (SLP and BIOFIT-LP) than in those that only allow working with
a self-body weight as the unique intensity of the exercise (OFE-SLP). This could imply that
the SLP and BIOFIT-LP machines are more effective for lower limb strength training than
the OFE-SLP machine. It is also hypothesized that the activation will be similar between the
machines that allow selecting the intensity of the exercise (SLP vs. BIOFIT-LP) for the major
muscle groups involved, with differences in some of the synergists. This would imply
that both could be equally effective in working on lower limb strength in general, with the
differences in EMG activation found between both machines being due to biomechanical
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differences in their execution. Because of the above, the machinery to work with could be
selected according to the synergists one prefers to involve to a greater extent; and (b) the
greater the intensity of the exercise on the machine, the greater the EMG of the muscles
involved in both machines. The consequence of this hypothesis, if it is proven, would be
that the intensity of the exercise can be used as another variable in the estimation of the
training load, regardless of the model, in the machines that allow a selection of the load.

2. Materials and Methods

2.1. Experimental Approach to the Problem

A randomized cross-sectional study was carried out. It consisted of a cross-sectional
study where the 1RM was calculated on the seated leg press (SLP) (Figure 1a) and the
new BIOFIT leg press (BIOFIT-LP) (Figure 1b) (session 1 and session 2, 72 h apart), and
the EMG activity of five muscle groups was analyzed on three different types of leg press
machines (session 3, 72 h after session 2). With respect to the machines chosen, one
belongs to a line commonly used in the fitness field, more specifically the SLP model
(Technogym; Cesena, Italy), which allows adjusting the intensity of the exercise through
the use of a selectorized system [4] (Figure 1a); another is from a classic OFE machine line,
corresponding with the same machine model, the Columpio (OFE-SLP) (Entorno Urbano,
Murcia, Spain) (Figure 1c), which only allows exercising with self-weight as the unique
intensity of the exercise (Chow et al., 2021) [25]; and a third one belongs to a new line of OFE,
corresponding to the same machine model, called BIOFIT-LP (Entorno Urbano, Murcia,
Spain), which allows adjustment of the intensity of the exercise by means of a selectorized
system [4], and which is currently under patent registration (patent registration for the
OFE-SLP at the Spanish Patent and Trademark Office, application number: ES2975897;
and patent registration for the selector of the intensity of the exercise, Spanish Patent
and Trademark Office, application number: ES2975886) (Figure 1b). The operation of
this machine is based on two handles to be taken on both sides of the body, starting the
movement from a 90◦ flexion of the knee, and from here one must complete a full knee
extension against resistance and against gravity (concentric phase). The intensity of the
exercise is selected with a selectorized system. On the other hand, the eccentric phase of
this exercise goes from knee extension to 90◦ knee flexion, a descent movement that is
done in favor of gravity (eccentric phase). The study utilized a specific research model, as
illustrated in Supplementary Table S1.

Figure 1. Fitness equipment used. (a) Seated leg press (Technogym; Cesena, Italia); (b) outdoor
fitness equipment leg press with selectorized system (Entorno Urbano, Murcia, Spain); (c) outdoor
fitness equipment seated leg press (Entorno Urbano, Murcia, Spain).

The study was designed according to the principles of the Declaration of Helsinki and
with the prior approval of the institutional ethics committee of the Universidad Católica de
Murcia (Ethical Application Ref: CE111908). All participants were informed of the tests to
be performed and voluntarily signed a consent form prior to the start of the study.

2.2. Subjects

To calculate the sample size, we used the methodology from previous studies based
on the standard deviation (SD) [26]. The Rstudio 3.15.0 software was used for this purpose.
Sample size and power were established according to the standard deviation of the peak
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EMG activity of the biceps femoris variable (SD = 49.68 μV) presented by a sample of
similar characteristics, composed of young males (n = 10) [27]. With an estimated error (d)
of 30.79 μV, a confidence interval of 95% (95% CI), a power of 95%, and a significance level
of 0.05, the minimum sample needed for conducting the study was 34 subjects.

The sample consisted of 34 males (mean age = 21.54 ± 1.80 years; mean body
mass = 74.27 ± 9.99 kg; mean height = 176.62 ± 6.67 cm). The inclusion criteria were:
(1) having at least 2 years of experience in training with gym machines and currently
training with this methodology at least three times a week; (2) being between 19 and
24 years old; and (3) being male. The exclusion criteria were: (1) having exercised in the
48 h prior to the first session or between evaluation sessions [20]; (2) having suffered any
lower extremity, hip, or back injury in the last 6 months; and (3) having any known muscle
abnormality or joint disease.

2.3. Measurements
2.3.1. Questionnaire

All participants completed an ad hoc questionnaire to obtain their sociodemographic
characteristics, as well as their experience in sports and in the field of machine training and
the injuries and pathologies suffered.

2.3.2. Anthropometric Characteristics

Anthropometric measurements of body mass and height were taken following the indi-
cations of the International Society for the Advancement of Kinanthropometry (ISAK) [28]
by an ISAK-accredited level 2 anthropometrist. A Tanita BC-545N scale (Tanita, Arlington
Heights, IL, USA) and an HR001 portable stadiometer (Tanita, Arlington Heights, IL, USA)
were used.

2.3.3. Determination of 1RM

The calculation of the 1RM was performed on the SLP and BIOFIT-LP machine, both
of which have a selectorized system that allows the intensity of the exercise to be modified.
This test was not performed with the OFE-SLP as it does not have any system for increasing
the external intensity of the exercise. For the 1RM tests, the order of execution of the SLP
and BIOFIT-LP was randomized. In both cases, the protocol proposed by the National
Strength and Conditioning Association [29] was employed. Volunteers warmed up by
performing a set with an intensity of the exercise with which they could perform between
5 and 10 repetitions. After 1 min of rest, the intensity of the exercise was increased by 10 to
20%, an intensity of the exercise with which the participant had to perform a minimum
of 3 and a maximum of 5 repetitions. After 2 min of rest, the intensity of the exercise was
increased once again by 10 to 20%. With this intensity of the exercise, the participant had
to perform a minimum of 2 and a maximum of 3 repetitions. After this, the intensity of
the exercise was increased again by 10 to 20% to perform one repetition, with this weight
increased or reduced by 5 and 10%, depending on whether it was lifted correctly or not,
until the intensity of the exercise corresponding to the 1RM was obtained. This required a
maximum of 5 attempts with different intensity of the exercises, with 4 min of rest between
each of them [29]. After 72 h, the same protocol was performed on the other machine,
according to the previous randomization performed.

2.3.4. Electromyographic (EMG) Analysis

In a third measurement session, separated by 72 h from the previous session, the EMG
of the quadriceps femoris (rectus femoris and vastus lateralis), biceps femoris (long head),
tibialis anterior, and gastrocnemius (medial head) muscle groups was measured when
performing 5 repetitions on the SLP and BIOFIT-LP machines at 60 and 75% of 1RM. These
intensities were chosen as they are commonly used in different training programs, as well
as in different EMG studies with guided machinery [30]. The OFE-SLP EMG was analyzed
with a single intensity of the exercise allowed (self-weight).
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For electrode placement, the different skin areas where the electrodes would be placed
were prepared by shaving the hair and cleaning the skin with 96% alcohol and sterile gauze
to reduce skin impedance [11,18]. Gelled disposable surface electrodes were used, placed
with a 2 cm center-to-center distance, aligned with the longitudinal axis of the muscle
fibers, following the methodology from previous studies [31]. The electrodes were placed
according to the recommendations of the Surface Electromyography for the Non-invasive
Assessment of Muscles (SENIAM) [31] for each of the muscles measured: quadriceps
femoris (rectus femoris and vastus lateralis), biceps femoris (long head), tibialis anterior,
and gastrocnemius (medial head) (Figure 2). Consistent with similar research, bilateral
symmetry was assumed during exercise performance, so electrode placement on the right
side of the body was standardized [32]. EMG activity during the exercises was recorded
using a surface electromyography system at a sampling rate of 1500 Hz (MuscleLab Ergotest
Innovation AS, Stathelle, Norway). The electromyographic signal during the calculation
of the 1RM was not taken, since the variability that the EMG signal would present due to
fatigue because of the procedure used following the indications of the National Strength
and Conditioning Association could lead to bias. In addition, as the sessions in which 1RM
was calculated and the sessions in which EMG data were collected were different, variables
such as skin impedance or hydration could include more intra-subject variability [11,18].
Therefore, it was decided to measure EMG activation only on the third day, which was the
day on which the performance on the different machines was compared.

 

Figure 2. Electrode location on the right leg (left—anterior view; right—posterior view). RF—rectus
femoris, VL—vastus lateralis, BF—biceps femoris, TA—tibialis anterior, GN—gastrocnemius.

Prior to the study, intra-instrument reliability was assessed with a group of 10 training
young men by means of test–retest. The tests described above were performed two times in
the same session on the same volunteers [33]. It was determined that the electromyographic
analysis used in the present study was highly reproducible with a coefficient of variation
between 7 and 14% for all muscles on all machines, confirming that the measurement used
was sufficiently reproducible.

2.3.5. Determination of Concentric and Eccentric Phases

To differentiate the concentric and eccentric phases during exercise execution, a Mus-
cleLab twin axial electrogoniometer was used (Ergotest Innovation AS, Stathelle, Norway).
It was placed on the subject’s left leg at the knee joint on the lateral outer side. The distal
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gauge of the goniometer was aligned with respect to the leg, while the fixed gauge was
aligned with respect to the thigh [34]. It was calibrated using a hand-held goniometer at
90◦ of knee flexion in stable relaxed sedentation. The point of maximum knee extension
was checked in situ, thus differentiating the concentric phase as those data recorded from
the beginning at 90◦ of knee flexion up to that maximum knee extension, and the eccentric
phase as the data recorded from maximum knee extension to 90◦ of knee flexion. The
complete phase consisted of the analysis of the entire joint range recorded from 90◦ of onset
to 90◦ of end [35].

2.4. Randomization and Blinding

Following the methodology from previous studies, the order of execution of the
machines for 1RM analysis, of execution of the machines for EMG analysis, and of the 1RM
intensity at which each machine was to be started were randomized [27]. This process
was performed by the principal investigator in the presence of investigators external to the
present research, using a computer-generated random number table.

All measurements were performed after randomization. The investigators who per-
formed the EMGs did not participate in the 1RM calculation tests. In the measurements,
the two investigators involved in the data collection were also cross-blinded, whereby one
controlled the exercise execution technique and provided the guidelines for the develop-
ment of the protocol, and the other investigator was only in charge of verifying the correct
recording of the EMG data.

2.5. Procedure

Figure 3 shows in schematic form the procedures carried out during the three ses-
sions. In session 1, the volunteers self-completed the ad hoc questionnaire, followed by
anthropometric measurements. After this, the key points for the correct execution on each
of the three machines (SLP, OFE-SLP, and BIOFIT-LP) were explained to them, in order to
familiarize the participants with the expected execution technique on each of them for data
collection. More specifically, an indication was given to them that the executions on the
different machines should include the full range of motion from a 90◦ knee flexion to full
extension, keeping the sole of the foot fixed in position and maintaining contact with the
floor/platform for the duration of the repetition.

Figure 3. Flow diagram.

After this, the subjects performed the procedure for the calculation of the 1RM on the
SLP or BIOFIT-LP machines, whose execution order was established randomly. In session 2,
the process was repeated for the other machine. With the data obtained with this procedure,
the 60 and 75% values of the 1RM intensity of the exercise were subsequently calculated
for each subject on both machines.

In session 3, after electrode placement, participants performed a warm-up set con-
sisting of 12 repetitions at 30% of 1RM, 10 repetitions at 50% of 1RM, 8 repetitions at
70% of 1RM, and 2 repetitions at 90% of 1 RM on the SLP machine, as the subjects had
the most previous experience with it, as in similar studies [36]. Subsequently, the EMG
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measurement was started in the machine assigned randomly (SLP, OFE-SLP, or BIOFIT-LP).
In the case of SLP and BIOFIT-LP machines, the intensity was also randomized (60% or
75% of 1RM). The participant was asked to perform 5 repetitions on the first machine and
at the first intensity percentage, with a constant speed throughout [11]. A rest of 1 min was
given between each of the repetitions to avoid the effect of fatigue. After 15 min, the same
protocol was performed on the same machine, but with the other intensity percentage.
After finishing the entire protocol with the first machine, a 15 min rest was provided, after
which the protocol was started with the second machine, following the same procedure
described above [11]. In the OFE-SLP case, 1 set of 5 repetitions was performed following
the procedure previously described with the participant’s self-weight, as the participant’s
intensity of the exercise could not be adjusted [25]. Resting times were set following previ-
ous methodologies, so that fatigue would not affect the results [22]. For the analysis of the
data, the methodology of a previous study was followed [11]; the first and last repetitions
were discarded, and the repetition with the highest root mean square (RMS) of the main
muscle group of the movement, the rectus femoris, was selected, provided that it had been
performed correctly, with a recording performed in each of the muscles involved [14,37,38].

All measurement sessions were separated by 72 h to avoid possible fatigue effects [37].
All subjects were summoned to all sessions at 8:00 a.m. The measurements were performed
in the same room, with a standardized temperature of 20 ◦C and constant humidity
conditions (60%).

2.6. Statistical Analysis

All data were analyzed using the Musclelab v10.5.67 software (MuscleLab Ergotest
Innovation AS, Stathelle, Norway) by passing the raw amplified EMG signal to RMS [14,38].
Thus, the RMS of the peak EMG activity variable was taken in the complete repetition,
and in its concentric and eccentric phases, for each muscle group, for the subsequent
comparison between machines, as in previous studies [39]. The statistical analysis of the
data was performed using SPSS software (Version 25; IBM Corporation, Armonk, NY, USA).
The Kolmogorov–Smirnov test and Mauchly’s W test were used to evaluate the normality
of the data. The mean and standard deviation were calculated. A repeated-measures
ANOVA and Bonferroni’s correction were used to compare the different muscle activations
between machines. To protect against a Type I error, Bonferroni’s correction was used to
achieve p = 0.005 for statistical significance. The effect size was calculated using partial
eta-squared (η2p) for analysis of variance and will be defined as small: ES ≥ 0.10; moderate:
ES ≥ 0.30; large: ES ≥ 1.2; or very large: ES ≥ 2.0. An error of p < 0.05 was established.

3. Results

Table 1 shows the 1RM strength test results for the traditional SLP and BIOFIT-LP
machines.

Table 1. Results of the 1RM strength test.

1RM 60% 1RM 75% 1RM

SLP (kg) 201.51 ± 35.35 120.91 ± 21.21 151.14 ± 26.51
BIOFIT-LP (kg) 56.31 ± 13.72 31.85 ± 11.27 39.82 ± 14.09

1RM = one-repetition maximum; BIOFIT-LP = BIOFIT leg press; SLP = traditional seated leg press.

Table 2 and Figure 4 show the mean and standard deviation of the root mean square
recorded in each of the muscles analyzed during the use of the SLP at 60 and 75% of 1RM,
the BIOFIT-LP at 60 and 75% of 1RM, and the OFE-SLP with self-weight as intensity of
the exercise. In all cases, it was found that the vastus lateralis was the muscle group that
attained the greatest activation, followed by the rectus femoris, and thirdly by the tibialis
anterior. After these, in the case of SLP and BIOFIT-LP, the next muscle groups with the
highest activation were the biceps femoris and gastocnemius, in that order; while with the
OFE-SLP machine, the order of the latter was reversed.
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Table 2. Root mean square (μV) recording of the electromyographic signal in the different machines
with different 1RM intensities.

VL (M ± SD) RF (M ± SD) BF (M ± SD) TA (M ± SD) GN (M ± SD)

Complete

SLP 60% 199.17 ± 61.46 134.96 ± 50.57 64.77 ± 38.23 68.29 ± 37.92 61.43 ± 32.66
SLP 75% 241.01 ± 70.83 176.98 ± 72.18 82.17 ± 39.51 88.08 ± 37.27 77.65 ± 37.31

BIOFIT-LP 60% 219.09 ± 69.23 149.25 ± 64.14 57.51 ± 33.48 133.69 ± 63.86 39.48 ± 20.78
BIOFIT-LP 75% 235.99 ± 75.52 162.60 ± 67.85 67.91 ± 36.25 140.83 ± 80.50 43.11 ± 19.41

OFE-SLP 66.89 ± 26.28 30.00 ± 17.76 21.22 ± 10.04 58.18 ± 55.18 40.18 ± 26.93

Concentric

SLP 60% 224.98 ± 66.44 149.84 ± 60.63 77.11 ± 38.01 81.63 ± 46.72 75.83 ± 41.86
SLP 75% 274.71 ± 80.92 206.55 ± 88.28 95.83 ± 43.83 100.44 ± 49.77 90.85 ± 40.21

BIOFIT-LP 60% 251.12 ± 80.71 157.21 ± 74.59 69.14 ± 30.52 104.11 ± 51.47 48.86 ± 26.96
BIOFIT-LP 75% 271.15 ± 91.27 175.80 ± 74.10 82.08 ± 38.36 120.86 ± 67.79 50.45 ± 22.55

OFE-SLP 75.26 ± 32.99 28.09 ± 13.92 25.92 ± 12.39 38.52 ± 31.77 49.11 ± 32.26

Eccentric

SLP 60% 168.86 ± 66.04 114.56 ± 56.17 39.28 ± 26.53 49.32 ± 31.60 41.51 ± 23.71
SLP 75% 196.34 ± 70.17 138.85 ± 60.05 50.26 ± 27.46 68.47 ± 30.36 53.89 ± 27.49

BIOFIT-LP 60% 179.06 ± 59.44 138.64 ± 63.56 26.94 ± 11.79 151.36 ± 89.07 24.41 ± 13.89
BIOFIT-LP 75% 187.59 ± 60.51 146.03 ± 68.19 32.87 ± 15.79 153.58 ± 104.76 30.84 ± 18.44

OFE-SLP 57.08 ± 27.61 28.70 ± 19.35 16.00 ± 9.36 64.52 ± 70.84 30.65 ± 23.68

BF = biceps femoris; BIOFIT-LP = BIOFIT leg press; GN = gastrocnemius; OFE-SLP = classic OFE; RF = rectus
femoris; SLP = traditional seated leg press; TA = tibialis anterior; VL = vastus lateralis.

Figure 4. Root mean square (μV) representation of the electromyographic signal in the different
machines with different 1RM intensities.
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Table 3 shows the differences between machines and between intensity percentages
in the complete run, Table 4 shows the concentric phase, and Table 5 shows the eccentric
phase. No significant differences were found in the activation of any muscle group when
comparing the SLP and BIOFIT-LP machines at the same intensity (60% 1RM vs. 60% 1RM
or 75% 1RM vs. 75% 1RM), neither in the complete run, in the concentric phase, nor in
the eccentric phase (p > 0.05), except for the biceps femoris in the eccentric phase at 75%
1RM, which showed a greater significant activation in SLP as compared to BIOFIT-LP
(ES = 0.60; moderate effect size; p < 0. 01); in the tibialis anterior, where there was a greater
activation at both intensities in the BIOFIT-LP machine in the full stroke (ES = 0.53–0.86;
moderate effect size; p < 0.01–0.001) and eccentric phase (ES = 0.69–0.89; moderate effect
size; p < 0.001), but not in the concentric phase (ES = 0.3–0.5; moderate effect size; p > 0.05);
and gastrocnemius, which showed a greater activation in SLP than in BIOFIT-LP at both
intensities and all phases (ES = 0.68–0.91; moderate effect size; p < 0.05–0.001).

Table 3. Differentiation of peak electromyographic activity (μV) between different machines and
intensities of 1RM during a full execution.

Complete Repetition SLP 60% SLP 75% BIOFIT-LP 60% BIOFIT-LP 75% OFE-SLP

V
as

tu
s

La
te

ra
lis

SLP 60% - −41.84 ± 4.48 † −19.92 ± 8.38 −36.82 ± 9.80 ** 132.285 ± 8.82 †

SLP 75% 41.84 ± 4.48 † - 21.91 ± 8.16 5.01 ± 9.93 174.12 ± 10.91 †

BIOFIT-LP 60% 19.92 ± 8.38 −21.91 ± 8.16 - −16.90 ± 5.03 * 152.21 ± 9.76 †

BIOFIT-LP 75% 36.82 ± 9.80 ** −5.01 ± 9.93 16.90 ± 5.03 * - 169.11 ± 10.82 †

OFE-SLP −132.29 ± 8.82 † −174.12 ± 10.91 † −152.21 ± 9.76 † −169.11 ± 10.82 † -

R
ec

tu
s

Fe
m

or
is

SLP 60% - −42.02 ± 5.84 † −14.30 ± 8.89 −27.64 ± 10.59 104.96 ± 8.03 †

SLP 75% 42.02 ± 5.84 † - 27.73 ± 10.74 14.38 ± 13.28 146.98 ± 11.84 †

BIOFIT-LP 60% 14.30 ± 8.89 −27.73 ± 10.74 - −13.34 ± 6.40 119.26 ± 10.04 †

BIOFIT-LP 75% 27.64 ± 10.59 −14.38 ± 13.28 13.34 ± 6.40 - 132.60 ± 10.86 †

OFE-SLP −104.96 ± 8.03 † −146.98 ± 11.84 † −119.26 ± 10.04 † −132.60 ± 10.86 † -

Bi
ce

ps
Fe

m
or

is

SLP 60% - −17.40 ± 3.41 † 7.25 ± 5.70 −3.14 ± 6.75 43.55 ± 6.82 †

SLP 75% 17.40 ± 3.41 † - 24.65 ± 5.99 ** 14.26 ± 6.80 60.94 ± 6.75 †

BIOFIT-LP 60% −7.25 ± 5.70 −24.65 ± 5.99 ** - −10.39 ± 2.83 * 36.29 ± 6.11 †

BIOFIT-LP 75% 3.14 ± 6.75 −14.26 ± 6.80 10.39 ± 2.83 * - 46.68 ± 6.44 †

OFE-SLP −43.55 ± 6.82 † −60.94 ± 6.75 † −36.29 ± 6.11 † −46.68 ± 6.44 † -

Ti
bi

al
is

A
nt

er
io

r

SLP 60% - −19.78 ± 3.35 † −65.39 ± 10.69 † −72.54 ± 13.67 † 10.12 ± 9.63
SLP 75% 19.78 ± 3.35 † - −45.61 ± 10.58 ** −52.75 ± 12.87 ** 29.90 ± 10.28

BIOFIT-LP 60% 65.39 ± 10.69 † 45.61 ± 10.58 ** - −7.14 ± 8.37 75.51 ± 10.48 †

BIOFIT-LP 75% 72.54 ± 13.67 † 52.75 ± 12.87 ** 7.14 ± 8.37 - 82.65 ± 14.59 †

OFE-SLP −10.12 ± 9.63 −29.90 ± 10.28 −75.51 ± 10.48 † −82.65 ± 14.59 † -

G
as

tr
oc

n-
em

iu
s

SLP 60% - −16.22 ± 3.80 ** 21.96 ± 5.64 ** 18.32 ± 5.72 * 21.25 ± 5.78 **
SLP 75% 16.22 ± 3.80 ** - 38.17 ± 5.93 † 34.54 ± 6.42 † 37.46 ± 6.87 †

BIOFIT-LP 60% −21.96 ± 5.64 ** −38.17 ± 5.93 † - −6.63 ± 2.40 −0.71 ± 5.56
BIOFIT-LP 75% −18.32 ± 5.72 * −34.54 ± 6.42 † 6.63 ± 2.40 - 2.93 ± 5.28

OFE-SLP −21.25 ± 5.78 ** −37.46 ± 6.87 † 0.71 ± 5.56 −2.93 ± 5.28 -

BIOFIT-LP = BIOFIT leg press; OFE-SLP = classic OFE; SLP = seated leg press; * = p value < 0.05; ** = p value < 0.01;
† = p value < 0.001.
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Table 4. Differentiation of peak electromyographic activity (μV) between different machines and
1RM intensities during the concentric phase.

Concentric Phase SLP 60% SLP 75% BIOFIT-LP 60% BIOFIT-LP 75% OFE-SLP

V
as

tu
s

La
te

ra
lis

SLP 60% - −49.73 ± 7.90 † −26.14 ± 11.69 −46.17 ± 14.00 * 149.72 ± 10.35 †

SLP 75% 49.73 ± 7.90 † - 23.59 ± 10.00 3.56 ± 13.40 199.45 ± 13.69 †

BIOFIT-LP 60% 26.14 ± 11.69 −23.59 ± 10.00 - −20.03 ± 6.41 * 175.86 ± 13.00 †

BIOFIT-LP 75% 46.17 ± 14.00 * −3.56 ± 13.40 20.03 ± 6.41 * - 195.89 ± 14.67 †

OFE-SLP −149.72 ± 10.35 † −199.45 ± 13.69 † −175.86 ± 13.00 † −195.89 ± 14.67 † -

R
ec

tu
s

Fe
m

or
is

SLP 60% - −56.72 ± 8.37 † −7.37 ± 11.84 −25.96 ± 14.09 121.75 ± 10.01 †

SLP 75% 56.72 ± 8.37 † - 49.35 ± 14.86 * 30.76 ± 17.70 178.46 ± 15.09 †

BIOFIT-LP 60% 7.37 ± 11.84 −49.35 ± 14.86 * - −18.59 ± 8.61 129.11 ± 12.32 †

BIOFIT-LP 75% 25.96 ± 14.09 −30.76 ± 17.70 18.59 ± 8.61 - 147.71 ± 12.19 †

OFE-SLP −121.75 ± 10.01 † −178.46 ± 15.09 † −129.11 ± 12.32 † −147.71 ± 12.19 † -

Bi
ce

ps
Fe

m
or

is

SLP 60% - −18.72 ± 4.68 ** 7.97 ± 7.31 −4.98 ± 8.76 51.19 ± 7.05 †

SLP 75% 18.72 ± 4.68 ** - 26.69 ± 7.99 * 13.75 ± 8.90 69.91 ± 7.75 †

BIOFIT-LP 60% −7.97 ± 7.31 −26.69 ± 7.99 * - −12.94 ± 3.82 * 43.22 ± 5.72 †

BIOFIT-LP 75% 4.98 ± 8.76 −13.75 ± 8.90 12.94 ± 3.82 * - 56.17 ± 7.00 †

OFE-SLP −51.19 ± 7.05 † −69.91 ± 7.75 † −43.22 ± 5.72 † −56.17 ± 7.00 † -

Ti
bi

al
is

A
nt

er
io

r

SLP 60% - −18.82 ± 3.91 † −22.49 ± 9.25 −39.24 ± 13.60 43.11 ± 8.65 †

SLP 75% 18.82 ± 3.91 † - −3.67 ± 8.61 −20.42 ± 12.53 61.92 ± 9.58 †

BIOFIT-LP 60% 22.49 ± 9.25 3.67 ± 8.61 - −16.75 ± 9.42 68.59 ± 9.80 †

BIOFIT-LP 75% 39.24 ± 13.60 20.42 ± 12.53 16.75 ± 9.42 - 82.34 ± 13.03 †

OFE-SLP −43.11 ± 8.65 † −61.92 ± 9.58 † −68.59 ± 9.80 † −82.34 ± 13.03 † -

G
as

tr
oc

n-
em

iu
s

SLP 60% - −15.02 ± 4.80 * 26.96 ± 7.39 * 25.38 ± 7.21 * 26.72 ± 7.11 **
SLP 75% 15.02 ± 4.80 * - 41.98 ± 6.56 † 40.40 ± 6.91 † 41.74 ± 6.85 †

BIOFIT-LP 60% −26.96 ± 7.39 * −41.98 ± 6.56 † - −1.59 ± 3.29 −0.24 ± 6.95
BIOFIT-LP 75% −25.38 ± 7.21 * −40.40 ± 6.91 † 1.59 ± 3.29 - 1.35 ± 6.40

OFE-SLP −26.72 ± 7.11 ** −41.74 ± 6.85 † 0.24 ± 6.95 −1.35 ± 6.40 -

BIOFIT-LP = BIOFIT leg press; OFE-SLP = classic OFE; SLP = seated leg press; * = p value < 0.05; ** = p value < 0.01;
† = p value < 0.001.

When comparing the OFE-SLP with SLP and the OFE-SLP with BIOFIT-LP, a signifi-
cantly lower activation was found in the OFE-SLP for all muscle groups, in the full stroke,
concentric, and eccentric phases (ES = 0.69–1.08; moderate effect size; p < 0.01–0.001), ex-
cept for the tibialis anterior as compared to SLP for the full stroke and eccentric phase
(ES = 0.09–0.42; effect size between small and moderate; p > 0.05); for the gastrocnemius
as compared to BIOFIT-LP for the full stroke, concentric phase, and eccentric phase
(ES = 0.09–0.2; small effect size; p > 0.05); and for the gastrocnemius as compared to SLP at
60% 1RM in the eccentric phase (ES = 0.25; small effect size; p > 0.05).

When comparing the OFE-SLP with SLP and the OFE-SLP with BIOFIT-LP, a signifi-
cantly lower activation was found in the OFE-SLP for all muscle groups, in the full stroke,
concentric, and eccentric phases (ES = 0.2–0.5 effect size between small and moderate;
p < 0.01–0.001), except for the tibialis anterior, as compared to SLP for the full stroke and
eccentric phase (ES = 0.14–0.5; effect size between small and moderate; p > 0.05); for the
gastrocnemius, as compared to BIOFIT-LP for the full stroke, concentric phase, and ec-
centric phase (ES = 0.2–0.9; effect size between small and moderate; p > 0.05); and for the
gastrocnemius as compared to SLP at 60% 1RM in the eccentric phase (ES = 0.25; small
effect size; p > 0.05).
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Table 5. Differentiation of peak electromyographic activity (μV) between different machines and
1RM intensities during the eccentric phase.

Eccentric Phase SLP 60% SLP 75% BIOFIT-LP 60% BIOFIT-LP 75% OFE-SLP

V
as

tu
s

La
te

ra
lis

SLP 60% - −27.48 ± 3.49 † −10.20 ± 7.63 −18.73 ± 7.11 111.79 ± 8.78 †

SLP 75% 27.48 ± 3.49 † - 17.28 ± 8.74 8.75 ± 8.02 139.27 ± 9.61 †

BIOFIT-LP 60% 10.20 ± 7.63 −17.28 ± 8.74 - −8.53 ± 4.09 121.99 ± 7.41 †

BIOFIT-LP 75% 18.73 ± 7.11 −8.75 ± 8.02 8.53 ± 4.09 - 130.52 ± 7.55 †

OFE-SLP −111.79 ± 8.78 † −139.27 ± 9.61 † −121.99 ± 7.41 † −130.52 ± 7.55 † -

R
ec

tu
s

Fe
m

or
is

SLP 60% - −24.29 ± 6.01 ** −24.08 ± 11.08 −31.47 ± 11.64 85.86 ± 8.64 †

SLP 75% 24.29 ± 6.01 ** - 0.21 ± 10.15 −7.18 ± 11.48 110.15 ± 9.63 †

BIOFIT-LP 60% 24.08 ± 11.08 −0.21 ± 10.15 - −7.39 ± 6.28 109.94 ± 9.10 †

BIOFIT-LP 75% 31.47 ± 11.64 7.18 ± 11.48 7.39 ± 6.28 - 117.33 ± 10.15 †

OFE-SLP −85.86 ± 8.64 † −110.15 ± 9.63 † −109.94 ± 9.10 † −117.33 ± 10.15 † -

Bi
ce

ps
Fe

m
or

is

SLP 60% - −10.97 ± 2.70 ** 12.35 ± 4.19 6.41 ± 4.27 23.28 ± 4.46 †

SLP 75% 10.97 ± 2.70 ** - 23.32 ± 4.43 † 17.38 ± 4.58 ** 34.25 ± 4.15 †

BIOFIT-LP 60% −12.35 ± 4.19 −23.32 ± 4.43 † - −5.94 ± 1.51 ** 10.94 ± 2.41 **
BIOFIT-LP 75% −6.41 ± 4.27 −17.38 ± 4.58 ** 5.94 ± 1.51 ** - 16.87 ± 2.92 †

OFE-SLP −23.28 ± 4.46 † −34.25 ± 4.15 † −10.94 ± 2.41 ** −16.87 ± 2.92 † -

Ti
bi

al
is

A
nt

er
io

r

SLP 60% - −19.16 ± 3.49 † −102.04 ± 14.40 † −104.26 ± 16.56 † −15.20 ± 11.15
SLP 75% 19.16 ± 3.49 † - −82.89 ± 15.02 † −85.11 ± 16.76 † 3.95 ± 11.70

BIOFIT-LP 60% 102.04 ± 14.40 † 82.89 ± 15.02 † - −2.22 ± 9.75 86.84 ± 13.62 †

BIOFIT-LP 75% 104.26 ± 16.56 † 85.11 ± 16.76 † 2.22 ± 9.75 - 89.06 ± 17.86 †

OFE-SLP 15.20 ± 11.15 −3.95 ± 11.70 −86.84 ± 13.62 † −89.06 ± 17.86 † -

G
as

tr
oc

n-
em

iu
s

SLP 60% - −12.38 ± 2.44 † 17.11 ± 4.54 ** 10.67 ± 4.70 10.86 ± 4.30
SLP 75% 12.38 ± 2.44 † - 29.48 ± 5.20 † 23.04 ± 5.32 ** 23.24 ± 4.90 **

BIOFIT-LP 60% −17.11 ± 4.54 ** −29.48 ± 5.20 † - −6.44 ± 1.73 ** −6.25 ± 3.94
BIOFIT-LP 75% −10.67 ± 4.70 −23.04 ± 5.32 ** 6.44 ± 1.73 ** - 0.19 ± 4.47

OFE-SLP −10.86 ± 4.30 −23.24 ± 4.90 ** 6.25 ± 3.94 −0.19 ± 4.47 -

BIOFIT-LP = BIOFIT leg press; OFE-SLP = classic OFE; SLP = seated leg press ** = p value < 0.01; † = p
value < 0.001.

4. Discussion

The main objective of this research was to analyze and compare the EMG activity of
the muscle groups of the lower limbs produced during the execution of the leg press with a
traditional SLP machine, and OFE-SLP and BIOFIT-LP machines. The results showed that
in all three machines, the most activated muscle group was the vastus lateralis, followed by
the rectus femoris and tibialis anterior. These results coincide with those found in a similar
study, in which a high activation of the vastus lateralis, as well as the rectus femoris and
tibialis anterior, was observed during the use of an SLP [22,27,40]. In light of these results,
the performance of exercises involving simultaneous ankle and knee extension, regardless
of the small biomechanical differences between exercises, involves the same major muscle
groups [11]. This corroborates the findings of recent studies, in which muscle electrical
activity was analyzed in exercises such as the SLP, the leg press at 45◦, and the squat,
finding that they all activate the same major muscle groups, despite their differences in
execution, as they are all lower limb press exercises [1,11,14]. Furthermore, as all exercises
are performed on stable, guided machines, the core musculature may be more involved, as
they rely less on the stabilizing musculature, as compared to exercises with free weights [41]
Therefore, it is possible to proceed to the comparison of the machines with each other.

In this regard, an outstanding result of the present investigation was that when
comparing machines with the same percentage of intensity, more specifically the EMG
activities measured in the SLP and the BIOFIT-LP, similar percentages of activation were
found both at 60% and 75% of the 1RM in the main muscle groups involved, in the full
stroke, and in the concentric and eccentric phases. No previous studies have analyzed
EMG activity in OFE with a selector for the intensity of the exercise, and no studies were
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found that compared the same model of indoor and outdoor machines, with the present
study being a pioneer in this aspect. However, in other studies comparing indoor machines
designed to work the same muscle group, it has been found that at similar percentages of
1RM, the EMG activity of the main muscles involved is similar [19], confirming the results
of the present study. In light of these results, it can be affirmed, along the same lines as
previous studies, that the amplitude of the EMG was greatly dependent on intensity rather
than on the execution technique for both traditional SLP and BIOFIT-LP machines [42].

However, a significantly greater activation was observed in the BIOFIT-LP machine as
compared to the SLP machine for the tibialis anterior at both intensities in the full stroke
and concentric phase, but not the eccentric one. In contrast, the gastrocnemius showed
a greater activation in the SLP as compared to the BIOFIT-LP machine at both intensities
and all phases, and the biceps femoris showed greater activation in the SLP at 75% 1RM
during the eccentric phase. As observed in several studies, the position of the selector
of the intensity of the exercise and ergonomic and biomechanical characteristics of the
equipment with respect to the joint levers condition the participation of certain muscle
groups [3,43,44]. In this sense, the findings for the SLP machine are in line with what was
found in previous studies, where it was shown that in this machine, an increased activation
of the biceps femoris and gastrocnemius was generated, especially in the push-off phase [4],
due to the co-contraction of these muscle groups, together with the extensor musculature
of the knee, to improve the anteroposterior stability of the joint in the angulations of greater
instability [4]. Another possible explanation is that the projection of the intensity of the
exercise in the SLP falls forward with respect to the base of support and the support of
the feet, so that the co-activation of the biceps femoris and gastrocnemius is vital for knee
stabilization [4,45]. In contrast, in the BIOFIT-LP machine, the intensity of the exercise
projection falls further back with respect to the base of support and foot support, which
could favor the activation of the tibialis anterior as a stabilizer of the ankle joint [46]. For
all of the above, in general terms, it can be stated that with the new BIOFIT-LP design,
an EMG similar to that achieved with the traditional fitness room machines, such as the
SLP, could be achieved. Therefore, this new machine design could provide an alternative
for effective strength training, albeit outdoors and free of charge, with the advantages
that this could have for the health of the population [8]. However, the lack of previous
studies analyzing this issue with OFE, and the fact that the studies that have analyzed
EMG activity with traditional SLP have included fewer muscle groups than in the present
investigation [19], makes it necessary to conduct future research that contrasts the results
of the present investigation.

Another relevant result of the present investigation was that when comparing the
EMG of the BIOFIT-LP and SLP, with respect to the OFE-SLP, the machines with an external
selector for the intensity of the exercise showed significantly higher values in all muscle
groups, regardless of the intensity of the exercise, with a few exceptions. Despite the
popularity of OFE in recent years [8,24,25], no previous study was found that analyzed EMG
activity on this type of machine, so that its efficacy is somewhat uncertain [47]. However,
previous studies have pointed out that intensity selection conditions fiber recruitment, and
therefore the recorded signal [48,49]. Considering that the classic OFE line only allows
working with self-weight [24], the results of the present investigation could be due to the
fact that the subjects’ own weight did not represent an intensity close to their 60% or 75%
of the 1RM during the use of the OFE-SLP. Therefore, in light of the results of the present
investigation, the OFE-SLP machine may have a limited efficacy, given the EMG activity it
generates [47]. Therefore, it would have little capacity to generate adaptations, especially
in terms of hypertrophy in most of the population, as it is lacking the increased muscle
recruitment that can potentially provide a more anabolic stimulus [6], being able to only
provide a sufficient stimulus in populations with low fitness levels, such as older detrained
populations [23].

However, when comparing the EMG of the OFE-SLP with respect to the other two
machines, no differences were found in the tibialis anterior as compared to the SLP for the
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full stroke and eccentric phase; for the gastrocnemius as compared to the BIOFIT-LP for the
full stroke, and the concentric and eccentric phases; and for the gastrocnemius as compared
to the SLP at 60% 1RM in the eccentric phase. The discussion of this section is limited, as
only one article was found that analyzed the activity of gastrocnemius and tibialis anterior
at the same time during the use of guided machines for lower limb training [40], developed
on classic fitness center machinery, without including any type of OFE in the analysis.
In any case, the function of the gastrocnemius and tibialis anterior muscle groups in this
type of exercise is stabilization [4,19], so the lack of differences in EMG between machines
may be due to the fact that the execution of these exercises, when performed with guided
machines, may not be greatly dependent on these stabilizers [4].

The second objective of this work was to determine the differences in the EMG of the
muscle groups of the lower limbs at 60 and 75% of the 1RM on machines that allow selection
of the intensity of the exercise (SLP and BIOFIT-LP). The results showed an increase in the
EMG activity of all the muscle groups analyzed when performing at an intensity of 75% of
the 1RM, compared to 60% of the 1RM, both for the full stroke and for the concentric and
eccentric phases in the SLP. The results are in line with those found in previous studies,
in which an increase in EMG was found with an increasing intensity [22]. This is because
at higher intensities, the recruitment and firing frequency of the recruited motor units
increases [48,49].

In contrast, the BIOFIT-LP machine showed significant differences with increasing
intensity only in the vastus lateralis for the full stroke and concentric phase, in the biceps
femoris for the full stroke and concentric and eccentric phases, and in the gastrocnemius
for the eccentric phase. No differences were found in any of the EMG cases on this machine
with an increasing intensity for the rectus femoris and tibialis anterior. The fact that
differences were found in the posterior musculature in the eccentric phase could be due to
the fact that this phase in this exercise is performed in favor of gravity, and the participants
were asked to perform it at a controlled speed, so that in the face of an increase in the
intensity, it is possible that there would be an increase in EMG activation responsible for
slowing down the movement, i.e., posterior musculature [14,50]. In contrast, the concentric
phase is performed against gravity, which might require a greater activation of the biceps
femoris musculature as the main knee stabilizer [14]. Regarding the vastus lateralis and
rectus femoris, the intensity could have been insufficient for the recruitment of more fibers
by the rectus femoris, showing differences only in the vastus lateralis. Previous studies
have indicated that at high intensity (90% of the 1RM), the vastus lateralis presents greater
activations than the rectus femoris [22]. For this same reason, the signal recorded in the
tibialis anterior did not present significant differences even when increasing the intensity,
indicating the lack of a different stimulus in terms of joint stabilization [46]. Based on the
results of the present investigation, in general terms, an increase in the intensity could imply
an increase in the recruitment of fibers of the main musculature involved, and therefore, of
the adaptations that will be achieved by training with such machinery [22].

The main practical application of this research is that a new line of OFE that has a
series of adaptations to be able to adjust the intensity of the exercise achieves similar EMG
activations to conventional gym machinery. This information is valuable for both users
and trainers, as it demonstrates that this line of machines could be just as effective as
conventional machinery to train lower limbs in trained young men. Most of these machines
are located in free, open-access facilities, providing an opportunity for the population to
do strength work in an economical way and outdoors. The present research also shows
that when this type of OFE does not have a system to adjust the intensity of the exercise, a
lower EMG intensity is generated, so that the use of OFE that only allows training with
one’s own body weight could be less effective for strength training than machines that
allow an adjustment of the intensity of the exercise in trained young men. Therefore, it
would be advisable for public agencies that are investing in the installation of this OFE in
public spaces to consider this in order to choose models that have an adjustment of the
intensity of the exercise, thus maximizing the population that will be able to train effectively
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in these facilities. Regarding possible future lines of research, it would be advisable to
analyze other prototypes of OFE to study the effect of different design changes on the
EMG presented during their use in the different muscle groups. On the other hand, in the
current study, the effect of fatigue was mitigated by allowing a minute of rest between each
repetition [51]. Even so, future studies should use one of the various methods of analysis
of neuromuscular fatigue [52] as well as zero-crossing of EMG signal [53]. In addition,
it would be recommended to replicate the study in a female population or in other age
populations to analyze whether the results are replicable in other populations.

Despite the novelty of the present study with respect to previous research on the
analysis of the effectiveness of OFE, the present investigation is not without limitations.
First, the EMG analysis of the gluteus as a hip extensor was not included due to the location
of the electrodes being incompatible with the execution of the exercise on the machines,
which is performed from sedentation (SLP and BIOFIT-LP). As a second limitation, the
three machines exhibited small variations in the biomechanics of execution, which are
conditioned by the mechanism of each of the structures, which makes the comparison
between the exercises not exact. As a third limitation, the present study did not include the
maximum voluntary contraction test as a variable in the EMG analysis, nor did it record the
EMG during the 1RM test, variables that could have helped to differentiate the percentage
of activation of each muscle group with respect to its maximum for each of the exercises
involved. However, the EMG activation tests on the different machines were performed
on the same day, following a randomized order, to eliminate the effect of daily variation
on this variable. As a final limitation, although an in situ goniometric analysis was used
to differentiate the concentric and eccentric phase, the present study did not include a
goniometric analysis of the ankle, knee, and hip joints in the data analysis, which could
have helped to discern the origin of the difference in EMG activation between some of
the machines.

5. Conclusions

It was observed that the EMG activity presented by the current OFE, designed to
strengthen the lower limb musculature (OFE-SLP), is significantly lower than that of the
SLP, a machine commonly used in strength training in fitness centers by trained young men.
On the other hand, it was found that when some changes in the machine configuration
are made to the OFE, and an external intensity of the exercise is included, as performed
on the BIOFIT-LP machine, activations similar to those of the SLP are achieved in trained
young men. Moreover, in general terms, a higher intensity implied a higher activation of
the involved musculature in trained young men. In light of these results, OFE could be
considered an alternative to traditional machines for strength work in trained young men.

6. Patents

This research includes data on a new machine for the outdoor fitness equipment line,
which is in the process of patenting by the Spanish Patent and Trademark Office (code:
ES2975897), as well as of an external intensity of the exercise selection system for this
machine (code: ES2975886).
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