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Abstract

This paper examines the use of motion capture technology in three-dimensional motion capture in the
biomechanical and psychological research of bowling performance in female university cricketers in Pakistan.
The study looks at the correlations between Kinematic Efficiency (KE) and Training Load Intensity (TLI) as
independent variables, Bowling Performance (BP) as the dependent variable and moderating variables, which
are Psychological Readiness (PR) and Fatigue Level (FL). Applying a quantitative research design and survey
methodology, 277 respondents who participated in th. survey are female cricketers in major university sports
institutions were used to collect the data. The findings reveal that the positive effect of Kinematic Efficiency
on the performance of bowlers is quite substantial, which explains why the integrity of biomechanical
coordination is essential. The advantage of efficient motion patterns on athletic performance gets further
increased by the effect of the Psychological Readiness, but the effect of the Fatigue Level is also negligible and
nonsignificant. These results are important to note, as they indicate the need to stay at the optimal training
load and bring psychological readiness to continue high levels of athletic performance. The implementation of
3D motion capture is a sound analytical platform of objective performance measuring and technique
optimization. Finally, technological performance measurement with its support of the psychological
preparation and strict control of the working load can significantly improve the competitive outcomes of the
female athletes.

Keywords: 3D Motion Capture, Kinematic Efficiency (KE), Psychological Readiness (PR), Training Load
Intensity (TLI), Fatigue Level, Bowling Performance, Female Athletes

I. Introduction
The burgeoning field of sports biomechanics has become instrumental in optimizing athletic performance and
mitigating injury risks through the objective analysis of human movement. Central to this analysis is the application of
motion capture technology, which converts complex, dynamic athletic movements into quantifiable digital data,
facilitating detailed kinematic and kinetic assessments (Adlou et al., 2025). Specifically, three-dimensional (3D) motion

capture is considered the gold standard for movement research due to its capacity to record comprehensive kinematic
data. This technology allows for precise measurement of joint angles, velocities, and accelerations, which are critical for
understanding the mechanics of complex actions like cricket bowling (Ozkaya et al., 2018). The sophisticated nature of

these systems enables researchers to develop intricate models of human movement, identifying subtle deviations that
might impact performance or predispose athletes to injury. In cricket, particularly, the biomechanics of bowling are
highly complex, involving a kinetic chain of movements from run-up to ball release, where even minor technical

inefficiencies can significantly affect ball speed, accuracy, and player well-being (Felton et al., 2023). Despite the
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increasing professionalization and participation of female cricketers, particularly in pace bowling, much of the coaching

methodology still relies on knowledge primarily derived from male athletes (Lyons et al., 2023). This gender disparity in

research underscores a critical gap in understanding the specific biomechanical profiles and injury risks inherent to
female cricketers, who may exhibit distinct physiological and anatomical characteristics (Brazier et al., 2024). For

instance, existing literature on female cricketers predominantly focuses on their physical capacities rather than detailed
biomechanical analyses of their bowling actions. This gap necessitates a dedicated investigation into the nuances of
female bowling biomechanics, especially given the various bowling action types such as side-on, front-on, semi-open, and
mixed actions, which are known to have distinct biomechanical characteristics (Schaefer et al., 2020).

The application of advanced 3D motion capture technology therefore offers a crucial pathway to address this research
void, enabling comprehensive biomechanical profiling that can inform sport-specific training interventions and injury
prevention strategies tailored for university-level female cricketers (Siddiqui et al., 2023; Taborri et al., 2020). This study

aims to address this deficit by providing a detailed comparative analysis of bowling biomechanics among university-level
female cricketers using 3D motion capture, thereby enriching the understanding of optimal bowling techniques and
identifying potential injury risk factors specific to this demographic. Such an investigation is vital for developing
targeted coaching strategies and enhancing performance, especially given that current training often lacks individualized,
data-driven approaches for female athletes (Brazier et al, 2024). This is particularly pertinent as female cricket

participation continues to grow, and injuries remain a significant concern, often linked to the physical demands of the

sport (Constable et al., 2021; Jacobs et al., 2021). Moreover, female fast bowlers often employ distinct bowling

techniques, relying more on whole-body angular momentum and pelvis and trunk rotation for ball release speed
compared to their male counterparts (Farhart et al., 2023).

This distinction highlights the necessity of gender-specific biomechanical studies to optimize performance and mitigate
injury risk within female cricketing populations. Therefore, a thorough investigation into the kinetic and kinematic
parameters during the bowling action of female cricketers is essential to provide data-driven insights into technique
optimization and injury prevention. This research endeavors to quantify specific biomechanical markers associated with
proficient and injurious bowling techniques, thereby contributing to evidence-based coaching practices (Bhandurge et al.,

2024). This approach allows for a more nuanced understanding of how different bowling actions affect kinetic loading

and kinematic sequences, which is currently underexplored in female cohorts. Furthermore, this study will critically
examine the temporal characteristics of key bowling phases, such as the back foot contact and front foot contact, to
provide a more consistent framework for biomechanical data collection and analysis than previously available. The
insights gained from this investigation will inform the development of bespoke training methodologies and
rehabilitation protocols, ultimately fostering a safer and more effective environment for female cricketers (Pote et al.,
2019). This comprehensive analysis will also investigate the relationship between anthropometric characteristics and
bowling biomechanics, a factor frequently cited as influencing bowling performance and injury susceptibility. For
instance, taller bowlers and those with greater body mass are often observed in fast bowling roles, suggesting an
influence of anthropometrics on bowling type and potential performance advantages. Given that lower back pain
accounts for a significant proportion of injuries in fast bowlers, understanding these biomechanical relationships is
crucial for injury prevention (Senington et al., 2020). This study will also consider how sustained bowling efforts, as

seen in multi-day matches, might influence biomechanical parameters and potentially increase injury risk in female
bowlers, an area that has received limited attention (Callaghan et al., 2019). Therefore, this study will meticulously

analyze the kinematic and kinetic profiles across various bowling actions to identify biomechanical patterns associated
with performance and injury risk, offering a robust foundation for evidence-based interventions. It will further explore
how variations in range of motion of the shoulder, hip, and ankle joints correlate with technique parameters, potentially
identifying intrinsic variables that contribute to both performance enhancement and injury mitigation (Felton et al.,
2023). Additionally, this research aims to identify distinct kinematic signatures associated with varying levels of bowling
proficiency, providing a quantitative basis for skill acquisition and development programs.

2. Literature Review
2.1 3D Motion Capture Technology in Sports Performance Analysis
This section synthesizes current research on the application of 3D motion capture in sports, emphasizing its utility in
biomechanical assessment, performance optimization, and injury prevention across various athletic disciplines (Adlou et
al., 2025). This technology, leveraging an array of cameras and markers, accurately quantifies intricate movement
patterns, joint angles, and segmental velocities, providing objective data crucial for advanced biomechanical analysis
(Dias et al., 2020). Its high precision and ability to reconstruct complex, multi-planar movements make it indispensable

for dissecting the subtle mechanics of sports actions that are often imperceptible to the naked eye. Specifically, in
cricket, 3D motion capture allows for the detailed analysis of fast bowling techniques, identifying critical kinematic and
kinetic parameters that correlate with performance efficiency and potential injury risk (Farhart et al., 2023). However,
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current research often faces limitations in data processing and financial resources for extensive data collection, especially
when utilizing advanced analytical methods such as principal component analysis or support vector machines, which are
more commonly applied to cyclic movements (Ozkaya et al,, 2018). These technical challenges underscore the ongoing

need for more accessible and efficient methodologies to fully harness the potential of 3D motion capture in complex,
acyclic movements like bowling, especially for optimizing performance and minimizing injury risks (Dhillon et al,
2020). Furthermore, the integration of machine learning with 3D motion capture data holds promise for enhancin

g g P P g
physics-based modeling by learning parameterized formulas from collected data, moving beyond empirical or
population-averaged values (Tan et al,, 2022).

The use of human pose estimation, a rapidly developing field employing computer vision, offers a less invasive and

potentially more cost-effective alternative to traditional marker-based motion capture, enabling detailed analysis of
human body components in images or video footage (Siddiqui et al., 2023). This advancement allows for biomechanical

analysis in naturalistic game environments, circumventing the constraints of laboratory settings and facilitating real-time
feedback for athletes and coaches. This technology offers the potential to overcome limitations associated with
traditional motion capture systems, such as the need for specialized markers and controlled environments (Ganesh et al.,
2023). The increasing accuracy and accessibility of machine learning pose estimation models further position them as a
transformative tool for human movement sciences, offering detailed insights using low-cost imaging systems (Roggio et
al., 2024). This enables the accurate tracking of human movements, including the identification of key joints and their

positions, making it invaluable for kinematic analysis in various fields such as biomechanics and sports science

(Fukushima et al., 2024). However, the application of such models in high-performance sports and clinical settings still
faces challenges in achieving the necessary accuracy for detailed biomechanical analysis, often requiring further

refinement and validation against gold-standard marker-based systems (Mundt et al., 2025). Nevertheless, recent
developments in vision-based machine learning techniques are demonstrating considerable potential for accurate 3D
pose estimation, often without the need for wearable markers or complex laboratory setups, although they necessitate
extensive, high-quality training data for optimal precision (Palermo et al,, 2022).

2.2 Kinematic Efficiency and Bowling Performance

The optimization of kinematic chains is paramount for achieving superior performance and reducing injury

susceptibility in bowling, as even subtle variations in movement patterns can significantly alter ball speed, accuracy, and

spin (Mercado-Palomino et al, 2021). Understanding these intricate relationships requires detailed biomechanical

assessments that can identify optimal kinematic sequences for different bowling styles and individual physical
characteristics (Siddiqui et al., 2023). The evolution of 3D motion capture technology, particularly with the emergence

of markerless systems, offers unprecedented opportunities for such detailed analysis, moving beyond the constraints of
traditional marker-based approaches (Choi et al., 2024). These systems, leveraging advanced computer vision and

machine learning algorithms, can accurately estimate human pose and kinematics from video footage, thereby facilitating
the widespread application of biomechanical analysis in diverse athletic contexts (Roggio et al., 2024). This allows for

the estimation of 3D joint centers and segment kinematics, which, when integrated with modeling methods like inverse
kinematics optimization, can provide improved estimates for advanced biomechanical assessments (Needham et al,

2021). This development is particularly advantageous for analyzing complex, acyclic movements like those in bowling,
which have historically been challenging to assess accurately outside of laboratory environments (Baumgartner et al,

2023). The shift towards marker less systems mitigates issues associated with marker occlusion and soft tissue artifacts,
which can compromise data integrity in traditional setups (Pagnon et al., 2022). However, the accuracy and reliability

of marker less systems, particularly in highly dynamic sports movements, still require rigorous validation against
established marker-based gold standards to ensure their suitability for high-stakes performance analysis and injury
prevention strategies (Ino et al,, 2024).

While marker-based motion capture remains the gold standard for kinematic data acquisition, especially concerning
lower limb kinematics, marker less systems offer a compelling alternative by enhancing accessibility and efficiency in
biomechanics research, despite requiring further validation for complex athletic movements (Kwak et al., 2025). This is

particularly relevant given the logistical and time-related limitations often associated with traditional marker-based
systems, suggesting that 3D-MCS could offer a reliable and efficient method for measuring movement characteristics in

athletes (Philipp et al., 2023). Such systems, especially marker less solutions, exhibit good to excellent interclass
correlation coefficients for numerous variables, indicating sufficient reliability for capturing kinematic features of human

movement and suggesting their potential as practical tools in sports science (Philipp et al., 2024). However, it is crucial
to acknowledge that while marker less systems offer significant advantages in terms of convenience and non-invasiveness,
their agreement with gold-standard marker-based systems, especially for specific kinematic angles, can be questionable,
often exhibiting biases that necessitate post-processing adjustments. Therefore, while promising, the application of
marker less motion capture in professional sports performance analysis still requires careful consideration of its inherent
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limitations and a thorough validation process tailored to specific athletic movements and environments (Ota, 2025).
Further research is imperative to systematically compare the precision and accuracy of various marker less systems
against established marker-based methodologies across a diverse range of bowling techniques and athlete profiles,
thereby solidifying their role in evidence-based performance enhancement and injury mitigation strategies (Harsted et
al., 2019). This rigorous validation process is essential to ensure that the data collected from marker less systems is
sufficiently accurate and reliable to inform coaching decisions and clinical interventions (Armitano-Lago et al., 2022).

This comparative analysis will therefore scrutinize the kinematic parameters derived from both marker-based and marker
less motion capture systems to ascertain their congruence and identify potential discrepancies in the context of
university-level female cricketers' bowling biomechanics.

2.3 Training Load Intensity and Athletic Outcomes

The quantification of training load is crucial in sports science to optimize athletic performance, mitigate injury risk,
and manage athlete well-being, influencing physiological adaptations and competitive outcomes (Philipp et al., 2024).
This encompasses both external load, referring to the physical work performed by the athlete, and internal load, which

reflects the physiological and psychological responses to that work (Farhart et al., 2023). Effective load management

strategies, therefore, rely on accurate and reliable methods for monitoring these two facets of training stress to ensure an
appropriate balance between challenging the athlete and allowing for adequate recovery. However, current measures of
bowling intensity, particularly those used to calculate bowling volumes, often lack the representativeness of real forces or
generalizability across diverse bowling populations, thereby hindering the development of robust injury prevention
guidelines (Constable et al., 2021). This limitation underscores the necessity for more precise and individualized

approaches to characterize training loads, enabling the application of tailored thresholds for monitoring deceleration
loads in both training and match play scenarios (McBurnie et al., 2021). This necessitates the integration of advanced

biomechanical data with traditional load monitoring techniques to create a more comprehensive understanding of the
demands placed on bowlers, particularly within a university-level female cricket context. Such an integrated approach
would facilitate the development of sophisticated predictive models for performance optimization and injury risk
assessment, moving beyond generalized metrics to highly individualized profiles. This is particularly pertinent given the
individualistic nature of athletic responses to training stimuli and the documented variability in biomechanical
characteristics among fast bowlers. Despite this, the direct application of generalized injury prevention programs to
specific cohorts, such as university-level female cricketers, remains underexplored, especially regarding the nuanced

biomechanical responses to varying training loads (Frank et al., 2018).
This individualized approach is crucial given that inconsistencies in previous research findings on fast bowling
kinematics and injury are often attributed to differences in study design, participant characteristics, and measurement

parameters (Farhart et al., 2023). Furthermore, a comprehensive understanding of bowling biomechanics necessitates
the examination of how varying training loads influence specific kinematic markers associated with both performance
efficacy and injury susceptibility. Therefore, a meticulous analysis of the relationship between perceived bowling
intensity, ground reaction forces, and ball release speed becomes essential for comprehending the multifaceted impact of
training on athletic performance and physiological responses (McGrath et al., 2022). This involves evaluating how

different training regimens translate into specific biomechanical alterations and corresponding physiological stress
markers, thereby allowing for more targeted interventions. This deeper insight can then inform the development of more
effective, personalized training protocols that simultaneously enhance skill acquisition and reduce the likelihood of
overuse injuries, especially in sports like cricket where repetitive high-impact actions are common. This holistic
understanding is pivotal for optimizing performance trajectories and ensuring the long-term athletic development of
university-level female cricketers (Bliss et al., 2020). For instance, the precise quantification of individual elbow load

magnitude and variability in repetitive pitching actions could illuminate injury mechanisms that are not apparent from
aggregated data, offering a more nuanced perspective on injury prevention (Irigt et al., 2023).
2.4 Fatigue Level and Its Influence on Sports Performance

Understanding the acute and chronic effects of fatigue on bowling biomechanics is critical for maintaining performance

and mitigating injury risk, as it can lead to subtle yet significant alterations in technique and movement patterns. This is
particularly relevant for high-intensity, repetitive actions like pace bowling, where fatigue can compromise neuromuscular
control and increase the risk of injury (Harrison et al., 2022). Moreover, the accumulation of fatigue can manifest as

changes in bowling kinetics, kinematics, and muscular activation patterns, ultimately impacting ball release speed,
accuracy, and overall bowling efficiency. Consequently, a comprehensive examination of fatigue-induced biomechanical
decrements is imperative to develop targeted interventions for optimizing performance and safeguarding athlete well-
being throughout prolonged periods of exertion. Therefore, investigating the specific biomechanical adaptations and
decrements under fatigued states will provide crucial insights for refining training protocols and optimizing recovery

strategies in female cricketers (ParavliC et al., 2024). This is particularly important given that injury rates among fast
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bowlers have not declined despite various workload monitoring practices, suggesting a need for more nuanced analyses
of fatigue's impact on biomechanics. Such analyses could involve continuous datasets of movement patterns rather than
discrete time points, to better capture subtle changes over the entire bowling action that might indicate impending
fatigue or injury risk (Farhart et al., 2023). Indeed, while workload management has been implemented, injury rates

among fast bowlers have remained consistently high, highlighting the limitations of current monitoring practices and the
necessity for more in-depth biomechanical assessments under fatigued conditions.

Such research would enable the development of predictive models for identifying fatigue-related injury risks and
tailoring recovery interventions to individual athlete needs. These insights are particularly vital given the limited research
on female cricketers' physical capacities and the necessity for tailored strength and conditioning practices (Brazier et al,,
2024). Additionally, the incorporation of valid and reliable methods for measuring bowling intensity is crucial for

accurately quantifying training volume and minimizing injury risk within this cohort (Constable et al., 2021).

Furthermore, comparing the effects of fatigue and recovery on knee biomechanics between collegiate and recreational
female athletes could offer valuable insights into differentiated physiological responses and recovery durations within
female athletic populations (Harato et al,, 2021). However, it is crucial to recognize that the impact of fatigue and the

subsequent recovery periods can vary considerably between different groups, as evidenced by studies indicating that 40
minutes of recovery may be insufficient for restoring pre-fatigue knee mechanics in female recreational athletes, while
collegiate athletes might exhibit different recovery trajectories. This underscores the importance of not generalizing
fatigue and recovery protocols across different athletic populations and highlights the need for individualized approaches

to training and recovery in female cricketers (Harato et al., 2021).

2.5 Psychological Readiness as a Moderating Factor

The mental state of an athlete, including factors like self-efficacy, anxiety, and motivation, can significantly influence
their biomechanical performance and injury susceptibility, especially under competitive pressure or fatigue (Cross et al.,
2024). For instance, performance-related anxiety can manifest as altered movement patterns, increased muscle tension,
and reduced coordination, thereby directly impacting bowling accuracy and increasing the propensity for technical
errors. Conversely, high self-efficacy and optimal motivational states can facilitate motor learning and the execution of
complex biomechanical sequences, even in challenging circumstances (Michel et al., 2023). Therefore, incorporating

psychological assessments alongside biomechanical analyses can provide a more holistic understanding of athletic
performance and injury risk in female cricketers. This integrated approach allows for the identification of psychological
factors that may exacerbate biomechanical inefficiencies or increase injury vulnerability, thus enabling the development
of comprehensive intervention strategies (Harato et al., 2021 ). Moreover, exploring the interplay between psychological

factors and physiological responses to fatigue could further refine training and recovery protocols, contributing to both
enhanced performance and reduced injury incidence. This multi-faceted approach acknowledges that both physiological
and psychological stressors contribute to the overall demands placed on an athlete, influencing their biomechanical
output and susceptibility to injury.

This integration of psychological metrics with biomechanical data is especially pertinent in elite women's cricket, where
increasing professionalization places significant pressures on players, potentially impacting their well-being and
performance. For example, mental health challenges and external commitments can negatively impact female academy
cricketers' perceptions of support, potentially influencing their on-field performance and biomechanics (Rossing et al,,
2024). Furthermore, psychological states, such as self-efficacy and mental toughness, are known to buffer competitive
trait anxiety, suggesting that these non-cognitive factors can significantly influence how athletes cope with performance
pressures and maintain biomechanical efficiency (Cross et al., 2024). Therefore, understanding these psychological

mediators is crucial for developing holistic training programs that address both the physical and mental demands placed
on female cricketers, ultimately fostering resilience and optimizing biomechanical execution. For instance, contractual
security and robust support systems can empower players to focus on skill development and biomechanical refinement
without the added burden of financial or career-related anxieties. This, in turn, allows for a more consistent application
of optimal biomechanical techniques, leading to improved performance and a reduced risk of injury. Moreover,
interventions focusing on psychological skills training have shown promise in reducing injury risk and aiding in

rehabilitation by enhancing self-confidence and decreasing anxiety (Slimani et al., 2018). This highlights the critical
need for a comprehensive support system that addresses both the physical and psychological well-being of female
cricketers to optimize their biomechanical performance and mitigate injury risk in an increasingly demanding
professional environment (Fernandes et al., 2021). Such support systems can also alleviate the unique stressors faced by

female athletes, including pressure to conform to perceived professional standards and discrimination, which can
otherwise compromise their mental health and subsequently their physical performance (Schmid et al., 2024).

2.6 Integrating Biomechanical and Psychological Determinants in Bowling
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The synergy between biomechanical efficiency and psychological resilience forms the bedrock of consistent high-level
performance, particularly in complex movements such as bowling, where optimal force transfer and precise motor
control are paramount. Thus, a comprehensive analysis must consider how a bowler's mental state directly influences
kinetic chain sequencing and joint kinematics during delivery, as even subtle psychological shifts can disrupt ingrained
motor patterns. For instance, anxiety can lead to increased muscle stiffness and reduced range of motion, impairing the
fluid execution required for an effective bowling action (Seiferheld et al., 2023). Conversely, a confident and focused

mindset can facilitate greater proprioceptive awareness and refined motor unit recruitment, enhancing the bowler's
ability to achieve optimal biomechanical outputs. This intricate interplay necessitates a research paradigm that
simultaneously assesses both the physiological manifestations of biomechanical forces and the psychological states that
precede and accompany these actions, particularly within the high-pressure environment of competitive cricket
(McGreary et al., 2020). Furthermore, understanding the psychological underpinnings of individual differences in

bowling biomechanics could unlock targeted interventions for skill acquisition and injury prevention, accounting for
varying stress responses among athletes. This approach could lead to personalized training regimens that not only
enhance physical prowess but also cultivate mental fortitude, thereby optimizing overall performance outcomes and
mitigating injury risks in female cricketers (Brazier et al., 2024). Moreover, the transition to professional status in

women's cricket introduces unique stressors, such as increased scrutiny and performance expectations, which can
exacerbate the interplay between psychological pressures and biomechanical alterations (Christensen et al., 2024).

Therefore, comprehensive research must address these evolving dynamics to ensure that female cricketers are supported
both physically and mentally in their pursuit of excellence. This includes recognizing that while professionalization
offers career development, it also introduces significant mental health demands, such as pressure to adhere to perceived
professional standards and financial anxieties (Rossing et al., 2024). Future studies should therefore investigate these

psychological and performance-related pressures within the context of the women'’s elite game, particularly regarding the
impact of contract types and the challenges of progressing from amateur to professional status on biomechanical
execution and mental well-being. Such investigations are critical for informing holistic support structures that optimize
performance while safeguarding athlete welfare in this rapidly evolving professional landscape. Moreover, the
development of robust support systems that acknowledge these unique stressors, coupled with psychological skills
training, can enhance self-efficacy and reduce sport anxiety, thereby fostering an environment conducive to sustained

high-level biomechanical performance (Pineda-Espejel et al., 2021). Specifically, understanding the interplay between
contract type, experience, and anxiety can inform strategies to mitigate performance-related pressures and optimize
biomechanical stability in elite female cricketers.

2.7 Theoretical Foundation of the Study

This study is underpinned by the Transactional Model of Stress and Coping, which posits that an individual's
perception of environmental demands and their ability to cope significantly influence their psychological and
physiological responses. In the context of elite female cricketers, this model helps explain how stressors such as
performance expectations, media scrutiny, and contract instability can be appraised, leading to varying levels of sport
anxiety and, consequently, affecting biomechanical execution. Specifically, a cricketer's appraisal of their contract status
or playing experience can significantly impact their anxiety levels, influencing their motor control and, by extension,
their bowling biomechanics (Runswick et al., 2017). For example, cricketers with less playing experience or those

without professional contracts may experience heightened anxiety, which can manifest as somatic and worry symptoms
impacting their physical performance during bowling. Conversely, professional contracts and extensive playing experience
tend to correlate with lower sport anxiety, potentially leading to more consistent and effective biomechanical outcomes
due to reduced psychological pressure. These psychological factors, including mental toughness and self-efficacy, are
integral to performance and mediate the relationship between external pressures and athletic output. This is particularly
pertinent given that players without professional contracts often exhibit higher levels of competitive anxiety, which can
detrimentally impact performance and increase injury susceptibility.

This model thus provides a theoretical lens through which to examine how psychological variables, particularly sport
anxiety, can influence the biomechanical precision and efficacy of bowling actions in elite female cricketers. Therefore,
further investigation into the psychological impact of contextual influences on sport anxiety, such as contract type and
playing experience, is warranted to fully understand its implications for biomechanical performance in this demographic
(Rawat et al,, 2023). This is particularly relevant given the under-researched nature of elite women cricketers, who face

unique pressures as the sport transitions to professional status. Such research can illuminate the complex interplay
between psychological states, professional development, and biomechanical outputs, offering pathways for enhanced
athlete support and performance optimization in women's cricket (Dutta et al., 2024). Moreover, previous research

indicates that worry and somatic anxiety scores are significantly influenced by contract type and the number of matches
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played, suggesting a direct link between psychological state and professional circumstances. This emphasizes the need to
consider the broader professional context when analyzing the biomechanics and psychological well-being of female
cricketers. This relationship highlights the necessity of addressing psychological factors, such as anxiety stemming from
contract insecurity, as a crucial component of optimizing biomechanical efficiency and overall athletic development.

2.8 Research Model & Hypothesis

HI: Kinematic Efficiency (KE) positively affects Bowling Performance (BP).

H2: Training Load Intensity (TLI) positively affects Bowling Performance (BP).

Ha3: Psychological Readiness (PR) positively moderates the relationship between Kinematic Efficiency (KE) and
Bowling Performance (BP), such that the relationship is stronger when PR is high.

H4: Fatigue Level (FL) negatively moderates the relationship between Training Load Intensity (TLI) and Bowling
Performance  (BP), such that excessive fatigue weakens the positive effect of TLI on BP

Psychological

Readiness
(PR) HI
) ) H4 H2
Kinematic )
Efficiency — _ Bowling
(KE) Performance

(BP)

Training Load
Intensity
(TI 1

Fatigue Level
(FL)

Figure 1: Research Model
3. Methodology

The current study has used a quantitative, cross-sectional study design, which combined the analysis of biomechanical

data with survey-based research. The main aim was to explore how the training load, namely Kinematic Efficiency (KE)
and Training Load Intensity (TLI), can affect Bowling Performance (BP) in female cricketers of university level, with the
specific consideration of the moderating effect of Psychological Readiness (PR)) and Fatigue Level (FL). The study used
3D motion-capture equipment to gather fine-tuned biomechanical measurements that concerned the mechanics of
bowling, which were supplemented by legalized psychological and physical performance scales that were conducted
through structured questionnaires. The sample size was that of female cricketing players representing various Pakistani
public and private universities whose participation was in inter-university or regional level tournaments. A purposive
sampling technique was used to sample 277 valid respondents that fell within the following sampling criteria: (1) player
had a minimum of one year of active participation in any type of competitive cricket, (ii) practice of regular bowling in
training and matches and (iii) agreed to participate in biomechanical testing. This gives the sample size (n=277) of
sufficient size to conduct Partial Least Squares Structural Equation Modeling (PLS-SEM) analysis, thus having
sufficient statistical power. Data collection was divided into two stages, which are complementary. In the case of the
biomechanical data (3D motion capture), the subjects were made to perform standardized bowling trials in a controlled
laboratory setting using Vicon 3D motion-capture cameras; reflective markers were placed on key anatomical locations
(shoulder, hip, elbow, wrist and ankle) in order to record kinematic data at 240 Hz. Such metrics as angular velocity of
the joints, hip-shoulder distance, and segmentation sequencing were obtained to make calculations of Kinematic
Efficiency (KE). In the case of the survey data (psychological and training variables), a structured questionnaire was
used where the players answered questions related to Training Load Intensity, Psychological Readiness, Fatigue Level,
and Self-rated Bowling Performance. The data was collected online and, on the field, when inter-university tournaments
were going on.

Table I: Measurement Instrument
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Variables

Source

Sample Items

Kinematic Efficiency (KE)

McLean et al. (2019)

“Measured using biomechanical
indices rather than survey items.”

Training Load Intensity (TLI)

Foster et al. (2001)

“I have maintained a high level
of training intensity over the last
four weeks.”

“T feel mentally prepared to

Psychological Readiness (PR) Vealey (2007) perform  my  best  during
matches.”
Fatigue Level (FL) Samucls (2018) I often feel physically exhausted

during training sessions.”

Bowling Performance (BP)

(2003)

Adapted from Bartlett et al

“My bowling performance has
been consistent across recent

matches.”

4. Data Analysis

Table 2 indicates the demographic data of the 277 female university level cricketers who were involved in the research.

The sample was a group of athletes representing a diverse group of universities and training institutions that train
cricket across Pakistan and therefore ensured that both the state and the institutions were represented.

Table 2: Demographic Characteristics of Respondents (N = 277)

Demographic Variable | Category Frequency Percentage
18-20 92 33.2%
21-23 121 43.7%
Age (Years) 24-26 46 16.6%
Above 26 18 6.5%
Undergraduate 156 56.3%
Education Level Graduate 38 31.8%
Postgraduate 33 11.9%
Less than 2 years 59 21.3%
2-4 years 128 46.2%
Playing Experience 5-7 years 63 22.7%
Above 7 years 27 9.8%
I-2 days/week 41 14.8%
3-4 days/week 129 46.6%
Training Frequency 5-6 days/week 92 33.2%
Daily 15 54%
Fast Bowler 117 42.2%
Bowling Type Medium Pacer 83 30.0%
Spinner 77 27.8%
Punjab 114 41.2%
Sindh 68 24.6%
Khyber Pakhtunkhwa 56 20.2%
Region Balochistan 23 8.3%
Others (Gilgit-Baltistan, | 16 5.7%
AJK)

The data displayed in Table 2 was analyzed and showed that the most prevalent age was 21-23 years of age (43.7 per
cent), which is within the traditional age range of athletes in universities. Majority of the participants were undertaking
undergraduate courses (56.3 %), which is a pointer of high participation level of active collegiate players. With regard

to competitive experience, 46.2 percent of the participants gave competitive bowling experience ranging between 2-4

years, and 22.7 percent had over five years of experience. Most respondents trained 3 4 days per week (46.6 0) which is

a moderately intense training program typical of university athletes. Bowling specialization was found to be the basis of
the largest subgroup (42.2 % fast bowlers, 30 % medium pacers, and 27.8 % spinners). The sample was well distributed
geographically within Pakistan, where Punjab (41.2 percent) was the most represented, followed by Sindh (24.6 percent)

and Khyber Pakhtunkhwa (20.2 percent), thus providing adequate national representation of participants.

-255-



Application of 3D Motion Capture Technology in Sports Performance Analysis: A Comparative Study of Bowling Biomechanics among University-Level Female Cricketers

4.1 Reliability & Convergent Validity

The findings of the reliability and convergent validity analysis of all constructs studied in the research, i.e. Bowling
Performance (BP), Fatigue Level (FL), Kinematic Efficiency (KE), Psychological Readiness (PR), and Training Load
Intensity (TLI) are provided in Table 3. Internal consistency and convergent validity were measured through three
important variables; Cronbach alpha, Composite Reliability (CR) and Average Variance Extracted (AVE).

Table 3: Reliability & Convergent Validity

Composite reliability | Average variance extracted
1)

Constructs Cronbach's alpha (tho_a) (AVE)

Bowling Performance (BP) 0.727 0.728 0.570

Fatigue Level (FL) 0.732 0.741 0.656

Kinematic Efficiency (KE) 0.834 0.877 0.665

Psychological Readiness

(PR) 0.776 0.784 0.526

Training Load  Intensity

(TLD) 0.860 0.871 0.642

The results obtained in Table 3 indicate that all constructs meet the recommended levels of internal reliability and
convergent validity, as, according to Hair et al. (2022), should be the case. The alpha of all the variables was between
0.727 and 0.860, which is higher than the acceptable lower alpha value of 0.70, implying that the items in all the
constructs have a good internal consistency. The values of Composite Reliability (rho a) also were between 0.728 and
0.877, which also supports the idea of internal reliability and makes sure that the measurement items take into
consideration a significant portion of their respective constructs. The AVE values of all constructs were greater than
0.50 indicating a strong convergent validity and indicating that more than half of the variance that can be attributed to
measurements is attributed to the latent construct and not error of measurement. Kinematic Efficiency (KE) was the
most reliable construct (KE, 0.834, CR, 0.877, and AVE, 0.665) implying that the items used to measure it are
especially strong. The psychological Readiness (PR) had a slightly lesser AVE (0.526); however, it lies in the acceptable
range, which means that the construct still has sufficient validity. Taken together, these findings prove that the
measurement model is statistically sound, and all constructs have good reliability and convergent validity. The research is
therefore in a good position to continue its research with confidence to the analysis of the structural model.

4.2 Discriminant Validity

To ensure that every construct in the model is empirically differentiated with the rest, the discriminant validity was
assessed through the Fornell-Larcker criterion. A square root of the extracted average variance (AVE) of every construct
has to be greater than the correlations among the construct and any other construct within the model according to the

criterion (Fornell and Larcker, I981). The results can be found in Table 4.

Table 4: Discriminant Validity

Constructs Bowling Fatigue Kinematic Psychological Training  Load
Performance (BP) | Level (FL) | Efficiency (KE) | Readiness (PR) Intensity (TLI)

Bowling

Performance (BP) 0.755

Fatigue Level (FL) | 0.282 0.310

Kinematic

Effcioncy (KE) 0.587 0.007 0.815

Psychological

Readiness (PR) 0.210 0.577 0.199 0.725

Training Load

Intemstes (TLI) 0.169 0.230 0.113 0.466 0.801

Table 4 diagonal values are corresponding to the square roots of the AVE of individual constructs, and the off-diagonal
values are the inter-construct correlations. A discriminant validity is created when the diagonal values are larger than the
inter-construct correlations. The square roots of AVE of the constructs BP (0.755), FL (0.810), KE (0.815), PR
(0.725) and TLI (0.801) are all above the relationships of the constructs respectively with their indicators, which shows
that each construct has more variance with its own indicators than with the indicators of other constructs. The inter-
constructs correlations are moderate with the values less than 0.60 implying the absence of multi-collinearity and also
supports the second point of discriminant validity of the measurement model. Overall, the results indicate that all
constructs are empirically distinct and operationalize unique theoretical concepts, which, in its turn, proves that the
model has sufficient discriminant validity according to the recommendations offered by Fornell and Larcker (1981).

4.3 Structural Model Assessment
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The hypothesized relationships among the constructs in the study are indicated by structural model in Figure 2, which
includes the hypothesized relationship between the constructs as follows: Kinematic Efficiency (KE), Training Load
Intensity (TLI), Fatigue Level (FL), Psychological Readiness (PR), and Bowling Performance (BP). Based on this
model, there is a shared effect of the biomechanical and psychological factors on the performance of bowlers in a group
of university-level female cricketers.

1 . &3 Ea PR 2 PR3 PR4 PRS

AN

0.696
0654 0856 0842 gag 0742 0630 0.793 0756

T . . . Psychological Readiness (PR) BP 1
\ Kinematic Efficiency (KE) 0387 /
TL 2 h0.881 0.6‘16/' BP 2
0.828 0.656
TU3 «4—0.739 0.101 > 0.698—» BP3
LY
k)
e ‘/0.?25 \ 0.692.5.“‘ -
0.823 Training Load Intensity (TLI) m“ Bowling Performance (BP) 0.758
1Y
TU 5 BP5

Fatigue Level (FL)

0.699 0.844 0.875

v

FL1 FL2 FL3
Figure 2: Structural Model
The outcomes presented in the model reflects standardized path coefficient and R 2 statistics, which measures the
relative strength and explanatory power of each association. The value of R2 of Bowling Performance (BP) is 0.562,
indicating that 56.2 per cent of the variances of the bowling performance can be attributed to the KE, TLI, FL, and

PR. Bowling Performance (0.387) «— Kinematic Efficiency. The statistically significant positive coefficient between KE
and BP (0.387) indicates that better bowling biomechanics has a direct positive influence on the results of performance.
The participants that show the best alignment, release mechanics, and coordination are more accurate and faster.
Training Load Intensity = Bowling Performance (0.I01 = 0.101) indicates a positive significance and also a small one.
Planned training seems to enhance effectiveness, but loads seem to overload or be inconsistent, limiting overall benefits.
Fatigue Level Bowling Performance (0.011) has a very small coefficients value with a value of almost negligible when the
multivariate model is factored in. This is an implication that the conditioning and recovery measures in athletes are
effective in counteracting the detrimental effects of fatigue. Kinematic Efficiency (KE), Psychological Readiness (0.440)
shows a strong and positive correlation, which means that biomechanical ability contributes to the mental preparedness
of players. Players who demonstrate better motion control display higher levels of confidence, concentration and
readiness of the mind in the field. Psychological Readiness Bowling Performance (0.387) represents an important direct
relationship, which is why the critical role of psychological preparedness, including confidence, concentration, and stress
management, in the transformation of technical competence into regular performance is established. Training Load
Intensity = Fatigue Level (= 0.I0I) gives a positive correlation that is weak, meaning that the increase in training
volume small increases fatigue, which a recovery intervention can potentially counteract. The results taken together
substantiate the assumption that KE is the most common foreteller of BP, with direct and indirect impacts by PR. The
R 2 value of 0.562 shows that it fits the model well, and more than half of the performance variance can be supported
by the combined biomechanical, psychological and physical constructs under study. The model also supports the
mediating role of Psychological Readiness, which substantiates the fact that mental preparedness fills the gap between
physical mechanics and on-field results. Although Fatigue Level is a physiological moderate, it does not significantly
affect the results, which suggests that endurance and recovery processes in trained athletes are effective strategies that
reduce the effects of fatigue. The structural model thus provides an empirical confirmation of the argument that the
success of female cricketers in bowling is determined by collaborative effects of technical (KE), psychological (PR), and
training (TLI) variables. The 3D motion capture and performance psychology synthesis is based on a holistic concept
that is favorable to the promotion of sports biomechanics and athlete preparedness during the competitive situation.
5. Discussion

The results of this study provide substantive evidence in the relationship among the various determinants of bowling
performance based on biomechanical, physiological and psychological factors in university-level cricketing female
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bowlers. The results validate the idea that the central role in performance improvement belongs to the kinematic
efficiency (KE), and the athletes with the highest biomechanical accuracy, that is, the best arm rotation, trunk position
and foot placement, have a high degree of accuracy and consistency in delivery. This finding is consistent with previous
biomechanical studies which hypothesized that the optimal motion patterns and kinetic control will reduce energy use
and increase athletic performance (Bartlett, 2022). Psychological readiness (PR) also represents the mediator of the
interdependence between biomechanical variables and the outcome of performance; highly developed technical skills are
the indicators of high confidence and concentration, which translate into highly competitive levels. Collectively, these
results highlight the interdisciplinary essence of biomechanics and psychology towards determining athletic success. The
Training Load Intensity, (TLI), was seen to have a significant positive relationship with performance, indicating that
structured training is still essential, but overload might not be related to the results in a direct proportion because of
fatigue build up. Fatigue Level (FL) was not significantly directly correlated with performance, which suggests that the
recovery routines and conditioning programs implemented by athletes are helpful to eliminate the adverse effect of
fatigue. All evidence points together to the argument that the most effective method of maximizing the sports
performance potential is the presence of an efficient blend of biomechanics, psychological preparedness, and optimized
training load.

6. Conclusion
This paper would conclude that the most significant factors of bowling performance among female college cricketers
would be the determination of their performance by the efficiency of the kinematic and the readiness of the psyche.
Three-dimensional motion capture technology applied in the analysis of performance offers an objective, detailed
understanding of movement patterns, and therefore helps a coach and a trainer to perfect technique. Physical training is
not as crucial as psychological preparedness and regulated workload management take equally decisive roles in work
performance optimization. In this aspect, the research adds to the developing discipline of sports-biomechanics and
performance-data especially female athletes- an under-represented group in sports-science studies.
6.1 Theoretical Implications
Theoretically, the given inquiry promotes the knowledge of sporting performance in terms of the Bio-Psycho-Social
Model and Self-Efficacy Theory. The results support that the ability of the biomechanical efficiency to improve physical
performance as well as to strengthen the mental preparedness and self-efficacy indicates the mutuality of mechanical
accuracy and psychological assurance. The combination of level of fatigue and intensity of training load complements
the theoretical framework in the sense that it introduces physiological limits that determine the outcomes of
performance. Further, the use of a three-dimensional motion capture analysis provides empirical evidence to theory-
based models in sports science, showing how complex technology can be used to fill the gap between theory and method
of measurement.
6.2 Practical Implications
In a practical sense, the research provides practical information to coaches, trainers and sports organizations. The
practitioners ought to emphasize on the biomechanical training programmers, which emphasize on motion accuracy and
co-ordination with balancing of the training intensity to counter over-training and fatigue. Introducing three-
dimensional motion-capture devices in the training regimen would enable the identification of small movement
inefficiencies, which would then allow the application of remedial measures at the onset of a training program.
Moreover, incorporation of psychological preparation programmers can increase mental strength and stability of
athletes in the competition. Sports organizations should consider gender-balanced access to technology and coaching
services and thus assist female athletes to achieve the best performance outcomes.
6.3 Future Research & Limitations
Although it has contributed to the study, it has its limitations. The cross-sectional design does not allow conclusive
causal deductions among the variables that are under study. To track the improvement in performance over time, future
studies may take longitudinal or experimental designs. Moreover, the attention to female cricketers of university level in
Pakistan could limit their generalizability to other groups, sports, or competitive levels. It would be possible to broaden
the research to cover male athletes or high-level players and obtain some comparative results. Further use of
physiological data may enhance the comprehension of the connection between physical and psychological factors. Future
research can also look into Al-based motion analytics and real-time biomechanical feedback systems so that sports-
performance measurement can further evolve.
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