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biomechanical Background: The integration of mathematical and biomechanical models into

analysis, injury  sports science has revolutionized the approach to performance analysis, injury

prevention, sports prevention, and training optimization across various sports disciplines. These

performance models provide a quantitative framework to understand complex human
movements and the interactions between athletes and their environment. The
application of these models has become increasingly sophisticated with
advancements in technology, offering athletes and coaches valuable insights to
enhance athletic performance.

Aim of Study: This review article aims to comprehensively synthesize current
research on the application of mathematical and biomechanical models in sports,
to evaluate the effectiveness of these models and to explore their applications in
sports disciplines and rehabilitation regimes.

Methods: The review encompasses a systematic search of peer-reviewed
literature, including journal articles, conference proceedings, and dissertations,
from the past two decades. Key databases such as PubMed, Scopus, and Web of
Science were queried using relevant keywords related to mathematical
modeling, biomechanics, and sports performance. Studies were included if they
applied quantitative models to analyze or predict sports performance, injury risk,
or rehabilitation outcomes in any sport.

Results: The findings indicate a wide range of applications for mathematical and
biomechanical models, from predicting the outcomes of competitive events to
optimizing training regimens. Advanced computational techniques, such as finite
element analysis and musculoskeletal modeling, have provided detailed insights
into the biomechanical demands of sports-specific movements. These models
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have also been instrumental in developing personalized training interventions
and informing equipment design to enhance performance and reduce injury risk.

Discussion: The review discusses the versatility of mathematical and
biomechanical models in various sports, highlighting their contribution to the
understanding of athletic performance. The integration of these models with
wearable technology and data analytics has further expanded their potential
applications. However, the complexity of human movement and the variability
between individuals present challenges in model development and validation.

Conclusion: Mathematical and biomechanical models have become
indispensable tools in modern sports science, offering objective and detailed
analyses for sports analysis and rehabilitation. While the potential benefits are
substantial, future research should focus on addressing the current limitations
and enhancing the predictive capabilities of these models. Continued innovation
in this field promises to further elevate the performance and well-being of
athletes across all levels of sport.

INTRODUCTION

Mathematical models, ranging from empirical equations to complex computational
simulations, have been employed to predict outcomes, analyze techniques, and optimize strategies
in sports. Biomechanical models are focused on the physical aspects of movement, allowing for
the estimation of individual muscle forces involved in motor action during athletic activities, and
providing the necessary tools to develop movement devices to facilitate clinical rehabilitation or
assess sports performance [1]. These models offer a quantitative foundation for comprehending
intricate human movements and how athletes interact with their surroundings. As technology has
advanced, the use of these models has grown more complex, providing coaches and athletes with
insightful information to improve athletic performance. Enhancing athletic performance has
always been a priority for players, coaches, and sports scientists. With the advancement of
sophisticated mathematical and biomechanical models, the analysis of sports training has
undergone a significant transformation. Interest in artificial intelligence and computational
methods has surged, aiming to create and identify intelligent systems, connecting with fields like
mathematics, neuroscience, and informatics, resulting in wide applications for complex systems
[2]. Sports data analysis and prediction have become critical components of competitive strategy
and are transforming sports management, enabling teams to make informed decisions, analyze
biomechanical data, and manage player workload to prevent injuries and prolong player lifespans
[3]. Mathematical models applied in track and field have been used to enhance our understanding
of the biomechanics of sprinting, enabling coaches to tailor training programs to individual
athletes’ needs[4]. Quantitative analyses of the basketball game inform team strategy; management
of player health and fitness, focusing on methods for quantifying and characterizing basketball
gameplay [5]. Similarly, in team sports such as soccer, this analysis provides valuable insights into
team formations, player positioning, and tactical strategies employed during matches. Therefore,
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the analysis of player movements and tactical formations has been greatly aided by mathematical
models, which have given coaches important information about game strategies. These models
have been particularly influential in sports that demand precise technique, such as acrobatic
gymnastics, focused on balance evaluation, in which the force plate and the center of pressure are
the most used instrument and variable, respectively. Research on kinetics evaluation [6] and diving
biomechanical parameters in professional divers [7] has been utilized to refine skill execution and
reduce injury risk. Biomechanical modeling is a practical tool for predicting injury risk and
optimizing strategies to prevent muscle repetitive stress injuries during motor skill learning and
training. Biomechanical models have significantly improved performance in endurance sports like
cycling and swimming by optimizing aerodynamics and hydrodynamics [8; 9].

The integration of mathematical and biomechanical models has led to a multidisciplinary
approach that utilizes the strengths of both fields. The applications of computational fluid
dynamics CFD simulations are used to predict aerodynamic characteristics of multi-body systems
during ski jumping flight phases, enhancing efficiency and predicting lateral environmental wind
and asymmetric postures [10]. Furthermore, the wearable technology with biomechanical sensors
provides real-time feedback, enabling precise intervention adjustments in training and competition
settings, thereby enhancing athletic performance in sports physiotherapy [11]. Performance
analysis, injury prevention, and training optimization in a variety of sports disciplines have been
completely transformed by the incorporation of mathematical and biomechanical models into
sports science. These models have become indispensable tools, offering deep insights into the
complex interplay of physical, physiological, and mechanical factors that define elite athleticism.
This article aims to provide a comprehensive review of the application of such models across
various sports disciplines, highlighting their impact on performance enhancement, injury
prevention, and training methodologies. This review will explore also the different applications of
mathematical and biomechanical models in sports, based on a range of studies published in these
fields. We will examine how these models have been applied in different sports disciplines, discuss
their effectiveness and limitations, and provide a perspective on future directions in sports analytics
and coaching. By synthesizing the latest research findings, this article seeks to illuminate the
transformative potential of interdisciplinary models in sports science and offer a valuable resource
for stakeholders committed to pushing the boundaries of athletic performance.

2. Materials & Methods

Numerous studies have been conducted on the use of mathematical and biomechanical models
in several sports disciplines, which have yielded significant insights into athlete performance and
injury prevention. By analyzing the approaches used in various sports, this review article seeks to
summarize the present state of knowledge in this interdisciplinary topic. A thorough summary of
the literature search, inclusion criteria, data analysis, and modeling strategies applied in the
reviewed research is given in this section.
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2.1 Literature search and selection criteria

A systematic search was conducted using databases such as PubMed, Scopus, Web of Science,
and IEEE Xplore to identify relevant articles published between January 2012 and December 2024.
Keywords related to "mathematical models,” "biomechanical models," "sports performance,"
"sports injury,"” and specific sports disciplines were used. The search was limited to the articles
written in English. The inclusion criteria were defined to select studies that (i) applied
mathematical or biomechanical models, (ii) were specifically related to sports performance or
injury prevention, and (iii) provided quantitative outcomes. Reviews, conference abstracts, and
studies lacking empirical data were excluded.

2.2 Data extraction and analysis

All publications were assessed for eligibility based on their titles and abstracts. After
assessment, full-text articles were taken into consideration for ultimate inclusion, and any
disagreements were resolved by consensus. Data extracted included model type, sport discipline,
primary outcome measures, and principal conclusions from each study. A qualitative synthesis was
carried out to categorize the studies according to sports discipline and model type (e.g., kinetic,
fluid dynamics, optimization models).

2.3 Mathematical and biomechanical modeling techniques

The studies included in this review utilized a range of mathematical and biomechanical
modeling techniques, which were categorized as follows:

1. Kinematic Models: These models focused on the motion of athletes without considering
the forces that cause motion. Kinematic analysis was employed in studies like those by
[12] and [13; 14] to understand the movement patterns in basketball and soccer,
respectively.

2. Kinetic Models: Force analysis is incorporated into kinetic models to examine how
various body segments interact when moving. For instance, kinetic modeling was used to
study the biomechanics of sprinting in track and field athletes [15; 16].

3. Fluid Dynamics Models: Fluid dynamics is essential to perform in sports like cycling and
swimming. Computational fluid dynamics (CFD) was used in studies by [17] and [18] to
optimize bicycle aerodynamics and swimwear design [19].

4. Optimization Models: The optimal methods or approaches for improving performance or
lowering the risk of damage are identified using optimization models [20; 21] offered an
optimization model for increasing rowing stroke efficiency.

5. Statistical and Machine Learning Models: Predicting performance results and injury
risks has been done using sophisticated statistical methods and machine learning
algorithms [22; 23; 24] predicted professional rugby players' risk of injury using machine
learning.
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3. Results

The integration of mathematical and biomechanical models in the analysis and enhancement of
athletic performance has become an essential tool in many sport disciplines, for the improvement
of athletic performance. This review synthesizes the findings from a multitude of studies that have
employed these models to optimize training, prevent injuries, and improve competitive strategies.
In the realm of track and field, the application of biomechanical models has been pivotal in
understanding the mechanics of running and jumping events. A study used a mathematical model
to predict human performance limits in 100m and 200m sprints, finding a significant correlation
between performance and time, suggesting physiological constraints may limit theoretical
maximum speed [25], suggesting a biomechanical perspective as a useful exercise. Another study
suggests that runner's speed is determined by their strides, with higher speeds achieved when
athletes apply more force on the ground in shorter time. Top athletes' speed is influenced by the
force they can apply on the ground, with predictions ranging from 35 km/h to 50 km/h, [26].
Furthermore, biomechanical analyses have refined techniques in the long jump, with
demonstrating that the optimization of the run-up phase significantly contributes to longer jump
distances.

Mathematical models combined with biomechanical ones are being utilized in team sports like
soccer and basketball to analyze player dynamics and improve team strategies. Comprehensive
qualitative and quantitative analysis of team formations in professional football has been inhibited
by the difficulty of obtaining access to large samples of player tracking data. Dynamic
measurement and classification of formations in professional football enable strategic summaries
of matches, communicating defensive and offensive configurations and detecting major tactical
changes. A simulation using a Recurrent Neural Network (RNN) model successfully predicted
future player positions with 85% accuracy, based on player trajectories and ball movement, and
achieved 90% detection accuracy, demonstrating its effectiveness in predicting tactical movements
[27]. This review explores also the use of spatial-temporal match analysis, a mathematical method
that quantifies player positioning and movement patterns, aiding coaches in creating more effective
game plans. Basketball analytics is shifting from box-score metrics to infer team and player
performance [14], using spatial-temporal data, incorporating structured hierarchical models and
deep learning approaches [28]. Additionally, biomechanical models have been instrumental in
injury prevention. In recent years, computer simulations have been developed and are being used
to explore injury risk factors and mechanisms. A biomechanical model was developed to estimate
ACL forces during landing and assess its injury risk during sidestep cutting maneuvers, offering
insights into training interventions to mitigate such risks [29].

In cycling, the application of biomechanical principles has led to advancements in bike fitting
and the optimization of aerodynamic positioning. Dynamic methods like pressure mapping can
optimize bicycle configurations for specific cyclists' needs and riding intensities, while
investigating intrinsic factors like training load and flexibility can also influence optimal
performance [30]. The use of computational fluid dynamics (CFD) to simulate airflow around
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cyclists in various postures has highlighted the importance of rider position in reducing drag and
improving performance. A recent study emphasizes the significance of selecting appropriate
computational parameters in CFD simulations for accurate drag predictions, recommending
guidelines for reliable simulations, and prioritizing grid-sensitivity analyses [31]. Similarly,
another study introduces the inverse-inverse dynamics method for predicting human movement,
specifically cycling motions. It uses a musculoskeletal model in the Any Body Modeling System
to optimize performance by varying parameterized movements [32].

The reliability of 3D motion analysis systems and biomechanical models was evaluated through
simple mechanical tests, demonstrating system accuracy and reliability across different labs and
equipment configurations [33]. Swimming is another area where biomechanical models have made
a significant impact. Researchers use three-dimensional motion analysis to evaluate stroke
mechanics, highlighting technique and propulsive efficiency, highlighting the importance of
optimizing swim stroke parameters for individual athletes. The modified 3D kinematic analysis
protocol for swimming was evaluated in a laboratory setting, comparing it to a standard
stereophotogrammetric system. The protocol showed adequate accuracy for swimming styles and
joint degrees of freedom, making it crucial for sports conditioning and clinical contexts [34].
Wearable technology, incorporating mathematical algorithms, revolutionize sports biomechanical
data collection and analysis, enhancing skill acquisition and reducing injury risk through real-time
monitoring of movement patterns. The integration of biomechanics, motor development, and
wearable technology is revolutionizing human movement, enabling continuous monitoring of
motor abilities, allowing for personalized interventions, optimizing technique, preventing injuries,
maintaining mobility, enhancing health, performance, and quality of life [35].

Numerous insights into performance optimization and injury prevention have been gained using
mathematical and biomechanical models in sports disciplines. Innovative training methods,
improvements in equipment design, and improved competitive strategies have all resulted from
this research's interdisciplinary nature. These models have the potential to significantly alter the
field of sports performance and injury prevention as technology develops. This research's
multidisciplinary approach has produced cutting-edge training techniques, improved equipment
design, and improved competitive strategies.

4. Discussion

Sports training, competition, and recovery have all been transformed using mathematical and
biomechanical models. With the help of numerous studies that have been published in other
reliable sources, this review article has integrated the application of these models across different
sports disciplines. Incorporating these models not only improves performance but is also essential
for injury prevention and recovery. One of the primary areas where mathematical models have
been applied is in optimization of athletic performance. A study has used a mathematical model to
predict finishing times for different pacing strategies in endurance sports like cycling and long-
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distance running, identifying the optimal strategy for fastest finishing time [36]. Different models
use physiological parameters like VO2 max, lactate threshold, and running economy to simulate
race scenarios, determining efficient pacing strategies and improving performance outcomes.
Another study reveals a small to moderate relationship between running economy and VO2 max in
highly trained distance runners, with over 85% of variance unaccounted for [37]. Maximal oxygen
consumption and running economy predict running performance, accounting for 85%-94%
variability, and prolonged running increases oxygen cost, affecting running performance [38].
Biomechanical models have significantly improved techniques in sports like swimming and track
and field by accurately measuring forces, torques, and joint angles during critical movement
phases. Sports biomechanics uses mechanics and physics to improve human performance, reduce
injuries, and enhance understanding. It aids coaches in improving athletes' performance, providing
virtual feedback, error identification, and energy efficiency [39].

The integration of motion capture technology and advanced computational techniques has
significantly enhanced the efficiency and effectiveness of coaching and athletics. This article
explores motion capture technology in sports science investigations, highlighting its advancements
in biomechanical analysis, wearable sensor-based technology, computer vision-based technology,
and multimodal technology for complex scenarios [40]. Mathematical models are utilized in team
sports like soccer and basketball to analyze strategies and optimize player positioning. These
models frequently simulate game scenarios using player tracking data, offering insights into the
likelihood of certain outcomes and assisting in the creation of game strategies that optimize a
team's strengths while taking advantage of their opponents' weaknesses. Mathematical modelling
and simulation are vital in sport and human movement science, enabling tactical analysis,
optimization strategies, understanding neuro-muscular-skeletal system complexity, and motor
learning and control [41]. Biomechanics educators utilize game-based instructional activities,
conducting research on effectiveness and limitations, benefiting both the field and professional
practice through advancements in sports biomechanics instruction [42]. Machine learning offers
a modern statistical method that uses algorithms mainly created to deal with unbalanced data sets
and enable the modeling of interactions between many variables. In the football context, machine
learning has been used in injury prediction, physical performance prediction, training load and
monitoring, players’ career trajectories, clubs’ performance, and match attendance [43]. In sports
like aerobic gymnastics, the gymnasts frequently experience impact landings during dismounting
performances and biomechanical modeling has been used to understand the mechanisms behind
common injuries and to design training regimens that reduce the likelihood of occurrence.
Therefore, enhancing scientific understanding of inherent and regulatory mechanisms is necessary
for scoring changes and developing injury prevention interventions [44].

Injury prevention is another critical area where biomechanical models have made a significant
impact. Researchers have developed models to predict injury risk in athletes by analyzing stresses
and strains during training and competition, guiding the design of interventions to mitigate this
risk. These models also play an important role in rehabilitation. By modeling the healing process
and forecasting recovery durations, mathematical and biomechanical models can direct the
development of customized rehabilitation procedures. By reducing the chance of re-injury, this
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individualized strategy helps athletes return to their sport in a safe and effective manner. Motion
and posture analyses are rapidly developing in rehabilitation and sport biomechanics, aiming to
standardize measurements, diagnose musculoskeletal pathologies, and monitor patient
improvement [45]. The results of a study have showed that biomechanical modeling is a practical
tool for predicting injury risk and provides an effective way to establish an optimization strategy
to counteract the factors leading to muscle repetitive stress injuries during motor skill learning and
training [46]. The use of mathematical and biomechanical models in sports has advanced
significantly, although there are still obstacles and difficulties. It might be challenging to create
models that are universally applicable due to the intricacy of human movement and individual
heterogeneity. Furthermore, only well-funded teams and organizations may be able to use these
technologies due to the requirement for complex equipment and substantial data collection.
Numerical integration procedures are effective for calculating net velocity and displacement
parameters in athletic jumping performance analysis, but some other models using the assessment
of center of gravity shifts can cause errors. New technologies offer cost reduction and portability,
improving ecological validity. However, increased availability raises the potential for unsuitable
use. Independent testing is needed to establish method validity and reliability, ensure accuracy and
consistency, and establish guidelines for obtaining reliable sensor information [47]. Mathematical
and biomechanical models are increasingly utilized in sports for performance enhancement, injury
prevention, and rehabilitation, providing valuable insights into the field. This review's research
highlights the transformative potential of these models in various sports disciplines.

In addition, the highlighted mechanism of the system dynamics model is useful for
policymakers and practitioners in understanding the roles and relationships between grassroots
sports participation, elite sports role modeling, and mega sports in sports-based holistic
development [48]. As technology advances, these models will become ever more widely used in
sports as technology develops and our comprehension of the underlying ideas grows, which will
help athletes at all levels of competition. Future studies should concentrate on resolving existing
issues and broadening these models’ applicability and accessibility to a larger group of people in
the sports industry.

Conclusion

The integration of mathematical and biomechanical models in sports has become increasingly
prevalent, offering valuable insights into athletic performance and injury prevention. These models
provide a quantitative approach to understanding the complex interactions between athletes and
their environment, including movement dynamics, equipment impact, and training strategies.
Mathematical and biomechanical models have become indispensable tools in modern sports
science, for enhancing performance, preventing injuries, optimizing training strategies, offering
objective and detailed analyses for sports analysis and rehabilitation. These models allow coaches
to predict outcomes, quantify performance metrics, and tailor individualized training regimens.
They are particularly useful in technical sports like swimming and track and field. They enable
coaches to predict outcomes, quantify performance metrics, and customize training regimens.
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They're useful in technical sports like swimming and track and field. These models have led to
measurable improvements in athletic performance and contributed to the development of more
effective training programs. Biomechanical models provide insights into injury mechanisms and
rehabilitation protocols, helping develop strategies to minimize the risk of ACL injuries. The
review emphasizes the importance of interdisciplinary collaboration between sports scientists,
biomechanists, and mathematicians, and the potential for future advancements, including the
integration of artificial intelligence and machine learning. Wearable technology and real-time
feedback systems monitor performance, but integration is challenging. The review reveals a
diverse array of models being applied in sports, ranging from simple regression analyses to
complex computational simulations. Mathematical and biomechanical models have become
crucial tools in sports science for enhancing performance, preventing injuries, and optimizing
training strategies. As technology advances, these models will become ever more widely used in
sports as technology develops and our comprehension of the underlying ideas grows, which will
help athletes at all levels of competition. While the potential benefits are substantial, future
research should focus on addressing the current limitations and enhancing the predictive
capabilities of these models. Continued innovation in this field promises to further elevate the
performance and well-being of athletes across all levels of sport. Future studies should concentrate
on resolving existing issues and broadening these models' applicability and accessibility to a larger
group of people in the sports industry.

Limitations of the study

Mathematical and biomechanical models have significantly improved our understanding of
sports performance, but their application across different sports disciplines has limitations. Firstly,
human movement complexity often simplifies models, compromising fidelity in real-world
sporting scenarios, making accurate capture of athlete performance's variability and adaptability
challenging within current modeling techniques. Secondly, biomechanical models may not
accurately represent skill execution in dynamic sports like soccer or basketball due to their
assumption of perfect skill execution under competitive pressure. Lastly, biomechanical models
require precise measurements of forces, joint angles, and moments, despite advancements in
wearable technology and high-speed cameras, despite persistent challenges.
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