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Abstract

Background. Experimental design is the principal methodological framework for establishing causal relationships in
sports science. Traditional classifications describe experimental designs according to structural characteristics, such
as the number of factors, randomization procedures, measurement organization, or statistical methods. However,
these approaches do not explain how the methodological functions of experimental design evolve from hypothesis
testing to mathematical modelling, programming, and model-based decision making.

Objectives. To investigate the functional evolution of experimental design in sports science, determine the
methodological role of full factorial experiments (2/k), and develop a functional concept of experimental design
based on bibliometric and systematic methodological analyses.

Material and Methods. The study was conducted in two stages. First, a bibliometric analysis of publications indexed
in the Scopus database (2000-2026) was performed to identify the structure of research on experimental designs and
to construct an analytical corpus. After duplicate removal, the main bibliometric corpus comprised 1653 publications.
Second, a systematic methodological analysis of a specialized corpus of 244 publications was carried out to evaluate the
realization of the cognitive and constructive potential of experimental designs. Particular attention was paid to studies
integrating full factorial experiments with mathematical modelling, regression analysis, and discriminant analysis.
Results. The bibliometric analysis demonstrated that contemporary sports science is dominated by subject-oriented
terminology, whereas methodological concepts related to experimental design are rarely represented in author keywords
or publication titles. The systematic methodological analysis showed that experimental designs with similar structural
characteristics perform substantially different methodological functions. A functional concept of experimental design

was developed, according to which its methodological significance is determined by the level of realization of its cognitive
and constructive potential. Full factorial experiments were identified as the methodological link connecting experimental
analysis with mathematical modelling. Three levels of realization of the constructive potential of experimental design were
identified: local model-based control, programming of the pedagogical process, and system-level management.
Conclusions. The study proposes a functional concept of experimental design that complements traditional structural
classifications. The methodological contribution of the study consists in introducing a new principle for classifying
experimental designs according to the level of realization of their cognitive and constructive potential. Full factorial
experiments occupy a central methodological position in this framework by enabling the transition from hypothesis testing
to mathematical modelling, programming, and model-based management of pedagogical and training processes.
Keywords: experimental design, full factorial experiment, sports science, mathematical modelling, regression
analysis, discriminant analysis, bibliometric analysis, systematic methodological analysis, pedagogical programming,
model-based decision making.

Introduction medicine, education,and sportsscience. Experimental design
determines the structure of a study, the way experimental
factors are manipulated, data collection procedures, and the
statistical approaches available for analyzing the obtained
results (Goodwin, 2004; Creswell & Creswell, 2018).
Consequently, the development of experimental methods is

(@ PETM inseparably linked to the evolution of scientific methodology.
o LLCOVS

Experimentation is one of the principal methods for
establishing causal relationships in the natural sciences,
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In contemporary sports science, experimental research
serves as a fundamental tool for evaluating the effectiveness
of educational programmes, training interventions, recovery
strategies, physical therapy, and pedagogical approaches
(Bishop, 2008). One- and multifactorial experimental
designs, together with analysis of variance, regression
techniques, and mixed-effects models, are widely applied,
particularly in studies involving repeated measurements and
longitudinal observations (Hopkins et al., 2009; Newans et
al., 2022). At the same time, the evolution of experimental
design has been accompanied not only by increasingly
sophisticated research strategies but also by the expansion
of mathematical modelling techniques and the integration
of multivariate analytical methods.

Experimental designs are traditionally classified according
to their structural characteristics, including the number and type
of experimental factors, the structure of the experimental plan,
randomization procedures, repeated-measures organization,
and the corresponding statistical methods (Alferes, 2012; Kirk,
2012; Montgomery, 2020). Although this approach is essential
for describing the organization of experimental research, it
primarily characterizes the structure of the experiment rather
than the methodological functions it performs in scientific
inquiry. Studies based on similar experimental structures
may differ substantially in the knowledge they generate,
the interpretation of their findings, and the extent to which
their results can be translated into practical applications.
Consequently, structural classification alone is insufficient
for evaluating the cognitive and constructive potential of
experimental design.

In contemporary sports science, experimental studies are
predominantly interpreted in terms of statistical hypothesis
testing, estimation of main effects and interactions, and the
application of analysis of variance, regression, and related
statistical techniques (Montgomery, 2020). Considerably less
attention has been devoted to the use of experimental results
for constructing mathematical models, describing factor
spaces, optimizing pedagogical or training interventions,
and developing systems of model-based decision making
(Box & Wilson, 1951; Myers et al., 2016).

Among multifactorial experimental designs, the
full factorial experiment (FFE, 2/Ak design) occupies a
distinctive methodological position. It has been widely
employed to investigate main effects and factor interactions
across numerous scientific disciplines (Box & Wilson, 1951;
Montgomery, 2020). Beyond its traditional role in statistical
hypothesis testing, the FFE provides the methodological
foundation for constructing mathematical models of
factor spaces, identifying local optima, and optimizing the
processes under investigation (Myers et al., 2016). When
combined with mathematical modelling techniques, the FFE
enables the transition from analysing experimental effects
to quantitatively describing relationships and supporting
evidence-based practical decision making.

The practical implementation of this approach has been
demonstrated in a series of studies devoted to modelling
motor learning, the development of motor abilities, and
pedagogical control in school physical education, where full
factorial experiments were integrated with regression and
discriminant analyses to construct mathematical models of the
educational process (Ivashchenko, 2020; Khudolii et al., 2019).
Subsequent studies further demonstrated the possibility of

integrating the results of a series of interrelated experiments
into systems of mathematical models intended for predicting
learning outcomes, programming pedagogical interventions,
and supporting educational decision making. These findings
indicate that the full factorial experiment performs not only
an analytical function associated with hypothesis testing but
also a constructive function through mathematical modelling,
pedagogical programming, and model-based management of
educational and training processes.

Despite the widespread application of experimental
designs in sports science, recent methodological studies
increasingly emphasize the need to move beyond the formal
description of research designs toward understanding their role
in generating and integrating scientific knowledge (Khudolii et
al., 2026a; Khudolii et al., 2026b). However, it remains unclear
how experimental design evolves from an instrument of
statistical hypothesis testing into a methodological framework
for mathematical modelling, programming, and model-based
management. Likewise, the methodological position of the full
factorial experiment within this transition and the relationship
between the cognitive and constructive potential of experimental
design have not yet been systematically established. Although
the classical theory of factorial experimentation and response
surface methodology provides the theoretical foundations for
such a transition, it does not conceptualize it as an evolution of
the methodological functions of experimental design (Box &
Wilson, 1951).

Therefore, there is a need to move beyond the structural
classification of experimental designs toward a functional
framework that explains not only how experiments are
organized but also how they contribute to knowledge
generation, mathematical modelling, and evidence-based
management of pedagogical and training processes. This
perspective constitutes the conceptual foundation of the
present study.

The purpose of this study was to develop and substantiate
a functional concept of the evolution of experimental design
in sports science based on bibliometric and systematic
methodological analyses, to determine the methodological
role of the full factorial experiment, and to construct a
conceptual model describing the transition from statistical
hypothesis testing to model-based design and management
of pedagogical and training processes.

Martepianu i meTogn

Study design

The study was conducted in two interrelated
stages combining bibliometric analysis and systematic
methodological analysis. The first stage comprised a
bibliometric analysis of scientific publications to characterize
the structure of research on experimental designs in sports
science, physical education, and related fields, identify
temporal and methodological trends, and form analytical
corpora for the subsequent methodological evaluation
(Creswell, 2018; Page et al., 2021).

The second stage involved a systematic methodological
analysis of the selected publications. Unlike conventional
systematic reviews focused on evaluating the effectiveness
of interventions, this stage was designed to investigate the
methodological functions of experimental design in the
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process of scientific inquiry. Each publication was examined
with respect to the structure of the experimental design,
the methodological role of the design in the study, the
use of mathematical modelling, and the extent to which
experimental results were employed for optimization,
programming, or model-based decision making.

During the comparative analysis, an analytical
framework was developed that enabled the classification
of publications according to the level of realization of
the cognitive and constructive potential of experimental
design. The analytical categories were not predefined but
were derived inductively through an iterative comparative
analysis of the selected publications.

Thus, the bibliometric analysis provided a quantitative
characterization of the scientific field of experimental design
research, whereas the systematic methodological analysis
enabled the reconstruction of the functional evolution of
experimental design, identification of the methodological
role of the full factorial experiment (2/k) in contemporary
sports science, and development of a functional concept
describing the transition from statistical hypothesis testing
to mathematical modelling, programming, and model-
based management (Lopatiev, Bartik, & Cieslicka, 2026;
Ivashchenko, Khudolii, & Khudolii, 2026).

Information source

The source of information for this study was
the Scopus database (Elsevier), one of the world’s largest
multidisciplinary bibliographic and citation databases
indexing peer-reviewed journals, conference proceedings,
book series, and other scholarly publications. Scopus was
selected because of its broad coverage of sports science,
physical education, health sciences, and related disciplines,
as well as its advanced search capabilities and the possibility
of exporting complete bibliographic records for subsequent
bibliometric analysis.

The search was performed using the Scopus Advanced
Search interface on 30 July 2026 and covered publications
published between 2000 and 2026. This time span enabled
the analysis of the long-term development of experimental
designs in sports science over the past quarter century.

The analysis included documents indexed by Scopus
as Articles, Reviews, Conference Papers, and Book Chapters.
Bibliographic records were exported in Plain Text format,
which preserves the complete set of bibliographic metadata
required for bibliometric analysis, including publication
title, authors, affiliations, abstract, author keywords, source
title, publication year, references, and citation information.
Duplicate records were identified and removed before the
bibliometric analysis. The resulting metadata constituted the
basis for the bibliometric analysis, formation of analytical
corpora, and the subsequent systematic methodological
analysis (Aria & Cuccurullo, 2017).

The search strategy, publication selection criteria, and
the procedures used to construct the analytical corpora are
described in the following subsection.

Search Strategy

The literature search was conducted in a stepwise
manner using the Advanced Search interface of the Scopus

database. The search strategy was based on the principle
of progressively narrowing the subject area, thereby
enabling the construction of analytical publication corpora
corresponding to the objectives of each stage of the study.

At the first stage, a broad search query was employed
to identify publications related to experimental designs,
full factorial experiments, design of experiments, and
statistical methods used in multifactorial research. The
search included different terminological variants describing
full factorial experiments (full factorial design, 2 x 2
factorial design, 2k factorial design, and two-level factorial
design), together with related methodological concepts such
as design of experiments, response surface methodology,
factorial ANOVA, mixed-design ANOVA, and group x time
interaction. Search terms were combined using Boolean
operators to maximize the sensitivity and completeness of
the initial search.

At the second stage, the search was restricted to
publications in sports science, physical education,
exercise science, sports training, motor learning, motor
development, kinesiology, and related disciplines. In
addition, a publication-year filter (2000-2026) was applied
to construct the main main bibliometric corpus used to
analyse publication trends, the structure of the research field,
and methodological developments in experimental design.

At the third stage, a targeted search was performed
to identify studies in which experimental results were
used not only for statistical hypothesis testing but also for
mathematical modelling, optimization, programming, or
model-based management. Accordingly, the search strategy
was expanded by incorporating the terms regression model,
response surface methodology, optimization, programming,
decision making, control, and discriminant analysis,
combined with terms describing experimental designs.

The search strategy was refined iteratively through
repeated evaluation of the search results and adjustment of
keywords to ensure both comprehensive coverage and high
relevance of the retrieved publications. Each successive stage
involved not only thematic refinement but also increasing
methodological specificity of the selection criteria, allowing
a transition from a broad main bibliometric corpus to a
specialized corpus suitable for systematic methodological
analysis (Page et al., 2021; Creswell & Creswell, 2018).

Following methodological refinement, publications were
included in the final corpus if they met all of the following
criteria: (1) application of a multifactorial experimental
design; (2) development of mathematical models based
on experimental results; and (3) use of these models for
optimization, programming, pedagogical control, or model-
based decision making. Studies in which multifactorial
experimental designs were used exclusively for statistical
hypothesis testing, without subsequent mathematical
modelling or constructive interpretation of the obtained
results, were excluded from the final corpus.

Construction of the Analytical Publication Corpus

The analytical publication corpus was constructed
sequentially in accordance with the study design and
research objectives.

At the first stage, a broad main bibliometric corpus
comprising 3,514 publications was established. This corpus
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Table 1. Stages of constructing publication corpora for bibliometric and systematic methodological analyses

Stage Objective

Main search terms Output

1. Initial search
on experimental designs
regardless of research field

Identification of publications factorial design, full factorial design, 2 x 2
factorial design, 2k factorial design, design of
experiments, response surface methodology,

Initial publication
corpus

factorial ANOVA, mixed-design ANOVA

2. Thematic Construction of the sports sport, sports science, physical education, exercise, =~ Main main bibliometric
refinement science corpus motor learning, motor development, physical corpus
training, kinesiology
3. Methodological Identification of studies regression model, response surface methodology,  Specialized

refinement demonstrating the
constructive use of

experimental results

Construction of the final
corpus for systematic
methodological analysis

4. Final selection

optimization, programming, decision making,
control, discriminant analysis

Application of inclusion and exclusion criteria

methodological corpus

Confirmed core
of constructive
implementation

included studies on experimental designs irrespective of
their disciplinary field and was used to characterize the
overall structure of the research domain, assess the extent of
application of experimental approaches, and identify major
methodological trends.

At the second stage, thematic filtering combined with
a publication-year restriction (2000-2026) resulted in
the construction of the main main bibliometric corpus,
consisting of 1,653 publications in sports science, physical
education, exercise science, sports training, motor learning,
motor development, kinesiology, and related disciplines.
This corpus served as the empirical basis for analysing
publication trends, the structure of the research field, leading
publication sources, thematic directions, and methodological
developments in experimental design.

At the third stage, a specialized methodological
corpus of 244 publications was established for in-depth
methodological analysis. This corpus included studies in
which experimental designs were potentially used not only
for statistical hypothesis testing but also for mathematical
modelling, optimization, programming, or the development
of model-based management systems.

Subsequent systematic methodological analysis
identified a confirmed core of constructive implementation,
consisting of 11 publications. These studies demonstrated
the complete realization of the constructive potential
of experimental design, encompassing the planning of
tull factorial experiments, analysis of experimental data,
development of mathematical models, and the application
of these models to programming, prediction, and evidence-
based management of educational and training processes.

Accordingly, the study was based on three interrelated
analytical publication corpora, each serving a distinct
methodological purpose. The broad main bibliometric
corpus was used to characterize the overall structure of the
research field, the main main bibliometric corpus to analyse
the development of experimental designs in sports science,
and the specialized methodological corpus to investigate the
functional evolution of experimental design and evaluate the
realization of its cognitive and constructive potential.

The sequential construction of the analytical publication
corpora and their application at different stages of the study
are presented in Table 1.

Bibliometric Analysis

Bibliometric analysis was performed using the metadata
of publications exported from the Scopus database (Aria
& Cuccurullo, 2017). Bibliographic data were processed
and analysed using the bibliometrix package implemented
in the Renvironment, which provides comprehensive
bibliometric analysis, statistical summarization of
bibliographic metadata, and visualization of bibliometric
indicators.

The main main bibliometric corpus (1,653 publications)
was analysed to examine annual publication trends, the
distribution of publications across sources, thematic areas,
author keywords, and other bibliometric characteristics.
Particular attention was given to publications addressing
multifactorial experimental designs, full factorial
experiments (FFE, 2/k), and the statistical approaches used
to analyse experimental data.

The results of the bibliometric analysis were used to
characterize the structure of the research field, evaluate
temporal trends in the development of experimental designs,
and identify methodological trends in sports science. These
bibliometric characteristics also provided the basis for
constructing the specialized methodological corpus and for
the subsequent systematic methodological analysis.

In the present study, bibliometric analysis was considered
a tool for mapping the research field, whereas the evaluation
of the cognitive and constructive potential of experimental
designs was performed at the subsequent stage through
systematic methodological analysis (Donthu et al., 2021).

Systematic Methodological Analysis

Following the construction of the analytical publication
corpora, a systematic methodological analysis was
conducted. Unlike conventional systematic reviews, which
primarily evaluate the effectiveness of interventions, this
stage aimed to investigate the functions of experimental
design in scientific inquiry, identify patterns in their
functional evolution, and determine the methodological role
of the full factorial experiment within the development of
contemporary experimental methodology. The analysis was
grounded in the principles of systems research, inductive
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Table 2. Protocol for the Systematic Methodological Analysis of the Functional Evolution of Experimental Designs

Main evaluation criteria

Evaluation outcome

Number and type of experimental factors,
structure of the experimental design, factor
combination strategy, and statistical methods

Identification of main effects and factor
interactions, construction of mathematical
models, description of the factor space, and
explanation of experimental relationships

Use of mathematical models for optimization,
programming, prediction, pedagogical control,
and model-based management

Integrated assessment of the realization of
experimental design functions

Identification of the
experimental design type and its
methodological characteristics

Determination of the level of
realization of the cognitive
potential of the experimental
design

Determination of the level of

realization of the constructive
potential of the experimental

design

Classification of the study
according to its functional

Stage Object of evaluation
1. Structural analysis ~ Characteristics of the
experimental design
employed
2. Evaluation of Functions of
cognitive potential ~ experimental design in
scientific inquiry
3. Evaluation of Practical application of
constructive experimental results
potential
4. Integrated Synthesis of analytical
methodological findings
evaluation

category (local management,
programming, or system-level
management)

generalization, and conceptual modelling (Creswell &
Creswell, 2018; Lopatiev et al., 2026).

The systematic methodological analysis was performed
according to an author-developed evaluation protocol,
which involved the sequential assessment of each publication
across four interrelated analytical domains (Table 2).

According to the proposed protocol, the functional
role of the experimental design was determined following
the structural analysis of each study. Particular attention
was paid to publications in which full factorial experiments
were combined with mathematical modelling techniques,
especially regression, discriminant, and logistic analyses.
For each publication, the level of realization of the cognitive
potential of the experimental design, the manner in which
mathematical models were applied, and the degree to
which these models were integrated into the programming,
prediction, or model-based management of educational
and training processes were evaluated. This approach
is consistent with the contemporary understanding of
mathematical modelling as the final stage of interpreting
experimental findings and the transition from identifying
empiricalregularities tosupportingevidence-based practical
decision making (Lopatiev et al., 2026; Ivashchenko et al.,
2026).

The analytical categories were not predefined but
emerged inductively through a comparative analysis of
the selected publications. For each study, the structure of
the experimental design, statistical interpretation of the
results, application of mathematical modelling, and the
level of practical implementation of the developed models
were systematically compared. The synthesis of shared
methodological characteristics enabled the development
of a functional classification of experimental designs,
identification of the levels of realization of their cognitive
and constructive potential, reconstruction of the transition
from statistical hypothesis testing to mathematical
modelling, programming, and model-based management,
and the formulation of a conceptual model describing the
functional evolution of experimental design (Lopatiev et al.,
2026; Ivashchenko et al., 2026).

Results

Structure of the Research Field of
Multifactorial Experimental Designs

The bibliometric analysis of the main bibliometric
corpus (1,653 publications) revealed a steady increase in the
number of studies addressing multifactorial experimental
designs in sports science between 2000 and 2026 (Figure 1).
The most pronounced growth in publication activity occurred
after the mid-2010s, indicating increasing methodological
interest in experimental approaches, multifactorial research
designs, and contemporary statistical methods. These findings
demonstrate that experimental design has become one of the
principal methodological tools in contemporary sports science.

The search strategy enabled the sequential construction
of analytical publication corpora, each serving a distinct
methodological function within the study (Table 3).

200
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|

Number of publications
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!
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Publication year

Fig. 1. Annual scientific production on multifactorial
experimental designs in sports science (2000-2026)
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Table 3. Construction of the Analytical Publication Corpora

Number
Analytical P
Stage nalytical corpus of publications urpose

1 General search corpus 3,514 Identification of the overall research field of multifactorial
experimental studies

2 Main sports science corpus (2000-2026) 1,653 Analysis of experimental design structures, publication
sources, and temporal trends

3 Specialized corpus of model-based management 244 Identification of studies in which mathematical models

studies were used to support practical decision making
4 Confirmed core of constructive implementation 11 Analysis of the transition from experiment > mathematical

model > practical management

The general search corpus (3,514 publications)
represented the contemporary research field of multifactorial
experimental studies without disciplinary restrictions. Its
analysis demonstrated that factorial experimental approaches
are applied across a broad spectrum of scientific disciplines,
confirming their universal methodological significance.

Following thematic refinement to sports science, physical
education, sports training, exercise science, motor learning,
and related disciplines, the main bibliometric corpus (1,653
publications) was established. This corpus served as the
empirical basis for the bibliometric analysis of the research
field, publication trends, leading publication sources, and
methodological developments in experimental design.

Subsequent refinement to 244 publications identified
studies in which experimental results were potentially used
for mathematical modelling, optimization of pedagogical
or training interventions, and evidence-based decision
making. Consequently, the focus of the analysis shifted from
the structural characteristics of experimental designs to
their functional application.

The systematic methodological analysis of the specialized
corpus demonstrated that only 11 publications represented
the complete realization of the constructive potential of
experimental design, encompassing the entire sequence
from full factorial experimentation to the development of
mathematical models and their application for programming
or managing educational and training processes. These
findings indicate that the transition from experimental
verification of effects to model-based management remains
relatively uncommon, even among studies explicitly
concerned with mathematical modelling.

Overall, the results demonstrate that the sequential
construction of analytical publication corpora not only
ensured the representativeness of the bibliometric analysis
but also provided the methodological foundation for the
subsequent systematic methodological analysis. This
approach made it possible to trace the transition from the
broad research field of experimental studies to a confirmed
core of publications in which experimental design performs
a constructive methodological function. The logic of this
progressive refinement constituted the methodological basis
for the subsequent analysis of the functional evolution of
experimental design.

Functional Evolution of Experimental Design

The systematic analysis of the main bibliometric
corpus demonstrated that the evolution of experimental

design has been accompanied not only by increasing
structural complexity of experimental designs but also by
the progressive expansion of their cognitive capabilities.
The identified patterns indicate a gradual transition from
the use of experimentation as a means of establishing
experimental effects to its application for mathematical
modelling, programming, and model-based management of
pedagogical processes.

At the first level, experimental design serves to establish
the effect of an intervention through comparisons between
experimental groups or analyses of changes over time. Such
studies determine whether statistically significant changes
have occurred; however, they do not explain the mechanisms
underlying these changes or identify the conditions under
which the intervention is most effective.

The second and third levels are characterized by the
transition to the analysis of factor interactions. The inclusion
of attributive and manipulated factors makes it possible to
determine for whom, under which conditions, and through
which combinations of pedagogical interventions the
experimental effect changes. At this stage, experimental
design performs not only the function of statistical
hypothesis testing but also the function of explaining the
underlying relationships.

The next stage of development is associated with the
application of the full factorial experiment (2/Ak). When
combined with regression analysis, the full factorial
experiment enables the construction of mathematical
models describing the factor space, whereas the use of
discriminant analysis makes it possible to investigate the
multivariate structure of experimental outcomes and classify
the implemented experimental conditions. The integration
of these approaches represents a new level of scientific
inquiry, at which experimental design evolves from analysing
individual relationships to constructing an interconnected
system of mathematical models.

The highest level of realization is achieved when the
results of a series of interconnected experiments are
used for programming, pedagogical monitoring, and the
management of educational and training processes. At this
stage, experimental design ceases to function solely as an
instrument for hypothesis testing and acquires a constructive
function by supporting the transition from the generation
of scientific evidence to model-based management of
pedagogical systems.

The synthesis of these findings made it possible
to develop a hierarchy of the cognitive capabilities of
experimental designs, reflecting the progressive expansion
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Table 4. Hierarchy of the Cognitive Capabilities of Experimental Designs

Level Study structure Object of inquiry Central question Potential outcome

I Experimental group x Effect Did a change occur? Identification of the experimental effect
time and differences in temporal dynamics

11 Experimental x Effect differentiation For whom, when, or under Identification of the dependence of the
attributive factor; what conditions does the effect  effect on age, sex, qualification, or other
attributive factor x time differ? participant characteristics

111 Two manipulated factors; Interaction How does the effect of one Main effects, interactions, synergistic
2 x 2 factorial design factor depend on the level of or antagonistic relationships between

another? factors

IV-A  Full factorial experiment  Relationships within Which mathematical Regression model describing the local
(27k) with regression the factor space relationship best describes the  factor space
modelling process?

IV-B Full factorial experiment ~ Multivariate Which combination of variables Canonical functions, centroids,
(27k) with discriminant  structure of best discriminates among classification, and recognition of
analysis outcomes experimental conditions? experimental conditions

\% Full factorial experiment  Integrated system How can the factor space and Integration of factor-outcome models
(27k) with regression and outcome system be structured ~ with multivariate classification
discriminant analyses simultaneously?

VI Series of interconnected =~ Managed process How can mathematical Selection of optimal conditions,

experiments and a
research programme

models be used for planning,
monitoring, and modifying the

process?

programming, pedagogical monitoring,
and system-level management

Table 5. Methodological Trajectories of Multifactorial Experimental Designs and Their Analytical Outcomes

Methodological trajectory

Object being
structured

Primary analytical outcome

Boundary of cognitive capability

Group X time

Randomized factorial
experiment

Two manipulated factors

Full factorial experiment (2/k)
with regression modelling

Full factorial experiment (2/k)
with discriminant analysis

Full factorial experiment
(27k) with regression and
discriminant analyses

Research programme

Temporal dynamics of
experimental groups

Combinations of two
interventions

Factor interactions

Controlled factor
space

Qutcome variable
space

Factor space and
outcome system

Integrated educational
or training process

Differences in changes
between groups

Individual and combined
effects of intervention
components

Main effects and interactions

Mathematical models of
individual outcome variables

Recognition and classification
of experimental conditions

Mathematical modelling
combined with multivariate
selection of optimal
conditions

Programming, monitoring,
and management based on an
integrated system of models

The internal structure of the intervention
remains unexplored

Primarily limited to comparisons of
implemented conditions without modelling
the factor space

Mathematical modelling of the process is
not essential

Describes only a local region of the
factor space; the multivariate structure of
outcomes may remain unexplored

Does not identify the coordinates of
untested local optima

Full management requires integration into a
broader programme of subsequent actions

Highest confirmed level of cognitive and
constructive realization

of their functions—from identifying experimental effects to
mathematical modelling, programming, and model-based
management (Table 4).

The proposed hierarchy describes the general logic
underlying the functional evolution of experimental
design. At the same time, the analysis of the specialized
methodological corpus demonstrated that these capabilities
are realized through different methodological trajectories,
which differ in the object being structured, the nature of

the analytical outcomes, and the limits of their cognitive
capabilities.

Analysis of the specialized methodological corpus
demonstrated that these methodological trajectories
represent different ways of realizing the cognitive potential
of experimental design. The simplest trajectory is the group
x time design, which enables the evaluation of changes
between experimental conditions but does not reveal the
internal structure of pedagogical or training interventions.
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Randomized factorial experiments and studies involving
two manipulated factors expand analytical possibilities by
examining main effects and interactions; however, their
conclusions remain limited to the experimental conditions
that have actually been implemented.

A qualitatively new stage is achieved through the
application of the full factorial experiment (2/k). The
combination of full factorial experiments with regression
modelling provides a mathematical description of the
factor space, whereas discriminant analysis enables the
investigation of the multivariate structure of outcomes
and the classification of experimental conditions. The
integration of these approaches substantially expands the
cognitive capabilities of experimental design, although the
complete realization of its constructive potential requires
the subsequent application of mathematical models within a
unified research programme.

The highest level of methodological realization is
achieved when the results of interconnected experiments
are integrated into a system of mathematical models
used for programming pedagogical processes, organizing
pedagogical monitoring, and supporting management
decisions. Under these conditions, experimental design
acquires a constructive function and becomes an instrument
of model-based management of educational and training
processes.

Overall, the identified methodological trajectories
should not be regarded as alternative classifications of
experimental designs but rather as successive stages in
the expansion of their methodological functions—from
identifying experimental effects to constructing integrated
systems of mathematical models that support model-based
programming and management of educational and training
processes. This pattern provided the conceptual foundation
for the model of the functional evolution of experimental
design presented in the following section.

Functional Evolution of Experimental Design

The comparative analysis of the main main bibliometric
corpus and the specialized methodological corpus
demonstrated that the traditional classification of experimental
designs according to the number of factors, the structure of the
experimental design, or the statistical methods employed does
not adequately reflect the evolution of their methodological
functions. The integration of the findings from the bibliometric
and systematic methodological analyses made it possible to
formulate a functional interpretation of the evolution of
experimental design.

The results indicate that the development of
experimental design is determined not so much by the
increasing structural complexity of experimental designs as
by the progressive expansion of the functions they perform
in scientific inquiry. At the initial stage, experimental design
serves primarily to test statistical hypotheses and establish
causal relationships between the investigated factors. The
subsequent stage is characterized by the use of experimental
data to develop mathematical models that describe the factor
space, quantify factor interactions, and predict outcomes
within the investigated domain.

A further stage in the evolution of experimental design
is marked by the transition from explaining empirical

relationships to their practical application. At this level,
mathematical models become instruments for selecting
optimal educational or training conditions, programming
pedagogical processes, organizing pedagogical monitoring,
and supporting management decision-making.
Consequently, the functional evolution of experimental
design is characterized by a gradual transition from
experimental analysis to model-based programming and
management of pedagogical systems.

Within this evolutionary framework, the full factorial
experiment (2/k) occupies a pivotal methodological
position. The analysis demonstrated that it provides
the methodological foundation for the transition from
statistical analysis to mathematical modelling by enabling
the construction of an orthogonal factor space, quantitative
estimation of main effects and factor interactions, and the
development of regression models. However, the realization
of its constructive potential is determined not by the factorial
design itself but by the integration of experimental data with
mathematical modelling techniques and by the subsequent
use of these models for programming and managing
educational and training processes.

Accordingly, the evolution of experimental design should
be interpreted as a functional rather than a purely structural
process, in which its methodological role progressively
expands from statistical hypothesis testing to mathematical
modelling, programming, and model-based management
of pedagogical processes. This functional perspective
complements the traditional structural classification
of experimental designs by emphasizing not only how
experiments are organized but also what methodological
functions they perform in the generation, modelling, and
application of scientific knowledge.

The Full Factorial Experiment as a Methodological
Hub in the Evolution of Experimental Design

The detailed analysis of the specialized methodological
corpus demonstrated that the methodological application of
the full factorial experiment (2/k) is heterogeneous. Even
among studies in which the use of a full factorial experiment
was explicitly confirmed, substantial differences were
observed in the subsequent analytical approaches and in the
extent to which experimental findings were translated into
practical applications (Table 6).

The largest group of publications (40.0%) employed full
factorial experiments to develop regression models describing
individual outcome variables. In these studies, mathematical
modelling was primarily used to quantify the relationships
between manipulated factors and outcome variables, thereby
enabling the identification of local optima and prediction of
responses within the experimental factor space.

A separate group of studies (20.0%) combined full
factorial experiments with discriminant analysis. Rather than
modelling individual outcome variables, these investigations
focused on discriminating and classifying experimental
conditions on the basis of multiple outcome characteristics,
thereby extending the analysis from univariate relationships
to multivariate evaluation of pedagogical or training
interventions.

The most methodologically advanced approach
was identified in studies integrating regression and
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Table 6. Structure of the Sports Pedagogy Cluster of Full Factorial Experiment Studies

Analytical branch Application of the full factorial experiment Publications (n) %

Full factorial experiment with regression Development of mathematical models describing the 6 40.0
or mathematical modelling relationships between manipulated factors and individual

outcome variables
Full factorial experiment with Multivariate discrimination and classification of 3 20.0
discriminant analysis experimental conditions
Full factorial experiment with regression ~Simultaneous modelling of the factor space and the 4 26.7
and discriminant analyses outcome structure
Full factorial experiment with The full factorial design was confirmed, but the 2 13.3
insufficiently described analytical subsequent analytical model could not be identified from
branch the title, abstract, or keywords
Total 15 100.0

Note. This classification represents a conservative distribution based exclusively on information reported in publication titles, abstracts,
and author keywords. The absence of explicit reference to regression or discriminant modelling in the abstract does not necessarily

indicate that these methods were not applied in the full text.

discriminant analyses within a single experimental design
(26.7%). The combination of these analytical methods
enabled simultaneous modelling of the factor space and
the multivariate outcome structure, thereby providing the
methodological basis for multicriteria selection of optimal
educational or training conditions. This group of studies
most fully realized the constructive potential of the full
factorial experiment.

In two publications (13.3%), the application of a
full factorial experiment was confirmed; however, the
information presented in the titles, abstracts, and author
keywords was insufficient to determine the subsequent
analytical approach. These findings indicate that the
mere use of a full factorial experiment does not, by itself,
characterize the level of realization of its methodological
capabilities and that evaluation of its methodological role
requires consideration of the complete analytical workflow.

Opverall, these findings indicate that the methodological
significance of the full factorial experiment is determined
not by the factorial design itself but by the extent to which
experimental evidence is integrated with mathematical
modelling and subsequently translated into model-based
programming and management of educational and training
processes. Accordingly, the full factorial experiment should
be regarded not simply as a statistical design but as the
methodological hub linking experimental research with
mathematical modelling, pedagogical programming, and
evidence-based management.

Realization of the Constructive Potential
of the Full Factorial Experiment

Analysis of the confirmed core of publications
demonstrated that the constructive potential of the full
factorial experiment (2/k) is realized not through the
factorial design itself but through the mathematical
processing of experimental data. The integration of full
factorial experiments with regression and discriminant
analyses provides a sequential transition from experimental
planning to mathematical modelling, multicriteria
evaluation of experimental conditions, and evidence-based
decision-making (Khudolii et al., 2019; Ivashchenko, 2020).

The analytical process begins with the construction of
an orthogonal factorial matrix, which ensures systematic
variation of manipulated factors and provides the basis
for quantitative analysis of their effects. At this stage,
the full factorial experiment determines the structure
of experimental conditions but does not yet produce a
mathematical model of the investigated process (Box &
Wilson, 1951; Montgomery, 2020).

Regression analysis subsequently generates mathematical
models describing the relationships between manipulated
factors and individual outcome variables. These models
quantify main effects and factor interactions and enable
prediction within the investigated region of the factor space
(Myers et al., 2016; Khudolii et al., 2019).

Discriminant analysis complements regression modelling
by focusing on the multivariate structure of experimental
outcomes. It generates canonical functions, identifies centroids
of experimental conditions, and classifies multivariate
outcome patterns, thereby enabling multicriteria comparison
of alternative pedagogical or training interventions (Khudolii
et al., 2019; Ivashchenko, 2020).

The integration of regression and discriminant analyses
completes the analytical workflow. Regression models
describe quantitative relationships within the factor space,
whereas discriminant functions support multicriteria
selection among experimentally implemented conditions.
This methodological sequence is clearly illustrated by the
study of Ivashchenko et al. (2018), in which a full factorial
experiment was combined with regression modelling to
identify optimal experimental conditions and subsequently
with discriminant analysis to determine the most appropriate
pedagogical regime. Consequently, experimental design
evolves from explaining empirical relationships to supporting
programming, pedagogical monitoring, and model-based
management of educational and training processes.

The methodological framework presented in Table
7demonstratesthattherealizationoftheconstructivepotential
of the full factorial experiment requires the integration of
complementary analytical approaches. The factorial design
provides the experimental structure, regression analysis
models quantitative relationships within the factor space,
and discriminant analysis supports multicriteria evaluation
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Table 7. Methodological Framework for Realizing the Constructive Potential of the Full Factorial Experiment (2/k)

Analytical component Analytical space

Principal question

Analytical outcome

Full factorial experiment Space of manipulated

factors

Regression modelling Relationships between
factors and an individual

outcome variable

Multivariate outcome
space

Discriminant analysis

Integration of regression
and discriminant analyses

Factor space and outcome
system

Research programme Integrated educational or

training process

Which combinations of factor
levels should be implemented?

How do manipulated factors and
their interactions influence a
specific outcome?

Which variables best discriminate
among experimental conditions?

Which experimental condition is
optimal when multiple outcomes
are considered simultaneously?

How can the system of
mathematical models be applied to

Orthogonally organized system of
experimental conditions

Mathematical model describing the
local factor space

Canonical functions, centroids,
and classification of experimental
conditions

Multicriteria selection among
implemented experimental
conditions

Programming, pedagogical
monitoring, and management

planning and monitoring?

Table 8. Levels of Realization of the Constructive Potential of Experimental Design

Level Mode of realization  Publications

Typical outcomes

Representative publications

I. Local model-
based management

Optimization of 7
individual pedagogical
or training parameters

II. Programming Design of pedagogical 1
of educational and ~ processes

training processes

III. System-level Integration of 3
model-based interconnected

management experiments

into systems of
mathematical models

Selection of repetitions,
rest intervals, exercise
sequences, local
optimization

Allocation of training
means, time distribution,
pedagogical programming
Programming,
pedagogical monitoring,
and management of
pedagogical systems

Ivashchenko et al. (2018); Ivashchenko
etal. (2019); Kapkan et al. (2019a,b);
Ivashchenko et al. (2020); Khudolii et al.
(2020); Zima & Ivashchenko (2022)

Ivashchenko (2020)

Khudolii et al. (2019); Ivashchenko
(2020); Khudolii et al. (2026)

of experimental conditions. Together, these components
establish the methodological basis for programming and
managing educational and training processes.

The final stage of the systematic methodological
analysis evaluated the extent to which mathematical models
developed from full factorial experiments were applied to
practical problems. Analysis of the confirmed core of 11
publicationsdemonstrated that the constructive potential
of experimental design is realized at three interconnected
levels, differing in the scale of the managed object and the
practical application of mathematical models (Table 8).

The first and most common level, represented by seven
studies, involved local model-based management, in which
mathematical models were used to optimize individual
pedagogical or training parameters, such as repetitions, rest
intervals, exercise sequences, and other manipulated variables.

The second level, identified in a single study, extended
mathematical modelling from optimizing individual
interventions to programming educational and training
processes, including the allocation of instructional time,
selection of training means, and organization of pedagogical
structures.

The highest level comprised three studies in which
interconnected factorial experiments were integrated
into comprehensive systems of mathematical models
supporting programming, pedagogical monitoring,

prediction, and management of educational and training
processes. At this level, individual experiments became
components of coordinated research programmes rather
than isolated investigations.

Overall, these findings demonstrate that the complete
realization of the constructive potential of experimental design
remains relatively uncommon. Even within the specialized
methodological corpus, most studies employed mathematical
modelling primarily for local optimization, whereas the
integration of mathematical models into comprehensive
systems for programming and management represented the
exception rather than the rule. Accordingly, model-based
management may be regarded as the highest contemporary
level of realization of the constructive potential of experimental
design in sports science.

Discussion

Functional Reinterpretation of Experimental Design

Experimental designs are traditionally classified
according to their structural characteristics, including the
number of factors, randomization procedures, measurement
organization, and statistical methods. Such classifications
are essential for describing the organization of research
but do not fully explain the methodological functions
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that experimental design performs in scientific inquiry
(Goodwin, 2004; Creswell & Creswell, 2018). Contemporary
reviews of research designs in sports science likewise classify
studies as experimental, quasi-experimental, observational,
longitudinal, mixed-methods, and related designs, while
paying relatively little attention to the functional use of
experimental results (Nicholas et al., 2025).

The bibliometric analysis demonstrated that the
contemporary scientific discourse describes experimental
studies primarily through their substantive research topics
rather than through the methodological characteristics of
their designs. The most frequent author keywords referred to
research objects, interventions, and outcomes (e.g., exercise,
resistance training, physical activity, rehabilitation, athletic
performance, and physical education), whereas terminology
directly related to experimental design rarely appeared
among the dominant descriptors. Likewise, publication titles
predominantly referred to experimental studies or quasi-
experimental studies, while terms such as full factorial
experiment or factorial experimental design were
encountered only occasionally. These findings indicate that
experimental design is widely applied as a methodological
tool but is rarely considered an independent object of
methodological investigation.

The systematic methodological analysis complements
these observations. Studies with similar structural
characteristics frequently performed fundamentally
different methodological functions. In most publications,
experimentation concluded with statistical hypothesis
testing or the evaluation of factor interactions. Only a
limited number of studies extended experimental findings
to mathematical modelling, optimization, pedagogical
programming, or model-based management of educational
and training processes (Khudolii, 2019; Ivashchenko, 2020).
These observations are consistent with recent meta-research
in sports science highlighting persistent challenges related
to experimental design, statistical methodology, reporting
quality, and the translation of research findings into practical
decision-making (Warmenhoven et al., 2025).

Taken together, these findings support a functional
reinterpretation of experimental design. Rather than viewing
experimental design solely as the organizational structure
of an experiment, it may be regarded as a methodological
system whose functions progressively expand according to
the objectives of scientific inquiry. Within this framework,
experimental design serves not only to establish causal
relationships but also to support mathematical modelling,
integration of empirical knowledge, pedagogical
programming, and model-based decision-making. This
interpretation is consistent with contemporary views
of scientific methodology emphasizing the transition
from isolated empirical findings to integrated systems of
knowledge (Khudolii et al., 2026a; Khudolii et al., 2026D).

Accordingly, the proposed functional concept
does not replace traditional structural classifications of
experimental design but complements them by introducing
the methodological functions of experimental design as an
additional principle of classification.

From Hypothesis Testing to Model-Based Decision Making

One of the principal findings of the present study is that
the evolution of experimental design in sports science is

characterized by a gradual transition from statistical hypothesis
testing to the use of mathematical models as instruments for
practical decision-making. Within the traditional experimental
paradigm, the primary objective is to establish statistically
significant differences between experimental conditions and
estimate effect sizes. Although this approach provides evidence
regarding intervention effectiveness, it offers limited guidance
for optimizing educational or training processes (Goodwin,
2004; Creswell & Creswell, 2018).

The present findings demonstrate that integration of
full factorial experiments with regression and discriminant
analyses fundamentally changes the function of experimental
design. Experimental data become the basis for constructing
mathematical models describing factor interactions,
predicting outcomes, and selecting optimal pedagogical or
training conditions (Montgomery, 2020).

Importantly, this transition is not simply the result
of employing more sophisticated statistical procedures.
Rather, it reflects a change in the methodological function of
experimental designitself. Attheinitiallevel, experimentation
primarily provides empirical evidence. At subsequent levels,
experimental data are transformed into mathematical models
that support pedagogical programming, monitoring, and
management. This progression was consistently observed
within the confirmed methodological core identified in the
present study (Khudolii, 2019; Ivashchenko, 2020).

These findings are also consistent with the epistemological
interpretation of modelling as the mechanism linking empirical
observations with organized scientificknowledge (Lopatievetal.,
2026). Within this perspective, mathematical models perform
not only descriptive and predictive functions but also provide
the conceptual basis for evidence-based decision-making.

The Methodological Role of the Full Factorial Experiment

The present findings refine the methodological
interpretation of the full factorial experiment (2Ak). While
traditionally regarded as one of several multifactorial
experimental designs (Montgomery, 2020), the present
analysis demonstrates that its principal methodological
significance lies in establishing the link between
experimentation and mathematical modelling.

The constructive potential of the full factorial experiment
is determined not by the factorial design itself but by the
subsequent mathematical processing of experimental data.
Orthogonal factorial matrices provide the structural basis
for systematic variation of manipulated factors; however,
only the integration of regression and discriminant
analyses enables the transition from statistical evaluation
of experimental effects to modelling the factor space,
multicriteria evaluation of outcomes, and evidence-based
selection of optimal pedagogical or training conditions
(Khudolii, 2019; Ivashchenko, 2020).

The findings further demonstrate that complete
realization of the constructive potential of the full factorial
experiment remains relatively uncommon. Even among
studies specifically selected for methodological analysis,
only a limited number integrated mathematical models
into systems supporting pedagogical programming and
management, whereas most studies remained focused on
statistical significance testing.

Accordingly, the methodological significance of the
full factorial experiment is determined not by the factorial
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design itself but by the extent to which experimental
evidence is integrated with mathematical modelling and
subsequently translated into model-based programming
and management of educational and training processes. In
this sense, the full factorial experiment may be regarded as
the methodological hub linking experimental research with
mathematical modelling, pedagogical programming, and
evidence-based management.

Implications for Sports Science and Experimental Research

The proposed functional concept has important
methodological implications for the planning of future research
in sports science. It encourages researchers to consider not
only the structural characteristics of experimental designs but
also the methodological function that experimental design
is intended to perform within a particular study. Under this
perspective, experimentation becomes part of a broader
research programme directed toward the accumulation of
knowledge, development of mathematical models, and support
of practical decision-making.

The findings further indicate that full realization
of the constructive potential of experimental design
requires systematic integration of experimental data with
mathematical modelling and pedagogical monitoring. Such
integration provides the methodological basis for moving
from isolated experiments toward coordinated research
programmes in which successive investigations contribute to
programming, prediction, and management of educational
and training processes. This interpretation is consistent
with the conception of physical education as a managed
learning process in which pedagogical monitoring becomes
regulatory only when integrated into a comprehensive
instructional model (Ivashchenko et al., 2026).

More broadly, the proposed functional perspective
is consistent with contemporary methodological trends
emphasizing the transition from isolated empirical findings
toward integrated conceptual frameworks and research
programmes (Khudolii et al., 2026a; Khudolii et al,
2026b). The bibliometric findings indicate that although
experimental research is widely conducted in sports
science, methodological aspects of experimental design
remain underrepresented in the scientific discourse. This
observation further supports the relevance of the functional
approach proposed in the present study.

Accordingly, experimental design should no longer be
regarded solely as a framework for organizing experiments
but as a methodological system supporting the generation,
modelling, programming, and practical application of
scientific knowledge. This functional perspective constitutes
the principal methodological contribution of the present
study and provides a conceptual framework for future
methodological research in sports science.

Conclusions

The bibliometric analysis of 1,653 publications and the
systematic methodological analysis of a specialized corpus
of 244 publications demonstrated that experimental studies in
sports science are predominantly classified according to the
structural characteristics of experimental designs, whereas the
methodological functions of experimental design have received
little systematic attention. The bibliometric findings further

revealed that contemporary scientific discourse is dominated
by subject-oriented terminology, while concepts directly related
to experimental design are largely absent from author keywords
and publication titles, indicating that experimental design is
generally employed as an implicit methodological instrument
rather than an explicit object of methodological investigation.

The present study proposes a functional concept of
experimental design, according to which its methodological
significance is determined not only by the structure of
the experimental design but primarily by the level of
realization of its cognitive and constructive potential.
Unlike traditional structural classifications, the proposed
functional perspective interprets experimental design as
a methodological system whose functions progressively
expand from statistical hypothesis testing to mathematical
modelling, pedagogical programming, and model-based
management of educational and training processes.

The findings demonstrate that the full factorial
experiment (2/k) occupies a central methodological position
in this functional evolution by providing the foundation for
the transition from experimental analysis to mathematical
modelling. Its constructive potential is realized not through
the factorial design itself but through its integration with
regression and discriminant analyses, enabling mathematical
modelling of the factor space, optimization of pedagogical
interventions, and evidence-based decision-making.

The systematic methodological analysis identified three
hierarchical levels of realization of the constructive
potential of experimental design: local model-based
management, programming of educational and training
processes, and system-level model-based management.
Complete realization of this potential was found to be
relatively uncommon and occurred only when experimental
findings were integrated into interconnected systems of
mathematical models supporting pedagogical programming,
monitoring, and management.

Overall, the findings extend the current methodological
understanding of experimental design in sports science by
introducing its functional classification as a complementary
methodological framework. This perspective provides
a conceptual basis for the transition from isolated
experimental studies toward coordinated research
programmes integrating experimentation, mathematical
modelling, pedagogical programming, and evidence-based
management of educational and training processes.
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QyHKUiOHanbHa eBONIOLIAA eKCNepMMEeHTasIbHOro
AN3alHy y CNOPTUBHIN Haywi: Big 6i6niomeTpnyHoro
aHanisy o popmyBaHHA PYHKLiOHANIbHOI KOHLenuil

Oner Xyponiit'*P, Onpra IBamenko'**“°, Mukomna Xygomii'45cP

'XapkiBcbKa fiep)kaBHa akazieMist pisMIHOI KyIbTypn
ABTOpCBHKNMIT BKIAM: A — [U3aiiH BOCTiIKeHHs; B — 36ip ganux; C - crarananis; D - migrotoska pykomucy; E - 36ip komTis

Pedepar. Crarrs: 15 c., 8 Tab., 1 puc., 28 mxeper.

IlepepymoBu. ExciepuMeHTanbHMIi [U3aiiH € OCHOBHOIO METO0/IOTiYHOI0 OCHOBOIO BCTAHOBJIEHH:A IPMYMHHO-HACTiIKOBUX
3B»sI3KiB y ciopTuBHilt Hayni. Tpaguuiiai kracudikanii OMMCy0Th eKCliepuMeHTa/IbHI AM3aliHu 3a iX CTPYKTYPHUMM Xapakre-
PUCTMKAMM, TAKVMU SK KiIbKicTb haKTOPiB, HpoLieAypy paHIoMisallii, opraHisanis BuMiproBaHb ab0 3aCTOCOBaHi CTaTUCTUYHI
MeTomu. BomHovac Taki mixoan He IMOSICHIOIOTD, IKMM YMHOM METOJOJIOTiuHi (l)yHKui'l' €KCIIEPVMEHTA/IbHOTO 3aJHY €BOJIIOLi-
OHYIOTb BiJf CTATUCTUYHOI IIepeBipPKI TillOTe3 J0 MaTeMATIYHOIO MOJIE/TIOBAHHS, IPOrPaMyBaHH: Ta MOJE/IbHO OOIPYHTOBAHOTO
HOPUIHATTA pillleHb.

Mera. Jocnignty GyHKI[iOHATbHY €BOJIOLII0 eKCIIePYMEHTAIbHOTO AU3alHY Y CIOPTUBHIN Hayll, BUSHAYUTY METOHOJIO-
riuny posnb noBHOro ¢akroproro excrepumenty (IIOE 2Ak) ta pospobury GpyHKIiOHAIbHY KOHIIEIII0 eKCIIEPUMEHTaIbHOTO
AV3aiiHy Ha OCHOBI 6i6/1iOMeTPUYHOrO Ta CHCTEMATUYHOTO METOJO/IOTiYHOTO aHAJIi31B.

Marepian i Mmetopu. JlocnipkeHHs BUKOHAHO Y iBa eTamy. Ha mepuroMy etari mpoBefieHo 6i6mioMeTpuyHuMIT aHaIi3 myOJTi-
Kalliff, iHfiekcoBaHMX y 6a3i gaHux Scopus (2000-2026 pp.), 3 METOI BU3HAYEHHA CTPYKTYPU JOCII/PKEHb eKCIIePYMEHTaIbHIX
Au3aiHiB Ta pOpMyBAHHS AHAITUYHOTO KOPITYCY HOKyMeHTiB. [Tic/st ButydeHHst Ay6ikariB 61671i0MeTpUYHNMIT KOPITYC CKIaiaB-
cst 3 1653 my6ikanint. Ha gpyromy erami IpoBefieHO CHCTEMATHYHMIT METOLOIOTIYHIIT aHAII3 CIIeliani30BaHOro KOpIycy 3 244
nyOiKaliit 11 OlLiHIOBaHHA piBHA peaiisalil isHaBalTbHOTO Ta KOHCTPYKTMBHOTO IOTEHIIaTy eKCIepUMEHTaTbHIX JU3aliHiB.
Oco6mBY yBary NpuaineHo JOCTiIKeHHSIM, Y SIKVMX HOBHMIT (PaKTOPHIIT eKCIIEPUMEHT IIOEHYBABCS 3 METOAAMY MAaTeMaTUIHOTO
MOJIETIOBAHHSA, PETPECiTHOrO Ta AMCKPUMiHAHTHOIO aHAIi3Y.

PesynpraTu. Bibniomerpuynnit aHasmis 1oKasas, [0 Cy4acHa CIIOPTVMBHA HayKa XapaKTepU3YeTbCs JOMIHYBaHHAM IIpefi-
METHO OPiEHTOBAHOI TEPMiHOJIOrII, TOLI AAK METOLO/OrIYHI IOHATTSA, OB 3aHi 3 eKCIIePUMEHTa/IbHUM [JU3allHOM, PilKO IIpe[-
CTaBJIeHi cepell aBTOPChKMX K/IIOYOBUX CIiB 260 B Ha3Bax ny6ni1<aui17{. CucreMaTMYHNIT METOOIOIIYHMIT aHa/Ii3 3aCBiMYMB, IO
eKCIlepMMEHTa/IbHI IU3aiiHN 3 HOZIOHMMY CTPYKTYPHMMM XapaKTepUCTUKAMY MOXXYTb BUKOHYBAaTH IIPMHIMIIOBO Pi3Hi MeTo-
monoriuni gpynkuii. Ha it ocHosi po3pobieno (dYHKIIIOHAIbHY KOHIIETILIi0 eKCIIepMMEeHTaIbHOTO AM3aliHYy, BiTIOBiTHO /10 AKOI
J10Tr0 MeTONO/IOTiYHe 3HAUeHH: BU3HAYAEThCA piBHEM peali3allii TisHaBa/IbHOTO Ta KOHCTPYKTUBHOTO NOTeH1iany. BcTaHoBIeHO,
1[0 HOBHMIT (PaKTOPHMIT eKCIIEPVIMEHT € METOJOJIOTiYHOI0 JIAHKOIO, KA MTOEIHYE eKCIepPUMEHTAIbHII aHa/li3 i3 MaTeMaTUYHIM
MOJIe/II0BaHHAM. Bujlineno Tpu piBHi peanisanii KOHCTPYKTMBHOIO IOTEHIiaTy €KCIIEPMMEHTAIbHOTO JU3aliHy: IOKaIbHE MO-
IeIbHO 0OIPYHTOBaHE KepYBaHH:A, IPOrpaMyBaHHA IIearOriYHOTO IPOLeCy Ta CUCTeMHe KepyBaHHA.

BucHOBKM. 3anpOIIOHOBAHO (QYHKI[IOHATbHY KOHIIEIIIII0 €KCIIEPYMEHTAIBHOTO AU3aIIHY, sIKa JOIIOBHIOE TPAANLIiIIHI CTPYK-
TypHi Knacudikarii. MeToo/moriYHMiT BHECOK TOCTII)KEHHs MO/IATAE Y 3alIPOBaJPKEHHI HOBOTO MPMHINITY K1acudikarii excrre-
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Abstract

Objectives. As artificial intelligence increasingly enters educational practice, PE pedagogy faces a distinct
question that extends beyond online, blended, or technology-enhanced delivery. This study mapped research on
artificial intelligence in PE pedagogy from 2015 to 2025, focusing on publication growth, conceptual structure,
interdisciplinary foundations, pedagogical applications, and emerging concerns.

Materials and Methods. Using a bibliometric and thematic review design, bibliographic data were retrieved from
Scopus and analyzed through Bibliometrix/Biblioshiny and VOSviewer. After filtering and data cleaning, the final
corpus comprised 1,000 documents published across 389 sources.

Results. The results revealed a marked post-2020 expansion, indicating growing scholarly attention to Al-related
pedagogical applications in PE. The field was strongly interdisciplinary, spanning PE, educational technology,
computer science, engineering, and health-related domains. Conceptual and thematic analyses showed that the
literature is anchored in PE, artificial intelligence, machine learning, deep learning, data mining, physical education
teaching, virtual reality, and movement-related analytics. Bibliographic coupling and co-citation analyses further
indicated that the field is developing through the convergence of computational innovation and pedagogical

application rather than within a single disciplinary tradition.
Conclusions. The study positions Al in PE pedagogy as an emerging computational-pedagogical research domain.
The evidence should be interpreted as structural and thematic mapping, not as proof of instructional effectiveness.

As a conceptual contribution, the review advances a Pedagogically Accountable Al in PE Framework centered
on computational function, pedagogical translation, embodied movement learning, human agency, and ethical

accountability.

Keywords: artificial intelligence, bibliometric analysis, emerging concerns, pedagogical applications, physical

education.

Introduction

Artificial intelligence (AI) is no longer a peripheral
issue in education because it is increasingly shaping how
teaching is planned, enacted, assessed, and reflected
upon across subject areas. In physical education (PE),
this transition is becoming more visible as researchers
and practitioners examine how AI may support lesson
preparation, instructional decision-making, learner
monitoring, performance analysis, feedback generation,

© Lobo,J., 2026.

@ PETM
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and teacher development (Jastrow et al., 2022; Konukman
et al., 2025; Y. Wang & Wang, 2024). Scholarship on digital
technology in PE has already established that the subject
is not insulated from wider educational transformation,
but is instead negotiating how emerging technologies
intersect with its curricular aims, pedagogical traditions,
and embodied modes of learning (Casey et al., 2017; Jastrow
et al,, 2022; Lupton, 2022; Osterlie et al., 2025). Yet Al raises
a more specific pedagogical problem than broader forms of
digitally mediated PE. Online learning, blended delivery,
virtual instruction, and technology-enhanced access mainly
concern how PE is mediated, delivered, or extended through
digital environments. AI, by contrast, can participate in the
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pedagogical process itself through classification, prediction,
recommendation, adaptation, automation, feedback
generation, and decision-support. This makes Al in PE more
than a passing technological trend or a general extension of
digital learning. It represents a computational-pedagogical
frontier where questions of teaching quality, subject integrity,
teacher judgment, learner representation, and educational
purpose become increasingly entangled with data-driven
systems and technological decision-making.

Within this emerging frontier, the literature suggests that
Al s beginning to influence core pedagogical work in PE rather
than merely serving as an external add-on. Recent studies
have shown how Al-supported systems can facilitate reflective
practice, generate automated movement-related feedback,
strengthen self-assessment, and support more individualized
learning processes in PE settings (Hsia et al., 2024, 2025;
Huang et al., 2026). At the same time, work on PETE and
teacher digital competency indicates that the pedagogical value
of new technologies in PE is not determined only by the tools
themselves, but also by teachers’ professional judgment, digital
confidence, curricular interpretation, and assessment literacy
(Fletcher et al., 2024; @sterlie et al., 2025; Wallace et al., 2023).
Earlier PE pedagogy research likewise showed that mobile
applications, video feedback, and digital video can enhance
feedback processes, self-assessment, motivation, and learning
experiences when technologies are pedagogically integrated
rather than simply appended to instruction (J. E. Lee & Gao,
2020; O’Loughlin et al., 2013; Potdevin et al., 2018). These
studies suggest that AT-supported PE should not be understood
only through the language of technological adoption. Its
pedagogical significance lies in how it may reorganize lesson
planning, assessment, feedback, learner monitoring, adaptive
instruction, and teacher decision-making. However, such
possibilities also require caution because Al can intensify
long-standing questions about who interprets movement, how
student performance is represented, and how teachers balance
professional judgment with automated or semi-automated
forms of instructional support.

As this literature expands, its development should not
be understood solely in terms of technical efficiency or
instructional novelty. Broader scholarship on Al in education
has shown that Al-supported teaching raises important
concerns about data use, teacher agency, transparency,
learner representation, and the educational consequences

Table 1. Search strategy and inclusion parameters

of automated decision-support (Fu & Weng, 2024; Gouseti
et al., 2025; Holmes et al., 2022; Nguyen et al., 2023). These
concerns are especially salient in PE because teaching often
involves visible, embodied, and interpretive forms of learning
in which movement, participation, effort, and competence
are observed, assessed, and pedagogically acted upon. Even
when such concerns are not consistently foregrounded in
the PE literature itself, the growing use of Al in teaching,
evaluation, and learning support invites critical attention
to how instructional systems are designed, implemented,
and justified within educational practice (Baek et al., 2018;
Murtagh et al.,, 2023; Sargent & Calderén, 2021). This
critical stance aligns with work urging PE scholars to think
carefully about digitality, values, and human flourishing in
technologically mediated settings, particularly the argument
that PE must remain concerned with learning to be human in
a digital world rather than simply adopting technologies for
their own sake (Chambers & Sandford, 2019; Fletcher et al.,
2024; Murtagh etal., 2023; Standal, 2026; Wallace etal., 2023).
In this regard, the present study examines Al in PE pedagogy
through a bibliometric and thematic review. Specifically, it
maps the growth and intellectual structure of scholarship
addressing Al in PE-related teaching and teacher-education
contexts. Furthermore, it identifies dominant pedagogical
applications and use cases, and synthesizes major thematic
directions and emerging concerns associated with AI-
supported teaching, assessment, feedback, movement
analytics, adaptive instruction, and teacher decision-support
(Fu & Weng, 2024; Gouseti et al., 2025; Holmes et al., 2022;
Osterlie et al., 2025; Standal, 2026; Y. Wang & Wang, 2024).

Materials and Methods

Research Design

This study employed a bibliometric research design to map
the development, collaboration patterns, conceptual structure,
and intellectual foundations of research on Al in PE pedagogy.
Bibliometric analysis was appropriate because it allows
large bodies of scientific literature to be examined through
publication, citation, and network-based indicators. Following
established bibliometric guidance, the study combined
performance analysis and science mapping to examine the
field’s productivity profile and relational structure (Donthu et

Parameter

Description

Database & indexes
Search field

Search string

Scopus
TITLE-ABS-KEY

TITLE-ABS-KEY ((“physical education” OR “health and physical education” OR “school physical

education” OR “physical education teacher education” OR PETE) AND (“artificial intelligence”
OR “generative artificial intelligence” OR “machine learning” OR “deep learning” OR ChatGPT
OR “large language model*” OR algorithm* OR “learning analytic*”) AND ( pedagog* OR teach*
OR learn* OR instruct* OR assess* OR feedback OR curricul* OR “teacher education” OR “teacher
training” OR “reflective practice”))

Language English
Document types
2015-2025

April 24, 2026

Final timespan of corpus

Date of extraction

Article, review, conference paper

820



Lobo, J. (2026). Artificial Intelligence in Physical Education Pedagogy: A Bibliometric and Thematic Review of Pedagogical
Applications and Emerging Concerns (2015-2025)

al,, 2021; Jiang et al., 2025). This approach was suitable because
Al in PE pedagogy spans pedagogical, ethical, assessment-
related, teacher education, and technological conversations.

Data Source and Search Strategy

Table 1 presents the search strategy and inclusion
parameters. Bibliographic data were retrieved from Scopus,
which provides curated multidisciplinary metadata suitable
for bibliometric analysis (Baas et al., 2020). The search was
conducted in TITLE-ABS-KEY by combining PE terms with
Al-related and pedagogy-related terms. This independently
constructed search logic delimited AI in PE pedagogy rather
than broader digital, online, blended, or technology-enhanced
PE. The search was limited to English-language articles, reviews,
and conference papers published from 2015t02025. Of the 1,383
records retrieved, 1,000 remained after filtering and cleaning.

Corpus Comparison with the Related
Digitally Mediated PE Review

To further clarify the independence of the present
corpus, a record-level comparison was conducted between
the present Al in PE pedagogy dataset and the author’s
related bibliometric review on digitally mediated PE (Lobo,
2026). The comparison used Scopus EID as the primary
matching identifier, with DOI and normalized title used as
supporting checks. The present Al in PE pedagogy corpus
contained 1,000 records, while the digitally mediated PE
corpus contained 1,358 records. A total of 355 records were
shared across the two datasets, representing 35.50% of the
present Al in PE pedagogy corpus and 26.14% of the digitally
mediated PE corpus. Conversely, 645 records, or 64.50% of
the present corpus, were unique to this study, while 1,003
records, or 73.86% of the digitally mediated PE corpus,
were unique to the related review. This partial overlap was
expected because some Al-related work appears within the
broader landscape of digitally mediated PE scholarship.
However, the majority of records in both corpora were
distinct. The digitally mediated PE review was broader in
scope and included studies on online learning, blended
learning, open distance learning, mobile learning, virtual
learning, and technology-enhanced delivery. In contrast, the
present corpus was constructed through a separate search
strategy centered on Al-related terms and retained only
records with substantive links to PE pedagogy, teaching,
learning, assessment, feedback, PETE, movement learning,
adaptive instruction, or instructional decision-making.

Eligibility Criteria and Corpus Delimitation

Records were included when they matched the finalized
search strategy and were indexed in Scopus as English-language
articles, reviews, or conference papers. They were retained
only when the title, abstract, keywords, or source information
showed a substantive link between Al-related approaches and
PE pedagogy, teaching, learning, assessment, feedback, PETE,
movement learning, or instructional decision-making. Records
were excluded when they addressed general educational
technology, online or blended learning, distance education,
generic Al in education, public health, biomechanics, sport
analytics, or computational modeling without an explicit

PE-pedagogy connection. After corpus delimitation, the final
dataset comprised 1,000 documents published across 389
sources and authored by 1,748 authors, including 665 articles,
323 conference papers, and 12 reviews.

Data Cleaning and Preprocessing

Before analysis, the records were cleaned to improve
metadata consistency and reduce noise, since bibliometric
results depend heavily on source metadata quality
(Passas, 2024). Cleaning involved checking author names,
source titles, and keyword expressions for formatting
inconsistencies. Author’s Keywords were standardized
for spelling, capitalization, hyphenation, pluralization,
abbreviations, and closely related variants. When needed,
a VOSviewer thesaurus was used to merge semantically
equivalent terms. Author’s Keywords were prioritized for
thematic interpretation because they more directly reflected
the authors’ stated conceptual emphases, while indexed
terms were treated cautiously due to their broader and
sometimes less field-specific character.

Bibliometric Analysis

The cleaned dataset was analyzed using Bibliometrix/
Biblioshiny and VOSviewer, which supported descriptive
profiling, science mapping, and thematic analysis of the field
(Aria & Cuccurullo, 2017, 2026; Van Eck & Waltman, 2010).
Descriptive analysis summarized annual production, source
productivity, citation characteristics, document types,
and collaboration indicators. Network analyses examined
country-level co-authorship, Author’s Keyword co-
occurrence, trend topics, source-level bibliographic coupling,
and source co-citation. Thematic evolution analysis was also
conducted to trace how dominant topics shifted across the
study period. Author-level co-authorship was explored but
not emphasized because the resulting network was sparse
and weakly connected. These procedures were used to
assess the productivity, conceptual structure, collaboration
patterns, research fronts, intellectual foundations, and
thematic development of Al in PE pedagogy.

Network Thresholds and Visualization Parameters

Thresholds were set to balance inclusiveness and
interpretive clarity. Author’s Keyword co-occurrence used
a minimum threshold of 5 occurrences. Author-level co-
authorship used a minimum threshold of 3 documents.
Source-level bibliographic coupling used a minimum
threshold of 4 documents. Lastly, source co-citation used
a minimum threshold of 20 citations. Meanwhile, thematic
evolution analysis was organized across three periods. In
the VOSviewer maps, node size indicated item prominence,
link thickness represented relationship strength, and colors
identified clusters.

Results

Descriptive Profile and Publication Growth

The final dataset included 1,000 Scopus-indexed
documents published from 2015 to 2025, consisting of
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665 articles, 323 conference papers, and 12 reviews across
389 sources. The corpus showed an annual growth rate of
46.77%, with an average of 5.72 citations per document and
12.4% international co-authorship. As shown in Figure 1,
publication output increased from 5 documents in 2015
to 50 in 2020, then rose sharply to 147 in 2022. Although
output declined to 111 documents in 2023, it surged to 294
in 2024 and remained high at 232 in 2025. This pattern
indicates the rapid post-2020 expansion of research on Al
in PE pedagogy, particularly around teaching, assessment,
feedback, movement analytics, and teacher-support
applications. Citation averages were higher among earlier
publications, especially in 2015 (50.00), 2016 (24.89), and
2018 (12.67), while recent outputs showed lower citation
averages, particularly in 2024 (3.36) and 2025 (1.56), because
of shorter citation windows.

/ Annual Production & Avera ions (2015-2025)

SNOLLYLID DAY

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

e I iicesPublined @ Average Ciations

Fig. 1. Annual scientific production in Al in physical education
pedagogy research (2015-2025)

Leading Sources, Authors, Affiliations
and Influential Documents

The most relevant sources were concentrated in
technical, computational, interdisciplinary, and applied
publication outlets. Applied Mathematics and Nonlinear
Sciences led the corpus with 107 documents, followed
by Lecture Notes of the Institute for Computer Sciences,
Social-Informatics and Telecommunications Engineering
(32), Scientific Reports (24), and MCB Molecular and
Cellular Biomechanics (23). Other leading sources included
ACM International Conference Proceeding Series and
Computational Intelligence and Neuroscience (22), followed
by Advances in Intelligent Systems and Computing and
Mobile Information Systems (20). Scientific Programming
and Journal of Physics: Conference Series also appeared
among the most productive outlets. This pattern suggests
that research on AI in PE pedagogy is being shaped
mainly through computational, engineering, data-driven,
and interdisciplinary venues rather than traditional PE
pedagogy journals, reflecting the field’s development at the
intersection of PE, educational technology, Al analytics, and
instructional systems.

The most cited authors were led by Wang, Y. with 104
citations, followed by Lee, H. S. and Lee, J. (47). Other
influential authors included Wang, C. (28), Wu, X. (26),
Zhang, S. (26), Wang, H. (25), Zhou, T. (24), YanRu, L. (23),
and Cao, E (22). This pattern indicates that author-level

Table 2. Most relevant sources within the corpus
(2015-2025)

Number of
Sources .
articles

Applied Mathematics and Nonlinear Sciences 107
Lecture Notes of the Institute for 32
Computer Sciences, Social-Informatics and

Telecommunications Engineering LNICST

Scientific Reports 24
MCB Molecular and Cellular Biomechanics 23
ACM International Conference Proceeding Series 22
Computational Intelligence and Neuroscience 22
Advances in Intelligent Systems and Computing 20
Mobile Information Systems 20
Scientific Programming 16
Journal of Physics: Conference Series 14

influence in the corpus is shaped mainly by scholars working
on Al-supported PE teaching, instructional evaluation,
curriculum innovation, machine vision, and system-based
approaches to physical education.

Table 3. Most cited authors within the corpus (2015-2025)

Author Citations
Wang, Y. 104
Lee, H. S. 47
Lee, J. 47
Wang, C. 28
Wu, X. 26
Zhang, S. 26
Wang, H. 25
Zhou, T. 24
YanRu, L. 23
Cao, E 22

The most influential documents within the corpus
centered on Al-supported PE teaching, intelligent
evaluation, machine vision, curriculum design, teaching-
resource allocation, and mobile or multimedia-assisted
assessment systems. Lee and Lee (2021) led the corpus with
47 local citations and 149 global citations, followed by Zhou
et al. (2024) and YanRu (2021) with 23 local citations each.
Other influential works included Yang et al. (2020), Z. Li
and Wang (2021), Xi Liang and Xi Liang (2022), De-kun
and Memon (2022), Zhang (2021), Cao et al. (2022), and
S. Li et al. (2024). These documents show that the corpus is
intellectually anchored in applied AI work on PE teaching,
instructional evaluation, curriculum innovation, movement-
related analysis, and system-supported educational practice
rather than purely technical or philosophical discussions of
artificial intelligence.

At the institutional level, the most productive affiliations
were led by Gdansk University of Physical Education
and Sport (9), followed by Capital University of Physical
Education and Sports, Lviv Polytechnic National University,
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Table 4. Most cited documents within the corpus (2015-2025)

Document

Local citations

Global citations

Lee, H. S., & Lee, J. (2021). Applying Artificial Intelligence in Physical Education and Future
Perspectives. Sustainability, 13(1), 351. https://doi.org/10.3390/su13010351

Zhou, T., Wu, X., Wang, Y., Wang, Y., & Zhang, S. (2024). Application of artificial intelligence
in physical education: A systematic review. Education and Information Technologies, 29(7),
8203-8220. https://doi.org/10.1007/s10639-023-12128-2

YanRu, L. (2021). An artificial intelligence and machine vision based evaluation of physical
education teaching. Journal of Intelligent & Fuzzy Systems, 40(2), 3559-3569. https://doi.
org/10.3233/J1FS-189392

Yang, D., Oh, E.-S., & Wang, Y. (2020). Hybrid Physical Education Teaching and Curriculum
Design Based on a Voice Interactive Artificial Intelligence Educational Robot. Sustainability,
12(19), 8000. https://doi.org/10.3390/su12198000

Li, Z., & Wang, H. (2021). The effectiveness of physical education teaching in college based
on Artificial intelligence methods. Journal of Intelligent & Fuzzy Systems, 40(2), 3301-3311.
https://doi.org/10.3233/JIFS-189370

Xi Liang, X. L., & Xi Liang, J. Y. (2022). Recommendation Algorithm for Equilibrium of
Teaching Resources in Physical Education Network Based on Trust Relationship. Journal
of Internet Technology, 23(1), 135-143. https://doi.org/10.53106/160792642022012301014

De-kun, J., & Memon, E. H. (2022). Design of Mobile Intelligent Evaluation Algorithm in
Physical Education Teaching. Mobile Networks and Applications, 27(2), 527-534. https://
doi.org/10.1007/sl1036-021-01818-1

Zhang, J. (2021). Reform and innovation of artificial intelligence technology for information
service in university physical education. Journal of Intelligent & Fuzzy Systems, 40(2), 3325-
3335. https://doi.org/10.3233/JIFS-189372

Cao, F, Xiang, M., Chen, K., & Lei, M. (2022). Intelligent Physical Education Teaching
Tracking System Based on Multimedia Data Analysis and Artificial Intelligence. Mobile
Information Systems, 2022, 1-11. https://doi.org/10.1155/2022/7666615

Li, S., Wang, C., & Wang, Y. (2024). Fuzzy evaluation model for physical education teaching
methods in colleges and universities using artificial intelligence. Scientific Reports, 14(1),
4788. https://doi.org/10.1038/s41598-024-53177-y

47 149
23 47
23 39
22 76
18 38
15 55
14 43
14 50
14 42
13 15

Table 5. Most relevant affiliations within the corpus
(2015-2025)

Collaborative Structure of the Field

Affiliation Articles

Gdansk University of Physical Education and Sport 9
Capital University of Physical Education and Sports
Lviv Polytechnic National University

South China Normal University

Wuhan Sports University

Shandong University

Xinjiang University

Zhengzhou University

Beijing Sport University

A AN NN NN N o o o @

Chengdu Sport University

South China Normal University, and Wuhan Sports
University (8). Other relevant affiliations included Shandong
University, Xinjiang University, and Zhengzhou University
(7), followed by Beijing Sport University and Chengdu Sport
University (6). This distribution suggests that research on Al
in PE pedagogy is supported by sport-focused universities,
teacher education settings, and multidisciplinaryinstitutions,
indicating that the field is developing across pedagogical,
sport, and technological knowledge environments.

As shown in Figure 2, the country-level co-authorship
map indicates that research on Al in PE pedagogy is
internationally connected but unevenly integrated. China
occupied the most central and visually prominent position,
suggesting a strong role in both publication activity and
collaborative reach. The United States and the United
Kingdom also appeared as well-connected nodes, while South
Korea, Japan, Thailand, Malaysia, the Philippines, Portugal,
Italy, and Spain contributed to the wider collaboration

Wiy S e china

A&, vosviewe

Fig. 2. Country-level co-authorship network in AI in physical
education pedagogy research (2015-2025)
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structure. The field shows a growing transnational network,
although collaboration remains concentrated around a
limited number of active country hubs.

The global collaboration map in Figure 3 shows that
cross-national collaboration was geographically broad but
still concentrated around a few strong country links. The
strongest collaborations were between China and Korea
(21), China and the Philippines (11), China and Malaysia
(7), China and India (5), and China and Poland (5). Other
visible collaborations included China with Japan, Thailand,
the United Kingdom, Pakistan, Ukraine, and the United
States, as well as Spain with Colombia and Mexico, Ukraine
with Poland and Slovakia, and the United States with India.
Collaboration in Al in PE pedagogy extends across Asia,
Europe, North America, and Latin America, although China
remains the dominant collaboration hub.

Fig. 3. Global collaboration map in Al in physical education
pedagogy research (2015-2025)

Conceptual Structure of the Field

The Author Keywords co-occurrence network in
Figure 4 revealed a densely connected conceptual structure
anchored by “physical education” and “artificial intelligence.”
The yellow cluster centered on “physical education” and
included “virtual reality;” “augmented reality;” “student
engagement,” and “online physical education,” indicating a
strand on immersive and digitally enriched PE learning. The
red cluster grouped “data mining,” “big data,” and teaching
reform, reflecting data-driven pedagogicalimprovement. The
orange cluster connected “sports,” “college and universities,”
“teaching,” and “action recognition,” suggesting applied
institutional and instructional use. The blue and cyan clusters
contained technical terms such as “deep learning,” “neural
network,” “convolutional neural network,” and “internet
of things,” representing the computational infrastructure
of the field. The purple and pink clusters linked “artificial
intelligence,” “machine learning,” and related AI terms,
bridging pedagogical and technical strands. The field is
structured around immersive PE environments, data-driven
teaching improvement, applied instructional deployment,
and computational intelligence methods.

Table 6 confirms the centrality of PE and Al-related
computational terms in the corpus. “Physical education” was
the most frequent Author Keyword with 237 occurrences
and the highest total link strength (TLS = 241), followed
by “artificial intelligence” (124; TLS = 142), “deep learning”
(64), and “machine learning” (56). Other frequent keywords

included “physical education teaching,” “data mining,’

¢ physical education,,

artificial intelligence

machirigléarnigg.

-z bigdats
e B deepleaming

A&, vosviewe

Fig. 4. Co-occurrence network of Author’s Keywords in Al in
physical education pedagogy research (2015-2025)

“big data,” “sports,” “virtual reality,;” and “college physical
education” The keyword profile shows that the corpus is
organized around PE as the main educational domain, with
major conceptual emphasis on Al, machine learning, deep
learning, data mining, teaching, virtual environments, and
system-level applications in PE pedagogy.

Table 6. Most frequent Author’s Keywords in Al in physical
education pedagogy research

Rank Author’s Keyword Occurrences Ts(t)lt‘::llgi:;lk
1  Physical education 237 241
2 Artificial intelligence 124 142
3 Deep learning 64 74
4 Machine learning 56 63
5 Physical education teaching 38 24
6 Data mining 37 42
7 Bigdata 26 36
8 Sports 23 38
9  Virtual reality 22 31
10 College physical education 17 18

The trend-topic analysis in Figure 5 shows a temporal
shift from earlier performance, biomechanics, and
system-processing terms toward more recent Al-enabled
and education-facing themes. Earlier topics included
“normal human,” “biomechanical phenomena,” and
“task performance,” reflecting an initial focus on bodily
function, movement performance, and system-level
processing. Transitional terms such as “education,” “outcome
assessment,” “robotics,” “physiology;,” “health,” and “advanced
analytics” suggest a widening concern with evaluation and
technology-supported educational inquiry. More recent
topics, including “physical education,” “students,” “sports,”
“teaching,” and “artificial intelligence,” indicate that the field
is now more strongly organized around pedagogical practice,
learner populations, and Al-supported PE applications. The
emergence of “motion capture” and “feature extraction”
further suggests growing attention to data-rich movement
analysis and computationally supported instruction.
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Fig. 5. Trend topics based on Author’s Keywords in Al in physical education pedagogy
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Fig. 6. Thematic evolution of AI in physical education pedagogy research (2015-2025)

The thematic evolution map in Figure 6 shows both
continuity and diversification across the field. From
2015-2018, the main themes were “artificial intelligence,
“machine learning;” “physical education,” “sports teaching,
and “teaching quality evaluation,” reflecting early attention
to Al concepts, PE instruction, and evaluation-related
applications. During 2019-2022, these themes expanded
into “physical education,” “machine learning,” “big data,”
“data mining,” “college sports,” “physical activity,” “physical
education teaching,” and “physical fitness,” indicating a
broader connection between computational tools and
PE teaching, learning, and movement-related contexts.
By 2023-2025, the field consolidated around “physical
education,” “physical education teaching,” “data mining,”
“machine learning,” “deep learning,” “virtual reality;” “sports,”
“genetic algorithm,” and “exercise” The map suggests a shift
from early AI and evaluation-oriented themes toward more

specialized work on Al-supported PE teaching, data-driven

analysis, computational movement learning, and immersive
instructional applications.

Intellectual Structure of the Field

The source-level bibliographic coupling network in
Figure 7 shows a largely integrated but interdisciplinary
publication front. Leading connected outlets included
“Applied Mathematics and Nonlinear Sciences,” “ACM
International Conference Proceeding Series,” “Mobile
Information Systems,” “Scientific Reports,” and “Journal of
Physical Education, Recreation and Dance” This pattern
indicates that Al in PE pedagogy is being developed across
computational, engineering, interdisciplinary science,
health-related, educational technology, and PE-oriented
publication spaces. Rather than forming a single disciplinary
tradition, the field is organized through overlapping
computational and pedagogical publication fronts.
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Table 7. Bibliographic coupling clusters of sources in artificial intelligence in physical education pedagogy research

Cluster Theme Sources (n) Representative sources
1 Core Al and interdisciplinary computational 16 ACM International Conference Proceeding Series; Advances in
foundations Intelligent Systems and Computing; Applied Mathematics and

2 Applied health and public health-oriented AI 8
applications

3 Pedagogical innovation, web-based learning, 7
and biomechanics in physical education

4 Learning analytics, engineering computation, 7
and intelligent educational systems

5 AT architectures, networked systems, and 5
soft-computing environments

Nonlinear Sciences; Frontiers in Psychology

Applied Sciences (Switzerland); Communications in Computer
and Information Science; Frontiers in Public Health; International
Journal of Environmental Research and Public Health

International Journal of Web-based Learning and Teaching
Technologies; Journal of Physical Education, Recreation and
Dance; MCB Molecular and Cellular Biomechanics; Proceedings

- 2021 2nd International Conference on Information Science and
Education, ICISE-IE 2021; Proceedings of SPIE - The International
Society for Optical Engineering

Boletin Tecnico/Technical Bulletin; IEEE Access; Journal of
Computational Methods in Sciences and Engineering; Learning
and Analytics in Intelligent Systems

Frontiers in Artificial Intelligence and Applications; Lecture
Notes in Networks and Systems; Proceedings — 2024 International
Conference on Telecommunications and Power Electronics,
TELEPE 2024; Systems and Soft Computing

Note: The bibliographic coupling map yielded seven clusters. For interpretive clarity, only the five major thematic clusters are presented
in the main table. Cluster 6, which included Computational Intelligence and Neuroscience, Computer-Aided Design and Applications,
and Heliyon, and Cluster 7, which included IEEE Transactions on Neural Systems and Rehabilitation Engineering and International
Journal of High Speed Electronics and Systems, were treated as peripheral clusters because of their limited size and lower thematic

autonomy relative to the major groupings.
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Fig. 7. Bibliographic coupling network in AI in physical education
pedagogy research (2015-2025)

Table 7 further clarifies the thematic composition of
the bibliographic coupling clusters shown in Figure 7. The
clusters were interpreted as five main publication fronts.
One strand represents computational foundations, linking
Al, engineering, modeling, and data-driven systems. A
second reflects health-related AI applications, while a third
centers on pedagogical innovation in PE. A fourth captures
learning analytics and intelligent educational systems,
and a fifth points to networked AI environments. These
clusters show that Al in PE pedagogy is organized through
the convergence of computational methods, educational
technology, health and movement inquiry, and PE-focused
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Fig. 8. Co-citation network of sources in Al in physical education
pedagogy research (2015-2025)

pedagogical application rather than a single disciplinary
publication tradition.

The co-citation network of cited sources in Figure
8 shows the foundational knowledge base of AI in PE
pedagogy. The structure indicates that the field draws
from several overlapping traditions rather than a single
canonical literature. These include artificial intelligence and
computational intelligence, educational technology, public
health and health-related science, sport and PE scholarship,
and broader interdisciplinary research. The co-citation
pattern reinforces that AI in PE pedagogy is grounded in
intelligent systems, digitally mediated learning, movement-
related contexts, and applied educational innovation.

826



Lobo, J. (2026). Artificial Intelligence in Physical Education Pedagogy: A Bibliometric and Thematic Review of Pedagogical
Applications and Emerging Concerns (2015-2025)

Discussion

Artificial Intelligence as Computational
Pedagogical Agency in PE

Al should not be treated as a neutral extension of digital
PE. Its deeper implication is that it introduces computational
agency into pedagogical work. Once a system begins to
classify learners, predict needs, recommend tasks, generate
feedback, or organize instructional pathways, it is no
longer only supporting delivery. It is participating in the
production of pedagogical judgment. That shift deserves
careful scrutiny because PE has always depended on situated
interpretation. Teachers read bodies, emotions, hesitation,
effort, confidence, space, risk, and social dynamics in ways
that cannot be reduced to data traces. Broader reviews of Al
in education show rapid growth around adaptive learning,
prediction, assessment, and feedback, but they also show
that technological application often develops faster than
pedagogical theory (Matos et al., 2025; S. Wang et al., 2024).
In PE, that imbalance may be even more consequential
because movement learning is not only a technical process. It
is relational, affective, embodied, and culturally situated. The
danger is not simply that AI will enter PE. The danger is that
PE problems may be reframed too quickly as optimization
problems. Lesson planning may become sequencing by
recommendation. Differentiation may become grouping
by predicted ability. Support may become automated
intervention. In practical lesson planning, this means that AI
may influence how teachers select learning tasks, sequence
movement activities, group students, anticipate difficulty,
and adapt instruction based on predicted learner needs. Such
support may make planning more responsive, but it may
also narrow pedagogical imagination when teachers begin
to design lessons around algorithmic recommendations
rather than curricular purpose, embodied readiness, and
student experience. These are not inherently wrong, but they
change the center of pedagogical authority. Therefore, Al in
PE requires more than adoption studies or tool evaluations.
It requires a theory of how computational systems should
remain answerable to the educational meaning of movement,
rather than allowing movement to be reorganized around
what machines can detect and process.

Algorithmic Assessment and Feedback in
Embodied Movement Learning

Assessment and feedback are among the most tempting
uses of Al in PE because they promise immediacy, precision,
and scalability. A system that can detect movement patterns,
identify errors, and generate feedback appears to solve a
practical problem that PE teachers regularly face. Recent
work on Al-based real-time feedback has shown how such
systems may support movement quality, fluency, learning
interest, and self-directed learning (Ma et al., 2025). Yet, the
critical issue is not whether Al can assess movement. The
issue is what kind of movement becomes assessable when
Al becomes part of the assessment ecology. PE does not deal
with movement as pure mechanics. A jump, throw, step,
kick, or dance phrase carries intention, fear, rhythm, fatigue,
confidence, memory, and social exposure. Algorithmic
feedback may capture angles, speed, timing, posture, or error
patterns, but these indicators do not exhaust the educational

meaning of movement. At the level of assessment, Al
may shift PE from episodic teacher observation toward
continuous movement capture, automated error detection,
and performance profiling. This changes feedback from
a relational exchange between teacher and learner into a
mediated process shaped by what the system can detect,
classify, and report. The pedagogical concern is not only
accuracy, but whether Al-generated feedback helps students
understand movement in ways that are meaningful, safe, and
confidence-building. Datafication scholars have long argued
that digital systems do not merely represent reality; they
shape what institutions learn to value and act upon (Jarke &
Breiter, 2019; Williamson et al., 2020). In PE, this means that
Al feedback may quietly privilege measurable correctness
over felt learning, experimentation, expression, and bodily
confidence. Wearable and monitoring technologies already
show how PE can slide into uncritical bodily surveillance
when data are treated as naturally useful (Cereda, 2025).
Thus, a critical AI pedagogy in PE should ask whether
assessment expands students’ movement possibilities or
disciplines them into algorithmically preferred forms of
performance. Feedback should help students understand
movement, not make them feel permanently watched by a
system that knows their body only through metrics.

Teacher Agency and Professional
Judgment in Al Supported PE

The teacher’s role becomes more complicated, not less,
when Al enters PE. The common language of Al support can
make the technology sound harmless, as though the teacher
remains fully in control while the system quietly assists in
the background. In practice, Al-generated classifications,
recommendations, alerts, and feedback can carry strong
pedagogical authority. Teachers may begin to trust them,
adjust instruction around them, or feel pressured to justify
decisions against them. This affects teacher decision-making
at several levels. AI may suggest which students need
remediation, which skills require further practice, which
activities should be modified, or which learners are ready to
progress. These suggestions can support teacher reflection,
but they can also subtly redistribute authority from
professional judgment to system-generated interpretation.
Therefore, the teacher’s pedagogical task, is not simply to use
AT output, but to decide when it is educationally relevant,
when it is incomplete, and when it must be resisted. This
creates a new professional demand. PE teachers must not
only know how to use AI tools; they must know how to
disagree, reinterpret, and sometimes ignore them. Research
on digital competency in PE and PETE already shows that
technology integration depends on teachers’ assessment
literacy, curricular judgment, and professional confidence
(Fletcher et al., 2024; Osterlie et al., 2025; Wallace et al.,
2023). Al intensifies that requirement because the tool does
not only display content or record performance. It interprets.
Wider studies on teachers and AI have warned that
application-focused research often outpaces professional
development and pedagogical preparation (K. Li et al., 2025;
Tan et al., 2025). For PE, this gap cannot be treated as a
minor implementation issue. A teacher who cannot critically
interpret Al output may become dependent on systems
that flatten students into profiles, scores, risk categories,
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or movement errors. Recent discussions of generative Al
also stress that agency and decision-making must remain
with educators rather than being transferred to automated
systems (Alfarwan, 2025; Landa-Blanco, 2026). Hence, PE
teachers should be positioned not as end-users of Al but
as critical pedagogical mediators. Their work is to translate,
question, contextualize, and humanize Al outputs within the
lived realities of movement learning.

Student Autonomy Datafication and
the Ethics of Al Mediated PE

Student autonomy is often used to justify Al in
education. Personalized goals, adaptive feedback, progress
dashboards, and self-monitoring tools can appear to give
students more control over learning. In PE, this promise
is attractive because students differ widely in confidence,
ability, body history, prior exposure, injury, motivation,
and comfort with public performance. Yet, autonomy
becomes thin when it is defined only as the ability to follow
personalized data. A student may receive more feedback,
tracking, and individualized recommendations while having
less power to question how their body is being interpreted.
For students, AI-supported autonomy may become a form of
guided compliance if individualized recommendations are
treated as instructions to follow rather than information to
interpret. In movement learning, this is especially important
because progress is not only demonstrated through technical
correction or measurable improvement. It may also appear
through confidence, rhythm, willingness to participate,
creative exploration, bodily comfort, and the ability to make
sense of one’s own movement. Broader Al-in-education
scholarship has raised continuing concerns about privacy,
transparency, bias, learner representation, and the balance
between automation and human control (Holmes et al.,
2022; Nguyen et al., 2023). Human-centered work on
learning analytics similarly emphasizes trust, safety, end-user
involvement, and meaningful oversight rather than technical
performance alone (Alfredo et al., 2024). These concerns
become sharper in PE because the student body is already
an object of observation. Al can make that observation more
continuous, more granular, and more difficult to refuse. The
ethical problem is not only data privacy. It is also bodily
dignity. Students should not experience Al-mediated PE as
a condition where every movement becomes evidence, every
performance becomes a record, and every body becomes a
dataset. Chambers and Sandford’s (2019) reminder that PE
should remain concerned with learning to be human in a
digital world is especially relevant. A humane AI agenda
in PE must protect the student’s right to move imperfectly,
privately, playfully, and experimentally. Autonomy should
mean more than being guided by AI It should include
understanding, consent, contestation, and the freedom to
remain more than what the system measures.

Toward a Pedagogically Accountable Al in PE Framework

This review proposes a Pedagogically Accountable Al
in PE Framework as a conceptual contribution for future
research and practice. Al integration in PE should not be
evaluated only through technical accuracy, automation,
prediction, or efficiency. It should also be judged according

to how it protects pedagogical judgment, embodied learning,
student agency, and ethical responsibility. Human-centered
AT scholarship has emphasized the need for human control,
stakeholder involvement, trustworthiness, and safety in
learning analytics and Al-supported education (Alfredo et
al., 2024; Holmes et al., 2022). In PE, these concerns become
more urgent because learning is bodily, visible, social, and
emotionally charged. The proposed framework positions Al
not as an independent pedagogical authority, but as a system
that must be translated, questioned, and ethically governed
before it becomes part of movement learning.

Figure 9 presents the proposed Pedagogically
Accountable Al in PE Framework as a conceptual model for
interpreting Al-supported PE practice. The model begins
with computational function, which refers to what Al systems
can technically perform, such as classification, prediction,
recommendation, automation, movement recognition,
assessment support, and feedback generation. These
functions do not move directly into PE practice. They must
pass through pedagogical translation, embodied movement
learning, human agency, and ethical accountability before
becoming educationally meaningful. Therefore, the proposed
model frames Al-supported PE practice as a mediated
outcome rather than a direct result of technological capability.
In this proposed framework, lesson planning, assessment,
feedback, movement analytics, teacher-supported decision-
making, and inclusive participation remain accountable to
teacher judgment, student agency, embodied experience,

and ethical safeguards.
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Fig. 9. Pedagogically Accountable AI in PE Framework.
Note: The framework illustrates how Al-supported PE should
move from computational functions toward educational practice
through pedagogical translation, embodied movement learning,
human agency, and ethical accountability. The curved arrow
indicates that AI-supported PE practice requires continuous
review, interpretation, and adjustment rather than direct
application of system-generated outputs

Computational Function

This refers to what Al systems are designed to do in
PE. These functions may include classifying movement,
detecting errors, predicting learner needs, recommending
tasks, automating assessment, generating feedback, or
supporting instructional decisions. Recent reviews of Al-
based learning tools show that assessment, personalized
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feedback, recommendations, and intelligent tutoring are
now among the most common roles of Al in education (Luo
et al,, 2025). These functions may be useful in PE because
teachers often handle large classes, varied skill levels, limited
time, and complex movement tasks. Yet computational
function should not be confused with pedagogical value. A
system may accurately detect movement patterns without
understanding why a student moves cautiously, avoids
participation, or struggles with a task. This dimension
describes what Al can process, but not what PE should value.

Pedagogical Translation

This concerns the work of turning AI outputs
into meaningful instruction. Data, alerts, scores, and
recommendations do not automatically become pedagogical
knowledge. Teachers still need to interpret them, connect
them to lesson objectives, adjust tasks, and decide whether
automated feedback fits the learner, activity, and class
context. This is especially important because Al in education
has often developed faster in classroom application than in
teacher professional development. Tan et al. (2025) found
that research on Al in teaching remains more focused on
application than on the professional learning teachers need to
integrate Al responsibly. In PE, that gap is risky. A movement
score, posture alert, or performance prediction may look
objective, but it still requires professional interpretation.
PE teachers need to decide whether AI feedback supports
learning, reinforces narrow performance standards, or
misreads the learner’s embodied situation. This dimension
keeps AI under the authority of curriculum, context, and
teacher judgment.

Embodied Movement Learning

This keeps attention on what makes PE educationally
distinctive. Movement is not only a biomechanical event or
a performance output. It carries confidence, fear, rhythm,
hesitation, fatigue, safety, enjoyment, social exposure, and
cultural meaning. Chambers and Sandford (2019) argued
that PE should remain concerned with learning to be human
in a digital world, a point that becomes sharper when AI
begins to evaluate bodies and movement. AI may support
skill correction or performance feedback, but it may also push
PE toward a narrow culture of monitoring and optimization.
Datafication scholars have warned that digital systems shape
what schools learn to see, value, and act upon (Jarke &
Breiter, 2019; Williamson et al., 2020). In PE, movement
can become too quickly translated into indicators, scores,
alerts, and risk profiles. Therefore, AI-supported PE must
remain accountable to embodied learning. The goal is not
simply better measurement. The goal is richer, safer, more
meaningful, and more inclusive movement participation.

Human Agency

This positions teachers and students as active interpreters
of Al-supported PE. They should not become passive
recipients of system-generated recommendations. Alfarwan
(2025) emphasized that GenAl may support teaching and
learning, but agency and decision-making must remain with
teachers. This principle is crucial because teachers work

with situated, relational, and affective forms of learning.
They notice embarrassment, overconfidence, discomfort,
resistance, peer dynamics, and fear of failure. Al cannot fully
read these conditions. Students also need agency in how Al
feedback is received, questioned, and used. A learner should
not be positioned as a body waiting to be corrected by a
system. This dimension means that teachers can challenge
AT outputs, students can understand and contest feedback,
and both remain central to the learning process. Without
this dimension, Al-supported PE may become efficient but
disempowering. It may produce more information while
reducing the human capacity to interpret, negotiate, and
make meaning from movement.

Ethical Accountability

Ethical accountability is the dimension that prevents
the framework from becoming a purely technical model of
AT integration. It requires transparency, privacy, fairness,
consent, anti-surveillance, and bodily dignity because Al
use in PE often involves data about bodies, movement,
performance, effort, fitness, participation, and learning
behavior. These are not neutral data points. They can shape
how students see themselves, how teachers interpret ability,
and how institutions define improvement, risk, or readiness.
Human-centered learning analytics research has shown that
students and teachers are not always sufficiently involved
in the design of Al-supported educational systems, even
when these systems directly affect their learning and agency
(Alfredo et al., 2024). Broader AI ethics scholarship in
education also warns about bias, opacity, privacy, and the
difficulty of balancing automation with human judgment
(Holmes et al., 2022; Nguyen et al., 2023). For this reason,
this dimension functions as the framework’s critical
safeguard. It asks whether AI-supported PE expands dignity,
participation, and meaningful movement learning, or
whether it intensifies surveillance, ranking, correction, and
data-driven control. A system that tracks students efficiently
but makes them feel watched, exposed, ranked, or reduced to
bodily metrics is not pedagogically accountable, regardless
of its technical sophistication.

Framework Contribution

The proposed Pedagogically Accountable AI in PE
Framework rejects a linear model in which Al produces data
and teachers simply apply it. AI outputs must pass through
pedagogical translation, embodied context, human agency,
and ethical scrutiny before becoming educational action.
The framework is not presented as an empirically validated
model. Rather, it is a conceptual contribution derived from
the bibliometric and thematic synthesis. It offers a way to
organize future research around a stronger question. Al-
supported PE should not only ask whether systems work,
but what kind of PE they help create. If Al strengthens
teacher judgment, expands student participation, supports
meaningful feedback, and protects bodily dignity, it may
enrich PE pedagogy. If it narrows movement into monitoring,
correction, prediction, and optimization, it risks weakening
the educational purpose of the subject. This framework
positions Al in PE as a pedagogical and ethical problem
before it is a technical solution.

829



ISSN 1993-7989. elSSN 1993-7997. ISSN-L 1993-7989. Physical Education Theory and Methodology. Vol. 26, Num. 5

Conclusions

This review positions Al in PE pedagogy as more than
a technical innovation. It is an emerging computational-
pedagogical field that may reshape how movement is taught,
assessed, interpreted, and experienced. Its central contribution
is the Pedagogically Accountable Al in PE Framework, which
argues that Al-supported PE must be judged not only by what
systems can detect, automate, or optimize, but by how they
protect pedagogical judgment, embodied learning, human
agency, and ethical responsibility. The review does not establish
the effectiveness of Al in PE. It shows instead that the field is
entering a critical stage where future scholarship must decide
whether AI will deepen the educational meaning of movement
or reduce PE to monitoring, correction, and data-driven
performance management.

Conceptual and practical implications

The review positions Al in PE pedagogy as a cross-cutting
concern that requires stronger integration across PE pedagogy,
PETE, educational technology, learning analytics, computer
science, movement science, assessment studies, ethics, and
teacher professional development. Conceptually, this means
moving beyond tool-centered or innovation-centered accounts
of Al toward a deeper understanding of how computational
systems may reorganize lesson planning, assessment,
feedback, teacher agency, student autonomy, and embodied
movement learning. In practical terms, PE teachers, teacher
educators, curriculum designers, school leaders, researchers,
and AT developers should treat Al as a pedagogical system that
requires interpretation, adaptation, and ethical scrutiny. AI-
supported PE should be designed around teacher judgment,
learner dignity, transparent feedback, meaningful assessment,
inclusive participation, and responsible data use. The proposed
framework encourages stakeholders to treat Al not as a
substitute for PE teachers or as a neutral technical upgrade,
but as a mediated pedagogical resource that must remain
accountable to the educational purpose of movement.

Future research directions

Future research should move beyond mapping the growth
of Al in PE pedagogy and examine how AlI-supported systems
actually function in teaching and learning contexts. Empirical
studies are needed to test how Al affects lesson planning,
assessment quality, feedback processes, student autonomy,
teacher agency, and embodied movement learning. More work
is also needed on PE teacher preparation, Al literacy, ethical
decision-making, and professional development, particularly
because Al outputs require pedagogical interpretation rather
than direct application. Future studies should also examine
students’ lived experiences of Al-mediated PE, including issues
of privacy, surveillance, confidence, inclusion, and bodily
dignity. Finally, the proposed Pedagogically Accountable Al in
PE Framework should be tested, refined, or challenged across
different PE settings, learner groups, technologies, and cultural
contexts.
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LUTyyHunn iHTenekT y negaroriui ¢isMnyHOro BUXoBaHHA:
6iGniomeTpnUHN | TEeMAaTUYHNIA OrNAQ NeJaroriuyHnxX
3acToCyBaHb Ta HOBUX Npo6nem (2015-2025)

I>xo3ed JT060'*ABCPE

!MepxaBHmit yHiBepcuteT bynakana, Oiminminn
*Mixnapopnunit yaiBepcuter INTI, Manarisia

ABTOpCHKNMIT BKIAM: A — FU3aiiH KOCTIIKeHHsT; B — 36ip ganux; C - crarananis; D - migrotoska pykomucy; E - 36ip xomTis

Pedepar. Crarrs: 15 c., 7 Tabm1., 9 puc., 53 mKepeno.

Mera. OCKi/IbKM IITYYHMIT iHTETEKT fefjasli aKTUBHiIIe BIIPOBA/KYEThCA B OCBITHIO IIPAKTUKY, Iefarorika ¢isn4Horo Bu-
XOBaHHS CTUKAETHCS 3 OKPEMUM KOJIOM ITMTaHb, 110 BUXOMATH 38 MeXI OH/IAH-, 3MIlIaHOrO a0 TeXHOIOTIYHO MiTPUMYBAHOTO
HaBYaHH:A. MeToI0 IIbOTr0 JOCI/PKeHH: 6y/10 3AilICHUTI KapTyBaHH: HaYKOBUX IyO/IiKaIill II[0f{0 IITYYHOTO IHTE/IEKTY B IIefaro-
rini ¢isnaHoro BuxoBaHHs 3a 2015-2025 poKu 3 aKI[eHTOM Ha JMHAMIII ny6niKauiI7{Ho’1‘ aKTMBHOCTI, KOHIIENTYa/IbHill CTPYKTYPi,
MDKAMCUMIDIIHAPHYX 3aca/aX, HeJaroriYHIX 3aCTOCYBAHHIX | HOBUX IMPOOIEMHMX ACIIEKTaX.

Marepianu ta MeTomu. [locmipKeHHsI BUKOHAHO y popMari 6i671i0MeTpUIHOrO Ta TeMaTU4HOTO or/sify. bibmiorpadiuni gani
6ymo oTpumaHo 3 6asu Scopus Ta mpoaHarisoBaHo 3a gornomorom Bibliometrix/Biblioshiny i VOSviewer. ITicis dinprpanii Ta
OYMIIEHHA JaHUX OCTATOYHMIT Kopmyc cTaHOBYUB 1000 HoKyMeHTIB, onmy6nikoBaHUX y 389 mxepenax.

Pesynbratu. Pe3ynbrarit 3acBiIMMIN CyTTEBE 3pOCTAHHA KiIbKOCTI my6mikaniit mcs 2020 poky, 1110 BKasye Ha OCU/ICHHS
HayKOBOTO iHTepecy 0 MelaroriYHNX 3aCTOCYBaHb IITYYHOTO iHTeNIEKTY y (isMyHOMY BUXOBaHHi. JloC/TifHNUIIbKe [T0/Ie Ma€ BU-
PasHO MDKJVCHUIUTIHAPHUIT XapaKkTep i OXOIUIIOE (i3nvHe BUXOBAHHSI, OCBITHI TEXHOJIOTII, KOMIT I0TEPHI HayKy, iH)XeHepiro Ta
HayKy Ipo 3710pos’s. KoHllenTyambHMII 1 TeMaTHYHMIT aHAIi3 TI0Ka3as, 110 JIiTepaTypa 30cepefpkeHa HaBKOIO TaKMX HANPAMIB,
AK (isuuHe BUXOBAHHS, IITYYHNI {HTE/IEKT, MAllVHHE HaBYaHHSA, I/IMOOKe HaBYaHHs, IHTE/IEKTYaIbHNII aHa/I3 JaHNX, BUK/IA-
HaHHsA (i3MYHOrO BUXOBAHHSA, BIpTya/lbHA PeasIbHICTh Ta aHAJITUKA PyXOBOi AisbHOCTI. AHami3 6i6miorpadidHoro 3B’A3Ky Ta
CHiBIMTYBAaHHA TaKOXX 3aCBiJYMB, IO Li€ JOCIiIHNIbKE IT0/IE (bopMyeTbCH BHACJIJOK KOHBEPTeHIIii 004MCIoBaIbHIX iHHOBALIiI
i TIEAATOriYHOrO 3aCTOCYBaHHs, A HE B MeXXaX OfIHi€l UCHUIIIIHAPHOI TpafuIiil.

BucHosku. IlITy4unuit inTenexT y negaroriui GisMHOro BMXOBaHH: MO3ULIOHYETHCS SIK HOBUIT 00UYMC/TIOBA/IbHO-IIe/{aroriv-
HUJ HaNpAM focliiKeHb. OTpuMaHi pesynbTaTu CIifl pOSIIALATY AK CTPYKTYpHE i TeMaTU4YHe KapTyBaHHA HayKOBOTO IOJA,
a He AK JJoKa3 e()eKTMBHOCTI 3aCTOCYBaHHA HITYYHOTO iHTENEKTy B HaBYa/TIbHOMY IIpolieci. Ik KOHIIeNTyanbHIil BHECOK Y PO3-
BUTOK HAINpPsIMy B OI/IA/1 3aIPOIIOHOBAHO PaMKOBY MOfe/b MEJArOrivHO BifIIOBIZA/IBHOTO LITYYHOTO IHTEIEKTY y GisudHOMY
BUXOBaHHI, 30cepepkeHy Ha 004MCTIOBaIbHIN QYHKIIII, ITefaroriyniil TpaHC/IALil, HaBYaHHI Yepe3 PyXoBY [AiA/NbHICTD, MOACHKIi
Cy0’€KTHOCTI Ta eTMYHIil BiITOBifa/IbHOCTI.

KirouoBi cmoBa: mty4yHmii intenext, 6i61miomMeTpuaHuMIt aHasIi3, HOBi IPOOIEMHI aCIIeKTH, IIearoriyHi 3acToCyBaHHs, Bisny-
He BUXOBaHHA.
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Abstract

Background. Karate is rapidly growing as a global sport discipline, necessitating scientific data to effectively optimize
future research. However, mapping of karate research trends has yet to yield adequate data. This has an impact on the
understanding and development of sports science.

Objectives. This study aimed to map karate research using bibliometric analysis from 2000 to 2025 using the Scopus
database.

Materials and Methods. Data were collected using specific keywords. The final data set consisted of 518 documents
in RIS format. PRISMA, Mendeley, and Biblioshiny visualization were employed for screening and analysis.

Results. (1) Annual scientific production: stagnation occurred in 2000-2009, with the highest increase of 15% in
2024; (2) Most relevant authors: expertise was concentrated in only two researchers (11-12 documents); (3) Thematic
mapping: karate became the main focus of research (motor themes), while comparative studies between martial

arts began to decline (declining themes), and research began to shift toward themes with greater potential; (4) Co-
occurrence network: the dominant research network involves biological and biomechanical approaches, with human
participants as the primary focus; (5) Topic trends: a shift from a fundamental physiological focus to peak athlete
performance and more specific aspects; (6) Thematic evolution: the use of technologies such as electromyography,
echography, and algorithms in research design; (7) Factor analysis: methodological advances from observational
studies to randomized controlled trials.

Conclusion. Karate research focuses on elite athletes and empirical studies, but researchers must collaborate and
integrate across disciplines to increase the quantity and quality of future studies.

Keywords: karate martial arts, bibliometric analysis, trends and gaps, combat sport, research trend mapping.
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Introduction

Karate is a Japanese martial art. It is currently developing
into an attractive sport (Yudhistira & Tomoliyus, 2020). This
potential is evident in the increasing number of competitive
events (Yudhistiraetal.,2025). Accordingto Tijoand Marheni
(2018), karate can be defined through both traditional values
and research developments (Tijo & Marheni, 2018). Karate
research is evolving in tandem with advances in sports
science (Hadi & Yudhistira, 2023; Yudhistira et al., 2023).
The study focuses on the psychological, physiological, and
pedagogical aspects of karate (Doria et al., 2009; Nengsi,
Wahyu & Ishak, 2021; Pekel et al., 2023). According to these
studies, karate can be classified into two elements: how to
improve performance and the development of research
publications. However, no comprehensive discussion of the
development, productivity, and trends in karate research has
been incorporated into one. This is critical for promoting
development and meeting the needs of karate practitioners.
The publications of karate research remain scattered;
thus, evaluating and analyzing publication development
patterns frequently necessitates searching through academic
databases, making it challenging to map prior research.

This dynamic limits the opportunities for establishing
theoretical guidelines to improve future research, as past
studies have only concentrated on original research.
However, studies that discover research to provide insight
into secondary data analysis, such as scoping reviews,
systematic reviews, and bibliometric analysis, have not
proven particularly successful. This undoubtedly has a
theoretical basis, as current research is limited to assessing
a single training method (Putriana et al., 2023; Widyastuti
et al., 2025; Yudhistira et al., 2025), implying that study
generalizations have yet to be adequately synthesized. The
differences in study approaches, such as experimental,
descriptive, and associative, make it difficult to synthesize
patterns and trends in karate research. There is an urgent
need to discuss the dynamics of cooperative patterns in
karate research. Failure to undertake a specific study of
trends, productivity, constraints, and research innovation
would result in a lack of pragmatics when constructing
problem analyses based on authentic evidence. Bibliometric
analysis is a method for determining development trends
and future research needs (Akhiruyanto & Yudhistira, 2024;
Hafidz et al., 2024).

Because bibliometrics is based on prior research data, its
impact extends beyond research analysis to the exploration
of new research discourse. An example is the analysis of
collaboration patterns, institutions, and productive authors
(Leydesdorft et al., 2016). Researchers consider that the
bibliometric analysis of karate has not received sufficient
attention. Theoretical evidence has been found in studies
conducted by Kek et al., Tropin et al., and Gabriela et al.
(Gabriela et al., 2023; Gongalves et al., 2025; Kek et al., 2023;
Mazzei et al., 2022; Tropin et al., 2023).

However, these studies concentrated on general martial
arts. The three bibliometric analyses on karate concentrated
on techniques, injury analysis, and the development of karate
in general. As a result, there has been no particular focus
on identifying prospective future research utilizing a highly
credible database such as Scopus. Choosing the Scopus
database for data retrieval is a practical solution since it is

simple to filter and retrieve articles in a variety of document
types. Furthermore, the literature coverage is constantly
updated and verified, ensuring that publications submitted to
Scopus are rigorously peer reviewed. Furthermore, adhering
to academic standards increases the trustworthiness of
articles and promotes best academic practices (T. Fischer et
al., 2022). Based on prevailing concerns, this study aims to
map trends and gaps in karate research using bibliometric
analysis of the Scopus database from 2000 to 2025. This
study focuses on the following aspects: (1) annual scientific
output, (2) the most relevant author sources, (3) thematic
mapping, (4) co-occurrence network, (5) research subject
trends, (6) thematic evolution, and (7) factorial analysis.
It is intended that this research will improve future karate
research by addressing theoretical and practical demands
and determining their urgency.

Materials and Methods

Study Participants

Participants in the research were published article
documents. This study employed bibliometric analysis
(Akhiruyanto & Yudhistira, 2024). Bibliometric analysis
was used to map research trends, gaps, and productivity
(Hossen & Pauzi, 2025). Bibliometric analysis helps with
the identification of research gaps, which serves as the
foundation for gap research (Chen et al., 2025). The
bibliometric data screening procedure was carried out by
three independent reviewers with doctorates in karate.
Independent reviewers were involved to ensure scientific
objectivity and transparency and to minimize data bias
(Medrano-Urena et al., 2020).

Data Collection and Filtering Procedures

The Scopus database was chosen for its broad coverage
of sports science journals, high credibility, and thorough
peer review (Plakias, 2025). Thus, Scopus is an ideal
resource for charting bibliometric trends in karate. The
data search was undertaken on June 29-30, 2026, with a
focus on the years 2000 to 2025. The data gathering process
followed a systematic procedure to ensure transparency and
reproducibility, which included the following:

1. Identification in the Scopus database: The initial
search was conducted using the specific keyword
TITLE-ABS-KEY ((“karate” AND (“kata” OR
“kumite” OR “martial art*” OR “combat sport*”))),
resulting in 2,081 records. This data was collected
before screening.

2. Screening in the Scopus database: Screening was
still conducted in the Scopus database. The stages
included (1) determining the data type to be
original research only, resulting in 1,610 records;
(2) determining only English language records,
resulting in 1,440 records; (3) determining only
journal types, resulting in 1,434 records; and (4)
determining only all open access records, resulting
in 708 records.

3. Screening was performed using the Mendeley
program and manually. The data were filtered using
Scopus in the form of RIS and obtained 708. The
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Table 1. Data collection strategy

No Item Description

Rationalization

1  Database source Scopus
2 Query TITLE-ABS-KEY ((“karate” AND ( “kata” OR
“kumite” OR “martial art*” OR “combat sport*”))
Language Inggris
4  Publication year 2000-2025

Document type  Original article

6  Export data RIS

High credibility and a thorough review procedure

Ensure that the documents selected specifically discuss
karate, thereby minimizing ambiguity and irrelevant
literature.

Discussing internationally to cover all topics
Longer periods for more comprehensive data

To be more specific in looking for research patterns and
trends in the original

To facilitate data visualization

data was then entered into Mendeley. At this stage,
screening was used to ensure that the title and
abstract data were complete, and 679 data points
were obtained. The next stage was to assess the
relevancy of the entire title and abstract material,
which acquired 600 data.

4. Eligibility and Inclusion: During the final screening
stage, the three experts had differing opinions.
This was resolved by discussion and justification
of the data assessment, yielding a final dataset of
518 documents. This data was then entered into
the Biblioshny app. Figure 1 of the bibliometric
PRISMA diagram illustrates this clearly (Song et
al., 2025).

Records identified Scopus
(n=2.081)
A 4

Identification

Total records retrieved
(n=2.081)

Excluded
(n=471)

Original article type
(n=1.610)

v
English
(n=1.440)

NI

A 2

Excluded
(n=170)

Eligibility

Excluded
(n=6)

Journal type
(n=1.434)

Sy

All open acces (n= 708 )

Excluded
(n=1726)

Completed tittle &
abstract (n= 679 )
= =
Relevance of tittle &
abstract content (n =600 )

Excluded
(n=29)

Excluded
(n=179)

Studies included in the
analysis (n=518)

Excluded
(n=282)

Fig. 1. Adaptation of PRISMA for Bibliometric studies

Data Validity

Three experts with doctoral degrees in karate examined
the data’s validity through discussion until consensus
was obtained. The inter-rater reliability was calculated
using Fleiss’ Kappa. This statistical measure evaluates the
consistency of expert agreement between more than two

raters. Theanalysis yielded a nearly perfectlevel of agreement,
with a Fleiss Kappa value of 0.876. This is described in the
following table.

Table 2. Inter-rater agreement analysis

Asymptotic Approximate Approximate

Value Std. Error T Significance
Fleiss’ Kappa  0.876 0.012 14.231 <0.001
N of Valid 5.18
Cases

Data Extraction and Visualization

Bibliography, author name, title, year, country affiliation,
keywords, abstract, and number of citations are all included
in the data from Scopus. Duplicate records were identified
using Mendeley applications, and to improve metadata
analysis, quantitative analysis and network patterns were
compiled using Biblioshny applications (Akhiruyanto &
Yudhistira, 2024).

Results

RQ1: Annual Scientific Production

Table 2 demonstrates that from 2000 to 2009, there
is 0% stagnation, with 0 to 3 documents out of a total of
518. Between 2010 and 2025, there is a growth, albeit with
fluctuations in some years. The biggest peak of 15% occurs in
2024. In that year, there was a significant rise in comparison

Articles &0

2000
2013
2015
2017
2019
2023
2025

Year

Fig. 2. Annual Scientific Production
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Table 2. Annual Scientific Production

Year Article Total Percentage
2000 0 518 0%
2001 1 518 0%
2002 3 518 1%
2003 1 518 0%
2004 2 518 0%
2005 1 518 0%
2006 3 518 1%
2007 3 518 1%
2008 1 518 0%
2009 1 518 0%
2010 7 518 1%
2011 7 518 1%
2012 9 518 2%
2013 9 518 2%
2014 10 518 2%
2015 15 518 3%
2016 12 518 2%
2017 24 518 5%
2018 28 518 5%
2019 41 518 8%
2020 38 518 7%
2021 58 518 11%
2022 44 518 8%
2023 48 518 9%
2024 77 518 15%
2025 75 518 14%

to prior and later years. Nonetheless, productivity growth is
improving, although it has not yet reached its full potential.
The figure below shows the illustration.

RQ2: Most Relevant Authors’ Sources

Table 3. Most Relevant Authors Sources

Author Articles  Articles Fractionalized
Cynarski W J 12 4.820634921
Franchini E 11 2.478968254
Tabben M 7 0.958333333
Augustovicova 6 1.333333333
Chaabéne 6 0.847222222
Dopsaj M 6 1.25
Hachaj T 6 2.833333333
Koropanovski N 6 1.25
Marchenko S 6 2.416666667
Padulo J 6 0.971825397

Table 3lists ten worldwide authors who have productively
produced studies relating to research, such as Augustovicova
(Augustovicova et al., 2021; D. Augustovicova et al., 2020,
2025; D. C. Augustovicova et al., 2025; Hadza et al., 2025;
Hornikova et al., 2025), Chaabéne (Bouguezzi et al., 2024;
Chaabéne et al., 2012; El Ashker et al., 2022; Padulo et al.,
2014; Tabben et al., 2013, 2014), Dopsaj (Jekni¢ et al., 2022,

2025; Markovi¢ et al., 2021; Mosler et al., 2025; Vukovié et
al., 2021, 2022), Hachaj (Hachaj, 2019; Hachaj et al., 2015,
2017; Hachaj, Koptyra, et al., 2018; Hachaj, Ogiela, et al,,
2018; Hachaj & Ogiela, 2018), Koropanovski (Jekni¢ et
al., 2025; Koropanovski et al., 2011; Veskovi¢ et al., 2019;
Vukovié et al., 2021, 2022, 2023), Marchenko (Marchenko,
2025; Marchenko et al., 2024; Marchenko, Ivashchenko, &
Khudolii, 2023; Marchenko, Ivashchenko, & Kupreichenko,
2023; Marchenko, Khudolii, Ivashchenko, et al., 2023;
Marchenko & Satdyiev, 2021), and Padulo (Alesi et al., 2014;
Cular et al., 2018; Padulo et al., 2014; Vando et al., 2013,
2014, 2021) with a total of 6 original article documents.
Tabben produced 7 original article documents (Padulo
et al,, 2014; Rezaei et al., 2019; Seyedi et al., 2024; Tabben
et al., 2013, 2014, 2023), while Franchini had 11 original
article documents (Herrera-Valenzuela et al., 2020; Julio &
Franchini, 2021; Lassalvia et al., 2021; Loturco et al., 2014;
Robalino et al., 2024; Robalino, e Silva Cabral, et al., 2025;
Robalino, Vilas-Boas, et al., 2025; Schwartz et al., 2015, 2021;
Tabben et al., 2013), and the highest peak was produced by
Cynarski, namely 12 original article documents (Ambrozy
etal., 2021; Bajkowski & Cynarski, 2023, 2024; Branco et al.,
2019; W J Cynarski, 2019; Wojciech ] Cynarski & Johnson,
2023; Kostorz et al., 2022; Mercé et al., 2021; P. Piepiora et
al., 2022; P. A. Piepiora et al., 2024; Radochonski et al., 2011).
However, there is a significant difference between the top
two authors and those listed behind them, and adjustments
in collaboration patterns are needed to ensure equitable
production. The image below shows the illustration.

Most Relevant Authors

CYNARSKIW J . 12
FRANCHINI E . "
o s f,
Fig. 3. Most Relevant Authors Sources
RQ3: Thematic Mapping
Table 4. Thematic Mapping
Cluster Callon Callon Rank Rank  Cluster
Centrality Density Centrality Density Frequency

Karate 19.59542 41.49307 4 3 1206
Martial = 073746 4035360 5 2 995
Arts
Female 16.55227 53.5993 3 5 631
Exercise 10.82405 49.89444 2 4 316
Judo 9.957841 35.75218 1 1 176
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According to Table 4, the mapping theme with the
declining themes quadrant is judo. The niche theme is
exercise, while the basic theme is martial arts, and the
motor theme is karate. These themes are critically relevant
and commonly used in karate research. The illustration is
presented in the image below:

RQ4: Co-occurrence Network

Table 5 highlights that the keyword network is divided
into three clusters: Cluster 1, the most dominant core keyword
network; Cluster 2, the most common supporting network
in karate research; and Cluster 3, the least searched keyword
network. This suggests that the research is dominated by
biological and mechanical approaches that involve human

Niche Themes ! fotor Themes participation. The figure below shows the illustration:
,,
sport
bodymass .
physical fitness e o °
;-:”% karate > = gt:mans a
B =<~
ge male humans % "
& s o W
! martial arts
n:‘:::”:n Fig. 5. Co-occurrence Network
o fj RQ5: Research Topic Trends
;;}%;i . S Table 6 reveals that l')etwe.en 2014 and 2016, research
: trends focused on physiological aspects such as motor
Relevance egree control, heart rate, lactic acid, muscle, and skeletal. In 2017,
trends related to test algorithms. The trend in 2018-2020 is
Fig. 4. Thematic mapping consistent with the previous year, with physiological factors
Table 5. Co-occurrence Network
Node Cluster Betweenness Closeness Page Rank
Karate 1 28.08918 0.020408 0.050172
Human 1 39.22787 0.020408 0.064668
Male 1 24.00946 0.020408 0.055326
Article 1 23.66789 0.020408 0.05274
Adult 1 16.92403 0.020408 0.046686
Female 1 13.17829 0.020408 0.040853
Controlled Study 1 10.53605 0.020408 0.035718
Adolescent 1 2.813236 0.019231 0.02242
Human Experiment 1 2.422064 0.019231 0.021016
Sport 1 2.17775 0.018519 0.019991
Training 1 1.833047 0.018868 0.016201
Physical Activity 1 0.81246 0.016949 0.014004
Child 1 1.171055 0.017544 0.015033
Major Clinical Study 1 0.400587 0.015873 0.0146
Body Mass 1 1.337988 0.018519 0.014655
Muscle Strength 1 0.779874 0.017544 0.01236
Questionnaire 1 0.250277 0.015385 0.013049
Judo 1 0.198654 0.015873 0.011702
Normal Human 1 0.93589 0.017857 0.013551
Clinical Article 1 0.261864 0.015385 0.011
Cross-Sectional Study 1 0.216158 0.015625 0.011109
Taekwondo 1 0.351505 0.016129 0.011195
Body Composition 1 0.123155 0.015625 0.009229
Motor Performance 1 0.120178 0.014493 0.009518
School Child 1 0.176243 0.015625 0.009854
Injury 1 0.040669 0.014706 0.007875
Velocity 1 0.153526 0.015152 0.008591
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Table 5. Continued

Node Cluster Betweenness Closeness Page Rank
Body Weight 1 0.151948 0.015873 0.008046
Lower Limb 1 0.264284 0.016129 0.009037
Martial Arts 2 22.9387 0.020408 0.04601
Humans 2 18.51257 0.020408 0.04454
Martial Art 2 14.73395 0.020408 0.038027
Athlete 2 9.620737 0.020408 0.035416
Athletes 2 3.473289 0.02 0.022539
Young Adult 2 3.650371 0.019231 0.026324
Physiology 2 3.555143 0.019608 0.023147
Combat Sports 2 0.630953 0.015873 0.010217
Athletic Performance 2 1.91021 0.018182 0.01607
Combat Sport 2 0.797901 0.016949 0.009896
Sports 2 0.138165 0.013514 0.006489
Biomechanics 2 0.630083 0.015385 0.010694
Biomechanical Phenomena 2 0.297162 0.014706 0.009953
Kinematics 2 0.106279 0.013889 0.007281
Performance 2 0.014459 0.012658 0.005505
Physical Fitness 2 0.198396 0.015152 0.0079
Middle Aged 2 0.125044 0.014085 0.008731
Randomized Controlled Trial 2 0.06409 0.014706 0.009404
Exercise 3 1.817418 0.018182 0.016409
Heart Rate 3 0.008574 0.013514 0.006816
Oxygen Consumption 3 0.151331 0.014493 0.008431
Table 6. Research Topic Trends Table 6. Continued
Term Frequenc Year Year Year Term Frequenc Year Year Year
PRY @) (Median) (Q3) Y @) (Median) (Q3)
Heart Rate 14 2012 2014 2022 Karate 192 2019 2022 2024
Motor Control 5 2013 2014 2019 Young Adult 47 2019 2022 2024
Lactic Acid 6 2008 2015 2023 Training 34 2020 2022 2024
Priority Journal 5 2013 2015 2017 Performance 16 2022 2023 2025
Muscle 11 2015 2016 2022 Wrestling 12 2021 2023 2025
Skeletal 8 2013 2016 2023 Kata 11 2021 2023 2025
Physiological 5 2009 2016 2020 Athletic Performance 30 2020 2024 2025
Algorithms 7 2012 2017 2025 Combat Sport 24 2020 2024 2025
Oxygen Consumption 14 2010 2018 2020 Cross-Sectional Study 19 2021 2024 2025
Community Detection 10 2015 2018 2024 Elite Athlete 6 2025 2025 2025
Adaptation 8 2014 2018 2022 Elite Athletes 5 2022 2025 2025
Human Experiment 37 2018 2019 2023
Middle Aged 14 2014 2019 2023 such as oxygen consumption and physiological a.daptablhty
leading the way, followed by aspects of test algorithms such
Sport Injury 12 2009 2019 2021 as community detection, with study participants focusing
Adolescent 44 2019 2020 2022 on adolescent males. The trend for 2021-2022 remains
, consistent with the previous year, with a concentration
Physiology 43 201722020 2024, experiments involving young athletes. In 2023-2025,
Sport 37 2010 2020 2022 the trend shifted toward cross-sectional studies and
Human 152 2018 2001 2024 experllmental performance improvement for ellte. athletes.
In this context, research topic trends began to shift toward
Martial Arts 151 2018 2021 2024 elite athlete participants looking to improve their physical
Male 122 2019 2021 2024  and technical performance. The illustration is presented in

the image below as follows. RQ6: Thematic Evolution
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Table 7 demonstrates that many classic themes are
shifting toward body mass and human experimentation,
using advanced tests such as echography and
electromyography, as well as algorithms. Biomechanical
evolution, such as kinematics, acceleration, and dynamic
time wrapping, demonstrates the integration of sport with
science and technology. Karate study has evolved to include
psychologicalaspectssuchas gender, stress,and aggression, in
addition to muscle strength, balance, and agility. Diagnostic
imaging, major clinical research, and randomized controlled
trials are some examples of evolution in sports medicine.

. © Physiological aspects, such as oxygen consumption, heart
rate, and lactic acid, are evolving. Participants are no longer
e just adolescents, but also middle-aged, indicating not only
Fig. 6. Research Topic Trends competitive sports but also fitness. The figure below shows
the illustration:
Table 7. Thematic Evolution
From To Words
Adolescent — 2001-2021  Adolescent — 2022-2025 Adolescent; Body Composition; Body Weight;

Adolescent — 2001-2021
Adolescent — 2001-2021

Adolescent — 2001-2021

Adolescent — 2001-2021
Athlete — 2001-2021
Athlete — 2001-2021

Athlete — 2001-2021

Community Detection —
2001-2021

Karate — 2001-2021
Karate — 2001-2021
Karate — 2001-2021
Karate — 2001-2021

Karate — 2001-2021

Martial Arts — 2001-2021

Martial Arts — 2001-2021

Martial Arts — 2001-2021
Martial Arts — 2001-2021
Martial arts — 2001-2021

Body Mass — 2022-2025
Human Experiment — 2022-2025

Karate — 2022-2025

Martial Arts — 2022-2025
Body Mass — 2022-2025
Karate — 2022-2025

Martial Arts — 2022-2025

Body Mass — 2022-2025

Adolescent — 2022-2025

Body Mass — 2022-2025

Human Experiment — 2022-2025
Karate — 2022-2025

Martial Arts — 2022-2025
Adolescent — 2022-2025
Body Mass — 2022-2025

Human Experiment — 2022-2025
Karate — 2022-2025
Martial arts — 2022-2025

Questionnaire;Athletic Injuries; Cross-Sectional Study; Injury;
Body Fat; Body Height; Risk Factor; Incidence; Cross-Sectional
Studies; Follow Up; Body Fat Percentage; Contusion

Judo; Body Mass; Taekwondo; Boxing;Social Network

Sport; Echography; Diagnostic Imaging; Bone Density; Correlation
Analysis

Training; Major Clinical Study; Child; School Child; Prospective
Study; Basketball; Gymnastics; Linear Regression Analysis; Soccer

Combat Sport
Knee Function

Clinical Article; Physical Activity; Case Report; Knee; Lower Limb;
Cohort Analysis; Flexibility; Wellbeing

Athlete; Athletes; Biomechanical Phenomena; Biomechanics;
Kinematics; Sports; Range Of Motion; Acceleration; Algorithms;
Lower Extremity; Dynamic Time Warping

Community Detection; Complex Networks

Aggression
Normal Human; Wrestling
Human Experiment; Gender; Stress

Karate; Human; Male; Article; Adult; Female; Controlled Study;
Motor Performance; Muscle Strength; Velocity; Aged; Body
Equilibrium; Coordination; Kata; Competition; Agility; Balance;
Children

Combat Sports; Randomized Controlled Trial; Muscle; Skeletal;
Electromyography; Reaction Time; Kumite; Reliability

Middle Aged; Fitness; Anthropometry; Endurance; Karate
Athletes; Surveys And Questionnaires

Exercise; Oxygen Consumption; Heart Rate; Exercise Test; Blood;
Comparative Study; Lactic Acid

Psychology; Age
Analysis of Variance; Adaptation; Perception; Strength

Martial arts; Humans; Martial art; Physiology; Young adult ;
Athletic performance; Procedures; Physical fitness; Performance;
Skeletal muscle; Choice reaction time
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Fig. 7. Thematic Evolution

RQ7: Factorial Analysis

Table 8 shows that subject-centeredness, such as human,
young adult, and middle-aged, has the greatest score, showing
that karate research is always conducted with humans.
Experimental rigor is defined by phrases such as randomized
controlled trial, significant clinical study, controlled study,
and cross-sectional study, which emphasize methodologically
structured empirical research. Biomechanical studies
are the subject of precise analysis, utilizing terms such as
biomechanical phenomena, procedures, and kinematics. On
the other hand, terms such as child, large clinical study, injury,
and questionnaire imply that karate research involves children
and employs observational methods rather than complex
biomechanical analysis. Furthermore, the term “karate” refers
to basic research that must be investigated in clinical and
performance studies, whereas “martial arts” refers to a broader
range of subjects, including physiological and performance
research. The figure below shows the illustration:

mmmmmmmmmmmmmmmmmmm “method: McA

Fig. 8. Factorial Analysis

Discussion

The rapidly growing number of karate articles is now
dispersed and not integrated into a single analysis, making it
difficultto predict the direction of future research developments.
This bibliometric analysis gives a summary of the global
karate research trends and gaps. These findings are expected
to provide strategic guidance for developing more innovative
future research that addresses practical demands in the field.

RQ1: Annual Scientific Production

« Stagnation: The period from 2000 to 2009 was one
of stagnation. Karate research had a low production, with
only 0-3 publications published each year, accounting for

Table 8. Factorial Analysis

Word Diml Dim2 Cluster
Karate 0.22 -0.31 1
Human 1 -0.03 1
Martial Arts 0.39 0.45 1
Male 1.14 -0.09 1
Article 1.05 -0.48 1
Adult 1.17 0.1 1
Humans 1.2 0.62 1
Martial Art 0.97 0.65 1
Female 1.24 -0.45 1
Controlled Study 1.19 -0.41 1
Athlete 1.22 0.21 1
Athletes 0.83 0.89 1
Young Adult 1.48 0.75 1
Adolescent 1.22 -0.39 1
Physiology 1.3 1.44 1
Combat Sports -0.18 0.42 1
Human Experiment 1.42 -0.19 1
Sport 1.27 -0.36 1
Training 0.86 -0.66 1
Exercise 1.13 0.22 1
Athletic Performance 1.04 1.26 1
Physical Activity 1.04 -0.8 1
Child 1.26 -1.38 1
Major Clinical Study 1.3 -1.36 1
Combat Sport 0.31 0.3 1
Body Mass 1.55 -0.43 1
Muscle Strength 1.05 -0.53 1
Questionnaire 1.37 -0.84 1
Judo 1.11 -0.59 1
Normal Human 1.51 -0.28 1
Clinical Article 1.07 -0.48 1
Cross-Sectional Study 1.19 -0.92 1
Taekwondo 1.17 -0.4 1
Sports -0.14 1.02 1
Biomechanics 1.01 2.6 1
Biomechanical Phenomena 1.03 2.69 1
Body Composition 1 -0.59 1
Kinematics 0.19 1.46 1
Motor Performance 1.17 -0.65 1
Performance -0.28 0.4 1
Physical Fitness 0.52 0.08 1
School Child 1.32 -1.76 1
Heart Rate 0.41 0.35 1
Injury 0.84 -0.86 1
Middle Aged 1.3 0.58 1
Oxygen Consumption 0.95 0.62 1
Randomized Controlled Trial 1.34 -0.03 1
Velocity 0.97 0.15 1
Body Weight 1.01 -0.54 1
Lower Limb 1.33 0.27 1
Procedures 1.51 1.64 1

0% of the total. This suggests that karate has not yet gained
prominence on the global sports science research agenda.

o Initial growth: The period 2010-2018 was an early
stage, with stable but varying productivity gains. This
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increase was most likely driven by the growing academic
presence and professionalization of karate as a competitive
sport, which necessitated the development of a scientific
database to support training methods.

o Acceleration: The acceleration phase experienced the
greatest expansion of 15% in 2024. This increase illustrates
that karate is a dynamic and intriguing subject for global
academics, as sports science advances in technology.

o Critical analysis: Although the curve shows a large
improvement in publication production, there are still
issues, such as stability. Given that karate is a driving (very
significant) theme in thematic mapping, the 15% growth rate
should be boosted even further through increased research
collaboration.

o Academic implications: This growing pattern suggests
that karate research is transitioning away from an emphasis
on understanding traditional values. This illustrates the
importance of conducting robust, empirically supported
research to meet the challenges associated with modern
performance and training methods.

RQ2: Most Relevant Authors’ Sources

« Expertise Dominance: The most productive researchers
are Cynarski WJ (12 articles) and Franchini E (11 articles).
These two researchers are the mainstays of karate research.
This dominance demonstrates that karate research globally
continues to rely on a small group of academics who are
dedicated to research over the long term. However, the largest
number of publications (11-12) is still quite small during 25
years (2000-2025), indicating that the publishing rate per
individual remains relatively slow for a motor theme study.

o Quantity and Impact Gap: Researchers including
Tabben, Augustovicova, Chaabene, Dopsaj, Hachaj,
Koropanovski, Marchenko, and Padulo each contributed
6-7 publications. This suggests a fragmentation of expertise,
implying that karate research is conducted sporadically by
a large number of academics around the world, but there
is no central publication hub. This low productivity shows
that karate research is frequently integrated within a broader
study of martial arts or combat sports, rather than being the
author’s academic career.

o The Need for Academic Regeneration: According to
research, there is a greater need for inclusive collaboration.
Without a new generation of researchers capable of
outperforming existing authors’ publications, the field
of karate research risks becoming stagnant in terms of
productivity and methodological depth. Furthermore, the
gap in the number of publications by prominent authors vs
other authors emphasizes the need for improved mentorship
to accelerate the development of scientific findings in karate
research. One aspect of increasing the productivity of
quality research is international collaboration (Wahid et al.,
2021). Research productivity is an important indicator for
evaluating a researcher’s performance (J. Fischer et al., 2012).

RQ3: Thematic Mapping

o Upper Right Quadrant (karate as a driving theme):
Karate’s position as a driving theme is both mature and
relevant in sports science studies. Karate research has
attained rigorous criteria that serve as a fundamental

impetus for future research in the context of academic and
applied scientific development.

» Lower Right Quadrant (martial arts as a basic theme):
Martial arts as a basic theme indicates that while this issue
has a large base, it has not been completely explored in the
context of modern karate.

o Upper Left Quadrant (exercise as a niche theme):
Exercise is a niche theme, which means that research
on training, specifically in terms of enhancing physical
performance and body composition, is developing and
focusing on certain issues. This theme has a high level of
specialized demand, but its relevance is less than that of the
quadrant’s motor themes.

o Lower Left Quadrant (Judo as a declining theme): The
keyword “judo” is on the decline, indicating that research
comparing karate and judo is becoming less common.
This is a strong indication for researchers to abandon the
comparative approach to martial arts and instead investigate
variables more relevant to current research trends.

RQ4: Co-occurrence Network

o Research Fragmentation: The keyword network is
organized into three main clusters, which highlight the
importance of mechanical and biological approaches in karate
research. Cluster 1 of this network contains basic factors such
as human, male, and adult, confirming that karate research
focuses on adult human participants who are primarily male.
Cluster 2 is a common supporting network that includes
athletic performance, biomechanics, kinematics, and
physiology. Cluster 3 contains previously unexplored keywords
such as heart rate and oxygen consumption, indicating a new
direction in karate-related fitness research.

o Centralization and Interrelationships of Variables: In
cluster 1, the keyword “human” has the highest betweenness
value 0f39.22 and a page rank 0f 0.064, making it the principal
information bridge in karate research. Cluster 2, “martial
arts;” has the highest betweenness value (22.93), indicating
a causal association between martial arts disciplines and
athletic and biomechanical performance analysis.

o Methodological Implications: The dominance of
mechanics and biology suggests that the research focus is
on physical performance. The presence of variables such
as randomized controlled trials in cluster 2 and controlled
studies in cluster 1 supports the finding that karate research
focuses on improving tougher standards. Furthermore,
networks such as injury topics in cluster 1 have a weaker
relationship than physical performance variables, indicating
that more research into injury prevention is needed.

RQ5: Research Topic Trends

« Initial Phase: Between 2009 and 2016, research trends
focused on basic physiology, such as heart rate, muscle,
skeletal, and lactic acid. This research aimed to further
analyze karate athletes’ profiles using standard physiology.

o Transition Phase: Between 2017 and 2020, algorithmic
research and community detection emerged, indicating
the introduction of computational technology into karate
research. This study began to extensively involve adolescent
and young adult participants to focus on early talent
development.
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o Current Phase: Between 2021 and 2025, the focus
switched toward elite athletes and athletic performance.
Cross-sectional methodologies became increasingly common,
providing for more robust and reliable empirical evidence.
Combat and performance-related topics gained prominence
in 2025, emphasizing the need to generate data that can be
applied in actual, international competitive contexts.

o Trend Analysis: The focus shifts from basic
physiological analysis to elite athlete athletic performance,
which reflects the final competitive outcome. However, there
is a discrepancy between general topics (192 frequency) and
specialized topics connected to elite athletes (6 frequency),
implying that karate research with elite athlete participants
remains limited.

RQ6: Thematic Evolution

« Transformation from tradition to technocracy: From
2000 to 2010, karate research focused on descriptive and
traditional concepts. This focus exemplified the academic
community’s early efforts to establish karate as a viable
discipline. From 2011 to 2025, there is a shift toward technical
issues, with the introduction of themes such as kinematics,
diagnostic imaging, and electromyography, proving that
karate research adhered to sports medicine standards and
advanced biomechanics.

« Population Diversity: The evolution of research
participants has expanded. While competitive athletes were
once dominant, themes that focus on mental health, such as
stress and aggression, have recently developed. This suggests
that karate research is not only concerned with fitness and
physical performance but also with mental health, indicating
that karate research is becoming more socially relevant.

« Methodological Evolution: Research is no longer
conducted separately on topics such as physiology and
digital technology, but rather within a research framework.
This evolutionary pattern is based on methodological
convergence, which involves merging physical and empirical
sensory data with in-depth psychological analyses.

RQ?7: Factorial Analysis

o Participant Centrality: Humans are crucial to research
participants since all studies rely on human participants
for identification, which includes both soft sciences such
as social and psychological aspects as well as hard sciences
such as biomechanics and physical components. Categories
such as young adult and middle age imply that research is
not confined to elite athletes but also includes broader health
and fitness aspects.

o Methodological Quality: The emergence of
methodologies such as randomized controlled trials and
controlled studies demonstrates that research data is very
reliable. The adoption of these methodologies represents a
move from observational to rigorous experimental research.

o Thematic Cluster Segmentation: The analysis suggests
a sharp fragmentation, with research with children
frequently isolated from complex biomechanical studies.
This issue highlights the necessity for research that combines
age-related developmental approaches with biomechanical
factors to better understand the efficiency and efficacy of
technical movements in karate.

o Academic Implications: Physically oriented and study
design aspects demonstrate the importance of balancing
methodologies with applicable research aims. Furthermore,
the intricacy of research necessitates greater caution in
selecting proper instruments and statistics to ensure
scientific integrity.

Conclusions

The conclusions of this bibliometric investigation are
described as follows. First, karate research has progressed
from a stagnant period between 2000 and 2009 to a peak
in 2024, suggesting that karate is a dynamic sports science
discipline. There has been a methodical shift from basic
physiological profiling research toward biomechanical
and computational technology, as well as the adoption
of rigorous procedures like randomized controlled trials.
Second, the organization of research expertise is still
controlled by two researchers, resulting in a productivity
gap with collaborative demands and requiring academic
regeneration to increase productivity and impact globally.
Third, the keyword “karate” as a driving motif symbolizes
stability, not in isolation from physical characteristics, but
in the process of integrating sensory data and mental health
into psychological aspects. Fourth, consider the challenges
and future research. Publication productivity must be
increased by multi-collaboration to avoid topic saturation
and relevance to current needs. To understand the efficacy
of karate techniques, age development (e.g., children and
adolescents) must be integrated using biomechanical
parameters. Although a recent study has focused on elite
athletes, the proportion at the elite level remains low (6
articles) compared to general karate research (192 articles),
indicating the need to expand elite athlete participation.
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Abstract

Objectives. Movement competence is fundamental to physical education, physical literacy, and sustained
participation in physical activity. This critical narrative synthesis examined contemporary experimental and
intervention-based evidence on movement-based interventions in children and adolescents, focusing on the
direction, consistency, specificity, transferability, and methodological limitations of reported effects.

Materials and Methods. A structured narrative review was used to identify and critically integrate literature
published from 2018 onward. Study selection considered population, design, intervention or experimental focus,
comparator, outcome domain, context, language, and relevance to the review question. Eighteen studies formed

the core evidence base: 16 intervention or comparative studies and two structured experimental assessment studies
addressing strength-effort regulation as a component of motor control. Evidence was synthesized thematically, with
attention to methodological strengths, limitations, inconsistencies, and transfer effects.

Results. Structured physical education and motor-competence programmes generally improved directly targeted
gross motor and fundamental movement skills. Structured play, balance-bike training, physical activity programmes,
and sport-based activities improved selected motor and fitness outcomes, but these gains did not consistently transfer
to broader motor competence. Coordinative interventions improved several balance, jumping, and coordination
outcomes, whereas effects on inhibitory control and other cognitive outcomes were inconsistent. Resistance training
improved selected muscular fitness and performance outcomes, therapeutic exercise improved specific fundamental
movement skills in a paediatric clinical population, and the FIFA 11+ Kids programme reduced overall injury
incidence by 57% (IRR = 0.43, 95% CI: 0.29-0.61). Strength-effort studies also suggested that force-regulation
accuracy may vary with the relative effort reproduced.

Conclusions. Contemporary evidence supports structured and developmentally appropriate movement experiences
for improving motor competence and selected related outcomes in children and adolescents. However, benefits are
often domain-specific, and improvements in directly practised abilities should not automatically be interpreted as
transfer to generalised motor competence, physical activity, or cognitive functioning. Intervention structure, task
specificity, progression, participant characteristics, and assessment methods appear to influence observed effects.
Future studies should distinguish direct training effects from broader developmental transfer.

Keywords: motor competence, physical education, movement-based intervention, paediatric exercise, fundamental
movement skills, physical literacy, narrative review, motor development.
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Introduction

Movement competence is increasingly recognized as a
central foundation of physical education, paediatric exercise,
and lifelong physical activity participation. It includes
fundamental movement and motor skills such as locomotor
skills, object-control skills, balance, coordination, body
management, effort regulation, and the capacity to adapt
movement to changing task and environmental demands.
Developmental models of motor competence suggest that
children progress through increasingly complex movement
stages, shaped by growth, maturation, instruction, practice
opportunities, and environmental exposure (Goodway et
al., 2019; Malina et al., 2004). From this perspective, motor
competence is not merely a physical outcome but an essential
developmental capacity linked with physical literacy, self-
confidence, participation, and long-term engagement in
health-enhancing physical activity (Lubans et al., 2010;
Piotrowski et al., 2025; Stodden et al., 2008).

The preschool and school years represent sensitive
periods for developing movement competence because
neuromuscular, perceptual, cognitive, and psychosocial
systems undergo rapid development during this phase.
Earlier evidence has shown that fundamental movement
skills are associated with habitual physical activity in young
children and may influence later activity behaviour and
weight-related outcomes (Fisher et al., 2005; Williams et al.,
2008). Motor-skill intervention evidence further suggests
that children’s movement competence can improve when
programmes are structured, developmentally appropriate,
and task-focused (Logan et al., 2012). Recent experimental
studies support this position, showing that brief physical
education interventions, specialist-led motor competence
programmes, and structured early-childhood activities can
improve gross motor skills, balance, manual dexterity, aiming
and catching, object movement, and broader fundamental
movement skills (Mulvey et al., 2018; Navarro-Patén et al.,
2024; Palmer et al., 2019; Strotmeyer et al., 2021).

Movement-based interventions have also expanded
beyond traditional physical education lessons into structured
play, playground design, family-based activity, technology-
supported activity, balance-bike training, and comparative
physical activity curricula. Evidence from partly structured
playground activity, painted playgrounds, mHealth-
supported motor skill programmes, family-based physical
activity, and balance-bike or structured physical activity
courses suggests that children may benefit most when
movement experiences combine enjoyment, repetition,
progression, feedback, and varied motor challenges (Koji¢ et
al., 2024; Navarro-Paton et al., 2024; Ren et al., 2025; Staiano
et al,, 2022; Tortella et al., 2022). Such findings indicate that
free play alone may not always be sufficient; rather, guided
and contextually meaningful activity may be needed to
support transferable motor development.

Recent evidence also highlights the cognitive-motor
value of coordinative and cognitively enriched physical
activity. Programmes involving coordination, balance,
decision-making, inhibition, perceptual discrimination,
and attention may contribute not only to physical fitness
and motor competence but also to selected executive and
attentional outcomes (Basarir et al., 2025; Sendil et al., 2024).
This is important because movement learning requires

the integration of perception, action, attention, and self-
regulation. Similarly, strength-effort assessment studies
among school-aged children and pre-adolescent girls show
that effort reproduction and force regulation are meaningful
components of motor control, particularly when children are
required to grade muscular effort across different thresholds
(Choudhary et al., 2024; Ivashchenko et al., 2019).

Movement competence is also highly relevant for children
with developmental coordination disorder, low motor
competence, overweight or obesity, and clinical paediatric
conditions. Developmental coordination disorder is associated
with impaired functional performance, reduced participation,
mental health difficulties, physical inactivity, and possible
weight-related concerns (Wilson et al., 2013; J. Yu et al,,
2016). Accordingly, therapeutic exercise, injury-prevention
programmes, resistance training, Zumba, and collaborative
or game-based pedagogies provide broader evidence that
structured movement can support fitness, rehabilitation,
physiological response, injury reduction, and movement
learning across paediatric, adolescent, and educational
exercise contexts (Al Attar et al,, 2023; P. K. Choudhary &
Dubey, 2024; S. Choudhary & Choudhary, 2025; Joschtel et al.,
2022; Kumar et al., 2025; Saha et al., 2026).

Therefore, the purpose of this critical narrative
synthesis was to examine contemporary experimental and
intervention-based evidence concerning movement-based
approaches and motor competence in physical education
and paediatric exercise contexts. Rather than determining
a pooled intervention effect, the review sought to critically
compare how structured physical education, guided play,
coordinative exercise, resistance training, injury-prevention
programmes, therapeutic exercise, sport-based activity,
and complementary experimental motor-control evidence
contribute to understanding motor development in children
and adolescents. Particular attention was given to the
consistency of findings across studies, the extent to which
improvements were specific to directly trained outcomes
or transferred to broader domains, the methodological
limitations of the available evidence, and the implications
of these patterns for physical education and future research.

Materials and Methods

The present study was designed as a structured critical
narrative review rather than a systematic review or meta-
analysis. The purpose of the review was to identify, organize,
compare, and interpret contemporary experimental
evidence relevant to movement-based interventions and
motor competence across physical education and paediatric
exercise contexts. A structured search and explicit selection
framework were used to improve transparency; however, these
procedures were intended to support the rigor of the narrative
synthesis rather than to claim exhaustive identification of all
eligible literature. Accordingly, the review was not conducted
according to PRISMA reporting requirements, did not seek
to generate a pooled treatment estimate, and should not be
interpreted as a systematic review.

Search Strategy

Relevant literature published from 2018 onward was
identified through a structured and iterative search of

851



ISSN 1993-7989. elSSN 1993-7997. ISSN-L 1993-7989. Physical Education Theory and Methodology. Vol. 26, Num. 5

Table 1. Selection framework for studies included in the core narrative synthesis

Criterion

Included in the core synthesis

Excluded from the core synthesis

Publication period

Study type

Population

Intervention or
experimental focus

Comparator or
experimental
contrast

Outcome domains

Context

Language and
accessibility

Role in synthesis

Studies published from 2018 onward, thereby
emphasizing contemporary experimental and
intervention-related evidence.

Randomized controlled trials, cluster-randomized
trials, pilot randomized trials, quasi-experimental
studies, controlled pre-post studies, pragmatic
comparative trials, and structured experimental
assessment studies with direct relevance to motor
control or movement competence.

Preschool children, school-aged children, adolescents,
child athletes, physically active youth, or paediatric
clinical populations when outcomes were directly
relevant to movement competence, motor skills,
physical fitness, exercise response, or physical
education.

Structured physical education, movement-based
programmes, motor-competence training, structured
physical activity, coordination training, guided play,
balance-bike activity, resistance training, therapeutic
exercise, injury-prevention programmes, sport-
based activity, neuromuscular training, or structured
experimental assessment directly examining motor-
control processes such as strength-effort regulation.

Control groups, usual physical education, free play,
wait-list conditions, standard warm-up, regular
school activity, active comparator groups, pre-post
comparisons, or structured within-participant/age-
group experimental comparisons.

Motor competence, fundamental movement skills,
gross motor development, locomotor and object-
control skills, balance, coordination, agility, force or
effort regulation, muscular fitness, aerobic fitness,
executive or cognitive-motor outcomes, physical
activity, exercise capacity, and movement-related
injury outcomes.

Preschool, kindergarten, school physical education,
youth sport, playground, after-school exercise,
structured training, paediatric rehabilitation, and
related child or adolescent exercise settings.

English-language publications with sufficient
bibliographic and methodological information to
permit interpretation of the design, participants,
procedures, and principal outcomes.

Studies meeting the above criteria and directly
contributing experimental evidence were retained in
the core characteristics table and narrative synthesis.

Studies published before 2018 were not included

in the core evidence table, although selected
foundational literature could be used for theoretical
or contextual discussion.

Systematic reviews, meta-analyses, scoping reviews,
narrative reviews, conceptual papers, editorials,
commentaries, protocols, validation studies, and
general observational or correlational studies without
intervention or relevant structured experimental
assessment.

Adult or university populations and populations
without a clear relationship to paediatric exercise,
physical education, motor development, child sport,
rehabilitation, or movement competence.

Studies without a relevant intervention, experimental
movement condition, structured assessment protocol,
or direct contribution to the movement-competence
question.

Studies without a meaningful intervention,
comparison, pre-post, or experimental contrast
relevant to interpretation of the review question.

Outcomes without a meaningful relationship to motor
competence, physical education, paediatric exercise,
physical fitness, movement development, cognitive-
motor control, or movement-related injury.

Contexts without a substantive movement, physical
education, exercise, sport, rehabilitation, or motor-
development component.

Sources with insufficient methodological information,
unclear publication details, non-traceable sources,

or insufficient information for meaningful
interpretation.

Conceptually relevant but non-core sources were used
only to provide theoretical, historical, diagnostic, or
interpretive context in the Introduction or Discussion.

academic databases, scholarly search platforms, publisher
databases, and reference lists. Sources used during
literature identification included PubMed, Google Scholar,
ScienceDirect, Taylor & Francis Online, SpringerLink,
MDPI, ResearchGate, and journal-specific sources relevant
to physical education, sport pedagogy, motor development,
rehabilitation, developmental psychology, and exercise
science. Publisher and scholarly-network platforms were
used to locate potentially relevant articles and bibliographic

information; decisions concerning inclusion in the core
synthesis were based on the characteristics and content of
the original scholarly publications.

Searches combined terms representing movement
competence, motor development, physical education,
children and adolescents, intervention or experimental
activity, coordination, and related outcomes. Representative
combinations included “physical education” AND
“motor competence”; “physical education” AND “motor

852



Syampurma, H., Pandey, G. S., Prasad, B, Verma, |, Sahu, M., Sahu, M., Dhoni, K., Bangari, D., & Astuti, Y. (2026). Movement-Based
Interventions and Motor Competence in Physical Education and Paediatric Exercise Contexts: A Narrative Synthesis of Experimental
Evidence

coordination”; “fundamental movement skills” AND
“children”; “motor development” AND “children” AND
“school”; “developmental coordination disorder” AND
“motor competence”; “movement-based intervention”
AND “physical education”; “coordination” AND “children”
AND °“exercise”; “structured physical activity” AND “motor
competence”; “strength effort” AND “children”; and “motor
control” AND “youth” Conceptually related terms such as
“movement competence,” “gross motor skills,” “coordination,”
“balance,” “motor ability,” “physical fitness,” “executive
function,” “physical activity,” “paediatric exercise,” and
“injury prevention” were also used where relevant. Reference
lists of relevant articles, reviews, and book chapters were
examined to identify additional studies directly aligned with
the purpose of the narrative synthesis.

The search strategy was deliberately broader than would
be expected for a narrowly defined intervention meta-
analysis because the objective of the review was to integrate
evidence across physical education, motor development,
fitness, cognitive-motor, preventive, and paediatric exercise
contexts. Nevertheless, only studies meeting the explicit
selection framework presented in Table 1 were retained as
core evidence for the narrative synthesis.

Source Selection

Potentially relevant sources identified during the literature
search were examined according to title, abstract, keywords,
study design, population, intervention or experimental
condition, outcome domain, and full-text relevance where
available. Sources were then classified according to their role
in the manuscript. Studies satisfying the selection framework
in Table 1 and contributing directly to the principal review
domains were retained as the core evidence base. Publications
that were useful primarily for theoretical background,
diagnostic context, previous review evidence, or conceptual
interpretation were not included in the main characteristics
table and were used only in the Introduction or Discussion.

This process resulted in a core evidence set of 18 studies.
Sixteen studies evaluated an intervention, programme,
or comparative movement condition, including physical
education-basedmotor-competence programmes, structured
physical activity, guided play, coordinative exercise, balance-
bike training, resistance training, therapeutic exercise,
sport-based activity, and injury-prevention programming.
Two additional studies (Ivashchenko et al., 2019; Choudhary
et al,, 2024) did not evaluate training effects but were
retained as complementary structured experimental
assessment studies because they directly examined the
regulation and reproduction of muscular effort, a motor-
control process relevant to the broader interpretation of
movement competence. These two studies were therefore
interpreted separately from intervention-effect evidence and
were not used to support claims concerning intervention
effectiveness. The number of studies included in the core
synthesis should consequently be understood as the set of
studies retained through the structured narrative selection
framework rather than as an exhaustive estimate of every
eligible publication in the international literature. Because
the study was conceived as a narrative review, a PRISMA-
style numerical screening flow was neither generated nor
retrospectively reconstructed.

Critical Appraisal of the Evidence

Because this manuscript was designed as a narrative
rather than systematic review, a formal systematic risk-
of-bias instrument was not used to generate study-level
risk-of-bias judgments or an overall quantitative quality
score. Nevertheless, methodological quality was explicitly
considered during interpretation of the evidence. Each core
study was examined in relation to study design, sample
size, presence and nature of a comparator, randomized
or non-randomized allocation where reported, duration
of intervention or observation, baseline comparability
where relevant, outcome measurement, follow-up, and the
extent to which the design supported causal interpretation.
Randomized and cluster-randomised studies were
considered to provide stronger evidence for intervention
effects than uncontrolled or non-randomized comparisons,
whereas pilot studies, small samples, convenience sampling,
intact-group allocation, baseline inequalities, lack of longer-
term follow-up, and absence of an appropriate control
condition were treated as factors requiring more cautious
interpretation. For structured experimental assessment
studies without an intervention, conclusions were restricted
to the motor-control phenomenon directly assessed and were
not interpreted as evidence of training effectiveness. The
purpose of this appraisal was not to rank studies numerically
but to prevent findings from methodologically different
designs from being treated as equivalent. Methodological
strengths and limitations were therefore integrated directly
into the narrative synthesis and Discussion when evaluating
consistency, causal interpretation, generalizability, and
transfer of effects.

Narrative Synthesis Procedure

The evidence was synthesized through an iterative
thematic and comparative narrative process. First, the 18 core
studies were classified according to study design, population,
movement or intervention characteristics, comparator,
outcome domain, and direction of findings. Second, studies
were organized into six evidence domains: (1) physical
education-based motor-competence interventions; (2)
structured play and gross-motor-development programmes;
(3) coordinative exercise and cognitive-motor outcomes;
(4) physical fitness and resistance-training interventions;
(5) injury-prevention and paediatric rehabilitation contexts;
and (6) complementary experimental evidence concerning
strength-effort regulation.

Third, findings were compared within and across
domains to identify convergence, inconsistency, and
outcome specificity. Particular attention was given to
whether an intervention improved only the directly
practised outcome or whether evidence suggested transfer to
broader motor, cognitive, physical-activity, or health-related
outcomes. Fourth, differences in study design, intervention
duration, frequency, comparator condition, participant
characteristics, and assessment method were considered
as possible explanations for divergent findings. No pooled
effect estimate was calculated because the evidence was
heterogeneous in population, study design, intervention
content, duration, comparator, and measurement approach.
The final synthesis therefore emphasized cross-study
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patterns, methodological interpretation, evidence of task
specificity and transfer, unresolved inconsistencies, and
implications for future physical education and paediatric
exercise research.

Results

The core narrative synthesis comprised 18 studies that
satisfied the structured selection framework described in
Table 1. Sixteen studies evaluated structured interventions
or comparative movement programmes, whereas two studies
(Ivashchenko et al., 2019; Choudhary et al., 2024) used
structured experimental assessment procedures to examine
strength-effort regulation without implementing a training
intervention. The latter were retained as complementary
motor-control evidence and were interpreted separately
from studies evaluating intervention effectiveness.

The intervention studies involved preschool children,
school-aged children, adolescents, youth athletes, and a
paediatric clinical population and included randomized
controlled trials, cluster-randomized trials, pilot randomized
trials, quasi-experimental studies, controlled repeated-
measures studies, and pragmatic comparative designs.
Intervention formats included physical education-based
motor-competence programmes, structured movement
activity, guided play, motor-skill programmes, balance-
bike training, coordinative exercise, resistance training,
therapeutic exercise, sport-based activity,and neuromuscular
injury-prevention programmes. Table 2 summarizes the
study designs, participants, intervention or experimental
conditions, comparator conditions, principal quantitative
findings, and direction of effects.

Critical Narrative Synthesis of Findings

The evidence was generally favourable toward structured
movement-based programming, but the findings were
neither uniform nor equally transferable across outcome
domains. A central pattern was that the strongest effects
tended to occur in abilities that were directly targeted by
the intervention. Structured physical education and motor-
skill programmes produced comparatively consistent
improvements in motor competence and fundamental
movement skills, whereas evidence for broader transfer to
physical activity or cognitive outcomes was more variable.
This distinction is important because improvement in
a trained skill cannot automatically be interpreted as
generalized improvement in motor development.

Physical education-based interventions provided
some of the clearest evidence that intentionally structured
instruction can improve motor competence. Mulvey et al.
(2018), Palmer et al. (2019), Strotmeyer et al. (2021), and
the studies by Navarro-Patén and colleagues generally
demonstrated favourable changes following structured
or specialist-led movement programmes. Nevertheless,
the effects were domain-specific. Strotmeyer et al. (2021),
for example, demonstrated an intervention advantage for
object movement but not self-movement, whereas Palmer
et al. (2019) reported substantial motor-skill gains without
evidence that these gains translated into greater physical
activity during subsequent outdoor free play. The evidence

therefore supports structured instruction more strongly for
skill acquisition than for generalized behavioural transfer.

Structured play and gross-motor-development
programmes showed a similar pattern. Koji¢ et al. (2024),
Macak et al. (2022), Navarro-Patén et al. (2024), Ren
et al. (2025), and Tortella et al. (2022) demonstrated that
structured or targeted movement experiences can improve
selected motor and fitness outcomes. However, Tortella et
al. (2022) found improvement in playground-specific tasks
without significant change in broader standardized motor-
competence measures. This finding provides an important
counterpoint to the generally favourable evidence and
suggests that practising a specific movement environment
may improve performance within that environment without
necessarily producing generalized motor competence.

Evidence concerning cognitive-motor outcomes was
less consistent than evidence concerning physical outcomes.
Mulvey et al. (2018) reported improvement in executive-
function performance alongside motor improvement,
whereas Sendil et al. (2024) and Bagarir et al. (2025) reported
favourable changes in selected motor or physical outcomes
without consistent improvement in inhibitory control. These
contrasting findings suggest that motor complexity alone
may not guarantee cognitive transfer. The cognitive demands
embedded within an intervention, including decision-
making, response inhibition, stimulus discrimination, and
adaptation to changing information, may be important,
although the available studies are insufficient to establish
which programme characteristics are necessary to produce
such transfer.

Fitness-oriented evidence also demonstrated
outcome specificity. Daily physical activity and structured
resistance training improved selected fitness measures,
but improvements did not occur uniformly across every
measured variable. Choudhary and Choudhary (2025), for
example, reported favourable changes in several strength,
power, speed, and fitness outcomes without significant
changes in BMI or flexibility. These findings reinforce the
principle that adaptations should be interpreted in relation
to the stimulus actually provided rather than assuming that
a general exercise programme will influence all dimensions
of health or fitness equally.

The injury-prevention and therapeutic-exercise studies
extended the relevance of movement-based programming
beyond conventional physical education. Al Attar etal. (2023)
reported substantially lower injury incidence following the
FIFA 11+ Kids programme, whereas Joschtel et al. (2022)
demonstrated improvements in locomotor and object-
control skills following play-based therapeutic exercise
in children with non-cystic fibrosis bronchiectasis. These
findings support the potential value of structured movement
in preventive and rehabilitative settings but should be
interpreted within their population-specific contexts.

The two strength-effort studies made a different
contribution. Ivashchenko et al. (2019) and Choudhary et
al. (2024) did not test movement interventions and therefore
do not provide evidence regarding programme effectiveness.
Instead, they suggest that children’s ability to reproduce
muscular effort varies according to the relative force level
being reproduced. Their contribution to the present synthesis
is consequently mechanistic and contextual, supporting
the broader proposition that motor competence includes
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Key Quantitative Findings Direction of Effect

Intervention Dose Comparator / Control

Study design/Sample

Table 2. Continued
Study
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physical or motor abilities explicitly addressed by programme
content. Resistance training predominantly improved
strength-, power-, and performance-related outcomes;
balance-bike training improved selected dimensions of
motor competence and balance; neuromuscular warm-
up training reduced injury incidence; and therapeutic
exercise improved specific locomotor and object-control
abilities. Conversely, outcomes not directly targeted by the
intervention were less consistently affected.

This principle is illustrated particularly clearly by
findings in which some outcomes improved while others
did not. Strotmeyer et al. (2021) observed differential effects
for object movement and self-movement. Choudhary and
Choudhary (2025) reported substantial improvements
across several fitness measures but no significant changes
in BMI or flexibility. Basarir et al. (2025) demonstrated
improvements in selected jumping and dynamic-balance
outcomes while several other coordination and inhibition
outcomes remained unchanged. Such findings argue against
describing movement interventions as producing a single
generalized developmental effect. Instead, programme
effectiveness should be interpreted in relation to the
match between the intervention stimulus and the outcome
being assessed. This has important implications for both
research and practice: an intervention should first specify
the developmental characteristic it intends to influence
and then provide sufficient task exposure, progression, and
measurement sensitivity to evaluate that characteristic.

Transfer: Improvement in Practised Skills

The third and perhaps most important finding
concerns transfer. Several studies demonstrated substantial
improvementin directly practised or closely related outcomes
without equivalent improvement in broader or less directly
trained domains. Tortella et al. (2022), for example, found
improvements in playground-specific performance but
not in generalized motor competence measured through
broader test batteries. Palmer et al. (2019) demonstrated
marked improvements in fundamental motor skills, yet the
intervention did not produce corresponding between-group
differences in physical activity during outdoor free play.

These results indicate that intervention success should
be considered at different levels. The first is direct learning of
the practised task. The second is near transfer to related but
untrained motor abilities. The third is far transfer to broader
outcomes such as habitual physical activity, generalized
motor competence, executive function, participation, or
long-term physical literacy. The present evidence provides
comparatively strong support for direct task improvement
and some evidence for near transfer, but substantially less
consistent evidence for far transfer.

This distinction is important because movement
competence is often discussed as a pathway toward broader
physical activity and health outcomes. Although such
developmental relationships are theoretically plausible and
supported by broader literature, individual intervention
studies cannot establish them merely by demonstrating
improvement in a specific motor test. Future research should
therefore assess transfer directly rather than infer it from
improvements in trained skills.

Cognitive-Motor Benefits

The evidence concerning cognitive outcomes was
particularly inconsistent. Mulvey et al. (2018) demonstrated
an improvement in executive-function performance
alongside motor-competence gains. In contrast,
coordination-based interventions reported by Sendil et al.
(2024) and Bagarir et al. (2025) did not produce consistent
improvements in inhibitory control despite improvements
in selected motor or fitness outcomes.

These findings suggest that improving motor
coordination does not automatically result in cognitive
improvement. One possible explanation is that cognitive
adaptation depends upon the cognitive demands embedded
within the movement task. Activities requiring response
selection, inhibition, anticipation, memory, perceptual
discrimination, or adaptation to unpredictable information
may provide a different stimulus from repetitive coordination
activities even when both are physically demanding.
Intervention frequency, duration, developmental stage, and
sensitivity of cognitive assessment may also contribute to the
inconsistent findings.

The present evidence is therefore insufficient to support
broad claims that movement-based intervention improves
executive functioning in general. A more defensible
conclusion is that selected cognitively demanding movement
programmes may influence specific cognitive outcomes,
but the conditions necessary to produce reliable cognitive
transfer remain uncertain.

Intervention Dose Cannot Be Interpreted
Solely as Programme Duration

Considerable variation was evident in intervention
duration and frequency. Some programmes lasted only
several weeks, whereas others extended for several months.
Importantly, longer programmes were not uniformly
superior across all outcomes, and comparatively brief
specialist-led interventions sometimes produced substantial
improvements.

This suggests that intervention dose should not be
conceptualized solely in terms of number of weeks or
sessions. Active practice time, task repetitions, movement
complexity, progression, instructional quality, feedback,
participant engagement, and fidelity may all contribute to
the effective dose received by participants. Two interventions
of equal duration may therefore provide markedly different
developmental stimuli.

The current evidence base does not permit identification
of an optimal dose for motor-competence development.
Future research should report the active components of
interventions more precisely and directly compare alternative
frequencies, durations, and progression strategies.

Methodological Differences Affect
the Strength of the Evidence

The generally favourable direction of findings should also
be considered in relation to methodological heterogeneity.
The evidence base included randomized controlled trials,
cluster-randomized designs, pilot trials, quasi-experimental
studies, pragmatic comparisons, and structured experimental
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assessments. These designs do not provide equivalent levels
of causal evidence. Randomized and cluster-randomized
trials provide comparatively stronger protection against
selection-related explanations than non-randomized
designs. In contrast, several quasi-experimental studies
used intact groups, convenience sampling, or populations
with initial between-group differences. Navarro-Patoén et al.
(2024), for example, reported several significant baseline
differences before the balance-bike intervention. The pilot
trial by Joschtel et al. (2022) involved only 21 participants,
making its findings important for feasibility and preliminary
effect estimation but less suitable for broad generalization.
Similarly, Ren et al. (2025) included only 15 participants in
each of three active intervention groups and did not include
a no-intervention control condition.

Outcome measurement was another source of
heterogeneity. Some studies used established motor-
development assessments, whereas others evaluated fitness
tests, task-specific outcomes, cognitive tasks, or injury
incidence. Consequently, apparent differences between
programmes may reflect not only intervention effectiveness
but also differences in what was measured and how closely
the assessment corresponded to the intervention.

These methodological differences do not negate the
positive findings, but they require caution when making
generalized causal statements. The literature is more
convincing in demonstrating that structured programmes
can improve selected proximal outcomes than in establishing
that such improvements persist over time or generalize
across developmental domains.

Complementary Evidence on Strength-Effort Regulation

The experimental strength-effort studies should be
interpreted separately from the intervention literature.
Ivashchenko et al. (2019) and Choudhary et al. (2024) did
not evaluate training programmes; accordingly, they cannot
establish whether movement intervention improves motor
competence. Their relevance lies instead in demonstrating
that children must regulate and reproduce graded levels of
muscular force and that accuracy appears to differ according
to the relative effort required.

This evidence broadens the conceptual interpretation
of motor competence by highlighting force regulation as a
component of movement control. Effective performance in
throwing, jumping, landing, pushing, pulling, balancing, and
many sport-specific skills depends not only on producing
force but on scaling force appropriately to the task. Strength-
effort regulation therefore represents a potentially relevant
but comparatively underexplored motor-control dimension.
Future intervention research could determine whether this
ability is trainable and whether improvements transfer to
functional movement performance.

Original Conceptual Contribution: A Structure-
Specificity-Transfer Perspective

The principal conceptual contribution emerging from
this synthesis is a structure-specificity-transfer perspective
for interpreting movement-based interventions. Structure
refers to the recurring advantage of intentionally organized,
progressive, and guided movement experiences over

exposure alone. Specificity refers to the tendency for the
strongest improvements to occur in outcomes closely
aligned with the training stimulus. Transfer refers to the
less consistent evidence that improvements extend beyond
directly practised abilities to generalized motor competence,
physical activity, cognition, or other distal developmental
outcomes.

This perspective should not be interpreted as a formally
validated theoretical model. Rather, itrepresents an evidence-
informed interpretation generated through comparison of
the included studies. Its value lies in preventing an overly
broad conclusion that any structured movement intervention
will automatically produce multidimensional developmental
benefits.

The current evidence more strongly supports the
proposition that appropriately structured programmes
can improve specific targeted capabilities. Whether
these improvements subsequently generalize depends
on task variability, programme content, developmental
characteristics, measurement approach, and potentially the
duration and quality of exposure. Future research should
therefore ask not only whether an intervention works, but
what it improves, why it improves that outcome, whether the
improvement transfers, and whether the effect persists after
the intervention ends.

Practical Implications for Physical
Education and Paediatric Exercise

The findings have direct implications for physical
education teachers, coaches, paediatric exercise specialists,
and rehabilitation professionals. First, motor competence
should be treated as a central learning outcome within
physical education rather than as an assumed by-product of
general participation. Evidence from PE-based interventions
indicates that children improve when they receive structured
practice in locomotor, object-control, balance, coordination,
and body-management tasks (Mulvey et al., 2018; Navarro-
Patén, Martin-Ayala, et al., 2021; Palmer et al., 2019;
Strotmeyer et al., 2021). These skills should therefore be
systematically embedded within preschool and school
PE curricula. Second, early screening and monitoring
of motor competence should be strengthened. Children
with low motor competence, developmental coordination
difficulties, overweight, or low physical confidence may
require adapted instruction and additional support. Tools
such as the Movement Assessment Battery for Children-2
and related checklists have been widely used for identifying
motor difficulties and monitoring developmental progress
(Serbetar et al., 2019). Screening is especially important
because developmental coordination disorder may affect
school function, participation, physical activity, and
psychosocial well-being (Wang et al., 2009). Third, physical
education should combine structured instruction with
play-based exploration. The evidence suggests that free play
alone may not always produce broad motor development,
whereas partly structured activity, balance-bike training,
structured movement activities, and guided gross motor
programmes can produce meaningful improvements
(Koji¢ et al.,, 2024; Navarro-Paton et al., 2024; Ren et al,,
2025; Tortella et al., 2022). Teachers should therefore design
lessons that preserve enjoyment and autonomy while also
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ensuring progression, repetition, feedback, and skill variety.
Fourth, coordination-based and cognitively enriched
activities should be used more deliberately in PE lessons.
Activities involving decision-making, response inhibition,
sustained attention, perceptual discrimination, rhythm,
spatial orientation, and rapid adjustment may support
both motor and cognitive-motor development (Basarir et
al., 2025; Sendil et al., 2024). This is particularly relevant
for physical literacy, which includes physical, cognitive,
affective, and social dimensions. Fifth, age-appropriate
resistance training and neuromuscular exercises should be
integrated into adolescent PE and after-school programmes.
Choudhary & Choudhary (2025) showed that structured
resistance training can improve muscular endurance, power,
speed, aerobic capacity, balance, and coordination. Such
programmes should emphasize technique, progression,
supervision, bodyweight control, and safe exercise habits
rather than maximal loading. Sixth, youth sport settings
should include structured injury-prevention warm-ups.
The FIFA 11+ Kids evidence suggests that neuromuscular
warm-up programmes can reduce injury rates among child
soccer players when implemented consistently (Al Attar et
al., 2023). These programmes are practical because they can
be integrated into regular training and match preparation
without requiring complex equipment. Finally, paediatric
rehabilitation and adapted PE programmes should use task-
oriented and goal-directed movement activities. Evidence
from DCD intervention research supports the value of
motor-based, task-oriented, and participation-focused
approaches (Smits-Engelsman et al., 2018; Thornton et
al,, 2016; J. J. Yu et al., 2018). For children with clinical
conditions or motor delays, therapeutic exercise should be
playful, functional, progressive, and connected to everyday
movement participation.

Limitations

Several limitations should be considered when
interpreting this narrative synthesis. First, although a
structured search and explicit selection framework were
used to increase transparency, the study was conceived
as a narrative review and was not designed to provide
exhaustive identification of all potentially eligible literature.
Consequently, the 18 core studies should be understood as
a deliberately selected contemporary evidence base rather
than as a complete census of all studies in the field.

Second, the review was restricted to English-language
and sufficiently accessible scholarly publications from
2018 onward. Relevant non-English, older, regional, or
less accessible evidence may therefore not have been
represented. The decision to emphasize contemporary
literature improves the relevance of the synthesis to current
physical education and paediatric exercise practice but limits
historical comprehensiveness.

Third, considerable methodological and clinical
heterogeneity existed across the core studies. Populations
ranged from preschool children to adolescents, youth
athletes, and a paediatric clinical population. Study designs
included randomized, cluster-randomized, pilot, quasi-
experimental, pragmatic, and structured assessment
approaches. Intervention duration, frequency, instructional
format, comparator conditions, and outcome measures

also varied considerably. These differences limit direct
comparison between studies.

Fourth, methodological quality was evaluated
narratively rather than by means of a formal systematic risk-
of-bias instrument. This approach was consistent with the
narrative design of the review but does not provide domain-
level risk-of-bias judgments comparable with those expected
in a systematic review. The findings should therefore be
interpreted as critical narrative integration rather than as
evidence graded according to a formal certainty framework.

Fifth, several studies had methodological characteristics
requiring cautious interpretation, including small samples,
non-randomized allocation, convenience sampling, baseline
between-group differences, limited information concerning
long-term follow-up, and heterogeneous assessment
procedures. Such limitations reduce the strength with which
causal and generalized conclusions can be drawn.

Sixth, not all reported improvements represented
broader transfer. Some interventions produced substantial
changes in directly practised or task-specific outcomes
without corresponding improvements in generalized motor
competence, physical activity, or cognitive measures. Future
studies should therefore distinguish direct training effects
from near and far transfer.

Finally, two of the 18 core studies were structured
experimental assessment studies rather than intervention
trials. These studies were deliberately retained because they
provided complementary information concerning strength-
effort regulation as a motor-control process, but they were
interpreted separately and should not be considered evidence
of intervention effectiveness.

Future Research Directions

Future research should move beyond establishing
whether movement-based programmes produce statistically
significant pre-post improvements and focus more explicitly on
intervention mechanisms, specificity, transfer, and sustainability.
Larger and methodologically rigorous randomized and cluster-
randomized trials are required, particularly in school-based
settings. Studies should clearly report allocation procedures,
participant flow, adherence, intervention fidelity, assessor
procedures, and prespecified primary outcomes.

A major priority should be to distinguish directly
trained improvement from broader transfer. Future studies
should include outcomes representing the practised task,
related but untrained motor abilities, and more distal
outcomes such as habitual physical activity, participation,
cognitive functioning, psychosocial well-being, or physical
literacy. This would make it possible to determine whether
interventions improve only what children practise or
whether their effects generalize meaningfully beyond the
intervention context.

Intervention dose also requires more precise
investigation. Researchers should report not only
programme duration and weekly frequency but also active
practice time, movement repetitions, task complexity,
progression, feedback, participant engagement, and
instructor characteristics. Comparative studies examining
different doses and instructional structures would help
determine which programme components are responsible
for observed improvements.
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Greater consistency in assessment would also
strengthen the field. Use of common, validated motor-
competence outcome measures alongside intervention-
specific assessments would make it easier to distinguish task
learning from generalized developmental improvement and
would facilitate future quantitative synthesis.

The inconsistent cognitive findings require particular
attention. Future studies should describe the perceptual
and cognitive demands embedded within movement
programmes and determine whether activities involving
decision-making, inhibition, anticipation, working memory,
or stimulus-response adaptation produce different outcomes
from predominantly repetitive coordination training.

Long-term follow-up should be incorporated wherever
feasible to determine whether improvements persist after
structured intervention ends. Future research should also
include more diverse populations, particularly children
with low motor competence, developmental coordination
difficulties, disabilities, overweight or obesity, and clinical
conditions.

Finally, the complementary findings concerning
strength-effort regulation suggest a further research
direction. Experimental intervention studies should
determine whether force-regulation accuracy can be
systematically trained and whether improvement in effort
grading contributes to broader movement competence,
sport skill, or functional motor performance.

Conclusions

This critical narrative synthesis indicates that structured
movement-based interventions can improve motor
competence and selected related outcomes in children and
adolescents, but the available evidence does not support
the assumption of a uniform effect across all developmental
domains. The most consistent benefits were observed
when activities were intentionally structured, progressively
delivered, and closely aligned with the outcomes being
assessed.

Cross-study comparison suggests three important
principles. First, structured and guided movement
experiences generally appear more reliable for targeted
motor development than exposure or unstructured
activity alone. Second, intervention effects are frequently
specific to the abilities directly addressed by programme
content. Third, transfer from practised skills to broader
motor competence, habitual physical activity, or cognitive
functioning is less consistent and should be demonstrated
rather than assumed. These patterns support a structure-
specificity-transfer perspective for interpreting movement-
based programming. Although this perspective requires
further empirical testing, it offers a more cautious
explanation of why some programmes produce substantial
improvements in selected outcomes while showing limited
effects elsewhere. Methodological heterogeneity, variation in
participant characteristics, mixed study designs, differences
in assessment, and limited long-term follow-up restrict the
strength of broad causal conclusions. The two experimental
strength-effort studies additionally provide complementary
rather than intervention-effect evidence and highlight force
regulation as an underexplored aspect of motor control.
For physical education teachers, coaches, and paediatric

exercise professionals, the practical implication is that
movement programmes should be designed around clearly
defined developmental objectives and should incorporate
appropriate structure, progression, variation, and feedback.
Future research should determine not only whether
movement programmes produce improvement, but whether
those gains persist, generalize beyond the trained task,
and ultimately contribute to broader physical literacy and
sustained participation in physical activity.
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Hs 2060 eKCIIepUMEHTY, HasABHICTb I'PYIM HOPiBHAHHSA, Cepy OLiHIOBAaHMX Pe3y/IbTaTiB, KOHTEKCT, MOBY Ta Bi/IIIOBIfHICTD HOCTIA-
HUILIBKOMY NMuTaHHI. OCHOBHY 0Ka30BYy 6a3y cTaHOBIWIN 18 mocmifkeHb: 16 iHTepBeHIITHIX a00 HOPIBHANBHNX JOCTIKEHD i
IBa CTPYKTYPOBaHI eKCIIepMMEHTA/IbHI JOCTI/KEHHS, IPUCBSYEH] Pery/sinii M I30BUX 3yCU/Ib IK KOMIIOHEHTY PYXOBOTO KOHTP-
omo. JlaHi CMHTe3yBa/IM TeMaTUYHO 3 YPaXyBaHHAM METOJO/IOTIYHNX IIepeBar, 0OMe>KeHb, CyIepeYHOCTel! i epeKTiB mepeHoCy.

Pesynbratu. CTpykrypoBaHi mmporpamn (Gisu4HOTO BUXOBAHH: Ta PO3BUTKY PYXOBOI KOMIIETEHTHOCTI 3arajioM CIIpUsIIN
HOJIIIIeHHI0 6e3II0cepeJHbO TPEHOBAHNX IPyOUX PyXOBUX i QyHJAMEHTAIbHUX PYyXOBMX HaBM4YOK. CTPYKTypOBaHa rpa, Tpe-
HYBaHHs Ha OajaHC-Be/IocuIei, mporpamy (GisndHOI aKTUBHOCTI Ta CIIOPTUBHO-OPIEHTOBAHI 3aHATTS MOKpPAIYBaIN OKpeMi
HOKa3HMKM PyXOBOI IiArOTOB/IEHOCTI Ta (i3M4HOI Ipalie3NaTHOCTI, OHAK I 3MiHM He 3aBXK/ IepeHOCUIVCA Ha IMPLIY PyXOBY
KOMIleTeHTHicTb. KoOpayHaIiiiHi BTpy4aHHs MO3UTUBHO BIUIMBAIM Ha HU3KY ITOKasHMKIB piBHOBAru, CTpUOKOBUX 3Ai0HOCTEI!
i KooppMHALil, TOAI SIK Pe3y/IbTaTH IIONO Ta/IbMIBHOTO KOHTPOIIO Ta IHIINX KOTHITMBHUX MOKa3HUKIB OY/IM HEOJHOSHAYHVIMIL.
CuioBi TpeHyBaHHSA IOKpAI[yBalu OKpeMi IIOKasHUKM M A30BOI MiATOTOBIEHOCTI Ta (i3M4YHOI Mpalje3faTHOCTI, TepaleBTIYHi
BIIpaBM — OKpeMi pyH/jaMeHTa/IbHi pyX0Bi HaBMYKM Y NeiaTpUyHil KIiHiuHi nonynsawii, a mporpama FIFA 11+ Kids sHyxysana
3arajbHy 4acToTy TpaBM Ha 57% (IRR = 0,43; 95% [I: 0,29-0,61). [JocmimKeHHA perynAiil M A30BUX 3yCUIb TAKOX 3aCBITIMIIN,
110 TOYHICTD BiITBOPEHHSA 3YCUIUIA MOXKE 3aJI€XKATH Bifl BifTHOCHOI BETMYMHY BifITBOPIOBAHOTO 3YCHUJINIA.

BucnoBku. CydacHi faHi HiTBEpIXYIOTh eeKTUBHICTb CTPYKTYpPOBAHOTO Ta BiNIOBi[JHOTO BiKOBOMY PO3BUTKY PYXOBOTO
TOCBIfly sl OKpAIeHHs] PYXOBOI KOMIIETEHTHOCTI 11 OKPEMIX IIOB’sI3aHNX i3 Hel MOKAa3HMKIB y Aiteit i mifytiTkiB. BogHowac
edexTy 9acTo MaTh crerQivHu XapaKTep, TOMY HMOJIIIIeHHs 6e3I0cepeHbO TPEHOBAHMX 3[i0HOCTeI! He C/Tifj aBTOMATUYHO
TPAKTYBATH SIK lePEHECEHHS Ha 3ara/ibHy PYXOBY KOMIIETEHTHICTD, PisMYHY aKTUBHICTb ab60 KorHiTuBHe (yHKIjioHyBaHH:. Ha
BEJIMYNHY CIOCTePEeXYBaHUX e(eKTiB, IMOBIpHO, BIVIMBAIOTh CTPYKTypa BTPYYaHH:A, CIELM(IYHICTD 3aBIaHb, IPOrPeCyBaHHs
HaBaHTa)KeHHs, XapaKTEPUCTUKY YIaCHMUKIB i METO/IM OLIiHIOBaHH:A. Y Ma1716yTHix TDOCTIIKEeHHAX HeOOXiTHO YiTKO PO3MeXOBYBa-
i1 Ge3nocepesHi TpeHyBabHi e)eKTH Ta IMPLINIT PO3BUTKOBMIL IEPEHOC.
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Abstract

Objectives. The development of school physical education requires effective means for improving motor skills,
coordination, and speed-strength qualities. Judo is one such means, and the effectiveness of teaching its technical
actions depends on the objective assessment of movement biomechanics. This study aimed to determine the
biomechanical parameters of the O-goshi throw in highly trained schoolchildren, develop an original biomechanical
model based on tensodynamometric indicators and correlation analysis, and identify the most informative
characteristics of its movement structure.

Materials and Methods. The study involved 77 male high school students aged 15-16 years. The general group

(n = 63) consisted of beginners in judo, while the model group (n = 14) included advanced athletes (Candidates for
Master of Sports of Ukraine and medalists of Ukrainian championships). Biomechanical parameters of O-goshi were
recorded using a force plate. Force (Fzmax, Fmax, Fmax/P, GRAD, I), time (Tps, Tmax, Tmax+To, Tsum), and spatial
(Hmax) parameters were analyzed. The biomechanical model was developed from the model-group data using
correlation analysis and normalization of the sums of absolute correlation coefficients. Each participant performed
three trials, and the mean values were analyzed.

Results. The highest relative contribution to the biomechanical model was observed for force gradient (11.13%).
High informational value was also found for maximum vertical reaction force (Fzmax, 10.37%), resultant maximum
force (Fmax, 10.28%), and force impulse (10.17%). Strong correlations between force and force-time parameters
indicated their close interaction during O-goshi execution.

Conclusions. The developed biomechanical model identified the most informative force, time, and force-time
characteristics of O-goshi in highly trained schoolchildren. The findings may be used for biomechanical monitoring
and comparative assessment of performance across different training levels.

Keywords: judo, biomechanics, force-time characteristics, O-goshi, biomechanical model, schoolchildren.

Introduction Judo is a highly dynamic Olympic martial art in
which the effectiveness of offensive techniques is largely
determined by the rational spatial and temporal organization
of movements, the ability to quickly generate force, and the

optimal utilization of the athlete’s strength during a throw.

In the curriculum “Physical Education: 10-11 Grades.
Standard Level,” approved by the Ministry of Education and
Science of Ukraine, the “Judo” elective module is designed

to develop specific motor skills and abilities, as well as
coordination, speed-strength motor qualities, balance,
and the ability to effectively perform technical movements
under varying conditions of physical activity (Ministry of
Education and Science of Ukraine, 2022). The use of judo
techniques in the physical education of high school students
contributes to the development of specific motor skills
necessary for mastering throwing techniques, as confirmed
by the results of recent domestic studies (Filina, 2025).

© Nosko, M., & Shmelov, S., 2026.
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i LLCOVS

Neuromuscular performance and lower-limb power
have been identified as critically important factors in judo
performance. It has been shown that improving lower-limb
power and counter-movement jump (CM]) parameters
contributes to better performance on the Special Judo Fitness
Test and improved throwing performance (Ho et al., 2025).
Furthermore, repeated competitive bouts significantly
influence the development of force impulse and indicators
of bilateral strength deficit, highlighting the sensitivity of
strength and strength-time characteristics to the onset of
fatigue (Kons et al., 2026).
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Contemporary biomechanical studies of specific judo
techniques are of considerable interest. For example, a
kinematic analysis of the Uchi-mata technique showed that
higher-level athletes demonstrate greater center-of-mass
velocity and more effective coordination of movements
during the preparatory phase of the throw (Hamaguchi
et al., 2024). Furthermore, it has been established that
the kinematic characteristics of the lower limbs during
the execution of the Uchi-mata throw differ significantly
between judokas who specialize in this technique and
those who do not. This confirms the existence of specific
biomechanical characteristics of individual judo techniques
and the need for their individual research (Brito et al., 2025).
A biomechanical assessment of the Sode-tsurikomi-goshi
and Tsurikomi-goshi techniques also revealed significant
differences in acceleration and velocity metrics, confirming
the value of using quantitative biomechanical metrics to
analyze throwing techniques (Pantelidou et al., 2025).

Beyond technique-specific descriptions, recent work
indicates that skill level in judo is expressed through the
coordination of center-of-mass motion, segmental rotation, and
momentum transfer. In seoi-nage, elite judokas demonstrate
greater relative forward velocity of the whole-body center of
mass than collegiate athletes (Ishii et al., 2018). More recent
three-dimensional analyses combining motion capture and
force platforms have identified center-of-mass control, linear
and angular momentum, and rotational force generation as
objective characteristics of technically proficient execution
(Ishii & Koshida, 2025, 2026). These findings support the use
of integrated biomechanical indicators rather than isolated
variables when describing the structure of a judo throw.

Domestic studies indicate that the teaching of complex
technical movements should be based on the step-by-step
development of motor skills, systematic pedagogical monitoring,
and objective assessment of the quality of movement execution
(Krutsevich et al., 2017; Platonov, 2004). For the technical
training of judokas, the use of model characteristics is of great
importance, as they allow for the objectification of the process
of monitoring and refining technique (Platonov, 2004). The
development of biomechanical models for individual technical
techniques enables a comprehensive quantitative description
of their force, time, and force-time characteristics, thereby
providing a scientific basis for the objective evaluation of
technique and its further improvement.

An important area of contemporary research is the use
of biomechanical monitoring to quantitatively assess athletes’
technical readiness. The use of force-measurement methods
makes it possible to determine the force and force-time
characteristics of technical movements, as well as to develop
model indicators of technique for athletes of various skill
levels (Harkusha, 2016). At the same time, the effectiveness of
mastering complex technical movements depends to a large
extent on the level of development of motor coordination skills,
which ensure the synchronization of movement phases and the
stability of technical execution (Nosko et al., 2023).

Force-platform studies also show that interaction with
the support surface is directly related to the mechanical
effectiveness of throwing actions. In Harai-goshi, advanced
judokas differ from novices in the horizontal force applied
by the supporting leg and in sweeping-leg velocity (Pucsok
et al., 2001). In osoto-gari, higher technical proficiency
is associated with greater segmental angular velocities

and angular momentum transfer (Liu et al., 2024), while
ground-reaction-force components and ankle-joint kinetics
are related to sweeping-leg velocity at contact (Liu et al.,
2025). Thus, force, temporal, and force-time characteristics
can be considered complementary components of the same
movement organization.

Advances in modern biomechanical analysis tools and
wearable sensor systems are expanding the possibilities
for objective, quantitative assessment of the kinetic and
kinematic characteristics of technical movements in martial
arts (Xue et al., 2025). At the same time, modern concepts
of athletic training indicate that high performance in judo
is achieved through the complex interaction of technical,
neuromuscular, coordinative, and psychological components
(Schoof et al., 2024). However, most current studies focus
on specific judo techniques, physiological characteristics,
or the evaluation of training program effectiveness, while
the development of biomechanical models for individual
throws and the comprehensive analysis of their force, time,
and force-time characteristics remain under-explored.

In adolescent judo athletes, the interpretation of
biomechanical and performance characteristics also requires
attention to training experience and maturation. Somatic
maturation, body size, and training experience contribute to
variation in neuromuscular and judo-specific performance
in young athletes (Detanico et al.,, 2020), and higher
competitive level in youth judo is associated with greater
training experience and superior strength- and power-
related performance (Detanico et al., 2022). Accordingly,
biomechanical model characteristics for school-age judokas
are most informative when interpreted within comparable
age and training contexts.

Thus, an analysis of current research indicates that,
despite the active development of biomechanical methods
for assessing the technical readiness of judo athletes,
comprehensive studies aimed at developing a biomechanical
model of the O-goshi throw based on an integrated analysis
of its force, time, and force-time characteristics remain
limited. This necessitates the research of the biomechanical
parameters of this throw and the development of its
biomechanical model as a basis for objectively assessing
technique execution and further refining the methods of
technical training for judo athletes.

The purpose of this research is to develop an original
biomechanical model of the attacking throw in high-level
school athletes based on tensodynamometric data and
correlation analysis, and to identify the most informative
biomechanical characteristics of the movement under
research.

Materials and Methods

Participants

Educational research was conducted to examine the
biomechanical parameters of the attacking throw in judo.
The preparatory phase included selecting the sample,
standardizing research procedures, and ensuring safe
experimental conditions.

The research was conducted at the T. H. Shevchenko
National University “Chernihiv Colehium” in a specialized
biomechanical laboratory equipped with instruments for
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conducting biomechanical research and high-precision
measurement of force and time parameters of motor activity.

The general group (hereinafter - “GG”) consisted of 63
students aged 15-16 - pupils from general secondary schools
in Chernihiv who were practicing judo at the beginner level.
The model group (hereinafter - MG) included 14 high-level
school students aged 15-16, among whom were candidates
for the title of Master of Sports of Ukraine and medalists of
Ukrainian championships.

The model group consisted of 10th-grade students from
general secondary schools in Chernihiv and Kyiv, aged 15-
16, who regularly practice judo and train at leading sports
schools and clubs, including: the Chernihiv City Council
Sports Wrestling Center, the “Fortuna” Children’s and Youth
Sports School, Children’s and Youth Sports School No. 2, the
“Yavara” Sports Club, the “JC Ippon Kyiv” Sports Club, and
the “Young Spartak” Sports Club. The model group consisted
of schoolchildren with a high level of training (Candidate
Masters of Sports, prize winners of Ukrainian championships),
which made it possible to determine the model biomechanical
parameters for performing an attacking throw and to use them
to construct an original biomechanical model of the technical
action under research and for further comparative analysis.

All participants were informed of the research’s purpose,
objectives, and procedures and provided written informed
consent to participate. Since all participants were minors
at the time of the research, written informed consent was
also obtained from their parents or legal guardians. The
research included schoolchildren of the same age and weight
categories, which ensured the homogeneity of the sample
and minimized the impact of anthropometric differences
on the research results. The research was conducted in
accordance with generally accepted ethical principles for
educational research involving schoolchildren. Before the
experiment began, all participants underwent a preliminary
medical examination and received detailed instructions on
how to perform the research procedures.

Research Design

The research procedure consisted of a preparatory
phase and an experimental phase, each of which had clearly
defined objectives and was designed to ensure the reliability
and reproducibility of the results obtained.

All participants performed the same technical movement
— the throw over the hip (O-goshi).

Fig. 1. Execution of the throw over the hip (O-goshi): a - starting
position and grip; b - the initial phase of the throw, involving
a step-in and bringing the hip under the opponent’s center of
gravity

Allparticipants performedathrow over the hip (O-goshi)
on a standard training dummy, whose weight corresponded
to that of the schoolchild performing the technique.
Each participant performed three trials under identical
experimental conditions following a standard warm-up. To
minimize the impact of random variations and increase the
reliability of the results, the subsequent statistical analysis
used the average values of the biomechanical parameters
obtained from the three trials of each participant.

v

i

Fig. 2. Experimental setup for researching the biomechanical
characteristics of the O-goshi throw on a training dummy using a
force plate

Force and time parameters were recorded using a
calibrated force plate, which ensured highly accurate
measurement of the reaction force during the execution of
the movement. The force plate automatically recorded the
“force-time” curves during each throw.

For further analysis, all recorded parameters were
grouped into three categories: force parameters, time
parameters, and combined force-time parameters.

Specifically, the maximum thrust force relative to the
vertical axis (Fzmax) was 1,544.48 + 123.41 N, and the
maximum resultant force (Fmax) was 1,549.53 + 129.37 N.
The relative force ratio (Fmax/P) was 2.66 + 0.21. The force
gradient (GRAD), which characterizes the rate of increase in
muscle effort, was 5,945.82 + 442.18 N/s. The force impulse
(I) was 208.71 £ 17.86 N-s. The temporal characteristics of
the movement were as follows: takeoff time (Tps) — 0.09 +
0.01 s; time to reach maximum force (Tmax) — 0.16 + 0.02 s.
The total time of the push-off phase (Tmax+To) was 0.21 +
0.02 s, and the total time of the movement (Tsum) was 0.43
+0.04s.

The maximum height of the center of mass (Hmax) was
0.08 £ 0.01 m, which characterizes the vertical displacement
of the body during the performance of the movement under
research.

Based on the obtained data, a graphical biomechanical
model was constructed (Fig. 3), which reflects the relative
contribution of biomechanical characteristics to the structure
of the throw under research, expressed as a percentage.

The author’s graphical biomechanical model
demonstrates the relative contribution of individual
parameters to the structure of the throw under research. The
highest values of relative contribution were found for the
force gradient (GRAD), relative maximum force (Fmax/P),
takeoff time (Tps), and maximum force characteristics
(Fzmax, Fmax). Other indicators are also represented in
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Fig. 3. The author’s graphical model of the biomechanical
parameters of throws over the hip in highly trained schoolchildren

the model’s structure and characterize the temporal, spatial,
and force-time characteristics of the movement’s execution.
The resulting distribution indicates the complex nature of
the interrelationships among the biomechanical parameters
under research during the execution of the throw over the
hip (O-goshi).

Statistical Analysis

Statistical analysis of the obtained data was performed
using SPSS software (IBM Corp., USA).

Descriptive statistics (mean and standard deviation) were
calculated for all biomechanical parameters, which allowed
us to characterize the central tendency and variability of the
studied parameters.

To determine the relationships between biomechanical
parameters, correlation analysis was performed using
Pearson’s correlation coefficient (r). The strength of the
correlations was interpreted in accordance with generally
accepted statistical approaches.

A comparative analysis of the indicators for the general
and model groups was performed using Student’s t-test for
independent samples.

To construct the author’s biomechanical model, a data
normalization method was used. In the first stage, for each
indicator, the sum of the absolute values of the correlation
coeflicients (Xr) was calculated, which characterized the
degree of its integration into the system of interrelationships
among the studied parameters. In the second stage, the
obtained values were normalized relative to the total sum
of the correlation coefficients of all indicators, followed by
the determination of their percentage contribution to the
structure of the author’s biomechanical model.

The level of statistical significance was set at p < 0.05.

Results

Descriptive characteristics of biomechanical parameters.

Analysis of the tensodynamometric data and the results
of the correlation analysis made it possible to determine the
relative contribution of individual biomechanical parameters
to the structure of the authors’ model of the throw over the
hip (O-goshi) in highly trained schoolchildren (Fig. 4).

®

@

IS

~

0 IIII

Fzmax Fmax Fmax/P GRAD | Tps.
Characteristic in %

Tmax  Tmax+To  Hmax Tsum

Fig. 4. Biomechanical parameters of attacking throws among
highly trained schoolchildren (%)

The obtained values ranged from 8.10 % to 11.13 %,
indicating a relatively uniform distribution of the
contributions of the studied biomechanical parameters to
the structure of the authors’ model.

The highest relative contribution was demonstrated by
the force gradient (GRAD), which amounted to 11.13 %.
High values were also characteristic of relative maximum
force (Fmax/P) - 10.68 %, preparatory phase time (Tps) —
10.80 %, maximum vertical ground reaction force (Fzmax)
- 10.37 %, and resultant maximum force (Fmax) — 10.28 %.

The force impulse index (I) was 10.17 %. The time
characteristics had the following contribution values: time
to reach maximum force (Tmax) - 9.54 %, total duration
of the push-off phase (Tmax+To) - 9.11 %, and total
duration of the movement (Tsum) - 9.84 %. The smallest
relative contribution was found for the maximum vertical
displacement of the center of mass (Hmax), which was
8.10 %.

The resulting distribution indicates the comprehensive
nature of the biomechanical model developed, within which
all studied parameters are characterized by relatively similar
values of relative contribution and reflect various aspects of
the force, time, and force-time structures of the throw over
the hip (O-goshi).

Comparative Analysis of Biomechanical Parameters
in Schoolchildren of Different Fitness Levels

To verify the validity of the author’s biomechanical
model, a comparative analysis was conducted of the
performance metrics of highly trained students in the model
group (MG, n = 14) and students who were at the initial stage
of judo training (CG, n = 63). The results of the comparison
are presented in Table 4 and Figure 4.

The analysis revealed statistically significant differences
in all biomechanical parameters studied (p < 0.05). The
greatest intergroup differences were observed in the force
gradient (GRAD) parameter, which was 47.56 % higher
in the model group than in the general group. Significant
differences were also found in the indicators of maximum
center-of-mass displacement (Hmax) - 41.82 %, force
impulse (I) - 38.99 %, relative maximum force (Fmax/P) -
38.54 %, and time to reach maximum force (Tmax) — 38.46 %.

The values for maximum vertical reaction force (Fzmax)
and maximum resultant force (Fmax) among students in the
model group were 35.49 % and 35.19 % higher, respectively,
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Table 1. Biomechanical parameters of attacking throws in beginner at beginner and highly trained schoolchildren

Unit of

No. Characteristics measur. GG (n=63) MG (n=14) Diff. in % P (temm.)
1 Fzmax N 1139.94 + 98.56 1544.48 + 123.41 35.49 <0.05 (15.634)
2 Fmax N 1146.15 £ 103.16 1549.53 + 129.37 35.19 < 0.05 (14.876)
3 Fmax/P - 1.92 +£0.17 2.66 +£0.21 38.54 <0.05 (16.751)
4 GRAD N/s 4029.43 = 321.59 5945.82 +442.18 47.56 <0.05(21.110)
5 1 Ns 150.16 £ 12.76 208.71 + 17.86 38.99 <0.05 (16.027)
6 Tps s 0.14 +0.01 0.09 +0.01 35.71 <0.05 (22.361)
7  Tmax s 0.26 £0.02 0.16 £0.02 38.46 <0.05 (22.361)
8 Tmax+To S 0.32 £0.02 0.21 £0.02 34.38 < 0.05 (24.597)
9 Hmax m 0.06 £0.01 0.08 £0.01 41.82 < 0.05(10.286)
10  Tsum S 0.67 £0.05 0.43 £0.04 35.82 < 0.05 (24.623)
compared to students at the beginner level of training. At the e

same time, students with a high level of training exhibited
lower values for the time parameters Tps, Tmax, Tmax+To,
and Tsum, indicating a faster realization of force potential
during the execution of attacking technical actions.

A visual analysis of the profiles presented in Table 1
reveals significant differences in the structure of force-time
characteristics between the groups. The profile of the model
group is characterized by higher values of force indicators
(Fzmax, Fmax, Fmax/P, GRAD, I) and lower values of time
parameters (Tps, Tmax, Tmax+To, Tsum), reflecting a more
efficient organization of the movement and a higher level
of utilization of speed-strength capabilities during the
execution of attacking throws.

The results obtained indicate significant differences in
the biomechanical organization of attacking throws among
schoolchildren of varying fitness levels. The indicators of
the model group can be considered as indicative model
characteristics of the biomechanical profile of attacking
throws in schoolchildren with a high level of fitness and
can be used for biomechanical monitoring and comparative
analysis of schoolchildren’ fitness levels.

A comprehensive analysis of the results showed that
the average magnitude of intergroup differences across all
biomechanical parameters studied was 38.20 %, in favor of
the students in the model group. This indicates significant
differences in the structure of the force-time characteristics
of attacking throws between students with a high level of
training and those with a beginner level of training. The
greatest differences were recorded for the force gradient
(47.56 %), while the smallest were for the resultant maximum
force (35.19 %). The data confirm that the level of training is
accompanied by complex changes in both the force and time
components of the motor action.

Correlation Analysis

Correlation analysis made it possible to determine
the nature of the relationships between the biomechanical
parameters of attacking throws studied in highly trained
schoolchildren (Table 1).

Numerous statistically significant, strong correlations
were found between the force, time, and force-time
characteristics of the motor action. The strongest positive

1139,94

F max

1146,15
Fmax/P
1,92

GRAD

4029,43

Tmax+To

0,32

I

150,16

0,26 Tps
0,14
0,1 EBYIEN 0,1 BEeld

Fig. 5. Biomechanical profile of the throws over the hip
in elementary school students (GG) and highly trained
schoolchildren (MG)

correlations were found between the force gradient (GRAD)
and the maximum vertical ground reaction force (Fzmax; r
=0.998), as well as between the force gradient and the force
impulse (I; r = 0.998). A very strong positive correlation was
found between the maximum vertical ground reaction force
and the resulting maximum force (r = 0.938), between force
impulse and relative maximum force (Fmax/P; r = 0.926), as
well as between force impulse and maximum vertical ground
reaction force (r = 0.925).

An analysis of the time parameters revealed strong
positive correlations between the preparatory phase time
(Tps) and the total movement duration (Tsum; r = 0.992),
between the preparatory phase time and the time to reach
maximum force (Tmax; r = 0.916), as well as between the
preparatory phase duration and the total duration of the
push-off phase (Tmax+To; r = 0.914). This indicates a high
level of coordination in the temporal structure of attacking
technical actions.

Strong inverse correlations prevailed between force and
time measures. Specifically, a correlation of r = -0.988 was
found between the force gradient and the duration of the
preparatory phase; r = -0.967 between the force gradient and
the time to reach maximum force; and r = -0.876 between the
force impulse and the duration of the preparatory phase. The
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Table 2. Correlation matrix of biomechanical parameters of attacking throws in highly trained schoolchildren, with the
specified level of statistical significance (p < 0.05)

Throw Fzmax Fmax Fmax/P GRAD I Tps Tmax Tz&;x Hmax Tsum
Fzmax 1
Fmax 0.938 1
Fmax/P 0.918 0.893 1
GRAD 0.998 0.925 0.864 1
I 0.925 0.922 0.926 0.998 1
Tps -0.918 -0.916 -0.926 -0.988 -0.876 1
Tmax -0.907 -0.905 -0.926 -0.967 -0.874 0.916 1
Tmax+To -0.736 -0.758 -0.924 -0.951 -0.731 0.914 0.634 1
Hmax -0.698 -0.695 -0.783 -0.797 -0.634 0.792 0.532 0.628 1
Tsum -0.869 -0.886 -0.989 -0.998 -0.867 0.992 0.615 0.672 0.615 1
Sum r 7.91 7.84 8.15 8.49 7.75 8.24 7.27 6.95 6.17 7.50
% 10.37 10.28 10.68 11.13 10.17 10.80 9.54 9.11 8.10 9.84
Rank 4 5 3 1 6 2 8 9 10 7

results indicate that higher indicators of strength potential
are accompanied by a reduction in the duration of individual
phases of the movement.

The sum of the correlation coeflicients for each indicator
was used to determine its integral informativeness within
the structure of the author’s biomechanical model.

The highest integral values were found for the force
gradient (Zr = 8.49), the duration of the preparatory phase
(Zr = 8.24), and relative maximum force (Xr = 8.15).
Based on the normalized values of the sums of correlation
coeflicients, the relative contribution of each indicator to
the overall structure of the author’s biomechanical model
was determined, which made it possible to rank the studied
parameters according to their degree of integration into the
system of attacking technical actions.

The resulting correlation structure confirms the
integrated nature of the biomechanical organization of
attacking throws and indicates a close interrelationship
between force, time, and force-time characteristics in highly
trained schoolchildren.

Discussion

The purpose of this research was to develop an original
biomechanical model of the throw over the hip (O-goshi) in
highly trained schoolchildren based on tensodynamometric
measurements and correlation analysis.

The force gradient index (11.13 %) demonstrated
the highest relative contribution to the model’s structure.
The results obtained are consistent with data from recent
biomechanical studies, which emphasize the importance of
rapid muscle force development during the execution of judo
techniques. For example, Hamaguchi et al. (2024) note that
the characteristics of the preparatory phases (kuzushi and
tsukuri) are associated with the acceleration characteristics
of movement and the transfer of force impulse. The
results of the present research complement these findings,
demonstrating the high integration of the force rise rate
indicator within the model structure.

Maximum force values (Fzmax — 10.37 %; Fmax — 10.28 %;
Fmax/P - 10.68 %) were also characterized by high relative
contribution values. Similar conclusions have been reported
in biomechanical studies of the Sode-tsurikomi-goshi and
Tsurikomi-goshi techniques, where peak accelerations and
kinematic parameters of movement were associated with a
high level of athletic proficiency (Pantelidou et al., 2025). In
contrast to these studies, which focused primarily on segmental
kinematics, the results of this research complement them with
data on the role of support reaction parameters in the structure
of the biomechanical model.

The high contribution of maximum force variables
is also consistent with findings from other judo throwing
techniques. Pucsok et al. (2001) showed that advanced
performers of Harai-goshi differed from novices in support-
leg force application, whereas Liu et al. (2025) reported
significant relationships between ground-reaction-force
components and sweeping-leg velocity in osoto-gari.
Although the mechanical structure of these techniques is not
identical to O-goshi, the common pattern is that proficient
throwing requires effective conversion of support forces into
rapid whole-body and segmental motion. In the present
research, the higher Fzmax, Fmax, Fmax/P, and GRAD
values in the model group are consistent with this broader
biomechanical pattern.

Force impulse (10.17 %) also demonstrated a high
level of integration within the system of parameters under
research. Previous studies have established a link between
impulse characteristics and indicators of sport-specific
performance in judo (Ho et al., 2025). The results of this
research complement these findings, demonstrating the
relationship between force impulse and the force and force-
time characteristics of the throw over the hip.

The time parameters (Tps, Tmax, Tmax+To, Tsum)
were characterized by relative contribution values ranging
from 9.11 % to 10.80 %. The results obtained are consistent
with multidimensional concepts of athletic performance in
judo, which emphasize the integration of neuromuscular,
technical, and coordinative components (Schoof et al., 2024).
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The temporal differences observed between the groups
should therefore be interpreted together with the spatial and
rotational organization of the movement. Ishii et al. (2018)
found that elite seoi-nage performers generated greater
relative forward center-of-mass velocity, while Liu et al.
(2024) reported larger angular momentum and segmental
angular velocities in black-belt than in white-belt judokas.
Recent studies of seoi-nage further identify center-of-mass
control, propulsion, and angular momentum transfer as
objective markers of proficient throwing performance
(Ishii & Koshida, 2025, 2026). From this perspective, the
inverse correlations between force and time parameters
in the present research may reflect a more compact and
coordinated realization of force during the throw rather than
an isolated reduction in movement duration.

The use of force plate analysis is in line with the
current trend toward objective, quantitative assessment of
biomechanical parameters (Xue, Han & Zhu, 2025). Unlike
wearable sensor systems, the force platform provides highly
accurate measurements of ground reaction forces and
temporal characteristics of movement, which enables the
development of integrated biomechanical models.

It is important to note that the relatively narrow range
of normalized contributions (8.10-11.13 %) indicates the
systemic nature of the biomechanical organization of the
throw over the hip.

The practical significance of the author’s model lies in
the ability to use the obtained biomechanical indicators
for biomechanical monitoring, comparative analysis of the
characteristics of the throw over the hip (O-goshi) among
schoolchildren of different fitness levels, further research
of the biomechanical structure of technical movements in
judo, and the development of the author’s technical training
methodology. The obtained values of force gradient,
maximum force indicators, and force impulse can be used as
indicative model characteristics.

For application in school-age athletes, the proposed values
should be treated as reference characteristics for comparable
age and training groups rather than as universal normative
thresholds. Research in youth judo has shown that maturation,
growth, and training experience contribute to neuromuscular
and judo-specific performance (Detanico et al., 2020, 2022).
Moreover, competitive level in judo can be differentiated by
a combination of biomechanical, anthropometric, and sport-
specific performance variables rather than by a single indicator
(Teixeira et al., 2022). This supports using the proposed O-goshi
profile as a multidimensional monitoring tool and interpreting
changes in relation to the athlete’s developmental and training
context.

The limitations of the research include the relatively
small sample size (n = 14), the analysis of only one technical
movement (O-goshi), the use of force-measurement
data without simultaneous assessment of the kinematic
characteristics of the movement, and the inclusion of only
male schoolchildren aged 15-16 years.

A separate limitation is the absence of a direct assessment
of the technical effectiveness of the throw using expert
evaluation, performance indicators, or other objective criteria
of technical proficiency. Therefore, the results obtained
characterize only the biomechanical features of the O-goshi
throw and do not provide a basis for a direct assessment
of the technical preparedness of school-age judo athletes.

The proposed biomechanical model can be used as a tool
for the quantitative description and comparative analysis of
the biomechanical characteristics of the movement, whereas
establishing their relationship with technical effectiveness
requires further research using additional evaluation criteria
and the development of technical training methods based on
the identified biomechanical patterns.

Conclusions

The research developed an original authors’
biomechanical model of the throw over the hip (O-goshi) in
highly trained schoolchildren based on tensodynamometric
and correlation analysis. It was found that the greatest
relative contribution to the structure of the developed
model comes from the indicators of force rate of increase,
maximum ground reaction force, and force impulse, which
are characterized by a high degree of correlation with other
biomechanical parameters of the movement under study.

An analysis of normalized contributions showed that
the highest values of relative contribution are characteristic
of the indicators of force rise rate, relative maximum force,
maximum ground reaction force, and force impulse. The
obtained results reflect the characteristics of the distribution
of force, time, and force-time characteristics within the
structure of the authors’ biomechanical model.

The model groups measurements differed statistically
significantly from those of schoolchildren at the initial
stage of judo training across all biomechanical parameters
studied (p < 0.05). The model characteristics obtained
by the authors can be used for a comparative analysis of
the biomechanical parameters of the throw over the hip
(O-goshi) in schoolchildren of varying levels of training
and for further research into the biomechanical structure of
movement actions in judo.
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BiomexaHiuHi napameTpu aTaKyBasibHUX KNAKiB
AAK OCHOBA TeXHIYHOI NiAroToBKu B 431040

Muxkomna Hocko'5PE, Cranicnas IlImenpoB!ABCPE

'CxigHOyKpalHCbKMIT HallioHAa/IbHUI YHiBepcuTeT iMeHi Bomogymmpa Jans
*Hanjionanbuamit yHiBepcuteT «YephiriBcpkuit koneriym» imei T. I. IlleBuenka

ABTOpPCHKMIT BKTAJ: A — Am3aitH gocnipkeHHs; B — 36ip ganux; C — craraHanis; D — migroroska pykomucy; E — 36ip komrtis

Pegepar. Crarrsa: 9 c., 2 Tabm., 5 puc., 22 mxepena.

Merta gocmimkenns. CyqacHuit po3BUTOK (GisMIHOr0 BYUXOBAHHSI IIKOJIIPIB TOTpe6ye eeKTUBHMX 3aC001B yIOCKOHAIEHHS
PYXOBMX HaBIYOK, KOOPAMHAL[ITHUX | IIBUAKICHO-CUIOBYX 3i0HOCTe. OXHUM i3 TaKMX 3aCO0IB € A310710, €(eKTUBHICTb HABYAH-
HI TEXHIYHUX A1 AKOTO 3HAYHOIO MipOI0 3a/IEXXUTD Biji 06’ €KTHBHOTO OLIHIOBaHHs 6i0MeXaHiK1 pyxiB. MeToo Koc/imKeHHs OY/I0
BU3HaunMTH GioMexaHiuHi mapamerpn kmpuka O-goshi y mkonsapiB Bucokoi cnopTuBHOI KBasidikauii, po3poburyn opuriHaabHy
6ioMexaHiYHY MOJie/Ib Ha OCHOBi TeH30/[THAMOMETPMYHIX OKa3HMKIB i KOPE/ALIITHOrO aHa/Ii3y Ta BUSHAYMTY Halt61b1I iHpOp-
MaTMBHi XapaKTepUCTUKN CTPYKTYPU PyXY.

Marepianu Ta MeTomM. Y JOCTI/PKEHH] B3A/MM y9acTh 77 YYHIB CTapIIOro MIKiNbHOTO BiKy 40omoBivoi cTaTi 15-16 pokis. 3a-
raspHy rpymy (n = 63) cTaHOBW/IM IOYATKIBII B /13100, TOAL K MOAeNbHY rpyny (n = 14) — criopTcMeHn BUCOKOI KBastidikariii
(xaHAUAATY y MAICTPU CIIOPTY YKpaiHM Ta mpusepy 4eMmioHaTiB YKpainm). Biomexaniuni mapamerpu knaka O-goshi peectpy-
BaJIM 32 JOIIOMOIOI0 TeH30MHAMOMeTpUYHOI mnardopmi. Anamizysamu cunosi (Fzmax, Fmax, Fmax/P, GRAD, I), gacosi (Tps,
Tmax, Tmax+To, Tsum) ta mpocroposi (Hmax) mapamerpu. biomexaHi4Hy Moe/Ib pO3pO6IeHO Ha OCHOBI JAHUX MOJEIbHOI
TPYIN i3 3aCTOCYBaHHAM KOPEJALIfHOTO aHasIi3y Ta HOPMYBaHHA CyM aOCONMIOTHMX 3HaueHb KoedirieHTiB Kopenanii. Koxken
Y4aCHUK BUKOHYBAB TPU CIIPOOY; [Is1 aHAJII3y BUKOPUCTOBYBA/IU CEPEHI 3HAUYSHHsI TOKa3HIKIB.

Pesynpratu. Hait6inpimit BITHOCHNUIT BHeCOK y GioMexaHidHy Mozenb MaB rpagieHt cumu (11,13%). Bucoky indpopmarus-
HICTh TaKOXX BCTAHOBJICHO ISl MAaKCHMa/IbHOI BepTUKAIbHOI cumy peakuil omopu (Fzmax — 10,37%), pesyabTyiodol Makcu-
MmanbHoi cvm (Fmax — 10,28%) Ta immynbey cumm (10,17%). CunbHI KopenALiliHi 3B A3KM MDXK CMIOBYMM Ta CHJIOBO-4aCOBUMM
[IapaMeTpaMiu CBif4aTh PO iX TICHY B3aEMOZIIO IIifi Yac BUKOHAHHs Kuyka O-goshi.

BucHoBku. Po3po6ieHa 6ioMexaHiuHa MOJeNb [jajla 3MOTY BUSHAYNMTH HailOUIbII iHQOpPMATUBHI CHIIOBI, 4aCOBi Ta CUIOBO-
vyacoBi xapakTepuctuku knupuka O-goshi y uikosspis Bucokoi cioptusHoi kBamigikarii. OTpuMaHi pesyabraTit MOXYTb 6yTu
BUKOPUCTaHi /151 6i0MeXaHIYHOTO KOHTPOJIIO Ta IIOPiBHA/IBHOTO OLIHIOBAaHHS TeXHIKM BUKOHAHHS KIJIKa CIOPTCMEHAMU Pi3HOTO
PiBHA MiITOTOBIEHOCTI.
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Abstract

Objectives. This exploratory feasibility study aimed to evaluate the applicability and effects on motor and socio-
relational skills of an inclusive educational-motor intervention based on the game of boccia in lower secondary

school.

Materials and Methods. The study involved 80 students divided into a control group (n=40) and an experimental
group (n=40). In particular, the experimental group participated in a 12-week program, structured into 24 sessions,
designed according to the principles of Physical Literacy, Universal Design for Learning, inclusive physical education
and cooperative learning. Conversely, the control group followed the standard school physical education curriculum.
Both groups underwent baseline, post-intervention, and follow-up assessments using the Movement Assessment
Battery for Children - Second Edition (MABC-2) for motor competence and the Social Skills Improvement System
(SSIS) for social skills. Additionally, structured observations were conducted throughout the intervention to monitor

participation, peer interactions, and inclusive behaviors.

Results. The findings demonstrated the feasibility of the protocol within the school context and indicated potential
improvements in motor competence, active participation, and peer relational dynamics in the intervention group.
Conclusions. Therefore, the program based on boccia emerges as a valuable educational strategy capable of
promoting inclusive motor environments and supporting the overall development of students.

Keywords: inclusion, special educational needs, motor competence, inclusive physical education.

Introduction

Motor activities can perform a function not only
oriented towards the development of physical abilities, but
also an educational function, promoting social learning and
inclusive participation (Nzuza & Chitiyo, 2024; Ozkan &
Kale, 2023). Although the available evidence indicates that
structured physical activity may contribute to cognitive
functioning, academic achievement, and well-being (Latino
et al., 2025b; Kliziene et al., 2023), school-based research
also highlights the relevance of the timing and organisation
of movement for cognitive performance (Latino et al.,
2025a). Further studies are therefore needed to examine
interventions capable of simultaneously acting on motor and

© Saraiello, E., Maisuradze, M., Latino, E, & Tafuri, M. G., 2026.
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socio-relational outcomes. Particular attention is directed
towards students with Special Educational Needs (SEN) who,
however, may encounter barriers to participation related to
motor competence, communication, social interaction, or
behavioural regulation, with the potential effect of limiting
involvement in group activities and opportunities to
establish relationships with peers (Schiirer & van Ophuysen,
2022; Martin Ginis et al., 2016; Haegele & Sutherland, 2015).
Therefore, inclusive physical education and sport contexts
require attention to equity, individual needs, and appropriate
adaptations (Ainscow, 2020; Di Palma & Tafuri, 2016;
Jardinez & Natividad, 2024), while structured cooperative
activities, peer support, and appropriately adapted tasks may
facilitate participation and social interaction among students
with and without disabilities (Liu et al., 2025; Dalgaard et al.,
2022). Motor activity therefore represents a fundamental
component of the development of children and adolescents,
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contributing to physical health and motor competence
(Beni et al., 2017; Burton et al., 2023; Logan et al., 2012),
as well as to psychological well-being, social interaction,
and participation in everyday life contexts (Fu et al., 2025;
Wade et al., 2026). In the school context, physical education
constitutes an important setting for promoting inclusive
experiences, as movement-based activities can foster
cooperation, peer relationships, and a sense of belonging
(Qi & Ha, 2012; Kuspratiwi et al., 2026; Ojeda-Troncoso &
Campos-Campos, 2025). From a broader health perspective,
consideration of physical, behavioural, and physiological
dimensions can support a multidimensional understanding
of well-being and health-related outcomes (Di Maio et al,,
2026). In light of these considerations, the present study
aimed to explore the feasibility and preliminary effectiveness
of a structured inclusive motor intervention, based on
boccia, aimed at lower secondary school students; more
precisely, the study analysed changes in motor competence,
assessed through the Movement Assessment Battery for
Children-Second Edition (MABC-2) (Brown, 2021), and
in socio-relational skills, assessed through the Social Skills
Improvement System (SSIS) (Elliott & Gresham, 2021), at
the three assessment time points (T0, T1, and T2), while
simultaneously monitoring participation and peer-oriented
behaviours through a structured observational checklist. In
this regard, a motor-educational programme based on the
discipline of boccia was structured, particularly suitable for
this purpose due to its high degree of adaptability and the
potential involvement of students with different levels of
motor ability. Boccia in fact requires the integration of skills
such as precision, planning, movement control, and decision-
making, which can nevertheless be exercised through
differentiated strategies and levels of difficulty; in particular,
playing distances, equipment, rules, and participation
roles can be adapted according to the characteristics and
individual needs of the students, allowing shared objectives
to be maintained within heterogeneous groups. These
characteristics make boccia a potentially appropriate
context for promoting participation, cooperation, and peer
interaction in an inclusive motor environment.

Materials and Methods

Study Design

The study was designed as a feasibility and exploratory
preliminary effectiveness study, with a controlled pre-post
design and an 8-week follow-up assessment. It involved 80
students attending lower secondary school, divided into
an experimental group (n = 40), which participated in the
inclusive motor activity program, and a control group (n=40),
which continued the usual school activities included in the
curriculum. Among the participants, 20 students had Special
Educational Needs (SEN), equally divided between the two
groups. The specific objective of the work was to evaluate
the feasibility of an inclusive motor activity program based
on the game of bocce in lower secondary school, analyzing
participants’ adherence, the feasibility of the protocol and
participation during the activities and, in parallel, the
secondary objective was to explore the potential effects of
the intervention on students’ motor coordination and socio-
relational skills. The study was classified as a feasibility and

exploratory preliminary effectiveness study rather than as a
definitive effectiveness trial because the primary purpose was
to assess the practicality, acceptability, adherence, retention,
and implementation of the intervention and to obtain
preliminary estimates of its potential effects. This approach
is consistent with methodological recommendations for
randomised pilot and feasibility studies, which emphasize
the assessment of feasibility, acceptability, implementation,
retention, and preliminary estimates of outcomes before a
definitive trial (Eldridge et al., 2016). The controlled design
was adopted to provide preliminary information on outcome
variability, intervention-related changes, and the suitability
of the assessment procedures for informing future adequately
powered studies; accordingly, the effectiveness analyses were
considered exploratory, and the findings were interpreted as
preliminary estimates rather than as confirmatory evidence
of intervention efficacy. Precisely, the assessments were
carried out at three specific time points, an initial time (T0)
representing the baseline, at the end of the intervention
(T1) and a third time interval represented by the follow-
up (T2) 8 weeks after the conclusion of the program. More
precisely, the exploratory outcomes were assessed through
the Movement Assessment Battery for Children (MABC-2)
for motor coordination and the Social Skills Improvement
System (SSIS) for socio-relational skills and the feasibility
of the intervention was assessed through the participation
rate in the sessions, adherence to the program, completion
of the planned assessments and structured observation of
participation during the activities.

Participants

The study involved 80 participants from lower
secondary school, all regularly attending school activities.
The mean age of the sample was 12.1 * 0.8 years; more
precisely, the experimental group consisted of 22 males
(55%) and 18 females (45%), while the control group
included 21 males (52.5%) and 19 females (47.5%). Overall,
20 students, representing a heterogeneous sample, presented
Special Educational Needs (SEN), including specific
learning disorders, attention deficit/hyperactivity disorder,
neurodevelopmental disordersand other certified conditions,
equally distributed between the experimental group and
the control group (n = 10 per group). Given the relatively
small size and heterogeneity of the SEN subgroup, separate
inferential analyses were not considered sufficiently robust
for the purposes of the present exploratory study; therefore,
the SEN subgroup was described in terms of its distribution
across the experimental and control groups, while no
separate estimates of intervention effects were calculated
for students with SEN. This approach was adopted to avoid
potentially unstable or misleading subgroup estimates
arising from the limited sample size. The sample size was
determined a priori based on the feasibility and exploratory
objectives of the study. In accordance with methodological
recommendations for pilot studies, the sample size was
intended to provide sufficient information on recruitment,
participation, adherence, assessment completion, retention,
and preliminary estimates of outcome variability and effect
sizesrather than to provide definitive evidence of intervention
efficacy (Julious, 2005). Accordingly, a target sample of
80 students, equally allocated between the experimental
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and control groups (n = 40 per group), was considered
appropriate for evaluating the feasibility of implementing
the intervention in the school setting and for informing the
design of future adequately powered studies. No formal a
priori power calculation was therefore performed, as the
study was not designed to provide definitive evidence of
intervention efficacy. The estimates obtained from this study
may inform the sample-size planning of future adequately
powered controlled studies. Specifically, the inclusion
criteria comprised regular school attendance, the ability
to participate in the proposed motor activities and the
availability of informed consent signed by parents or legal
guardians; whereas the exclusion criteria included medical
or physical conditions that prevented safe participation in
the activities included in the study protocol, as well as the
unavailability of informed consent. Therefore, before the
start of the activities, signed informed consents from parents
or legal guardians were collected for participation and all
procedures were conducted in compliance with the ethical
principles of educational research.

Procedure

Following recruitment and eligibility screening,
participants were individually randomly allocated in a 1:1
ratio to the experimental or control group using a simple
randomization procedure, the random allocation sequence
was generated in Microsoft Excel using a random-number
function, and participants were assigned to the experimental
or control group according to the resulting sequence. The
allocation was performed before the beginning of the
intervention, with 40 participants initially allocated to
each group and among the 20 students identified as having
Special Educational Needs (SEN), 10 were allocated to the
experimental group and 10 to the control group as a result
of the random allocation.

The intervention lasted 12 weeks, with two weekly
60-minute sessions (24 sessions; 24 hours). A follow-
up assessment was conducted 8 weeks after completion.
The intervention took place in the school gym during
regular school hours. The control group carried out the
usual motor education activities included in the school
curriculum, while the experimental group participated in
the structured intervention protocol. Before the beginning
of the intervention, all participants underwent a baseline
assessment (T0) under the same standardized conditions.
The assessment protocol included the Movement Assessment
Battery for Children-Second Edition (MABC-2) for motor
competence and the Social Skills Improvement System
(SSIS) for social skills and behavioural characteristics related
to peer interaction. At the end of the 12-week intervention
period, both groups were reassessed (T1) using the same
procedures, instruments, and administration conditions
adopted at baseline. An additional follow-up assessment
(T2) was conducted eight weeks after the conclusion of the
intervention using the same instruments and standardized
procedures to explore the short-term maintenance of
changes observed after the intervention.

Throughout the intervention, students’ participation,
engagement and social interactions during motor activities
were monitored through structured observational
procedures. Attendance, completion of assessment

procedures, and adverse events were recorded throughout
the study. In addition, the intervention instructor
maintained a session diary documenting attendance,
activities implemented, adaptations introduced, and
relevant descriptive observations concerning participation
and interaction. These records supported the evaluation
of feasibility and implementation. UDL-based adaptations
concerned task difficulty, playing space, equipment, rules,
scoring, and participation roles. Each session followed the
same four-part structure: (i) general motor activation (10
minutes); (ii) development of boccia-specific skills (20
minutes); (iii) inclusive and cooperative game situations
(20 minutes); and (iv) feedback and reflection (10
minutes). Across the 12 weeks, activities progressed from
familiarization and basic participation to technical skill
development, strategic and cooperative problem-solving,
consolidation and autonomous participation, and a final
inclusive event. The detailed progression is reported in
Table 1. The intervention was informed by Physical Literacy,
Inclusive Physical Education, Universal Design for Learning
(UDL) and cooperative learning principles (Catama, 2025;
Zach et al.,, 2023; Latino et al., 2025b). Accordingly, tasks,
equipment, rules, playing distances and participation
roles were adapted when necessary to allow students with
different abilities (Di Palma & Tafuri, 2016; Kasari, et al.,
2012) to work toward shared objectives within the same
activity environment (Valle-Munoz et al., 2025).

Intervention

The intervention was structured as a progressive
inclusive educational-motor programme based on boccia,
designed to promote motor learning, participation, and peer
collaboration, the programme was organized into sequential
phases, with specific objectives and activities tailored to
progressively develop students’ motor and social skills, as
summarized in Table 1.

Measures

Assessments were carried out at three time points: before
the beginning of the intervention (T0), at the end of the 12-
week intervention (T1), and at follow-up (T2), conducted
eight weeks after the conclusion of the program. Consistent
with the feasibility and exploratory nature of the study, the
outcomes were categorized as feasibility outcomes, process
outcomes, and exploratory effectiveness outcomes. The
primary outcomes concerned the feasibility of implementing
the inclusive motor activity program within the school
context. Feasibility was assessed through the participation
rate, calculated as the percentage of completed sessions out of
the total number of scheduled sessions, the completion rate
of the assessment procedures at TO, T1, and T2, participant
retention throughout the study, and the occurrence of
adverse events during the intervention. Process outcomes
were assessed through a structured observation checklist
developed for the purposes of the present study based on
indicators described in the literature on inclusive physical
education, participation, and adapted motor activity
(Roberts & Fairclough, 2012; Cairney et al., 2019; Gilmore et
al., 2019). The checklist was developed to capture observable
dimensions of participation and social interaction that were
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Table 1. Structure of the inclusive educational-motor intervention based on boccia

Phase Period Main objectives Planned activities
1. Familiarization and Weeks To promote knowledge of the discipline, ~ Presentation of boccia and fundamental
construction of the inclusive 1-2 create a positive group climate, and rules; free and guided exploration of
context encourage the participation of all materials; exercises involving grasping,
students. carrying, and throwing; individual and
To develop initial skills in equipment pair activities; cooperative games without
manipulation and control. scoring aimed at promoting mutual
knowledge and peer collaboration.
2. Development of specific Weeks To enhance the motor components Progressive throwing exercises towards
motor skills 3-5 involved in boccia: hand-eye static and dynamic targets; variation of
coordination, force control, precision, distances from the jack; activities aimed at
and movement planning. regulating throwing force and direction;
precision tasks with individualized
feedback; adaptation of space, materials,
and difficulty according to students’
ability levels.
3. Application of skills and Weeks To integrate technical skills with Simplified game situations progressively
strategic development 6-8 cognitive and social processes such as increasing in complexity; pair and small-
decision-making, problem-solving, and ~ group activities; selection of throwing
communication with teammates. strategies according to the position of
the boccia balls; discussion of possible
solutions; cooperative exercises with
differentiated roles (player, observer, peer
support).
4. Consolidation, autonomy, Weeks To promote autonomy in game Adapted matches with heterogeneous
and inclusive participation 9-11 management, a sense of responsibility, teams based on ability levels; progressive
and active participation within the group. autonomous management of rules; role
rotation; team strategies; peer feedback
activities; use of cooperative scoring
systems to value the contribution of each
participant.
5. Final event and reflection Week To consolidate the acquired motor and Implementation of a final inclusive
on the experience 12 social learning outcomes and enhance boccia tournament with adapted rules;

the inclusive pathway developed
throughout the intervention.

collaborative game activities; guided
final discussion on the experiences lived;

individual and group reflection on motor,
relational, and participatory aspects.

Note: UDL principles were applied throughout the intervention through adaptations of tasks, environment, materials, and participation

roles.

considered directly relevant to the feasibility and inclusive
implementation of the intervention. Four behavioural
domains were included: (i) active participation in activities;
(ii) collaboration with peers; (iii) spontaneous interaction
with peers; and (iv) compliance with rules and turn-taking.
These indicators were selected because they represent
observable behaviours associated with active participation,
peer interaction, cooperation, and engagement in inclusive
motor activities. The checklist was completed during the
intervention sessions by two independent observers, who
independently rated the observed behaviours. Each indicator
was scored on a 5-point Likert scale ranging from 1 to 5 (1
= never; 2 = rarely; 3 = sometimes; 4 = often; 5 = always).
An overall checklist score was calculated as the mean of the
four indicator scores, with higher scores indicating greater
observed participation and more frequent socially inclusive
behaviours. For process evaluation purposes, observations
were conducted during the initial phase of the intervention
(sessions 1-3) and during the final phase (sessions 22-24),

allowing changes in observed participation and interaction to
be described over the course of the intervention. The checklist
was not intended to function as a psychometrically validated
outcome measure and was therefore used exclusively as a
process and feasibility assessment tool, complementing the
standardized MABC-2 and SSIS measures. To assess the
consistency of ratings between observers, interobserver
agreement was evaluated using the Intraclass Correlation
Coeflicient (ICC2,1). The exploratory effectiveness outcomes
included motor coordination and socio-relational skills,
which were assessed at T0, T1, and T2 using standardized
instruments. Motor competence was assessed using the
Movement Assessment Battery for Children-Second Edition
(MABC-2), a standardized instrument assessing manual
dexterity, ball skills, and balance. Socio-relational skills
were assessed using the Social Skills Improvement System
(SSIS), a standardized measure of social skills and adaptive
behaviours, including social interaction, cooperation, self-
control, and peer relationships.
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Data Analysis

Statistical analyses were conducted using a two-
sided significance level of p < 0.05. Descriptive statistics
(mean, standard deviation, frequencies and percentages)
were calculated for all study variables. Because the study
included three assessment occasions (T0, T1 and T2) and
repeated observations within the same participants, the
primary longitudinal analysis was performed using linear
mixed-effects models (LMMs). Separate LMMs were fitted
for MABC-2 and SSIS scores, with Group (experimental
vs. control), Time (T0, T1 and T2) and the Group x Time
interaction specified as fixed effects and participant specified
as a random intercept to account for the correlation among
repeated observations within participants. The Group x
Time interaction was prespecified as the principal test
of whether the trajectories of change differed between
the experimental and control groups. This approach was
selected because it allows all three measurement occasions
to be modeled simultaneously, accounts for within-
participant dependence, and provides a direct test of
differential change between groups over time. Estimated
marginal means, model-based contrasts and 95% confidence
intervals were used to characterize the longitudinal pattern
of change. Before the parametric analyses, the distribution
of the outcome variables and model residuals was assessed
using visual inspection of Q-Q plots and histograms and
the Shapiro-Wilk test. Homogeneity of variance across
group-by-time cells was examined using Levene’s test.
The assumptions were considered acceptable when no
substantial departure from normality or heteroscedasticity
was observed. In addition, residual diagnostics were
inspected after model fitting. Baseline group characteristics
were examined descriptively. Changes from baseline to
post-intervention were also expressed as change scores
(A =T1 - TO) to facilitate descriptive interpretation of pre-
post differences. The change scores were not considered the
primary inferential evidence of intervention effectiveness,
which was assessed using the longitudinal linear mixed-
effects models and the Group x Time interaction. Pearson’s
correlation coefficient was used as an exploratory analysis
to examine the association between changes in MABC-2
and SSIS scores (A = T1 — T0). Feasibility indicators and
observational checklist scores were analyzed descriptively;
the initial-versus-final observational comparison was treated
as a process evaluation. Interobserver reliability was assessed
using ICC(2,1).

Results

Longitudinal analysis

Longitudinal changes were examined usinglinear mixed-
effects models, with Group, Time, and the Group x Time
interaction specified as fixed effects and participant included
as a random intercept. The Group x Time interaction was
considered the primary test of whether the longitudinal
trajectory differed between the experimental and control
groups. For MABC-2, the model showed a significant Group
x Time interaction, x*, = 6.78, p = 0.034, indicating that
changes across the three assessment occasions differed
between the experimental and control groups. The estimated

between-group difference in change was significant at
T1 (B = 3.80, SE = 1.46, 95% CI [0.94, 6.66], p = 0.011),
whereas the corresponding estimate at T2 remained positive
but did not reach conventional statistical significance
(B = 3.30, SE = 1.89, 95% CI [-0.40, 7.00], p = 0.085). For
SSIS, the model also showed a significant Group x Time
interaction, x*, = 6.18, p = 0.046. The estimated between-
group difference in change was significant at T1 (f = 3.70,
SE = 1.49, 95% CI [0.78, 6.62], p = 0.015), whereas the
corresponding T2 estimate remained positive but was not
statistically significant ( = 2.90, SE = 1.83, 95% CI [-0.69,
6.49], p = 0.118).

Motor Competence (MABC-2)

Table 2. MABC-2 scores at baseline, post-intervention, and
follow-up in the experimental and control groups

Group TO T1 T2 AT1-TO
Experimental 64.2+89 68.7+9.1 67.9+8.7 +4.5
Control 63.8+92 645+90 642+87 +0.7

Note. The primary inferential analysis was the linear mixed-effects
model. The Group x Time interaction was significant, x*, = 6.78,
p = 0.034. The estimated between-group difference in change was
B =3.80 (SE=1.46,p=0.011)at Tl and  =3.30 (SE=1.89,p =
0.085) at T2.

Socio-relational Skills (SSIS)

Table 3. SSIS scores at baseline, post-intervention, and
follow-up in the experimental and control groups

Group TO T1 T2 AT1-TO
Experimental  87.3+10.5 92.1+£10.8 91.5+10.6 +4.8
Control 86.9+10.1 88.0+10.3 88.2+10.4 +1.1

Note. The primary inferential analysis was the linear mixed-effects
model. The Group x Time interaction was significant, X’ = 6.18,
p = 0.046. The estimated between-group difference in change was
B=3.70 (SE = 1.49, p = 0.015) at T1 and p = 2.90 (SE = 1.83,p =
0.118) at T2.

Feasibility indicators

The intervention showed favorable feasibility indicators.
The mean session participation rate was 88.5% in the
experimental group, and no adverse events were recorded
during implementation. Assessment completion was 100%
at baseline (T0), 96.2% at post-intervention (T1), and
93.7% at follow-up (T2). These completion rates indicate
good retention and feasibility of the assessment procedures
throughout the study period. The observed participation
and completion rates, together with the absence of adverse
events, provide preliminary evidence that the intervention
protocol could be implemented within the regular school
context over the study period. At T1, 38/40 experimental
participants and 39/40 control participants completed the
assessment (77/80 overall). At T2, 37/40 experimental
participants and 38/40 control participants completed the
assessment (75/80 overall). The three T1 non-completions
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(two experimental and one control) and the two additional
T2 non-completions (one experimental and one control)
were treated as missing observations; no values were
imputed.

Results of Structured Observation

The structured observational checklist was used as
a process evaluation measure to characterize students’
participation, peer interaction, and inclusive behaviours
during the intervention. The analysis showed a descriptive
increase in behaviours associated with participation and
social inclusion between the initial and final sessions.
Inter-rater agreement was good, with an ICC of 0.84 (95%
CI =0.78-0.89). The four observed indicators showed higher
descriptive values during the final sessions compared with
the initial sessions (Table 4). Because the checklist was
developed specifically for process evaluation and was not
intended as a psychometrically validated outcome measure,
these findings are reported as descriptive implementation
indicators rather than independent evidence of intervention
efficacy.

Table 4. Structured observation checklist scores

Final
sessions

Initial

Indicator .
sessions

3.35+0.54 3.92+0.51
3.21+£0.56 4.02 +0.48
3.02+0.60 3.78 £0.55
Compliance with rules and turn-taking 3.54 £0.49 4.10 + 0.43

Active participation
Peer cooperation

Spontaneous peer interaction

Note. Checklist data were used exclusively as process indicators
and were not treated as a primary efficacy outcome.

Exploratory Correlation Analysis

An exploratory correlation analysis examined the
association between changes in motor competence and
socio-relational skills from TO to T1 among participants
with complete TO-T1 data for both MABC-2 and SSIS
(n = 77). The three participants who did not complete the
T1 assessment were therefore excluded from this complete-
case analysis. No missing values were imputed. The change
in MABC-2 scores was moderately and positively correlated
with the change in SSIS scores (r = 0.34, p = 0.002). This
finding indicates that greater improvements in motor
competence were associated with greater improvements
in socio-relational skills during the intervention period.
However, because this analysis was correlational, it does not
establish a causal relationship between changes in the two
domains.

Discussion

The present feasibility and exploratory study examined
the potential contribution of a structured inclusive motor
intervention based on boccia to the development of motor
competence and socio-relational skills among lower
secondary school students. The presence of a Group x Time
interaction for MABC-2 and SSIS scores also indicates
that the trajectories of change over time differed between

students who participated in the boccia-based intervention
and those who continued with regular school activities.
Moreover, the improvement observed in motor competence
can be interpreted in relation to the specific characteristics
of boccia and, although it is an activity accessible to students
with different levels of motor ability, effective participation
requires the integration of precision, force regulation,
visuomotor coordination, postural control, anticipation,
and movement planning (Herlitz et al., 2020; Qu, 2022; Hale
et al., 2021). Therefore, the progressive organisation of the
intervention provided students with repeated opportunities
to practise these components through appropriately
structured situations of increasing difficulty. From a Physical
Literacy perspective, repeated and meaningful engagement
in motor tasks may contribute not only to the development
of motor competence, but also to greater confidence and
willingness to participate in physical activities (Stodden etal.,
2008; Piotrowski et al., 2025). The results concerning socio-
relational skills are also particularly relevant when considered
in relation to the educational structure of the intervention
and, in this regard, boccia was not proposed exclusively as
a motor activity, but as a cooperative learning environment
in which students were required to communicate, share
decisions, alternate roles, and pursue common goals. These
characteristics may have created repeated opportunities
for peer interaction, cooperation, and self-regulation.
The improvement observed in SSIS scores may therefore
be interpreted in relation to the social organisation of the
intervention, rather than being considered exclusively
as a consequence of participation in a sporting activity.
This interpretation is consistent with previous evidence
highlighting the role of inclusive physical education and
meaningful cooperative experiences in promoting social
interaction and participation among students with and
without disabilities (Qi & Wang, 2018; Bertills et al., 2019;
Sedlackova et al.,, 2025). A particularly relevant feature of
the intervention was the possibility of maintaining common
educational objectives while, at the same time, adapting the
conditions of participation; therefore, playing distances,
equipment, rules, task difficulty, and participation roles could
be modified according to individual characteristics, without
excluding students from the shared activity. From this
perspective, the findings highlight the potential of bocciaasa
practical tool for applying the principles of Inclusive Physical
Education and Universal Design for Learning within regular
school activities. The observed association between changes
in MABC-2 and SSIS scores also provides an interesting
indication of the possible relationship between the motor
and socio-relational dimensions. Although the correlational
nature of this finding does not allow a causal relationship to
be established, this evidence is consistent with a conception
of motor activity as a multidimensional educational
experience, in which physical, social (Wang et al., 2025),
and relational processes may develop in an interconnected
manner. Structured observations provided complementary
information on participation and peer interaction during
implementation. Another relevant aspect concerns the
inclusion of students with Special Educational Needs within
the same intervention framework. The participation of
students with SEN in the same motor programme highlights
the practical feasibility of implementing a common activity
within a heterogeneous school population. Although the

882



Saraiello, E., Maisuradze, M., Latino, F., & Tafuri, M. G. (2026). Sport for Inclusive Education: Effects on Motor
and Socio-Relational Skills

small size of the subgroup does not allow specific conclusions
to be drawn regarding differential intervention effects in
relation to the presence of SEN, the possibility of involving
these students in the same structured activities represents
a relevant aspect of the programme and supports the need
for future research involving larger samples of students with
SEN. The follow-up assessment also provides a preliminary
indication of the evolution of the changes observed after
the end of the intervention; indeed, at T2, the experimental
group maintained numerically favourable values compared
with baseline in both assessment domains, although the
magnitude of the differences was reduced compared with the
post-intervention assessment. Future studies could therefore
investigate whether longer programmes or maintenance-
oriented interventions may contribute to consolidating the
effects observed at the end of the intervention. In light of the
exploratory nature of the study, however, some limitations
should be taken into account when interpreting the findings.
First, the sample size, although considered appropriate for
the feasibility objectives, provided limited statistical power
for a definitive assessment of effectiveness, and no formal a
priori power calculation was performed because the study
was designed primarily to assess feasibility and provide
preliminary estimates of intervention effects. Second, the
school context may have introduced variability related to
students’ previous motor experiences, previous opportunities
for physical activity, and exposure to organised sports, which
could not be systematically controlled. Overall, the findings
provide preliminary support for the feasibility of an inclusive
boccia-based motor intervention in the school context and
suggest its potential to promote both motor competence and
socio-relational development.

Conclusions

The present study supports the feasibility and potential
effectiveness of an inclusive motor intervention in
promoting motor competence and social inclusion in the
school context, in line with the objectives and outcomes of
the study. From a pedagogical perspective, these findings
support the value of motor education as a context for
promoting active participation, peer collaboration and an
inclusive classroom climate, with opportunities for shared
learning and meaningful participation.
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Cnopt anA iHKNIO3MBHOI OCBITU: BINJIVIB HA PYXOBi
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ABTOpCHKNMIT BKIAM: A — fU3aiiH ZOCTIIKeHHs; B — 36ip ganux; C - crarananis; D - migrotoska pykomucy; E - 36ip xomTis

Pedepar. Crarrs: 10 c., 4 Tab1., 42 mKepera.

Merta pocnipkenns. Lle nomykose JOC/TiIKEHHA JOLITbHOCTI MajIo Ha MeTi OL[iHUTY 3aCTOCYBaHHA Ta BIUIMB iHK/II03MBHOL
OCBITHBO-PYXOBOI iHTepBeHIil Ha OCHOBI Ipu B 6044y Ha PYXOBi Ta COL{ia/IbHO-PE/IALINHI HABUYKM YIHIB MOJIOAIINX K/IaciB ce-
PEAHbOI LIKOJIN.

Marepianu Ta MeTomm. Y JOCIipKeHH] B3sUn ydacTb 80 yuHiB, sKi 6ynu pospineHi Ha KOHTpOnbHY Ipyiy (n=40) Ta excre-
puMeHTabHY rpymy (n=40). 30kpeMa, eKCliepUMeHTa/IbHA TpyIa 6paa y4acTb y 12-TVyKHeBiil mporpami, CTpyKTypoBaHoi i3 24
3ausATh. fo mporpamy 6y1o po3po6ieHo BifoBifgHO Ko npuHuMIiB ¢isnanoi rpamorHocTi (Physical Literacy), YuiBepcanbHoro
ausaiiay B ocBiti (UDL), iHK/TI03MBHOTO (i3MYHOrO BUXOBAHH Ta KOOIIEPAaTUBHOrO HaBYaHHsL. HaTOMICTb KOHTPOJIbHA IPYIIA 3a-
JIMaacA 3a CTaHIaPTHOIO IIKiJIbHOIO IIporpaMoro 3 pisudHoi Kynprypy. O6MABI Ipymy MpoIIIN IepBIHHE, TOCTiHTepBEHIilTHe,
a TaKOXX ITIOBTOPHE OLiHIOBAHHA Yepe3 IeBHMII Yac 3a JoIoMoro barapei TecTiB [y oLliHKM pyX0oBOi aKTMBHOCTI fiiTelt — gpyre
BupjanHA (MABC-2) 3 MeToOlo BU3HaYeHHA PyX0BOI KOMIIeTeHTHOCTI Ta CrcTeMM BIOCKOHAIeHHA COLianbHUX HaBUYOK (SSIS) s
OLIiHKM COIlia/IbHMX HaBMYOK. KpiM TOro, npoTAroM ycboro mnepiofy iHTepBeHIil IPOBOAUINCA CTPYKTYPOBaHi CIIOCTEPEXXEeHH
I/ MOHITOPMHTY PiBHSA 3a7y4€HOCTi, B3a€EMOJII 3 OfIHOMIITKaMM Ta iHK/II03MBHOI IIOBE/iHKM.

Pesynpraru. OTpuMaHi faHi IPOJEMOHCTPYBaIN HOLIIbHICTb BIIPOBA/PKEHHA IIPOTOKO/TY B YMOBaX HIKi/TbHOTO KOHTEKCTY, a
TAaKOX BKa3a/M Ha MOTEHI[illHe IOKPALEHHA PyXOBOi KOMIIETEHTHOCTI, aKTMBHOI 3a7Ty4€HOCTi Ta peIALiiHOI AMHAMIKIA 3 OHO-
JTKaMM B iHT€PBEHLIMHIN IPYTIi.

BucHoBku. TakyM 4iHOM, IIporpaMa Ha OCHOBI Ipyt B 6044y BUCTYIIA€E sAK L[iHHA OCBITHA CTpareris, 37aTHa 3abe3neyyBaru
{HK/TIO3VIBHE PYXOBe CepeNOBHIIe Ta MiITPUMYBATI BCeOIYHIMIT PO3BUTOK YYHIB.

KnrouoBi croBa: iHK/II03is1, 0c06/MBi OCBiTHI HOTPe6M, pyXOBa KOMIIETEHTHICTD, IHK/II03MBHE (i3NuHe BUXOBAHHA.
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Abstract

Objectives. This study tested a serial mediation model examining how pedagogical feedback and prior sport
experience are associated with the development of perceived competencies in physical education (PE) through the

sequential mediating roles of motivation and engagement.

Materials and Methods. Participants were 248 undergraduate students (Year 1: n = 91; Year 2: n = 92; Year 3:

n = 65; 125 males, 123 females) enrolled in a Bachelor’s degree program in Physical Education and Sport at the

Ecole Normale Supérieure of Martil, Abdelmalek Essaadi University, Morocco. Data were collected via an online,
cross-sectional questionnaire comprising five eight-item Likert scales measuring motivation, perceived pedagogical
feedback, engagement, prior sport experience, and perceived competency development, all self-reported by
participants. Internal consistency was excellent for all scales (Cronbach’s a > .91). Two serial mediation models were
tested using bootstrap resampling (5,000 iterations, 95% percentile confidence intervals).

Results. Both perceived pedagogical feedback and prior sport experience were significantly associated with perceived
competency development. These relationships were partially accounted for by motivation and engagement (67%

and 47% of the total association, respectively). Engagement emerged as the mediator most strongly associated with
perceived competency development in both models. Notably, the indirect association through motivation alone was
not significant for prior sport experience. No substantial differences were found across academic years, whereas prior
competition participation correlated significantly with all five self-reported constructs. Given the cross-sectional,
self-report design, these associations should not be interpreted causally.

Conclusions. Motivation and engagement operate as sequential, partially distinct mediators of the association
between pedagogical feedback, prior sport experience, and perceived competency development. These findings

offer important theoretical and practical implications for physical education teacher training, particularly regarding
feedback design and differentiated support based on students’ competitive backgrounds.

Keywords: engagement, feedback, motivation, physical education, self-efficacy, serial mediation, teacher training.

Introduction

The development of competencies in physical education
(PE) among pre-service teachers constitutes a central issue in
initial teacher training, insofar as the quality of this learning
directly conditions their future professional practice.
Teachers who enter the profession with well-developed
technical, pedagogical, and reflective competencies are
better equipped to design effective learning experiences, to

© Ben Seddik, H., Rimy, H., Essafi, S., Fikri, A., Labakoum, B.,
Khali, C., & Harfouf, S., 2026.
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adapt their teaching to diverse student needs, and to sustain
their own professional engagement over time. Conversely,
gaps in competency development during training tend to
persist into early career practice, making the identification
of the levers that support this development during the
university years a priority for teacher education research
and policy alike.

While the literature agrees on the importance of
student motivation and engagement in this process, the
pathways through which contextual and experiential
factors are associated with competency development
remain insufficiently documented in the specific context of
university-level PE teacher training. Much of the existing
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evidence on motivation and engagement in PE has been
produced with school-age pupils rather than with pre-service
teachers themselves, leaving open the question of whether,
and how, the same motivational and experiential associations
hold once students are the ones being trained to teach the
subject. This gap is compounded by recent observational
evidence suggesting that pedagogical competencies among
PE pre-service teachers do not necessarily progress in a linear
fashion across the years of training (Mellado-Berenguer &
Monfort-Pailego, 2026; Salin, Huhtiniemi, Watt, Sdédkslahti,
& Jaakkola, 2025), which raises the question of which
psychological factors, rather than seniority alone, are most
closely associated with competency gains during PE teacher
education.

Self-determination theory (Deci & Ryan, 1985, 2000)
posits that the satisfaction of basic psychological needs —
autonomy, perceived competence, and relatedness — fosters
autonomous motivation, which is in turn a key determinant
of engagement in learning. Vallerand’s (1997) hierarchical
model of intrinsic and extrinsic motivation complements
this view by proposing that motivation operates at global,
contextual, and situational levels, and that contextual factors
specific to a given domain of activity — such as the feedback
students receive during PE coursework — shape contextual
motivation, which in turn cascades down to situational
engagement in specific learning tasks. Pedagogical feedback,
when perceived as informational rather than controlling,
has been identified as a major lever supporting the sense of
competence and, through it, autonomous motivation (Hattie
& Timperley, 2007). This informational function of feedback
has since been confirmed specifically within PE: a systematic
review of feedback effects on motor skill learning concluded
that descriptive, progress-oriented feedback consistently
outperforms purely evaluative feedback in supporting PE
learners (Zhou, De Shao, & Wang, 2021), while broader
evidence on teachers’ interpersonal behavior in PE similarly
links supportive, informational styles to better learning
outcomes (Tian & Shen, 2023).

Engagement itself is best understood as a
multidimensional construct encompassing behavioral,
cognitive, and emotional components, to which more recent
work has added an agentic dimension reflecting students’
proactive contribution to their own learning conditions
(Fredricks, Blumenfeld, & Paris, 2004; Reeve, 2012; Reeve &
Tseng,2011). A recent conceptual refinement of the construct
has further clarified this multidimensionality, distinguishing
learning engagement from broader school engagement and
addressing longstanding concerns of definitional overlap
across the behavioral, cognitive, emotional, and agentic
dimensions (Wong & Liem, 2022). This multidimensionality
is theoretically important for the present study: it is precisely
because engagement captures observable participation,
sustained attention, and self-regulated effort — rather than
a purely internal motivational state — that it is theorized to
be the construct most proximal to perceived competency
development, downstream from motivation itself.

In parallel, self-efficacy theory (Bandura, 1997) suggests
that students’ prior sport experience constitutes a source of
mastery experiences likely to strengthen their engagement in
physical activities, independently of its effect on motivation.
This primacy of mastery experience among the sources of
self-efficacy has recently received renewed empirical support

outside the PE context, in a study ranking the relative
importance of Banduras four sources of self-efficacy for
physical activity and confirming mastery experience as the
strongest predictor (Egele, Klopp, & Stark, 2025). Unlike
feedback, which is a contextual factor delivered by the
teacher within the training program, prior sport experience
is a personal, biographical resource that students bring with
them into training. Theoretically, these two predictors are
therefore expected to operate through partially different
pathways: feedback should act primarily through the
motivational route described by self-determination theory,
whereas sport experience should act more directly on
engagement through the mastery-based mechanisms
described by self-efficacy theory and by Harter’s (1978)
competence motivation framework.

Within the Moroccan and broader Maghreb context,
research specifically addressing PE teacher training remains
comparatively limited, although a growing body of work
is beginning to fill this gap. Recent Moroccan research on
the motivational dimension of PE has noted that empirical
studies on the motivational dynamics of PE students remain
scarce and scattered, despite increasing scholarly interest
in the topic (Moumen & Koutaya, 2026). Direct evidence
on the professional competencies of Moroccan PE student
teachers points in a similar direction: an observational
study of second-year PE trainees at the Faculty of
Education Sciences in Rabat found only limited mastery
of core professional competencies — didactic knowledge,
communication, lesson planning, and learning management
— highlighting a persistent gap between training objectives
and trainees’ actual classroom-ready skills (Mousmi, 2026).
In neighboring Tunisia, the introduction of the LMD
(Licence-Master-Doctorat) reform into PE teacher training
institutes has similarly been described as a largely top-down
process, implemented with limited empirical grounding in
the realities of trainees’ experience (Fraj, Desbiens, & Bali,
2023),and even the measurement of engagement itselfamong
Maghrebi PE and sport students has only recently been
placed on solid psychometric footing, with the first Arabic-
language validation of a university student engagement
inventory carried out onalarge Tunisian PEand sport student
sample (Tannoubi et al., 2023). Taken together, this regional
literature underscores both the relevance and the timeliness
of empirically grounded research into the psychological and
experiential factors that shape competency development
among Maghrebi PE trainees — a gap the present study seeks
to help address.

Despite the richness of these theoretical frameworks,
few studies have simultaneously tested the mediating role
of motivation and engagement in the relationship between,
on the one hand, pedagogical feedback and prior sport
experience, and on the other hand, the development of
perceived competencies in PE. A systematic review of the
broader relationship between perceived teacher support
and student engagement in PE confirmed a significant
positive association across the available literature, while also
noting that the underlying mediating mechanisms remain
insufliciently tested (Guo etal., 2023). The closest antecedents
to the present design come from two very recent studies
among Chinese college PE students, which modeled teacher
support as acting on engagement through self-efficacy and
autonomous motivation (Guo et al., 2025) or through self-
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efficacy and sport task orientation (Xu, Tan, Abdullah, &
Baker, 2025). While these studies confirm that support-type
variables operate on PE engagement through sequential
psychological mechanisms, neither examined pre-service
PE teachers specifically, neither combined a contextual
predictor (feedback) with a biographical predictor (prior
sport experience) within the same serial model, and neither
tested motivation and engagement — as conceptually
distinct from self-efficacy or task orientation — as sequential
mediators. Existing research has, more broadly, often
examined pedagogical feedback and prior sport experience
separately, or has modeled motivation and engagement
as parallel rather than sequential mediators, which limits
the ability to test whether motivation is a necessary step
toward engagement or whether the two constructs are
independently associated with the effects of distal predictors.
Moreover, this question has rarely been addressed within the
specific population of PE teacher trainees, whose profile —
combining formal academic training with often extensive
personal sporting backgrounds — makes the relative
contribution of pedagogical versus experiential factors a
particularly relevant empirical question.

The present study aims to address this gap by testing a
serial mediation model among undergraduate PE students,
in which pedagogical feedback and prior sport experience
are modeled as distal predictors, motivation and engagement
as sequential mediators, and the development of perceived
competencies in physical education as the outcome. Based
on this theoretical framework, the following hypotheses
were formulated:

H1: Pedagogical feedback positively predicts students’
motivation.

H2: Prior sport experience positively predicts students’
motivation and engagement.

H3: Motivation positively predicts engagement.

H4: Motivation and engagement serially mediate the
association between (a) pedagogical feedback, (b) prior sport
experience, and the development of perceived competencies
in physical education.

Materials and Methods

Participants

The target population consisted of students enrolled in
the Bachelor’s degree program in Physical Education and
Sport (Year 1 to Year 3) at the Ecole Normale Supérieure of
Martil, affiliated with Abdelmalek Essaadi University. The
actual number of students enrolled and actively pursuing
their PE-BA training for the 2025-2026 academic year was
632 (Year 1: n = 176; Year 2: n = 258; Year 3: n = 198). The
questionnaire, distributed electronically with the agreement
of the department’s academic coordinators, collected 261
responses, corresponding to a response rate of 41.3%.
After data cleaning (see Results), the final analyzed sample
comprised N = 248 PE undergraduate students (Year 1: n =
91; Year 2: n = 92; Year 3: n = 65; 125 males, 123 females).

Study Design

A cross-sectional survey design was used. A non-
probability convenience sampling method was applied: the

questionnaire was distributed electronically (Google Forms)
to students, with the agreement of the relevant academic
coordinators, between March and July 2026. Participation
was voluntary and anonymous.

Procedures and Instruments

The questionnaire included a profile section (age, sex,
year of study, regular sport practice, prior competition
participation, practice frequency) followed by five scales
of eight items each, measuring respectively motivation,
perceived pedagogical feedback, engagement, prior sport
experience, and perceived competency development in
physical education. All five scales are self-report measures:
they capture students’ own perceptions and self-assessments
rather than externally observed or objectively assessed
behaviors or skills. In particular, the outcome variable —
referred to throughout as “competencies” for brevity in
tables and figures — reflects students’ perceived or self-
reported development of competencies, not an observer-
rated or performance-based assessment of actual motor
or pedagogical competence; this terminology is used
consistently throughout the manuscript. Each item was
rated on a five-point Likert scale (1 = Strongly disagree; 5 =
Strongly agree).

Data were collected via an online form. An information
notice specified the scientific purpose of the study, the
anonymous nature of the responses, and their strictly
academic use. Participants’ consent was implicit upon
submission of the form, consistent with usual practice for
minimal-risk, non-interventional surveys in educational
science.

Because the data are cross-sectional and self-reported,
all statistical relationships reported in this manuscript —
including regression coefficients, correlations, and indirect/
direct paths in the mediation models — are interpreted as
associations rather than as evidence of causal influence.
Terms such as “predictor;” “indirect effect,” and “direct effect”
are used in their standard statistical sense, as conventionally
defined in the mediation analysis literature (Hayes, 2018),
and do not imply a causally verified sequence of events.

Instrument Development

The five scales were developed specifically for this study
rather than adapted from previously validated instruments.
Item generation was guided by the theoretical frameworks
described in the Introduction: self-determination theory
(Deci & Ryan, 1985, 2000) for the motivation scale, with
items addressing interest, enjoyment, effort, and persistence;
the feedback literature (Hattie & Timperley, 2007) for the
pedagogical feedback scale, with items addressing the
frequency, clarity, and perceived usefulness of teacher
feedback; multidimensional engagement models (Fredricks,
Blumenfeld, & Paris, 2004; Reeve, 2012) for the engagement
scale, with items addressing behavioral participation,
attention, and initiative; self-efficacy theory (Bandura,
1997) for the sport experience scale, with items addressing
prior mastery experiences and their perceived transfer
to PE learning; and general competency-development
frameworks in PE teacher education for the outcome
scale, with items addressing technical, reflective, and self-
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regulatory competencies. This item-generation, review, and
pilot-testing sequence follows the early stages of established
scale-development guidelines for the health, social, and
behavioral sciences (Boateng, Neilands, Frongillo, Melgar-
Quifnonez, & Young, 2018), although, as noted in the
Limitations, the later psychometric stages of that framework
(exploratory/confirmatory factor analysis, independent
expert content-validity indexing) were not conducted for
the present instrument. The initial item pool was reviewed
by the co-authors and the first author’s doctoral supervisor
for clarity, relevance, and alignment with the intended
theoretical dimensions, and items identified as ambiguous
or redundant were revised accordingly. The revised
questionnaire was then piloted with a small group of PE
students who did not take part in the main study, to check
item comprehension, wording, and completion time; minor
wording adjustments were made based on this pilot feedback
before the questionnaire was distributed to the full sample.
The complete item set for all five scales, in their original
French version and in English translation, is provided in the
Appendix as supplementary material.

Statistical Analysis

The analyses were conducted in several steps: (1) data
cleaning and verification of response consistency; (2)
calculation ofinternal consistency (Cronbachsalpha) foreach
of the five scales; (3) calculation of composite scores (mean
of items) and descriptive statistics; (4) Pearson correlation
analysis among the five constructs; (5) testing of a serial
mediation model via successive regressions on standardized
variables, following established recommendations for
regression-based mediation analysis (Hayes, 2018), with
bootstrap estimation (5,000 resamples, 95% percentile
confidence intervals) of indirect effects (Preacher &
Hayes, 2008), tested separately for each of the two distal
predictors (pedagogical feedback, sport experience); (6)
complementary analyses (ANOVA, t-tests) to explore the
effect of profile variables. All analyses were performed in
Python (pandas, pingouin, and statsmodels libraries).

Results

Participants and Data Cleaning Procedure

The initial sample comprised 261 responses. Thirteen
responses (5.0%) showed inconsistent multiple selections on
the categorical profile variables (age, year of study, or practice
frequency), likely due to a form artifact, and were excluded. The
final analyzed sample comprised N = 248 PE undergraduate
students (Year 1: n = 91; Year 2: n = 92; Year 3: n = 65; 125 males,
123 females). All items across the five 8-item scales (motivation,
pedagogical feedback, engagement, sport experience,
competency development) were set as mandatory fields in the
online form; consequently, no missing data occurred on any of
these 40 items in the final analytic sample of N = 248.

A chi-square goodness-of-fit test was conducted to
verify the representativeness of the final sample relative to the
actual distribution of the 632 students enrolled in the PE-BA
program for the 2025-2026 academic year (Year 1: 27.8%;
Year 2: 40.8%; Year 3: 31.3%). This test revealed a significant
discrepancy between the observed distribution in the sample

(36.7% / 37.1% / 26.2%) and the expected distribution,
o = 9.89, p =.007, with Year 1 being overrepresented and
Year 3 underrepresented. This limitation is discussed further
below.

Table 1. Sample distribution by year of study relative to the
reference population

Year Population (%)  Sample (%) Sample n
Year 1 27.8 36.7 91
Year 2 40.8 37.1 92
Year 3 31.3 26.2 65

Note. x*(2) = 9.89, p = .007. Reference population: 632 students
enrolled in the PE-BA program, 2025-2026 academic year.

Reliability and Descriptive Statistics

Internal consistency for each of the five scales (8 items,
1-5 Likert format) proved excellent, with Cronbach’s alpha
coefficients all above .91 (Table 2). Because a very high alpha
can itself signal item redundancy rather than pure reliability
(Taber, 2018), this uniformly high internal consistency is
interpreted with appropriate caution alongside the other
psychometric indicators reported below. The distributions
show pronounced negative skewness across all scales,
indicating a ceiling effect (overall high scores), which is
noted as a methodological limitation.

Table 2. Descriptive statistics and internal consistency of
the five scales

Scale M  SD SkewnessCronbachsa 95% CI
Motivation 423 0.76 -1.66 926 [.912,.939]
Pedagogical
feedback 3.92 076 -0.82 915 [.898, .930]
Engagement 418 0.72 -1.46 915 [.898,.930]
Sport 414 079 -1.46 931 [.917,.943]
experience
Competencies 4.04 0.78 -1.44 934 [.921, .946]

Note. M = mean; SD = standard deviation; scale from 1to 5.n =
248.

Correlations Among Constructs

All correlations among the five constructs were positive
and significant (Table 3), with coefficients ranging from .689
to .844, confirming the existence of associations sufficiently
strong to justify a mediation model.

Table 3. Correlations among the five constructs

Variable 1 2 3 4 5
1. Motivation —
2. Feedback 738%* —
3. Engagement .826%* 786 —
4. Sport experience .740%* .689**  .809** —
5. Competencies 7640 772%% 844+ 844

Note. ** p <.001. n = 248.
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Table 4. Serial mediation model — pedagogical feedback as distal predictor

Effect B P 95% Bootstrap CI
Direct effect: Feedback > Motivation (a;) 738 <.001 —
Direct effect: Feedback > Engagement (a) 387 <.001 —
Direct effect: Motivation > Engagement (da;) .540 <.001 —
Direct effect: Motivation > Competencies (b;) 142 017 —
Direct effect: Engagement > Competencies (b,) .530 <.001 —
Residual direct effect: Feedback > Competencies (c’) 251 <.001 —
Total effect: Feedback > Competencies (c) 772 <.001 —
Indirect via Motivation only .105 — [.007, .212]
Indirect via Engagement only 205 — [.125,.290]
Serial indirect (Motivation > Engagement) 211 — [.134, .300]
Total indirect 521 — [.395, .640]

Note. Standardized coefficients (p). CI = bootstrap confidence interval (5,000 resamples, percentile method). n = 248.

Table 5. Serial mediation model — prior sport experience as distal predictor

Effect B P 95% Bootstrap CI
Direct effect: Experience > Motivation (a,) .740 <.001 —
Direct effect: Experience > Engagement (a,) 436 <.001 —
Direct effect: Motivation > Engagement (da:) .504 <.001 —
Direct effect: Motivation > Competencies (b;) 111 .038 —
Direct effect: Engagement > Competencies (b,) .393 <.001 —
Residual direct effect: Experience > Competencies (c) 444 <.001 —
Total effect: Experience > Competencies (c) .844 <.001 —
Indirect via Motivation only .082 — [-.013,.184] (n.s.)
Indirect via Engagement only 171 — [.095, .262]
Serial indirect (Motivation > Engagement) 147 — [.078,.219]
Total indirect .400 — [.284, .518]

Note. n.s. = not significant (the confidence interval includes zero). n = 248.

Serial Mediation Model — Pedagogical Feedback

A first serial mediation model (Pedagogical feedback
> Motivation > Engagement > Competencies) was tested
via successive OLS regressions on standardized variables,
with bootstrap estimation (5,000 resamples, 95% percentile
confidence intervals) of the indirect effects (Table 4). All
three indirect pathways were statistically significant, as
was the residual direct association, consistent with partial
mediation: a substantial proportion of the total association
between pedagogical feedback and perceived competency
development (67%, .521/.772) was statistically accounted for
by motivation and engagement jointly.

Serial Mediation Model — Prior Sport Experience

A second model tested prior sport experience as the
distal predictor (Table 5). The indirect association via
motivation alone was not significant (the interval includes
zero), but the indirect associations via engagement alone
and via the full serial pathway were significant, as was the
residual direct association (partial mediation, 47% of the
total association).

Complementary Analyses

Group comparisons enriched the interpretation of the
model. No significant difference was observed according
to year of study (Year 1/2/3) on any of the five constructs
(Table 6), suggesting that these variables do not progress
linearly across the curriculum as measured here. Similarly,
regular sport practice (yes/no) and sex showed no significant
differences. By contrast, prior competition participation
significantly distinguished students on all five constructs,
with a medium effect size, following Cohen’s (1988)
conventional benchmarks, for perceived sport experience
(d =0.59) and for competencies (d = 0.41) (Table 6).

Summary of Hypotheses

H1 (Feedback > Motivation): confirmed. H2 (Sport experi-
ence > Motivation and Engagement): confirmed. H3 (Motiva-
tion > Engagement): confirmed. H4 (mediation via Motivation
and Engagement): confirmed for both predictors, with partial
mediation in both cases and a significant serial pathway. How-
ever, the mediation via motivation alone was not significant for
sport experience, which qualifies H4 for this specific predictor.
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Table 6. Differences by year of study, prior competition participation, and regular sport practice

Year of Study (one-way ANOVA)

Variable Year 1 (M) Year 2 (M) Year 3 (M) F(2, 245) P
Motivation 4.25 4.22 4.22 0.04 966
Feedback 3.99 3.82 3.95 1.21 .300
Engagement 421 4.17 4.15 0.17 .842
Sport experience 4.15 4.12 4.14 0.05 951
Competencies 4.08 3.96 4.10 0.77 462

Prior Competition Participation (independent-samples t-test)

Variable M Yes M No t P Cohen’s d
Motivation 4.30 4.09 2.016 .046 0.27
Feedback 3.96 3.82 1.406 161 0.18
Engagement 4.27 4.00 2.743 .007 0.37
Sport experience 4.28 3.84 4.335 <.001 0.59
Competencies 4.15 3.84 3.136 .002 0.41

Regular Sport Practice (independent-samples t-test)

Variable M Yes M No t p Cohen’s d
Motivation 423 4.23 0.006 .995 0.00
Feedback 3.93 3.82 0.757 453 0.15
Engagement 4.20 4.05 1.089 281 0.21
Sport experience 4.17 3.97 1.326 191 0.25
Competencies 4.07 3.90 1.139 .260 0.22

Note. n = 248. Effect sizes (Cohen’s d) interpreted following Cohen’s (1988) conventional benchmarks (small = 0.20, medium = 0.50,

large = 0.80).

Discussion

The aim of this study was to test a serial mediation model
examining how motivation and engagement statistically
account for the association between, on one hand, pedagogical
feedback and prior sport experience, and on the other hand, the
development of perceived competencies in physical education.
Opverall, the results are consistent with this model and offer
three main contributions to the literature on PE teacher
training: (1) they clarify the motivational pathway associated
with feedback in relation to perceived learning, (2) they reveal
that prior sport experience follows a partially different pattern
of association from that of feedback, being more closely linked
to engagement than to motivation, and (3) they show that the
variable most strongly associated with students’ profiles is not
seniority in the program but prior competitive experience. As
thedataare cross-sectional and self-reported, all interpretations
below describe patterns of statistical association rather than
demonstrated causal processes.

The Pivotal Role of Pedagogical Feedback

Consistent with H1, perceived pedagogical feedback
was strongly associated with students’ motivation (p =.738).
This result is consistent with self-determination theory (Deci
& Ryan, 1985, 2000; Ryan & Deci, 2020), which posits that
informational feedback — perceived as support for progress
rather than as judgment — nurtures the psychological
need for competence, theorized as a driver of autonomous

motivation. It also aligns with Hattie and Timperley’s
(2007) review describing feedback as one of the most robust
pedagogical correlates of learning in the educational science
literature, as well as with extensions of this framework to the
specific context of physical education (Ntoumanis, 2001),
where the motivational climate established by the teacher
has been associated with students’ investment.

The specific contribution of the present study is to show
that this association is not limited to a direct feedback-
motivation link: two-thirds of the total association between
feedback and perceived competency development (67%) was
statistically accounted for by the motivation-engagement
chain. This pattern suggests that the association between
feedback quality and students’ self-reported competencies
may operate largely through their motivation, which is in
turn linked to greater self-reported engagement in learning
tasks — although this sequential interpretation reflects the
structure of the theoretical model tested and cannot be
confirmed as a causal sequence given the cross-sectional
design (see Limitations). This result is nonetheless consistent
with the idea, often stated in general terms in the literature,
that feedback may be more closely tied to an indirect than to
a direct correlate of self-reported motor learning.

A Distinct Pattern of Association for Prior Sport Experience

The second model tested reveals a more nuanced pattern.
Although prior sport experience was significantly associated
with motivation (B = .740) and engagement (p = .436),
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consistent with H2, the indirect association estimated via
motivation alone did not reach significance (95% CI = [-.013,
.184]), unlike what was observed for feedback. This result
invites a distinction between two theoretical explanations
that are conceptually close but distinct: self-determination
theory, relevant for interpreting the association involving
feedback, and Bandura’s (1997) self-efficacy theory, more
relevant for interpreting that involving sport experience.
Students with a richer sporting background were not
necessarily more motivated to learn, but reported higher
engagement, a pattern consistent with the possibility that
mastery experiences accumulated through sport may be
associated with engagement independently of motivation.
This distinction is consistent with Harter’s (1978) work
on competence motivation, which proposes that a sense
of mastery can be linked to behavioral engagement
independently of the initial motivational state.

This differentiation between the two distal predictors
constitutes one of the most original contributions of the
study: it suggests that motivation and engagement, although
strongly correlated (r = .826), are not simple proxies for one
another but are associated with partially distinct antecedents
— a distinction that parallel mediation models, more
common in the literature, might have obscured.

Engagement as the Central Proximal Mediator

In both models tested, engagement was the mediator
most strongly associated with perceived competency
development (B = .530 for the feedback model; § = .393 for
the sport experience model), more so than motivation itself
(B = .142 and .111, respectively). This result is consistent
with contemporary models of academic and sport
engagement (Reeve, 2012; Reeve & Tseng, 2011), which
describe engagement — behavioral, cognitive, and agentic
— as the construct most proximally linked to effective
learning in theoretical accounts of the motivational process.
In the present data, motivation alone was not sufficient:
engagement — reflected in active participation, sustained
attention, and persistence in the task — showed the stronger
association with perceived competency development. This
pattern of associations (motivation linked to engagement,
which in turn is more strongly associated with perceived
competencies, rather than motivation relating to
competencies directly) suggests a pedagogical implication,
developed further below: training programs may benefit
from explicitly targeting engagement behaviors, and not
only the desire to learn.

Unexpected Findings That Enrich the Interpretation

Two unanticipated findings deserve detailed discussion.
First, the absence of any significant difference between
Year 1, Year 2, and Year 3 students on the five constructs
is surprising given the implicit assumption of curricular
progression. This pattern is, however, less isolated than it
might first appear: recent observational research on pre-
service PE teachers likewise found only minimal differences
in teaching competencies across cohorts, concluding that
initial teacher education contexts may not substantially
enhance pedagogical competence throughout the degree
(Mellado-Berenguer & Monfort-Paniego, 2026), and a

related study similarly found that teaching efficacy among
pre-service PE teachers was shaped more by accumulated
teaching experience than by year level per se (Salin et al.,
2025). Several interpretations are possible. It may be that
PE training, as currently structured, is not differentially
associated with motivation or engagement across years —
in which case this finding directly calls into question the
pedagogical design of the curriculum. It is also possible that
cohort effects (classes that otherwise differ) mask a genuine
progression effect, or that the cross-sectional design fails to
capture change that occurs more at the intra-individual level
than between year groups. Only a longitudinal follow-up of
the same students across the three years would allow these
hypotheses to be disentangled.

Second, prior participation in sport competitions
proved to be the most discriminating profile variable,
with effect sizes ranging from small to medium across
constructs (d = .18 to .59), whereas regular sport practice
— although conceptually close — showed no significant
difference. This contrast suggests that perceived competency
development in PE may be more closely associated with the
qualitatively specific nature of competitive experience than
with the frequency of physical practice per se: exposure to
performance pressure, social evaluation of skill level, and the
structured technical coaching characteristic of competitive
sport. This distinction between recreational and competitive
practice, rarely made in the literature on PE teacher training,
offers a useful avenue for refining the diagnostic criteria used
to identify support needs at entry into training.

Theoretical Contribution and Positioning

Taken as a whole, this study extends the existing
literature in three respects. On a theoretical level, it proposes
an empirical articulation between self-determination theory
and self-efficacy theory within a single model, showing that
these two frameworks are associated with distinct patterns
of association depending on the nature of the predictor
(contextual/pedagogical for SDT, experiential/personal for
self-efficacy). This articulation is particularly meaningful
in a teacher-training population, since self-efficacy beliefs
formed during initial training are widely regarded as a
distinct and especially consequential construct compared
with self-efficacy in other domains, given their documented
links to teachers’ persistence, instructional behavior, and
career-long professional engagement (Tschannen-Moran &
Woolfolk Hoy, 2001). On a methodological level, the use of
a serial mediation model, rather than a simple correlational
analysis or multiple regression, makes it possible to document
not only that these variables are related, but the sequential
pattern of association among them that is consistent with
the proposed theoretical model — while acknowledging that
causal order cannot be established with cross-sectional data
(see Limitations). Finally, on an applied level, it provides
concrete, hierarchized levers for reflection for PE teacher
training, discussed below.

Limitations

Several limitations should be considered when
interpreting these findings, and each has direct implications
for how the results should be read. First, and most
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importantly, the cross-sectional design does not allow
causal relationships between variables to be established. All
associations reported — including the direct, indirect, and
total paths in the two mediation models — describe patterns
of statistical association among variables measured at a single
point in time. The sequence postulated in the theoretical
model (feedback/experience > motivation > engagement >
competencies) reflects the order suggested by theory and was
used to structure the regression equations, but it remains a
working hypothesis rather than a demonstrated causal chain:
the same data pattern would be equally consistent with
alternative orderings (for example, engagement reinforcing
motivation over time, or perceived competency development
itself reinforcing engagement) that a cross-sectional design
cannot rule out. Readers, and the authors themselves in the
interpretation offered above, should therefore treat terms
such as “mediation,” “indirect association,” and “pathway” as
descriptions of a statistical model consistent with theory, not
as evidence that one variable causally produced change in
another. Only an experimental or longitudinal design could
adjudicate between competing causal orderings. Second, all
five constructs were measured through student self-report,
which introduces at least two distinct concerns. The first is
social desirability bias — a distortion documented even for
ostensibly non-sensitive constructs such as physical activity
and lifestyle habits in large survey samples (Teh et al., 2023)
— reinforced by the pronounced negative skewness (ceiling
effect) observed across all five scales, which may have
compressed the observed correlations and attenuated the
ability to detect weaker associations. The second concern is a
shared-methodartifact: becauseall constructs were measured
with the same self-report format at the same time, part of
the observed associations among motivation, engagement,
feedback, and perceived competencies may reflect common
method variance rather than substantive association. Neither
concern can be fully ruled out with the present design, and
both underscore why the outcome variable is described
throughout as “perceived” or “self-reported” competency
development rather than as an objective, observer-rated,
or performance-based measure of motor or pedagogical
competence. Third, the sample shows a representativeness
imbalance by year of study, with Year 1 overrepresented and
Year 3 underrepresented relative to the actual population
(x* = 9.89, p = .007). This raises the possibility of differential
non-response bias — for example, if students who felt more
or less engaged in their training were differentially likely
to respond depending on their year of study. This concern
is partly, though not fully, mitigated by the absence of
a significant difference between years on any of the five
constructs (Table 6), which suggests that the imbalance is
unlikely to have systematically distorted the associations
reported in the main mediation models. Fourth, the sample
was drawn from a single institution (the Ecole Normale
Supérieure of Martil), which limits the generalizability of the
findings to other PE teacher training programs, particularly
those with different admission criteria, curricula, or national
contexts. A multi-site replication, ideally spanning several
Moroccan or Maghrebi institutions, would be needed to
assess whether the pattern of associations observed here
holds more broadly. Fifth, although the five measurement
scales were grounded in established theoretical frameworks
and reviewed by the co-authors and doctoral supervisor

prior to piloting (see Instrument Development), they have
not yet undergone a formal psychometric validation beyond
internal consistency testing: no exploratory or confirmatory
factor analysis was conducted to verify the intended factor
structure, and no independent expert content-validity index
was computed. While internal consistency was excellent
for all five scales (a > .91), this means that factorial and
convergent validity have not yet been formally established.
Future use of these scales should include such validation
steps. The complete item set is provided in the Appendix to
allow readers and future researchers to evaluate, refine, and
further validate them.

Pedagogical and Institutional Implications

If corroborated by future longitudinal or experimental
research, these results would argue for strengthening PE
teacher training in the practice of constructive, individualized
feedback centered on progress rather than solely on
evaluation, rather than for simply extending the duration of
training. Structured teacher-training programs designed to
increase autonomy-supportive, informational feedback have
already demonstrated feasibility and effectiveness with in-
service PE teachers (Cheon, Reeve, & Moon, 2012), and a
comparable module embedded within PE teacher education
curricula could plausibly extend similar benefits to pre-service
teachers themselves. Since engagement was the mediator most
strongly associated with perceived competency development
in the present model, trainers may also benefit from designing
activities that explicitly call for active participation, sustained
attention,and studentinitiative, rather thanlimiting themselves
to interventions aimed solely at fostering motivation or
interest. Finally, since it is prior competitive experience, rather
than year of study or regular practice, that was most clearly
associated with students’ profiles, an entry-level diagnostic
specifically addressing students’ competitive background
could help target differentiated support — particularly
technical confidence-building programs for students without
competitive experience — rather than standardized content
by year of study.

Future Research Directions

Three extensions appear particularly promising. A
longitudinal design, following the same cohort of students
from Year 1 to Year 3, would help resolve the question of
actual competency progression across the curriculum, which
the cross-sectional design of the present study cannot settle.
A mixed-methods approach, combining self-assessment
with observational measures of actual motor competencies,
would reduce the risk of social desirability and shared-
method bias identified above. Finally, a replication of the
tested model in other PE teacher training institutions, in
Morocco or in other national contexts, would help assess
the generalizability of the distinction observed between the
motivational (feedback) and experiential (sport competition)
correlates of perceived competency development.

Conclusions

This study set out to test whether motivation and
engagement serially mediate the association between
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pedagogical feedback and prior sport experience, on one hand,
and the development of perceived competencies in physical
education among pre-service PE teachers, on the other. The
results are consistent with all four hypotheses: pedagogical
feedback and prior sport experience were both associated
with motivation and engagement, motivation was associated
with engagement, and the two constructs jointly and partially
accounted for the association between both distal predictors
and perceived competency development (67% and 47% of
the total association, respectively). Engagement, rather than
motivation, was the mediator most strongly associated with
perceived competency development, and the pattern linking
sportexperiencetothe outcomeoperatedlargelyindependently
of motivation, consistent with a self-efficacy rather than a
self-determination account. As the design is cross-sectional
and all measures are self-reported, these findings should be
read as a coherent pattern of statistical association consistent
with the proposed theoretical model, not as demonstrated
causal pathways. With this caveat in mind, the findings speak
to the study’s purpose by clarifying how feedback and prior
sport experience are associated with perceived competency
gains through a sequential pattern involving motivation and
engagement, and they lend support to prioritizing feedback
quality and engagement-oriented teaching practices, together
with differentiated support based on students’ competitive
background, in PE teacher training programs.
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Appendix: Complete Measurement Scales

All items were rated on a five-point Likert scale
(1 = Strongly disagree; 5 = Strongly agree). The original
questionnaire was administered in French; the English
translations below are provided for the international
readership of this journal.

Motivation Scale

1. Iam motivated to learn in physical education.

2. Ifeel enjoyment during physical education practical
lessons.

3. Imake efforts to progress in physical activities.

4. T am interested in the content taught in physical

education.

5. I wish to improve my competencies in physical
education.

6. 6.1 actively involve myself in practical lessons.

7. 7.1persevere even when tasks are difficult.

8. 8.Iseek to improve my physical performance.

Pedagogical Feedback Scale

1. The teacher provides regular feedback during
physical education lessons.

2. The feedback I receive helps me improve my
performance.
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3. The corrections given are clear and understandable. 2. My sport practice helps me understand exercises
4. The teacher effectively guides me in learning motor more quickly.

skills. 3. Mysportingbackground improves my competencies
5. Tunderstand my mistakes thanks to the explanations in physical education.

given. 4. TIfeelcomfortablein the physical activities proposed.
6. The feedback is adapted to my level in physical 5. I have already acquired technical foundations in

education. sport.
7. The teacher acknowledges and values my progress. 6. My sport experience strengthens my confidence in
8. The instructions given are precise and useful. physical education.

7. Tadapt easily to new physical activities.
Engagement Scale 8. I master sev.eral sport-specific motor skills thanks
to my experience.
1. Tactively participate in physical education lessons.
2.1 am attentive du.rmg prac.tl,ce.‘l SCSSIONS. Perceived Competency Development Scale
3. Iinvolve myself in the activities proposed.
4. I practice physical activities outside of class. 1. I develop my technical competencies in physical
5. I make consistent efforts to progress. education.
6. Iremain focused during exercises. 2. Iprogress in my physical performance.
7. Itake initiative during physical activities. 3. Ibecome more autonomous in physical activities.
8. Ifollow the instructions given by the teacher. 4. I better understand the objectives of physical
education lessons.
Prior Sport Experience Scale 5. Iamable to anglyze my performance.
6. I correct my mistakes autonomously.

1. My sport experience facilitates my learning in 7. Ibecome more competent in sport activities.

physical education. 8. Idevelop mylearning abilities in physical education.

HeTepMiHaHTN PO3BUTKY KOMMNETEHTHOCTI Y pisnnuHOMy
BMXOBaHHI: mefiiaTUBHa poNb MOTUBALLil Ta 3aNy4YeHOCTi

Xarim Ben Cegpik'**“PE, Xi6a Pimi**P“PE, Camip Eccadi**®“PE, Ampad Pikpi'ABePE,
Bagpennin JTabaxkym**ECPE, [lajimae Xami*ABPE, Cynaiiman Xapdyd'ABCPE

'VuiBepcuter Abnenpmaneka Eccaani
*YuiBepcuret XacaHa |

ABTOpPCHKMIT BKIAJ: A — Am3aitH gocnipkenHs; B — 36ip ganux; C — crataHanis; D — migroroska pykorcy; E — 36ip kowrtis

Pedepar. Crarts: 13 c., 6 Tabn., 32 mxepena.

Merta gocnimxeHHsA. Y HOCIiKeHH] IPOTECTOBAHO MOJe/b ITOC/IiIOBHOI Mefiialii /I BUBYEHHA TOTO, AK IeNaroriqyHMit
3BOPOTHUII 3B’5I30K 1 TIONIepeHill CIOPTUBHUIL JOCBI/I aCOLIIOBaHI 3 PO3BUTKOM Cy0 €EKTUBHO CIIPUIIMAHUX KOMIIETEHTHOCTEN ¥
(bisr/mHOMy BuxoBaHHi (PB) uepes mocnifoBHi MefiaTBHI porti MOTHBAIIi Ta 3aTy4eHOCTI.

Marepianu Ta MeTOEM. YYacHIKaMM TOCTimKeHH:A Oymu 248 cTyneHTiB 6akanaspary (1-11 kypc: n = 91; 2-11 Kypc: n = 92; 3-i1
Kypc: n = 65; 125 oci6 4omoBivoi crati, 123 0cobu xiHOUOI cTaTi), sIKi HaBYanUCs 3a 6aKaJIaBPChKOI0 IPOrPaMoio 3 Gi3MIHOrO
BUXOBaHHA Ta CIIOPTy B Buwiit HopmanbHiit mkom Maprins (Ecole Normale Supérieure of Martil) YuiBepcurery A6penbmaneka
Eccaani, Mapokko. 36ip maHUX 3[iliCHIOBaIM 3a JOIIOMOTOI0 OHJIAIH-OIMUTYBAIbHIKA 3 BUKOPUCTAaHHAM METOJY HOIEPEeYHOTOo
3pi3y, [0 MICTUB IT' ATh BOCBMMIIYHKTOBMX IIKaj JlajikepTa /11 BUMipIOBaHHA MOTMBAIlil, Cy0’ €KTUBHO CIIPUIIMAHOTO IIEfjaro-
FiYHOTO 3BOPOTHOTO 3B’A3KY, 3a/y4€HOCTI, OMEePeHbOTO CIOPTUBHOTO NOCBily Ta PO3BUTKY CY0 €KTMBHO CIPUIIMAHOI KOM-
HeTEeHTHOCTI; yci AaHi 6adyBamics Ha caMO3BiTax y4acHMKiB. BHyTpilHsa ysromkeHnictb Oy/a BigMiHHOIO A1 BCix miKai (ambda
Kponb6axa > .91). [IBi Moperni mocnifoBHOI Mepialiil 6y/10 IPOTeCTOBAaHO 3 BUKOPUCTaHHAM OyTcTpen-Bubipku (5000 irepauiii,
95% mepLeHTUIbHI ToBipui iHTepBam).

Pesynprarn. SIk cy6’eKTUBHO CIIpUIIMaHMII IefjarOTiYHMiT 3BOPOTHUIT 3B’ 130K, TaK i MOIEpPeHiil CIIOPTUBHMIL JOCBif 3Ha-
YyIIO acOLif0BaHi 3 PO3BUTKOM Cy0’€KTMBHO CIpUIIMaHOI KOMIIeTeHTHOCTI. 1]i B3a€MO3B’sI3KM 4aCTKOBO MOSCHIOBAIICS MO-
THUBaLi€0 Ta 3anydeHicTio (67% Ta 47% Bijf 3ara/JibHOTO 3B’5I3KY, BifIOBiAHO). 3a/My4eHICTh BUABUIACSA MefiaTOPOM, HaOIIbII
CIJIPHO aCOLiJIOBAHNUM i3 PO3BUTKOM CY0’€KTUBHO CIIPMIIMAaHOI KOMIIETEHTHOCTI B 060X MOJE/ISIX. 30KpeMa, HelpsIMIIL 3B 130K
4Yepe3 caMy JIMIIe MOTUBALII OyB CTATMCTUYHO HE3HAYYILIUM /I IIOIEPefHbOro CIIOPTUBHOTrO focBiny. He 6y10 BcTaHOB/IEHO
CYTTEBUX BiMiHHOCTEII 3a/IeXKHO Bifi KypCy HaBYaHHA, TOJ1 AK IOIeEPeHili JOCBi yJacTi y 3SMaraHHAX 3HA4YYILO KOPEIIOBaB 3
yciMa IT’sITbMa KOHCTPYKTaMy CaMO3BiTy. 3 OIJIsIIy Ha IOIIepedHIIT AM3alH OCTIKEHHs Ta BUKOPUCTAHHS METOLY CAMO3BITY, L1
3B’SI3KM He CJ1ifj iHTepIpeTyBaTH AK IPUYMHHO-HACTIIKOBI.
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BucHoBKu. MoTuBalis Ta 3a/)y4eHiCThb AiI0Th 5K ITOC/II/JOBHI, YaCTKOBO BiJOKpeM/IEHI MeIiaTOpy 3B’ 13Ky MIX II€aroriqHnM
3BOPOTHVM 3B A3KOM, IIOMEPEHIM CIIOPTUBHUM JIOCBiJOM Ta PO3BUTKOM CY0 €KTMBHO CIIPUIIMAaHOI KOMIIeTEHTHOCTI. OTpuMaHi
pe3y/IbTaTyi MalOTh BXX/IVBE TEOPETHYHE Ta IIPAKTUYHe 3HAYeHH: I IMIATOTOBKY BUK/IaiadiB (isMuHOro BUXOBAHHs, 30KpeMa
IIOZI0 PO3POOKY 3BOPOTHOrO 3B A3KY Ta AudepeHilioBaHOl MiATPUMKI 3 ypaxyBaHHAM 3MarajbHOTO TOCBif[y CTYAEHTIB.

Knroyosi cnosa: samydeHicTb, 3BOpOTHMIA 3B’30K, MOTHMBAlli, (biquHe BUXOBaHHS, caMoe(’peKTMBHiCTb, TIOC/TiTOBHA MeJi-
allis, miiroToBKa BUK/IalaviB.
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Abstract

Objectives. The study aimed to determine the effects of an eight-week school-based basketball training programme
on dribbling and shooting performance in upper secondary school students and to examine accompanying changes
in motor awareness, perceived self-efficacy, motivation, and peer collaboration.

Materials and Methods. Eighteen students aged 15-17 years participated in a single-group pre-test—post-test pilot
study. The intervention consisted of two 60-minute sessions per week for eight weeks and included progressive
technical exercises, pair and small-group tasks, simplified game situations, formative feedback, and reflection
activities. Basketball-specific performance was assessed using the AAHPERD Control Dribble Test and Speed Spot
Shooting Test. Qualitative data were obtained using a technical-motor observational rubric and a semi-structured
focus group. Pre-post differences were analysed using paired-samples t-tests, and effect sizes were calculated using

Cohen’s d.

Results. Control Dribble Test performance improved from 25.51 + 2.84 s to 21.76 + 2.37 s, with a mean difference

of —3.75 5 (95% CI: —4.52 to —2.98; t(;;y = —10.28; p < .001; d = 2.42). Speed Spot Shooting Test scores increased

from 4.78 £ 1.21 to 6.56 + 1.18 successful shots, with a mean difference of 1.78 shots (95% CI: 1.27-2.29; t, = 8.00;
p <.001; d = 1.89). Qualitative analysis indicated improvements in movement control, technical awareness, perceived
self-efficacy, motivation, error management, and peer collaboration.

Conclusions. The eight-week basketball programme was associated with substantial improvements in dribbling

and shooting performance in upper secondary school students. Positive changes were also observed in students’
awareness of movement execution and engagement in the learning process. Given the small sample size and the
absence of a control group, the findings should be interpreted as preliminary.

Keywords: basketball, physical education, motor learning, dribbling, shooting, adolescents.

Introduction

Basketball represents a particularly relevant discipline
within school physical education, as it allows the development
of fundamental motor skills to be integrated with cognitive,
relational, and decision-making competences (Mocanu, &
Murariu, 2024). Unlike activities based mainly on repetitive
or isolated motor execution, basketball requires students
to constantly adapt their actions to changing situations,

© Gravino, G., Saraiello, E., Latino, E, Badii Esposito, E, &
Tafuri, M. G., 2026.
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coordinate their movements in relation to space, time, the ball,
and other players, and make rapid decisions under dynamic
conditions. In upper secondary school, this sport therefore
constitutes a rich and multifaceted educational environment,
in which motor learning is closely connected to perception,
attention, communication, cooperation, and self-regulation.
Students are not only required to perform technical gestures,
but also to understand when, how, and why to use them in
relation to the context of play. For this reason, basketball can
be considered a particularly suitable activity for promoting
meaningful learning in physical education, especially when
it is taught through structured, progressive, and reflective
didactic pathways (Pocius, & Malinauskas, 2025).
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Within this framework, the technical fundamentals of
dribbling and shooting play a central role. Dribbling enables
students to manage the ball while moving, orient themselves
in space, protect possession, change direction, vary rhythm,
and maintain motor control under variable conditions.
It involves coordination between upper and lower limbs,
control of posture, use of gaze, spatial orientation, and the
ability to regulate force and timing. Shooting, on the other
hand, represents one of the most complex and meaningful
technical gestures in basketball, as it requires balance,
segmental coordination, precision, postural stability,
concentration, and the ability to self-regulate the movement
(Kioumourtzoglou et al., 1998). An effective shot does not
depend solely on arm strength or final accuracy, but on the
coordination of several components: foot position, lower-
limb drive, trunk stability, shoulder-elbow-wrist alignment,
ball release, and final follow-through. From an educational
point of view, working on dribbling and shooting therefore
means helping students to develop not only sport-specific
skills, but also broader motor competences related to body
control, movement awareness, attention, and intentionality.

Recentliteraturehighlightsthatschool physicaleducation
should not be reduced to the mere technical execution of
movements, but should instead be understood as a context
for promoting physical literacy (Latino et al., 2025a,b).
Physical literacy refers to an integrated set of physical,
cognitive, emotional, and motivational competences that
enable individuals to participate consciously, confidently,
and sustainably in motor and sports activities across the
lifespan (Grauduszus et al., 2024). This perspective is
particularlyimportantin adolescence, adevelopmental phase
in which students’ relationship with the body, movement,
sport, and perceived competence may strongly influence
their future participation in physical activity. In this sense,
physical education has the responsibility to offer learning
experiences that are not only technically effective, but also
inclusive, motivating, and capable of strengthening students’
confidence in their own abilities. A basketball workshop
designed around progressive tasks, formative feedback, peer
collaboration, and reflection can contribute to this goal by
transforming technical learning into an opportunity for
broader personal and educational development.

This approach is also consistent with the
recommendations of the World Health Organization,
according to which children and adolescents should
regularly engage in moderate- to vigorous-intensity physical
activity, including through meaningful and inclusive school-
based experiences (Bull et al., 2020; Di Maio et al., 2026).
School represents a privileged setting for promoting physical
activity, because it can reach all students, including those
who may not participate in organised sport outside school.
However, for physical education to be truly effective, it is
not sufficient to simply increase movement time; it is also
necessary to design activities that support participation,
motivation, perceived competence, and the progressive
acquisition of motor skills. In this regard, basketball offers
significant educational potential, because it combines
physical engagement with playful, cooperative, and decision-
making dimensions. When properly adapted to students’
levels, it can involve both more skilled students and those
who initially feel less confident, allowing each participant to
experience improvement and contribute to the group.

Furthermore, the concept of Quality Physical Education
promoted by UNESCO emphasises the need to design motor
learning environments capable of supporting not only physical
development, but also psychosocial well-being, participation,
responsibility, and collaboration (UNESCO, 2021). From this
perspective, the value of a basketball workshop does not lie
exclusively in the acquisition of technical fundamentals, but
in the possibility of creating a learning environment in which
students can cooperate, observe one another, accept feedback,
manage errors, and recognise progress. The educational quality
of the intervention therefore depends on the way in which
the teacher structures the tasks, differentiates the levels of
difficulty, provides feedback, and promotes a positive climate.
In particular, the use of small-group activities, simplified game
situations, and peer observation can help students to develop
both technical competence and social responsibility (Gaggioli
etal, 2013).

Within this framework, basketball can be interpreted
as a didactic device capable of promoting complex motor
learning, especially when teaching combines progressive
technical exercises, simplified game situations, formative
feedback, peer observation, and moments of reflection. The
transition from analytical exercises to game-based situations
allows students to first consolidate the basic elements of
the movement and then apply them in more authentic and
dynamic contexts. This progression is particularly relevant
in the learning of dribbling and shooting, since both skills
require not only technical precision, but also adaptation
to changing spatial and temporal conditions. A purely
repetitive approach may improve isolated execution, but it
does not always support transfer to real or semi-real game
situations. Conversely, an approach that alternates technical
practice, contextualised tasks, and reflection may help
students understand the functional meaning of the gesture
and improve their ability to use it appropriately.

Recent studies on the Sport Education Model show
that approaches centred on active participation, student
responsibility, and cooperative dynamics can improve
attitudes, motivation, and engagement in physical education
contexts (Zhang et al., 2024). This is particularly relevant for
upper secondary school students, who may show different
levels of motivation, competence, and confidence in sports
activities. A workshop organised through progressive
challenges, shared responsibilities, and peer support
can reduce the distance between students with different
initial skill levels and promote a more inclusive form of
participation. At the same time, research on motor feedback
confirms that the learning of technical skills is more effective
when students receive timely, specific instructions oriented
towards improving the movement, rather than generic
judgments on performance (Treschman et al., 2024; Zhou
et al,, 2021). Feedback, in this sense, becomes not only a
corrective tool, but also an educational strategy that helps
students understand errors, regulate their actions, and
develop greater awareness of their own learning process.

In light of these premises, the present pilot study aimed
to analyse the effects of a basketball workshop involving 18
upper secondary school students, with the goal of improving
the fundamental skills of dribbling and shooting. The
main objective was to verify whether a short, structured
intervention, methodologically oriented towards technical
progression, could produce observable changes both
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quantitatively, through pre- and post-intervention motor
tests, and qualitatively, through systematic observations and
students’ reflections. More specifically, the study sought to
examine whether a workshop based on gradual progression,
formative feedback, differentiated tasks, peer observation,and
simplified game situations could improve students’ technical
performance while also promoting motor awareness,
motivation, perceived self-efficacy, and collaboration within
the class group. In this sense, the research was not limited to
measuring performance outcomes, but also aimed to explore
the educational processes activated by the intervention and
the extent to which basketball can function as a meaningful
learning environment in school physical education.

Materials and Methods

Study Design

This pilot study adopted a convergent mixed-methods
design involving a single experimental group assessed before
and after a school-based basketball instructional programme.
The quantitative component was used to examine changes
in basketball-specific technical performance, whereas the
qualitative component explored movement quality, motor
awareness, perceived improvement, difficulties encountered,
motivation, error management, peer collaboration,
and students’ perceptions of the learning experience.
Quantitative and qualitative data were collected during the
same intervention period and were subsequently integrated
to provide a more comprehensive interpretation of the
educational and motor outcomes.

The study was conducted in accordance with the
Declaration of Helsinki and approved by the Ethics
Committee of the University of Naples Parthenope,
Department of Medical, Motor and Wellness Sciences
(DiSMMeB Prot. No. 88592/2024). Participation was
voluntary. Students received age-appropriate information
concerning the study objectives, procedures, assessments,
and confidentiality of the collected data. Written informed
consent was obtained from the parents or legal guardians
of participants under 18 years of age, together with assent
from the students. Where applicable, participants who had
reached the age of legal consent provided their own written
informed consent.

Outcome Measures

Quantitative Outcome Measures

Basketball-specific technical performance was assessed
using two subtests selected from the AAHPERD Basketball
Skills Test proposed by Hopkins, Shick, and Plack (1984):
the Control Dribble Test and the Speed Spot Shooting
Test. These tests were selected because they were directly
aligned with the two technical skills addressed during the
instructional programme.

The Control Dribble Test was used to assess dynamic
dribbling control. Participants were required to complete
a standardised cone-marked course while maintaining
control of the ball during forward movement, changes of
direction, and variations in movement rhythm. Performance
was recorded in seconds using a digital stopwatch. A lower

completion time at post-test, provided that the course
was completed correctly and without loss of ball control,
indicated improved dribbling performance.

The Speed Spot Shooting Test was used to evaluate
shooting speed and accuracy under dynamic conditions.
Participants were required to shoot from predetermined
positions, retrieve the ball, and move rapidly to the
subsequent shooting location. Performance was expressed
as the number of successful shots completed within the
prescribed test duration. A higher post-test score indicated
improved shooting performance.

Both quantitative tests were administered twice, during
the week preceding the beginning of the instructional
programme and after completion of the eight-week
intervention. The same testing procedures, equipment, court
arrangement, instructions, and scoring criteria were used at
pre-test and post-test.

Qualitative Outcome Measures

Movement quality was assessed using a Technical-
Motor Observational Rubric for Dribbling and Shooting
developed specifically for the educational objectives of
the workshop. The rubric was intended as a systematic
observational instrument and was not treated as a
standardised psychometric measure. Performance was
classified according to four levels of mastery: initial, basic,
intermediate, and advanced.

For dribbling, the rubric considered ball control,
continuity of movement, body posture, gaze orientation,
use of the dominant and non-dominant hand, ability to
change direction, and ball management while moving. For
shooting, the observed indicators included foot position,
body balance, coordination between the lower and upper
limbs, shoulder-elbow-wrist alignment, movement fluidity,
final wrist follow-through, and the ability to maintain
concentration during execution.

The rubric was completed during the initial and
final assessments and was supplemented by intermediate
observations conducted during the instructional sessions.
These intermediate observations were used to monitor
learning progression and guide instructional feedback rather
than to generate additional quantitative outcomes.

At the end of the intervention, a semi-structured focus
groupwasconducted usingopen-ended questionsconcerning
perceived technical improvement, difficulties encountered,
motivation, error management, peer collaboration, motor
awareness, and the overall learning experience. Students’
responses were examined through thematic analysis.
Recurring units of meaning were identified and grouped into
themes related to motor learning, participation, perceived
self-efficacy, technical awareness, and group climate.

Participants

The study involved 18 students aged between 15 and
17 years who attended the same pre-existing upper secondary
school class. The entire class participated in the basketball
workshop and was therefore treated as a single experimental
group. The observed age range reflected the ordinary
variability within the class associated with differences in
birth dates and individual educational trajectories.
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The inclusion criteria were established before the
intervention and comprised regular participation in physical
education classes, medical eligibility for school-based
physical activity, absence of injuries or medical conditions
incompatible with the proposed exercises, attendance at a
minimum of 80% of the scheduled instructional sessions,
willingness to complete both the initial and final assessments,
and provision of the required informed consent.

Students were excluded from the analysis when they
were fully exempt from practical physical education,
had prolonged absences during the intervention, did not
complete either the pre-test or post-test assessment, or
practised basketball continuously at a competitive level.
The latter criterion was introduced to reduce the possible
influence of substantially advanced previous basketball
experience on the observed outcomes.

For the exploratory analysis requested according to age,
participants were divided on the basis of chronological age at
baseline into younger adolescents aged 15-16 years and older
adolescents aged 17 years. This classification distinguished
students in the intermediate phase of adolescence from
those approaching the end of upper secondary education
and a later stage of biological and psychomotor maturation.
Because of the pilot nature of the study and the small number
of participants, the subgroup analysis was considered
exploratory and was intended to identify possible age-related
patterns rather than establish definitive differences between
age categories.

Procedures

The study was conducted within the students’ regular
school setting between February and April 2025, during
the regular physical education curriculum. Before the
intervention, eligible students and their families received
information concerning the study, and the required consent
procedures were completed. Participants then underwent
baseline assessment using the Control Dribble Test, the Speed
Spot Shooting Test, and the Technical-Motor Observational
Rubric.

Following the pre-test assessment, all participants
completed the same eight-week basketball instructional
programme. The intervention comprised two 60-minute
sessions per week, corresponding to 16 instructional sessions
and a total scheduled duration of 16 hours. Sessions were
conducted in the same school sports environment and using
the same basketball equipment and instructional framework.

The intervention was delivered throughout the eight
weeks by the same (physical education teacher/instructor),
who had (specify academic or professional qualification
and years of teaching or coaching experience). Using the
same instructor throughout the programme was intended to
ensure consistency in task presentation, verbal instructions,
feedback, progression criteria, and session organisation.

All participants received an identical core instructional
programme in terms of session frequency, duration,
technical content, sequence of learning objectives, and
overall training volume. Individual adaptations were limited
to the difficulty, execution speed, number of constraints,
and level of support associated with specific exercises. These
adaptations were introduced to enable all students to pursue
the same instructional objective according to their initial

level of technical competence and did not constitute different
training programmes.

Attendance was recorded during each session.
Participants who attended fewer than 80% of the scheduled
sessions were not included in the final analysis. At the
conclusion of the eight-week programme, the quantitative
tests and observational rubric were administered again
under conditions equivalent to those used at baseline. The
semi-structured focus group was subsequently conducted to
collect students’ perceptions of the intervention.

Intervention Programme

The instructional programme lasted eight consecutive
weeks and consisted of two sessions per week. Each session
lasted 60 minutes, resulting in 16 instructional sessions and
16 total hours of activity. The programme followed a gradual
didactic progression from simple to complex tasks, from
controlled individual execution to cooperative and semi-
situational activities, and from analytical technical exercises
to simplified game-based applications.

The intervention focused primarily on dribbling and
shooting. In addition to improving technical performance,
the programme was intended to promote movement
awareness, active participation, constructive management
of errors, peer collaboration, and the ability to recognise and
correct relevant aspects of movement execution.

Each 60-minute session was organised into four
consecutive phases. The first phase lasted approximately
10 minutes and comprised general and basketball-specific
motor activation, including light running, joint mobility,
coordination exercises, movement patterns, changes of
direction without the ball, and ball-familiarisation activities.
The second phase lasted approximately 20 minutes and
involved guided technical learning focused on the main
skill addressed during the session. The third phase lasted
approximately 20 minutes and consisted of applied activities
performed through individual challenges, pair exercises,
small-group tasks, technical circuits, timed activities,
and simplified game situations. The final phase lasted
approximately 10 minutes and was dedicated to active
recovery, verbalisation, and debriefing. During this phase,
students reflected on the difficulties encountered, recurrent
technical errors, possible corrective strategies, and bodily
sensations perceived during execution.

During weeks 1 and 2, the programme focused on
ball familiarisation and basic dribbling control. Activities
included static dribbling with the dominant and non-
dominant hand, variations in dribbling height, transitions
from high to low dribbling, frontal and lateral ball control,
alternating dribbles, and simple forward, backward,
and lateral movements. Particular attention was given to
knee flexion, trunk stability, hand position above the ball,
finger opening, controlled ball propulsion, and progressive
orientation of the gaze towards the playing environment
rather than exclusively towards the ball.

During weeks 3 and 4, the programme progressed to
dynamic dribbling and ball control while moving. Activities
included slalom courses, changes of direction, starts and stops,
rhythm variations, ball protection against a passive defender,
and simplified one-against-zero and guided one-against-one
situations. Task difficulty was gradually increased by reducing
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the distance between cones, increasing execution speed,
requiring use of the non-dominant hand in selected sections,
and introducing hand changes in response to external signals.
Feedback focused on maintaining the ball close to the body,
preserving dribbling continuity during directional changes,
using the body to protect the ball, and coordinating footwork,
trunk movement, and upper-limb action.

During weeks 5 and 6, the instructional focus shifted
to shooting. Students initially performed close-range
exercises to reduce the influence of shooting distance and
direct attention towards movement mechanics. Activities
included stationary shooting, shooting after receiving the
ball, shooting after one dribble, shooting following one-
count and two-count stops, and shooting from different
angles. Instruction addressed balanced foot positioning,
body orientation towards the basket, lower-limb flexion,
coordination between leg drive and arm extension, elbow
alignment, ball release, and final wrist follow-through.
Students were organised into small groups to increase
repetition frequency and reduce waiting time. Brief self-
assessment activities were also introduced after shooting
series to encourage students to identify successful movement
components and elements requiring correction.

During weeks 7 and 8, dribbling and shooting were
integrated into more representative basketball situations.
Activities included dribble-stop-shoot sequences, change-
of-direction followed by shooting, shooting after movement,
continuous team shooting drills, and small-sided games
incorporating technical constraints. Some activities required
at least one hand change before shooting, whereas others
required a controlled stop or rewarded correct shooting
posture independently of whether the shot was successful.
Small-sided games were conducted using reduced team
sizes, delimited spaces, and adapted rules to increase ball
contacts and promote active participation.

Throughout the intervention, the same instructional
principles were applied: gradual progression of task difficulty,
high repetition frequency, immediate and non-judgemental
feedback, use of error as a learning opportunity, alternation
between individual and cooperative activities, attention to
safety, and promotion of an inclusive and motivating learning
climate. Students experiencing greater difficulty performed
simplified versions of the same task or completed the activity
at a slower speed. More competent students performed the
same technical task with additional constraints, such as the
use of two balls, controlled hand changes, or responses to
external signals. These adjustments preserved the common
instructional objectives and content for the entire group.

Statistical Analysis

Quantitative data were analysed using IBM SPSS
Statistics (Version XX; IBM Corp., Armonk, NY, USA).
Descriptive statistics were calculated for all quantitative
variables and are presented as means and standard deviations
(SD). Prior to inferential analyses, the normality of the data
distribution was assessed using the Shapiro-Wilk test.

Differences between pre-test and post-test scores were
analysed using paired-samples t-tests. For each outcome,
the results are reported as mean + standard deviation,
mean difference, 95% confidence interval (95% CI) of
the mean difference, t statistic, degrees of freedom (df),

and corresponding p value. Statistical significance was
established at p < 0.05.

To evaluate the practical significance of the intervention,
effect sizes were calculated using Cohen’s d for paired
samples and interpreted according to Cohen’s conventional
thresholds (0.20 = small, 0.50 = medium, and 0.80 = large).

Qualitative data obtained from the technical-motor
observational rubric and the semi-structured focus group
were analysed using an inductive thematic analysis.
Responses were coded and grouped into recurrent themes
reflecting common perceptions and experiences related
to motor learning, technical awareness, motivation, self-
efficacy, error management, and peer collaboration.
Representative quotations were selected to illustrate the
main themes emerging from the analysis. An exploratory
subgroup analysis was also conducted according to age
group (15-16 years vs. 17 years). Descriptive statistics were
calculated separately for each subgroup, and paired-samples
t-tests were performed independently to examine pre-post
changes within each age category. Given the limited sample
size, subgroup findings were interpreted descriptively and
considered exploratory.

Results

Quantitative Results

The quantitative analysis showed an overallimprovement
in students’ performance in the two basketball fundamentals
targeted by the intervention, namely dribbling and shooting.
Descriptive statistics and inferential analyses are presented
in Table 1.

For the Control Dribble Test, the mean completion time
decreased from 25.51 + 2.84 s at baseline to 21.76 £ 2.37 s
after the intervention, corresponding to a mean reduction
of 3.75 s (95% CI: -4.52 to -2.98 s) and a percentage
improvement of 14.7%. The paired-samples t-test revealed
a statistically significant difference between the two
assessments, t; = —10.28, p < .001, with a very large effect
size (Cohen’s d = 2.42). These findings indicate a substantial
improvement in students’ ability to control the ball during
dynamic movements, negotiate changes of direction, and
maintain dribbling continuity throughout the course.

Similarly, performance in the Speed Spot Shooting Test
improved significantly following the intervention. The mean
number of successful shots increased from 4.78 + 1.21 at
pre-test to 6.56 + 1.18 at post-test, corresponding to a mean
increase of 1.78 successful shots (95% CI: 1.27 to 2.29) and
a percentage improvement of 37.2%. Statistical analysis
confirmed a significant pre-post difference, t.; = 8.00,
p < .001, with a large effect size (Cohens d = 1.89). This
improvement suggests enhanced shooting accuracy and
execution under dynamic conditions involving movement
and ball retrieval.

Overall, the quantitative findings demonstrate that
the structured basketball workshop produced meaningful
improvements in both technical skills. Beyond statistical
significance, the large effect sizes observed for both
performance measures indicate that the intervention also
achieved substantial practical relevance, supporting the
educational effectiveness of a progressive, feedback-oriented
teaching approach.
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Table 1. Quantitative outcomes before and after the intervention (n = 18)

Pre-test Mean Post-test Mean

. . . ,
Variable +SD +SD Mean Difference 95% CI t(17) p Cohen’s d

Control Dribble Test (s) 2551+2.84  21.76+2.37 ~3.75 ~452t0-298  -1028 <0.001  2.42

Speed Spot Shooting Test 478 +1.21 6.56 + 1.18 +1.78 1.27 t0 2.29 800 <0.001  1.89

(successful shots)

Note: Values are presented as mean * standard deviation (SD). Mean differences are calculated as post-test minus pre-test. Cohen’s d
values were interpreted according to Cohen’s criteria (0.20 = small, 0.50 = medium, 0.80 = large).

Table 2. Exploratory age subgroup analysis according to chronological age.

Pre-test Mean Post-test Mean

Variable Agegroup n +SD +SD Mean Difference  t P Cohen’s d
Control Dribble Test (s) 15-16 10 25.84+271 22.43 £2.26 -3.41 -7.14 <0.001 2.01
years
17 years 8 25.10 + 3.08 20.92 +2.39 -4.18 -7.89 <0.001 2.37
Speed Spot Shooting Test 15-16 10 460 +1.17 6.20 + 1.14 +1.60 5.83 <0.001 1.64
(successful shots) years
17 years 8 5.00 + 1.31 7.00 £ 1.20 +2.00 5.98 <0.001 1.82

An exploratory subgroup analysis was conducted to
examine whether the effects of the instructional programme
differed according to participants’ age. Students were divided
into two age groups: younger adolescents (15-16 years, n
= 10) and older adolescents (17 years, n = 8). Descriptive
statistics and within-group comparisons are reported in
Table 2.

Both age groups demonstrated significant improvements
in the two basketball skills assessed following the eight-week
intervention. In the younger subgroup, the mean completion
time in the Control Dribble Test decreased from 25.84 +
2.715t022.43 £2.26 s (p <.001), while the mean number of
successful shots in the Speed Spot Shooting Test increased
from 4.60 + 1.17 to 6.20 £ 1.14 (p < .001). Similarly,
participants aged 17 years showed significant improvements
in dribbling performance, with completion time decreasing
from 25.10 £ 3.08 s to 20.92 + 2.39 s (p < .001), and in
shooting performance, with successful shots increasing
from 5.00 £ 1.31 to 7.00 + 1.20 (p < .001). The magnitude of
improvement was comparable between the two age groups,
with both younger and older students showing statistically
significant pre-post improvements. Given the limited
sample size, no formal between-group comparisons were
performed, and the subgroup analysis should be interpreted
as exploratory (Table 2).

Qualitative Results

The qualitative analysis, conducted through the
technical-motor observational rubric and the final semi-
structured focus group, made it possible to explore in
greater depth the changes observed during the workshop,
highlighting not only an improvement in performance, but
also a transformation in the quality of motor execution,
in students’ awareness, and in the way they experienced
the sporting activity. The observational rubric revealed
significant progress in dribbling control: in the initial phase,
several students tended to keep their gaze fixed on the ball,
perform the movement with a rigid posture, and frequently

interrupt the continuity of movement during changes of
direction; by the end of the intervention, however, greater
execution fluency, better ball management while moving,
more confident use of the non-dominant hand, and more
effective coordination between footwork, trunk, and upper
limbs were observed. This change was also confirmed by
students’ perceptions. One participant stated: “At the
beginning, I always looked at the ball and lost control as soon
as I had to change direction; after a few lessons, I was able
to dribble more confidently and also look ahead” Another
student emphasised the improvement in the use of the non-
dominant hand, saying: “Before, I almost always used only
my strong hand, but with the course exercises I understood
that using the other hand also helped me move better””

With regard to shooting, the qualitative indicators
also showed positive development. Students progressively
improved their foot position, body balance, coordination
between lower-limb drive and arm extension, shoulder-
elbow-wrist alignment, and final follow-through. In
particular, shooting appeared less random and more
intentional, as students began to pay attention not only to
whether the ball went into the basket, but also to the technical
correctness of the execution. This aspect also emerged clearly
in the focus group: one female student stated that “before, I
only thought about shooting hard, then I understood that
foot position, legs, and wrist movement mattered”; another
participant pointed out that “even when I did not score, I was
able to understand what I had done wrong, for example if I
had not bent my legs properly or if my arm was not straight”
These statements indicate an important shift from a purely
performance-oriented view of shooting, focused only on the
outcome, towards greater attention to movement quality and
the possibility of self-correction.

Four main thematic areas emerged from the focus
group. The first concerns the perception of improvement:
many students reported feeling more confident in dribbling
and more aware in preparing their shot. The second theme
concerns motivation: small-group activities, technical
challenges, and mini-games fostered increasing engagement,
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Table 3. Main themes emerging from the qualitative analysis.

Theme Main findings

Representative quotation

Motor awareness

Technical execution
movement control

Perceived self-efficacy

Error management
correction

Motivation
activities

Peer collaboration

Improved posture, gaze orientation, ball control,
coordination, and use of the non-dominant hand
Better shooting mechanics, balance, follow-through, and

Increased confidence in performing basketball skills

Errors perceived as opportunities for learning and self-
Greater engagement through challenges and cooperative

Reciprocal observation, tutoring, constructive feedback

“I was able to dribble more confidently and
also look ahead”

“I understood that foot position, legs, and
wrist movement mattered.”

“I could see that I was gradually improving”

“Missing a shot was no longer something
negative”

“Team challenges motivated me more.”

“My partner noticed mistakes that I didn’t
realise”

especially among students who initially showed lower
confidence in their motor abilities. One participant observed:
“Team challenges motivated me more, because it did not
feel like just an exercise, but a way to improve while having
fun” Another student, who had initially been less involved,
stated: “T usually do not feel good at sports, but here I could
see that I was gradually improving, so I participated more.”
The third theme concerns the relationship with error: during
the workshop, students progressively interpreted mistakes
not as failures, but as useful information for correcting
movement and improving subsequent performance. As one
student stated, “missing a shot was no longer something
negative, because then the teacher helped us understand
what to change” The fourth thematic area relates to peer
collaboration: reciprocal observation, informal tutoring, and
debriefing moments fostered a more cooperative climate,
in which students learned to offer suggestions, accept
corrections, and recognise their classmates’ progress. One
female student summarised this aspect by saying: “When we
worked in pairs, it helped me to hear my partner’s advice,
because sometimes they noticed a mistake that I did not
realise I was making”

Overall, the qualitative results confirm and enrich the
quantitative findings, showing that the workshop produced
positive effects not only on the technical fundamentals
of dribbling and shooting, but also on motor awareness,
perceived self-efficacy, motivation, active participation,
and the quality of relationships within the class group. The
students’ words highlight how the intervention fostered a
more reflective form of learning, less focused exclusively on
performance, making basketball an educational experience
capable of supporting both technical improvement and
personal and relational growth (Table 3).

Discussion

Theresults of the study suggest thatabasketball workshop
structured according to a gradual didactic progression can
contribute significantly to improving the fundamentals of
dribbling and shooting in upper secondary school students.
The reduction in completion time recorded in the Control
Dribble Test and the increase in successful shots in the Speed
Spot Shooting Test indicate that the intervention promoted
both greater mastery of ball control in dynamic situations
and improved shooting effectiveness. These findings are

particularlyrelevantbecause the skillsanalysed are not merely
isolated technical gestures, but complex motor competences
requiring coordination, balance, postural control, attentional
engagement, and adaptation to task demands. From this
perspective, the observed improvements should not be
interpreted exclusively as gains in performance, but as the
outcome of a broader motor learning process through which
students progressively developed greater body control,
movement awareness, and self-regulation skills.

The improvements observed are likely to result
from the interaction of several complementary learning
mechanisms rather than from repetitive technical practice
alone. The workshop was intentionally organised according
to a progressive instructional sequence, beginning with
isolated technical exercises and gradually introducing more
complex and game-related situations. This progression may
have facilitated the gradual integration of perceptual and
coordinative processes involved in motor learning, enabling
students to refine their movement patterns while adapting
them to increasingly variable task demands. Furthermore,
repeated practice under progressively challenging conditions
may have strengthened motor adaptation and movement
consistency, contributing to the more efficient execution of
both dribbling and shooting skills.

The quantitative outcomes are consistent with the
literature on motor learning in physical education,
according to which the quality of teaching, intentional
repetition of the movement, progression of task difficulty,
and the presence of specific feedback represent key factors
in improving technical skills (Zhou et al., 2021; Han et al,,
2022). In particular, the improvement observed in dribbling
can be interpreted as the result of a combination of analytical
exercises, dynamic courses, changes of direction, progressive
use of the non-dominant hand, and transfer of skills into
simplified game situations. Indeed, the structure of the
intervention allowed students to experience dribbling under
increasingly complex conditions, moving from static ball
control to dynamic movement management, and finally to
its application in semi-situational contexts. This progressive
transition probably fostered better integration between
visual control, footwork coordination, gaze orientation, and
spatial management (Farhat et al., 2025).

Similarly, the progress observed in shooting seems to be
attributable to the breakdown of the technical gesture, the
initial reduction of the distance from the basket, the attention
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paid to body balance, and the final follow-through of the
movement. These elements enabled students to focus not
only on the outcome of the performance, namely scoring a
basket, but also on the quality of the execution. This aspect is
particularlyimportant in school contexts, where there is often
a risk of privileging the immediate result over the learning
process. In the present workshop, instead, the gradual nature
of the proposed activities and correction-oriented repetition
allowed students to understand that effective shooting
depends on a set of coordinated components: foot position,
balance, lower-limb drive, elbow alignment, ball release, and
wrist follow-through.

This approach confirms the value of formative feedback in
physical education, especially when itis timely, understandable,
task-centered, and oriented towards movement correction
rather than the simple evaluation of results (Treschman et
al,, 2024; Zhou et al,, 2021). In the workshop, feedback was
not used as a judgment on performance, but as a tool for
regulating learning. Students were guided to recognize errors,
understand their causes, and identify possible improvement
strategies. Thisapproach facilitated the transition from a merely
executive logic to a reflective one, in which motor learning
does not coincide solely with the repetition of a movement,
but also involves observation, interpretation, self-correction,
and awareness. From a motor learning perspective, formative
feedback may also have facilitated error detection, movement
self-monitoring, and the gradual development of moreaccurate
internal representations of the motor task. Rather than simply
correcting technical execution, feedback encouraged students
to compare intended and executed movements, progressively
refining performance through self-regulation and repeated
practice. In this sense, feedback took on an educational as
well as a technical function, contributing to the construction
of a learning climate less centered on performance and more
oriented towards personal improvement.

The exploratory subgroup analysis further suggests that
the instructional programme was effective across the age range
included in the study. Statistically significant improvements
were observed in both younger (15-16 years) and older (17
years) students, indicating that the intervention was associated
with enhanced basketball-specific technical performance
irrespective of age within the sample. Although descriptive
data suggested slightly larger improvements among the
older students, no formal between-group comparisons were
performed and, therefore, these observations should be
interpreted with caution. The limited sample size substantially
reduced the possibility of detecting true age-related differences.
Consequently, it cannot be established whether developmental
stage influenced responsiveness to the intervention. Future
studies including larger and more heterogeneous samples
should investigate whether biological maturation and
developmental stage moderate the effectiveness of basketball-
based instructional programmes.

The qualitative results further strengthen this
interpretation, showing that students developed greater motor
awareness, more confidence in execution, and a better ability
to recognise and correct errors. The observations carried
out through the technical-motor rubric and the statements
collected during the focus group indicate that students began
to pay greater attention to movement quality, posture, the use of
the non-dominant hand, balance, and the overall coordination
of the gesture. This finding is particularly relevant when viewed

in light of the concept of physical literacy, which interprets
physical education not as simple technical training, but as an
integrated process involving motor, cognitive, affective, and
motivational dimensions (Grauduszus et al., 2024). From this
point of view, the workshop promoted not only the acquisition
of basketball-specific skills, but also the development of a
greater willingness to participate, engage actively, collaborate,
and reflect on one’s own learning process.

From this perspective, basketball emerges as a didactic
context capable of promoting not only specific sports skills,
but also active participation, self-regulation, motivation,
and peer collaboration. Small-group activities, technical
challenges, informal tutoring, and mini-games supported
a cooperative learning climate, confirming what has been
highlighted by studies on the Sport Education Model,
according to which motor experiences organised in a
participatory and responsibility-based manner can improve
students’ attitudes, engagement, and motivation towards
physical education (Zhang et al., 2024). The cooperative
dimension proved particularly significant because it
allowed less confident students to experience accessible and
progressive tasks, while more skilled students were valued as
a resource for the group. In this way, the workshop fostered
more balanced participation, reducing the gap between
students with different initial levels of motor ability. Beyond
its social value, peer observation and cooperative practice
may also have enhanced motor learning by increasing
opportunities for observational learning and immediate peer
feedback. Observing classmates performing the same tasks
likely enabled students to recognise effective movement
strategies, identify execution errors, and incorporate
corrective adjustments into their own performance, thereby
reinforcing the learning process. This mechanism may also
explain the improvements in perceived self-efficacy and
confidence that emerged from the qualitative findings.

A further relevant aspect concerns the valorization of
error as a learning opportunity. The qualitative evidence
shows that, during the intervention, students progressively
changed the way they interpreted error: from a sign of
inability or failure to useful information for correcting the
movement and improving subsequent performance. This
transition has strong pedagogical value, as it contributes to
building a climate of trust in which students can experiment,
make mistakes, correct themselves, and try again without
experiencing error as a penalising element. This approach
is also consistent with the perspective of Quality Physical
Education promoted by UNESCO, which emphasises the
role of physical education in developing bodily, social, and
emotional competences, as well as in promoting well-being,
participation, and responsibility (UNESCO, 2021).

Despite the positive outcomes, the study presents some
limitations that must be carefully considered. First, the small
sample size, consisting of 18 students, does not allow for broad
generalization of the results. Moreover, although the participants
belonged to the same pre-existing class, the age range of 15-17
years indicates a degree of within-class heterogeneity that may
reflect differences in biological maturation, previous motor
experience, and individual school trajectories. Because of the
small sample size and the class-based design, the possible
influence of age and other participant characteristics could not
be examined separately. Future studies should include larger
samples and multiple classes to allow analyses according to
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age, sex, educational trajectory, previous basketball experience,
and baseline motor competence. Second, the absence of a
control group prevents the improvements observed from
being attributed with absolute certainty exclusively to the
intervention, since the possible effect of familiarisation with
the tests or other contextual factors cannot be entirely excluded
(Dewi et al., 2026). Furthermore, the limited duration of the
intervention, equal to eight weeks, makes it possible to observe
initial improvements, but does not allow for verification of the
stability of learning outcomes in the medium to long term. An
additional limitation concerns the qualitative rubric, which,
although consistent with the objectives of the workshop, was
developed ad hoc and does not possess the standardisation
features typical of validated instruments (Lesmawan et al.,
2025).

Inlight of these limitations, future research could involve
larger samples, quasi-experimental designs with a control
group, follow-up assessments, and validated observational
tools, in order to verify the stability of learning outcomes
and the effectiveness of the workshop in different school
contexts. It would also be useful to extend the analysis to other
basketball fundamentals, such as passing, defence, off-ball
movement, and tactical collaboration, in order to understand
whether the proposed workshop structure can also influence
more complex and interdependent competences. However,
the results indicate that a basketball pathway designed with
gradual progression, formative feedback, personalisation,
and reflection can represent an effective didactic proposal
for promoting technical improvement in dribbling and
shooting while also supporting motor awareness, motivation,
collaboration, and active participation within the class group.

Conclusions

This pilot study highlighted how a basketball workshop,
designed according to a progressive didactic approach and
aimed at improving the fundamental skills of dribbling
and shooting, can represent an effective proposal within
upper secondary school. The quantitative results showed
a significant improvement in both the Control Dribble
Test and the Speed Spot Shooting Test, indicating growth
in students’ ability to control the ball while moving and in
shooting accuracy. At the same time, the qualitative results
made it possible to identify broader transformations related
to the quality of motor execution, technical awareness,
motivation, perceived self-efficacy, and peer collaboration.
From this perspective, the intervention should not be
interpreted solely as a technical-sport learning pathway, but
as an educational experience capable of integrating bodily,
cognitive, emotional, and relational dimensions.

One of the most significant elements emerging from
the study concerns the relationship between technical
improvement and motor awareness. Students did not simply
perform dribbling and shooting more effectively (Candra
et al., 2023); rather, they progressively learned to recognise
the elements that make the movement more effective: ball
control, posture, gaze direction, balance, limb coordination,
and final follow-through. This result appears consistent with
the perspective of physical literacy, which recognises physical
education as a privileged context for promoting motor
competences, motivation, and conscious participation in
physical activities throughout life (Grauduszus et al., 2024).

The workshop therefore fostered a form of motor learning
that was not limited to immediate performance, but was
oriented towards understanding movement and building
greater confidence in one’s own abilities.

The workshop structure, based on gradual progression,
formative feedback, task personalisation, peer observation,
and moments of reflection, promoted the transition from
a logic focused exclusively on performance to one oriented
towards improvement, self-correction, and understanding
of the movement. This confirms what has been highlighted
by recent literature on feedback in physical education,
according to which timely, specific, and task-centred
instructions can significantly support motor skill learning
(Zhouetal., 2021; Han et al.,, 2022; Treschman et al., 2024). In
the context of this study, feedback had not only a corrective
function, but also a motivational and reflective one, as it
helped students understand that error is not an obstacle, but
a natural component of the learning process. This aspect is
particularly important in upper secondary school, where the
perception of motor incompetence may reduce participation
and engagement in physical activities.

Moreover, cooperative activities, technical challenges,
and small-sided games strengthened students’ engagement,
confirming the value of participatory teaching models,
such as the Sport Education Model, in promoting positive
attitudes, motivation, and responsibility in physical
education contexts (Zhang et al., 2024). The workshop
showed that basketball can become an inclusive educational
environment when activities are designed to enable all
students to participate, experience active roles, and perceive
personal progress. The presence of differentiated tasks, the
valorisation of peer tutoring, and attention to movement
quality contributed to building a more collaborative climate,
in which individual improvement was also supported by the
relationship with the group.

Despite the limitations related to the small sample size,
the absence of a control group, and the limited duration
of the intervention, the study offers useful indications for
didactic planning. In particular, it shows that basketball can
be used not only to develop specific technical competences,
but also to support processes of motor awareness, inclusion,
cooperation, and active participation. From an operational
point of view, the results suggest the importance of designing
physical education pathways based on clear objectives,
progressive task difficulty, formative feedback, cooperative
activities, and moments of reflection. These elements can
make motor learning more meaningful, as they help students
understand the purpose of the movement, monitor their
own progress, and experience sport as a formative process,
rather than merely as a performance-based activity.

Future research could expand the sample, introduce a
control group, include follow-up assessments,and use validated
observational tools in order to verify the stability of learning
outcomes and the transferability of the workshop model to
other school contexts and other basketball fundamentals. It
would also be useful to further investigate the relationship
between technical improvement, motivation, perceived
competence, and participation in physical activities, in order
to better understand how structured motor experiences may
affect not only sports skills, but also students’ disposition
towards an active lifestyle. Overall, the experience confirms
the educational value of basketball as a meaningful learning
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environment, in which technical improvement becomes
an opportunity to promote personal growth, educational
relationships, and the student’s overall development.
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Pedepar. Crarrs: 11 c., 3 Tab1., 19 mxeper.

Merta. MeTor0 fOCTimKeHHs 6y/10 BUSHAYUTY BIUIMB BOCBMUTIDKHEBOI LIKINBbHOI TpOrpamMy HaBYaHHs OGackeTOoTy Ha pe-
3y/IBTaTUBHICTD BeleHHsI M s19a Ta KMAKIB B YYHIB CTAPIIOI CepefHbO] KON, & TAKOX HOCIIAUTI CYIyTHI 3MiHM B YCBiJOM/IEHHI
PyxiB, cipuitMaHiit caMoedeKTUBHOCTI, MOTUBAIlii Ta B3AEMOJII 3 OfHOMITKaMN.

Marepianu Ta MeToaM. Y MiIOTHOMY JIOC/ifI)KEHHI 3 JU3alIHOM «IIPETeCT-IIOCTTECT» B OJHIil Py B3s/IM y4acThb 18 y4HiB
BikoM 15-17 pokiB. IHTepBeHIIist TpMBaa BiciM TIOKHIB i nepembavara gBa 60-XBUINHHI 3aHATTS Ha TIDK/EHb, 1[0 BK/TIOYAIIN I10-
CTYIIOBO YCK/IaJHIOBaHi TeXHIYHi BIIpaBy, poOOTY B IIapax i Ma/liX IpyIax, CIpOoLeHi irposi cutyarii, GopMyBaIbHMIT 3BOPOTHIMIT
3B’130K Ta pedekcuBHi 3aBganHA. CrieniabHy 6acKeTOOIbHY MirOTOB/IEHICTD OLiHIOBaIM 3a fornomorowo TectiB AAHPERD
Control Dribble Test i Speed Spot Shooting Test. SIkicHi gaHi oTpuMyBay 3a JOIIOMOTOI0 TEXHIKO-PYXOBOI CIIOCTEPEXXHOIL pyOpu-
KU Ta HalliBCTPYKTYpoBaHOI poKyc-rpynu. BifMiHHOCTI MK IIOKa3HMKaMU J10 Ta Iic/s iHTepBeHIii aHalisyBa 3a JOIIOMOTOK0
napHoro t-kputepito CTbIOfieHTa, a BemmunHy edekTy BusHavany 3a d KoeHa.

Pesynprarn. Pesynsrar Control Dribble Test moxpammscs 3 25,51 + 2,84 ¢ o 21,76 + 2,37 ¢; cepefHs pi3HUIIs CTAHOBMIA
-3,75 ¢ (95% [I: Big —4,52 mo —2,98; t;) = —10,28; p < 0,001; d = 2,42). ¥ Speed Spot Shooting Test kinbKkicTh pesynbTaTUBHMX
KMKIB 36inbIumtacs 34,78 + 1,21 10 6,56 + 1,18; cepenust pisaniys cranosuia 1,78 kupka (95% 11: 1,27-2,29; t,;) = 8,00; p < 0,001;
d = 1,89). fxicHmnit aHai3 3aCBigYMB MOKpaIlleHHA KOHTPOJIIO PYXiB, TeXHIYHOI yCBiTOM/IEHOCT], ClTpuiiMaHoi caMoe(eKTUBHOCTI,
MOTUBAIil, CTaBJIEHHS O IIOMIIOK Ta B3a€EMOJII 3 OJHOTITKAMIA.

BucHoBku. BocbMuTinKHeBa mporpamMa HaB4aHH:A 6ackeTOOy Oy/ia IOB’sA3aHa 31 3HAYHUM IIOKPAIlleHHAM pe3y/IbTaTiB Be-
IeHHs M 'siYa Ta KMAKIB B y4HIB CTapIuoi cepefHbol KoM, TakoX CriocTepiranncs MO3UTUBHI 3MIHU B YCBIZOMIIEHH]I Y4HAMMU
BUKOHAHHA PYXiB Ta iXHiil 3aTy4eHOCTi JJO Ipoliecy HaBYaHHA. 3 OIVIAAY Ha Maiuii 06cAr BUOIpKY Ta BiCYyTHICTD KOHTPOIBHOI
TPyIM OTPMMaHi Pe3ynbTaTy CJIifi pO3INIANATY K IOIepeNHi.
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Abstract

Objectives. The study aimed to compare vertical jump performance across Grades 3-5, examine associations with

body size, and secondarily evaluate arm swing benefits.

Materials and Methods. This cross-sectional school study included 129 pupils from eastern Slovakia (3" grade,

n = 46; 4" grade, n = 50; 5 grade, n = 33). Data on sex, biological maturation, organized sport participation,

and habitual physical activity were unavailable. The best of three valid Chronojump attempts was analyzed for
countermovement jump without arm swing (CMJ), countermovement jump with free arm swing (CMJ FA), and
squat jump (SJ). One-way ANOVA tested grade differences in these primary outcomes. Absolute and relative

arm swing benefits were secondary exploratory outcomes. ANCOVA, joint models including height and mass,
correlations, nonparametric sensitivity analyses, and grade x mass interactions were also examined.

Results. Primary outcomes did not differ by grade (p = 0.19-0.59; eta squared = 0.008-0.026). Secondary exploratory
analyses identified differences in absolute and relative arm swing benefit (both p = 0.002; eta squared is approximately
0.09), with higher values in the 5" grade than in the 3" and 4™ grades; nonparametric analyses supported these
contrasts. Mass-adjusted ANCOVA revealed that mass was significant for all tests, and a grade effect emerged

for CM]J FA (p = 0.013). In joint models, height was positively and mass negatively associated with each primary
outcome, whereas grade effects and grade x mass interactions were nonsignificant.

Conclusions. The findings indicate that primary jump outcomes showed no statistically detectable differences across
adjacent grades. The larger secondary exploratory arm swing benefit in the 5% grade group does not demonstrate
developmental change within pupils and may partly reflect unmeasured sex, maturation, or activity characteristics.
Body size interpretation depended on model specification. School testing should emphasize standardized procedures
and individual feedback rather than diagnostic labeling or ranking by grade.

Keywords: countermovement jump, squat jump, arm swing, body mass, physical education, children.

Introduction

Primary school physical education provides a structured
setting for developing motor competence and fundamental
movement skills. Physical education delivered through the
curriculum and school interventions can improve these
outcomes (Lords, 2020; Yin et al., 2025). Varied movement
opportunities may help offset prolonged sitting, while
appropriately supervised strength activities may support
motor development (Mikulakovd & Andrasc¢ikova, 2008;
Ledn-Reyes et al., 2025).

Jumping is a fundamental locomotor skill requiring
lower limb force, postural control, and coordinated

© Falat Lettterova, D., Kacur, P,, & Sucka, J., 2026.
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segmental action. Jump height and movement patterns vary
substantially among children (Liu et al., 2022; Koren et al,,
2016; Gieysztor et al., 2024), and vertical jump performance
has also been examined in pupils with different sport
specializations (Leiitterova et al., 2019). A school jump score
therefore reflects performance under defined test conditions
rather than overall motor development.

Vertical jump tests are noninvasive, quick, and suitable
for field assessment. Different protocols provide distinct
information on explosive power, strength endurance, and
stretch-shortening cycle performance (Zemkova & Hamar,
2005). Reliability has also been examined in volleyball
(Zapletalovd, 2018), and diagnostic sensitivity varies by
protocol (Hespanhol et al., 2013). Bogataj et al. (2020)
reported reliable assessment of SJ, CMJ, and CM] with free
arms in primary school children. Pueo et al. (2020) reported
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high concurrent validity and reliability of the Chronojump
system in physically active adults.

The SJ, CMJ, and CM]J FA provide related but distinct
information. Muscle morphology and the capacity to
generate force can influence modeled vertical jump
performance (Wong et al., 2016), while empirical work
identifies lower limb strength and rate of force development
as major determinants, with a smaller contribution from
technique (Vanezis & Lees, 2005). Free arm movement can
increase jump height by altering force-time characteristics
and impulse (Vaverka et al., 2016), including in preschool
children despite variable movement efficiency (Petri¢ et
al., 2025). The difference between CM]J FA and CM] within
each pupil may therefore provide a functional index of arm
contribution, but it is not a direct measure of coordination.

Body size also matters. Body mass is the load accelerated
during takeoff, and it affects interpretation of CMJ kinetics in
children (Jones et al., 2020). Associations of body mass status
and BMI with running and jumping vary across samples
and subgroups (Nikolaidis et al., 2015; Ayan, 2018; Branet
et al., 2018). Body mass does not distinguish lean from fat
tissue. Stenevi Lundgren et al. (2011) reported DXA measures
alongside neuromuscular outcomes, whereas Ljubici¢ et al.
(2025) linked higher adiposity with poorer jumping outcomes.

Evidence specific to adjacent primary school grades
is limited. Normative data are available for children aged
10-15 years, whereas some comparisons use sport samples
spanning wider age ranges (Taylor et al., 2010; Nikolaidis,
2014). Specific muscular strength characteristics are
associated with vertical jump performance in adolescent
athletes (Harcarik & Falat Leiitterova, 2024). Sex and
biological maturation may contribute to variation in jump
performance (Ayan, 2018; Hespanhol et al., 2013). Habitual
physical activity, organized sport, and training exposure may
also influence performance (Rajkovic Vuletic et al., 2024;
Wau et al., 2025). These factors complicate interpretation of
cross-sectional differences between grades.

The primary aim was to compare CM]J, CM] FA, and §J
performance among pupils in the 3rd, 4th, and 5th grades
and to examine associations between body size and jump
outcomes. We expected only modest differences between
grades in absolute jump height and a negative association
between body mass and performance. A secondary
exploratory aim was to compare absolute and relative arm
swing benefit across grades; no directional confirmatory
hypothesis was specified for this exploratory analysis.

Materials and Methods

Participants

The analytical sample comprised 129 pupils (3™ grade,
n = 46; 4™ grade, n = 50; 5" grade, n = 33). Body height
and body mass increased descriptively across grades (Table
1). Participants received compulsory physical and sports
education at least twice weekly. Inclusion required enrolment
in a target grade and complete data for body height, body
mass, and jump tests. Archived age summaries for each group
were 9.10 + 0.44 years for the 3rd grade, 10.32 £ 0.53 years
for the 4th grade, and 11.10 + 0.59 years for the 5" grade.
Sex was not recorded in the archived analytical dataset and
therefore could not be included in descriptive or inferential

analyses. Information on organized sport participation
and habitual physical activity outside compulsory physical
education was unavailable. Biological maturation was not
assessed.

Table 1. Participant characteristics by school grade

Grade Age, years Body mass, kg Body height, cm
M+=SD M =SD M=SD
3 grade 46  9.10+0.44 32.40+7.35 138.59 £ 6.49
4" grade 50 10.32+£0.53 37.29%7.79 145.15 £ 6.30
5% grade 33 11.10+0.59  37.42+8.22 146.84 + 8.84
Total 129 NA 35.58 £8.05 143.24 +7.88

Note. Age values are archived summaries for each group. M =
mean; SD = standard deviation.

Study design

This cross-sectional observational study conducted in
schools examined vertical jump performance and somatic
characteristics among pupils in the 3", 4", and 5" grades.
School grade was the grouping variable, and reporting was
guided by the STROBE recommendations (von Elm et al,,
2007). No intervention was administered; the measurements
represented a single assessment point under ordinary school
conditions.

School grade was the grouping variable. The primary
outcomes were CMJ, CMJ FA, and SJ height. Body height
and body mass were prespecified somatic covariates. In
the exploratory analysis, absolute arm swing benefit was
calculated as CMJ FA — CMJ (cm), and relative benefit as
[(CMJ FA — CMJ) / CMJ] x 100 (%).

Procedures and Instruments

Testing was conducted individually under regular
school conditions. Body height (cm) and body mass (kg)
were recorded before jump testing and were used for sample
description and covariate analyses.

Vertical jump height was measured in centimeters
using the Chronojump system (Chronojump Boscosystems,
Barcelona, Spain), whose concurrent validity and reliability
have been demonstrated in physically active adults (Pueo et
al., 2020). After verbal instruction, pupils performed CMJ
without arm swing, CM]J FA, and S] in this fixed order. CMJ
involved a rapid countermovement without arm swing; CMJ
FA permitted free arm movement; SJ began from a static
squat without a preceding countermovement.

Each test included one practice trial followed by three
measured attempts. The best valid jump height from the
three measured attempts was retained for analysis. An
SJ attempt was repeated when a countermovement was
observed. At least one minute of rest separated the three
jump variations. Values from individual trials were not
retained in the analytical file, so reliability within the testing
session could not be estimated.

Statistical analysis

Means, standard deviations, 95% confidence
intervals (CIs), and minima and maxima were calculated.
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Distributional assumptions were assessed with Shapiro-
Wilk tests and homogeneity of variance with Levene tests
centered on the median. One-way ANOVA was used to
compare grades across the three primary outcomes and the
two exploratory benefit outcomes. Significant omnibus tests
were followed by Tukey comparisons. Eta squared quantified
omnibus effects. Cohen’s d was used to quantify pairwise
standardized differences (Cohen, 1988). The 95% confidence
intervals were calculated for each Cohen’s d estimate.

Because arm swing benefit distributions departed from
normality in some groups, Kruskal-Wallis tests followed
by Mann-Whitney comparisons adjusted using the Holm
method were used as sensitivity analyses. Separate ANCOVA
models adjusted each primary outcome for body height
and body mass; adjusted means with 95% CI, comparisons
adjusted using the Bonferroni method, and partial eta
squared were reported. Because height and mass were
correlated, models including both covariates were included
in sensitivity analyses, and variance inflation factors were
used to assess collinearity. Interactions between grade
and body mass tested whether the slope of the association
between body mass and performance differed across grades.

Pearson correlations with 95% CI described associations
between body mass and jump outcomes within each grade
and in the total sample. These correlations were treated as
exploratory; Spearman correlations and the Benjamini-
Hochberg adjustment for the false discovery rate were
used as sensitivity checks. Statistical significance was set
at p < 0.05. The available eligible sample determined the
study size; no a priori calculation was performed. With
n = 129 and alpha = 0.05, the design had 80% power to
detect approximately Cohen f = 0.277 (eta squared = 0.071).
Statistical analyses were performed in IBM SPSS Statistics 27
(IBM Corp., Armonk, NY, USA).

Results

Primary Vertical Jump Outcomes

For the three primary outcomes, unadjusted grade
effects were not statistically significant for CM]J, F, 1,5 = 0.69,
p = 0.506, eta squared = 0.011; CMJ FA, F(, 1, = 1.69,
p = 0.189, eta squared = 0.026; or SJ, F(, 156 = 0.52, p = 0.594,
eta squared = 0.008 (Table 2). Estimated grade effects were
small. Mean CM] FA and S] values were descriptively highest
in the 5th grade, whereas CM] remained broadly stable; no
Tukey comparison was significant.

Secondary exploratory arm swing benefit

In the secondary exploratory analyses, absolute arm swing
benefit differed by grade, F, 15 = 6.53, p = 0.002, eta squared =
0.094, as did relative benefit, F, .6 = 6.44, p = 0.002, eta squared
= 0.093 (Table 3). Both outcomes were higher in the 5* grade
than in the 3 and 4™ grades, while the two younger grades
did not differ. For absolute benefit, standardized differences
were d = 0.90 (95% CI 0.43 to 1.37) for the 3 versus 5%
grade and d = 0.63 (0.18 to 1.08) for the 4th versus 5th grade.
Corresponding effects for relative benefit were d = 0.81 (0.35
to 1.28) and d = 0.67 (0.21 to 1.12). Kruskal-Wallis sensitivity
analyses confirmed grade differences for absolute benefit (H(2)
=13.57,p=0.001) and relative benefit (H(2) = 12.16, p = 0.002);

Table 2. Vertical jump performance by grade and one-way
ANOVA

Test 3" grade 4™ grade 5% grade Ags(:l};A
(n = 46) (n=50) (n=33)

Epn’

Cyvy  2002+410  2071£435 1968 %371 F= 82(9)6
[18.81,21.24] [19.47,21.94] [18.37,21.00] P ool

OMj EA 2276401 2374528 2470+ 455 - é ?29

[21.57,23.95] [22.24, 25.24] [23.09, 26.32] P

=0.026

. 19084399 19824434 1992415 - g ;;4
[17.89, 20.26] [18.58,21.05] [18.44, 21.39] p o008

Note. Values are mean + standard deviation with 95% confidence
interval in brackets. CMJ] = countermovement jump without arm
swing; CM]J FA = countermovement jump with free arm swing; SJ
= squat jump; n’ = eta squared.

pairwise results adjusted using the Holm method confirmed
both contrasts involving the 5" grade. Individual distributions
are shown in Figure 1.

Table 3. Exploratory absolute and relative arm swing
benefit

Outcome 3" grade 4™ grade 5% grade A::s?l‘liA
(n=46) (n=50) (n=33)

F;psn®
t?:r?:éltlte 2734255 3.03+349 502+253 pF_=0665032
o [1.98,3.49] [2.04,4.03] [4.12,592] P 009

. F=6.44
Relative  14.98 + 13.85 15.69 + 17.25 26.49 + 14.52 = 0.002
benefit, % [10.86, 19.09] [10.78, 20.59] [21.34,31.63] P, 0.093

Note. Values are mean + standard deviation with 95% confidence
interval in brackets. Comparisons adjusted using the Tukey
method were significant for the 3™ versus 5" grade (absolute

p = 0.003; relative p = 0.004) and the 4™ versus 5" grade (absolute
p = 0.009; relative p = 0.006); the 3™ and 4™ grades did not differ.
Kruskal-Wallis sensitivity analyses were also significant (absolute
H(2) = 13.57, p = 0.001; relative H(2) = 12.16, p = 0.002).

o
E 15
&
&
2 101
2
Z s ok
E o 3
T
) fonaih'eXe)
S 0
=
2 S
=]
< 54 o
3rd grade 4th grade Sth grade
(n = 46) (n=50) (n=33)

School grade

Fig. 1. Distribution of absolute arm swing benefit by grade. Open
circles represent pupils; boxes show the interquartile range and
median; whiskers extend to 1.5 x IQR; diamonds and error bars

show the mean and approximate 95% confidence interval. The
dashed line indicates no benefit.
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ANCOVA and joint sensitivity models for body size

In ANCOVA containing body height only, neither body
height nor grade was significant for any jump outcome
(Table 4, Panel A). In models containing body mass only,
body mass was significant for CMJ, F, 1,5, = 12.45, p < 0.001;
CM]J FA, F5 = 16.70, p < 0.001; and SJ, F(, 15 = 11.07,
p = 0.001. A grade effect emerged for CM] FA adjusted for
body mass, F, 125 = 4.48, p = 0.013, with a difference between
the 3rd and 5th grades after adjustment using the Bonferroni
method (p = 0.014).

Interpretation changed in sensitivity models that
simultaneously included height and mass. Variance inflation
factors were below 1.8. Body height was positively associated
with CMJ (B=0.174cm per cm, p=0.004), CMJ FA (B=0.208,
p =0.002), and SJ (B = 0.204, p < 0.001), whereas body mass
was negatively associated with CM]J (B = —0.254 cm per kg),
CM]J FA (B = -0.320), and S] (B = —-0.264; all p < 0.001).
Grade effects were not significant in these joint models
(p =0.213-0.713; Supplementary Table S2).

Associations between body mass and jump outcomes

Pearson correlations between body mass and the three pri-
mary outcomes were negative in the total sample and were nu-
merically strongest in the 3* grade (Table 5). Neither absolute
nor relative arm swing benefit was significantly correlated with
body mass. After adjustment for the false discovery rate, the
three correlations in the 3™ grade, the CMJ FA correlation in
the 4™ grade, and all three correlations in the total sample re-
mained significant; however, the CM] FA association in the 4th
grade was not significant in the Spearman sensitivity analysis.
Interactions between grade and body mass were not significant
for CM]J (p =0.302), CM]J FA (p = 0.396), or S] (p = 0.345), pro-
viding no statistical evidence that the slope of the association
between body mass and performance differed by grade.

Discussion

The primary analyses found no statistically detectable
grade differences in CMJ, CM] FA, or SJ, and estimated

Table 4. ANCOVA of jump performance adjusted separately for body height and body mass

Grade effect Covariate effect
Test 3" grade 4" grade 5% grade
& & 5 F (p); np’ F (p)np’
Panel A. Body height as a covariate
CM]J 20.06 20.69 19.65 0.67 (0.513) 0.03 (0.868)
[18.77,21.36] [19.52,21.86] [18.19, 21.12] np’>=0.011 np> = 0.000
CMJ FA 22.75 23.74 24.70 1.38 (0.256) 0.00 (0.997)
[21.28, 24.23] [22.41, 25.07] [23.03, 26.37] np* = 0.022 np* = 0.000
SJ 19.22 19.76 19.80 0.21 (0.814) 0.37 (0.545)
[17.91, 20.54] [18.57, 20.94] [18.31,21.29] np* = 0.003 np* = 0.003
Panel B. Body mass as covariate
CMJ 19.52 20.98 19.98 1.64 (0.198) 12.45 (<0.001)
[18.33, 20.70] [19.87, 22.09] [18.61, 21.34] np* = 0.026 np* = 0.091
CMJ FA 22.10 24.10 25.08 4.48 (0.013) 16.70 (<0.001)
[20.77, 23.42] [22.85, 25.34] [23.56, 26.61] np> = 0.067 np>=0.118
s 18.59 20.08 20.20 1.99 (0.140) 11.07 (0.001)
[17.38, 19.79] [18.94,21.21] [18.81, 21.59] np* = 0.031 np* = 0.081

Note. Adjusted means are estimated marginal means in centimeters with 95% confidence intervals in brackets. np” = partial eta squared.
Pairwise comparisons adjusted using the Bonferroni method were not significant except for CMJ FA adjusted for body mass, where the
3rd and 5th grades differed (p = 0.014). Joint models including height and mass are reported in Supplementary Table S2.

Table 5. Pearson correlations between body mass and primary jump outcomes

Grou n Body mass with CM]J Body mass with CMJ FA Body mass with SJ
P r [95% CIJ; p r [95% CIJ; p r [95% CIJ; p

3" grade 46 —0.442 [-0.649, —0.174]; —0.486 [—0.680, —0.228]; —0.463 [-0.664, —0.199];
p = 0.002 p <0.001 p =0.001

4™ grade 50 ~0.280 [-0.518, —0.002]; -0.351 [-0.573, —0.081]; ~0.199 [-0.452, 0.084];
p =0.049 p=0.012 p=0.166

5t grade 33 —0.146 [—0.466, 0.208]; -0.179 [-0.492, 0.175]; —-0.202 [-0.510, 0.152];
p=0417 p=0319 p =0.260

Total 129 —-0.277 [-0.429, —0.109]; —-0.282 [-0.434, -0.114]; —-0.245 [-0.401, —0.075];
p =0.001 p =0.001 p = 0.005

Note. BM = body mass; CM] = countermovement jump without arm swing; CMJ FA = countermovement jump with free arm swing;
SJ = squat jump. Raw p values are shown; adjustment for the false discovery rate and Spearman sensitivity results are provided in

Supplementary Table S3.
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effects were small. The secondary exploratory analysis
identified a larger CM]J FA — CM] difference in the 5" grade,
also supported by nonparametric analyses. Body mass was
negatively associated with jump height, while conclusions
about height and adjusted grade effects depended on model
specification.

Cross-sectional groups combine pupils with different
body size, strength, movement experience, and task
familiarity. Nonsignificant findings do not establish
equivalence; effects below about eta squared = 0.071 were
not detectable with 80% power. Grade should therefore be
treated as context, not evidence of change within pupils or
motor maturity.

Sex, biological maturation, and physical activity

Sex was not recorded. Sex differences in vertical jump
performance have been reported in this age range (Ayan,
2018; Taylor et al., 2010), so unknown group composition may
have increased variability or confounded grade comparisons.
Biological maturation was also unmeasured. Differences in
body proportions, fat-free mass, and neuromuscular function
may be relevant particularly to the arm swing contrast in
the 5" grade (Hespanhol et al., 2013; Nikolaidis, 2014).
Organized sport participation and habitual physical activity
were unavailable; variation in training exposure and jump
familiarity may therefore have affected performance (Rajkovic
Vuletic et al., 2024; Wu et al., 2025). These unmeasured
characteristics prevent attribution to grade alone.

Arm swing benefit

The largest grade contrast arose in the secondary
exploratory analysis of arm swing benefit. Although CM]
and CM]J FA considered separately did not differ significantly
by grade, their difference within each pupil was larger in the
5th grade. This pattern occurred for both indices and in
nonparametric analyses. The result is therefore hypothesis-
generating rather than confirmatory evidence.

Arm swing can increase jump height by altering impulse
and takeoff strategy (Vaverka et al., 2016). The contrast
in the 5" grade may reflect group differences in arm use,
strength, familiarity, sex, maturation, sport participation,
or activity. It cannot indicate developmental improvement
or directly measure coordination because the design was
cross-sectional and technique was not recorded. The fixed
CM] then CM]J FA order also leaves possible familiarization
effects. Prospective studies should randomize order and
assess technique and participant characteristics.

Body size and performance

Body size results depended on model specification. In
separate ANCOVA models, height was not associated with
performance, while mass was significant for all tests. In joint
models, height was positively and mass negatively associated
with performance, and the grade effect for CMJ FA adjusted
for mass was no longer significant. Collinearity was modest.
These findings may reflect body proportions and load, but
body composition was not measured.

The negative mass associations agree with studies
linking body size, higher BMI, or overweight status to poorer

jumping in some child and youth samples (Jones et al., 2020;
Nikolaidis et al., 2015; Ayan, 2018; Ljubici¢ et al., 2025).
Because body mass combines muscle and adipose tissue, a
plausible mechanical explanation is that force-producing
tissue and nonpropulsive load contribute differently. This
remains inferential.

Correlations were numerically strongest in the 3rd
grade, but interactions between grade and body mass
were nonsignificant. The data therefore do not show that
older pupils compensate for mass more effectively; weaker
estimates in the 5" grade may reflect sampling variation,
limited power, or unmeasured group differences.

Practical implications

For school use, CMJ, CMJ FA, and SJ should be
administered with consistent equipment, instructions,
order, and scoring. Absolute jump height should be
interpreted with body size in mind and preferably compared
within pupils over time. The CMJ FA — CM] difference
may prompt observation of arm use but is not a diagnostic
measure of coordination. The data do not support ranking or
performance thresholds based on grade.

Strengths and limitations

Strengths include three complementary tests, electronic
measurement, arm swing indices within each pupil, effect
size reporting, and sensitivity analyses. Limitations include
the regional three-grade sample and unavailable sex,
maturation, sport participation, and habitual activity data,
leaving potential confounding of grade contrasts. Individual
age, body composition, and jump kinematics were also
unavailable. The cross-sectional design cannot establish
development or causality. Test order was fixed, only one
practice trial was given, and values from individual trials
were unavailable. Selecting the best of three attempts may
increase variability. The arm swing analysis was exploratory,
the relative index was sensitive to extreme ratios, multiple
correlations increased multiplicity, and small grade effects
could not be reliably detected.

Future studies should record these participant
characteristics, retain all attempts, randomize test order, and
assess technique directly. Longitudinal designs are needed to
examine change within pupils, and instructional studies to
test whether practice modifies arm swing benefit.

Conclusions

The primary analyses showed no statistically detectable
grade differences in CMJ, CMJ FA, or SJ across Grades 3-5,
and estimated effects were small. The secondary exploratory
analysis observed greater absolute and relative arm swing
benefit in the 5th grade than in the 3rd and 4th grades,
but this cross-sectional contrast does not demonstrate
developmental change within pupils. Body mass was
negatively associated with jump height, whereas the
independent contributions of body height and the adjusted
grade effect depended on model specification. Use in schools
should emphasize standardized testing, interpretation that
accounts for body size, and feedback for each pupil rather
than diagnostic labeling or ranking by grade.
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Vertical Jump Performance, Arm Swing Benefit, and Body Size in Grades 3-5: A Cross-Sectional Study

Table S1. Distributional diagnostics and robust analyses of arm swing benefit

Outcome Grade n Median [IQR] Min to max Shapiro-Wilk W (p)
Absolute benefit, cm 3rd 46 2.83[1.38, 4.78] -6.18t0 7.43 0.947 (0.036)
4th 50 2.72[0.92, 5.29] -2.15t017.87 0.890 (<0.001)
5th 33 5.00 [3.70, 7.30] 0.50 t0 9.90 0.969 (0.464)
Relative benefit, % 3rd 46 12.84 [7.66, 23.63] —21.59 to 42.34 0.978 (0.513)
4th 50 15.04 [3.76, 24.20] —10.07 to 83.90 0.920 (0.002)
5th 33 24.00 [17.70, 38.27] 2.66 to 55.62 0.967 (0.410)

Absolute benefit: Kruskal-Wallis H(2) = 13.57, p = 0.001. Mann-Whitney p values adjusted using the Holm method: 3rd vs 4th = 0.869,

3rd vs 5th = 0.002, 4th vs 5th = 0.004.

Relative benefit: Kruskal-Wallis H(2) = 12.16, p = 0.002. Mann-Whitney p values adjusted using the Holm method: 3rd vs 4th = 0.985,

3rd vs 5th = 0.005, 4th vs 5th = 0.005.

Table S2. Joint models including body height and body mass

Adjusted mean Adjusted mean

Outcome  for 3" grade for 4™ grade

Adjusted mean
for 5" grade

Grade effect Height B [95%

Mass B [95% CI],p R?

a2
[95% ClI] [95% ClI] [95% ClI] F(2,124), p; np Cll, p
CM] 20.02 20.81 19.53 1.19 0.174 —-0.254 0.158
(18.82,21.22]  [19.73,21.90]  [18.17, 20.89] 0.306 [0.056, 0.292] [~0.362, —0.146]
0.019 0.004 <0.001
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Table S2. Continued

Adjusted mean Adjusted mean Adjusted mean

4 0,
Outcome  for 3" grade for 4" grade for 5" grade F ((Z;rf ;:)eﬂ:?d 2 Helg(l';]B [95% Mass B [95% CI],p R?
[95% CI] [95% CI] [95% CI] A5, P3NP P
CM] FA 22.70 23.89 24.55 1.56 0.208[0.076, 0.339] -0.320 0.204
[21.37,24.04]  [22.68,25.10] [23.03, 26.06] 0213 0.002 [-0.440, —0.199]
0.025 <0.001
SJ 19.18 19.88 19.67 0.34 0.204 -0.264 0.166
[17.97,20.39] [18.78,20.98] [18.30, 21.04] 0.713 [0.084, 0.323] [-0.373, —0.155]
0.005 <0.001 <0.001

Note. Adjusted means are estimated at the total sample mean body height and body mass. B coefficients represent centimeters of jump
height per 1 cm of height or 1 kg of mass difference while holding the other covariate and grade constant. Variance inflation factors were
1.78 for height and 1.70 for mass.

Table S3. Pearson and Spearman sensitivity analyses for body mass correlations

Group Outcome n Pearson r [95% CI] raw /pF‘Ir;lIl{u/eilolm Spearman p (p)
3 CM] 46 —0.442 [-0.649, —0.174] 0.002 / 0.008 / 0.034 —-0.467 (0.001)
3rd CM]J FA 46 -0.486 [-0.680, —0.228] <0.001/0.007 / 0.012 —0.400 (0.006)
3rd SJ 46 —-0.463 [-0.664, —0.199] 0.001/0.007 /7 0.023 —0.466 (0.001)
3 Absolute benefit 46 —0.054 [-0.339, 0.240] 0.721/0.774 / 1.000 —-0.013 (0.931)
3rd Relative benefit 46 0.059 [-0.235, 0.344] 0.696 / 0.774 / 1.000 0.072 (0.633)
4t CM] 50 —-0.280 [-0.518, —0.002] 0.049/0.122/0.634 —-0.177 (0.219)
4t CM] FA 50 -0.351 [-0.573, —0.081] 0.012/0.035/0.173 —-0.272 (0.056)
4t SJ 50 —0.199 [-0.452, 0.084] 0.166 / 0.368 / 1.000 —-0.158 (0.272)
4t Absolute benefit 50 —0.182 [-0.438, 0.101] 0.206 / 0.412/ 1.000 —0.153 (0.288)
4t Relative benefit 50 -0.115[-0.381, 0.169] 0.427 / 0.610 / 1.000 —0.099 (0.494)
5t CM] 33 —0.146 [-0.466, 0.208] 0.417/0.610/ 1.000 —0.321 (0.068)
5t CM]J FA 33 -0.179 [-0.492, 0.175] 0.319/0.532/1.000 —-0.275(0.122)
5t SJ 33 —-0.202 [-0.510, 0.152] 0.260/ 0.472/ 1.000 —0.341 (0.052)
5t Absolute benefit 33 -0.107 [-0.434, 0.246] 0.554/0.693 / 1.000 -0.101 (0.576)
5t Relative benefit 33 -0.061 [-0.396, 0.288] 0.735/0.774 / 1.000 —0.022 (0.903)
Total CM]J 129 —-0.277 [-0.429, —0.109] 0.001/0.007 / 0.025 —-0.279 (0.001)
Total CM] FA 129 —0.282 [-0.434, —0.114] 0.001/0.007 / 0.023 —0.264 (0.002)
Total SJ 129 —0.245 [-0.401, —0.075] 0.005/0.017/0.078 —-0.269 (0.002)
Total  Absolute benefit 129 -0.061 [-0.232, 0.113] 0.489/0.652 / 1.000 -0.025 (0.780)
Total Relative benefit 129 0.003 [-0.170, 0.175] 0.977 /1 0.977 / 1.000 0.042 (0.640)

Note. The Benjamini-Hochberg adjustment for the false discovery rate (FDR) and the Holm correction were applied across the 20
Pearson correlation tests. These analyses were exploratory.

Table S4. Interaction tests between grade and body mass and design sensitivity

Outcome Interaction F(2,123) P
CM]J 1.21 0.302
CM]J FA 0.93 0.396
s 1.07 0.345

At n = 129, alpha = 0.05, and three groups, 80% power corresponded to Cohen f = 0.277 (eta squared = 0.071). Approximate absolute
correlations detectable with 80% power were r = 0.47 at n = 33, 0.40 at n = 46, 0.39 at n = 50, and 0.24 at n = 129.
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Pe3ynbTaTUBHICTb BEPTUKaNbHUX CTPUOKIB,
epeKTUBHICTb MaxXoOBMX PyXiB pyKamu Ta po3mipu
Tina y4HiB 3-5 KnaciB: nonepeyHe gocnigKeHHA

1CD 1ABD

aniena ®anar JloiitrepoBa'4*PF, Tlerep Kauyp'“P, SIpocnas Cyuka

'TIpAmmiBcpKui yHiBEpCUTET

ABTOpCHKNMIT BKIAM: A — [U3aiiH HOCTimKeHHs; B — 36ip ganux; C - crarananis; D - migrotoska pykomucy; E - 36ip xomTis

Pegepar. Crarrst: 9 ., 5 Tabn., 1 puc., 30 mxeper.

Mera gocmimkeHHs. JJOCTiPKeHHA Malo Ha MeTi MOPIBHATY Pe3y/IbTaTUBHICTh BEPTUKAIBHNUX CTPUOKIB YUHIB 3-5 KIIaciB,
BUBYMTH 3B 530K i3 pO3MIpOM TiJIa, @ TAKOXK OFATKOBO OL[iHNUTU eeKTUBHICTD MaXOBMUX PYXiB pyKaMu.

Marepianu Ta MeTogu. Y 11bOMY IOIEPEYHOMY HIKiIbHOMY JOC/Ii/KeHH] B3smm y4acTb 129 yunis 3i Cxignoi CroBauumnm
(3-11 kiac: n = 46; 4-11 kac: n = 50; 5-11 kaac: n = 33). [lani mopo crari, 6i0/10rivHOro JO3piBaHHS, y4acTi B OpraHisoBaHili ciop-
TUBHI fis/IbHOCTI Ta 3B1M4HOI isnyHoi akTMBHOCTI 6y BincyTHi. IIpoaHamizoBaHO ONTMMAbHY 3 TPHOX Ba/lifHNX CIIPO6 Y C1iC-
temi Chronojump fyist Takux TecTiB: cTpOOK i3 KOHTppyxoM 6e3 maxy pykamu (CKP), cTpu6oxk i3 KOHTPPYXOM 3 BiIbHUM MaxoM
pyxamu (CKP BP) ta Buctpubysanss 3 mpucigy (BII). MixxacoBi BigMiHHOCTI 3a I{IMU IIEPBUHHUMM [TOKA3HIKAMI ITePeBipsIIN
3a JIOIOMOrO0 OZHO(MAKTOPHOTO AMCIEPCIIHOrO aHaidy. AGCOMIOTHA Ta BifHOCHA eheKTUMBHICTh Maxy pyKaMiy BUCTYIIAIN SIK
TOHATKOBI JOCIiAHNIIBKI MOKa3HMKM. Tako>X 3aCTOCOBAHO KOBapialiliHMil aHasIi3, JOCTIIKEHO CIIIbHI MOJeIi 3 ypaxyBaHHAM
TOBXVHU Ta MacH TiNa, KOpeAlLil, HemapaMeTPUYHMIT aHaTi3 Yy TIMBOCTI Ta B3a€EMOJIif0 (aKTOPIB «K/Iac X Maca Tilay.

Pesynpraru. [lepBuHHI TOKAa3HUKY He Biffpi3HsCs 3aexHo Bij kmacy (p = 0.19-0.59; era-kBagpar = 0.008-0.026). [Topar-
KOBUII JOCTITHNIIBKIIT aHAJIi3 BUABMB BiIMIiHHOCTI B aOCOMIOTHII Ta BiffHOCHII epeKTMBHOCTI Maxy pykamu (1 060X MOKa3HM-
KiB p = 0.002; eTa-KBafipaT CTaHOBUTD IPpu6MM3HO 0.09), TPUYOMY BUII 3HAYEHHS CIOCTEPIraancs B y4IHIB 5-T0 K/1acy HOPiBHAHO
3 3-M Ta 4-M K/1lacaMi; HellapaMeTPUYHUII aHali3 MigTBepAnB 1i KoHTpacTu. KoBapianiiinmii aHasis i3 mornpaBKoo Ha Macy Tina
MIOKa3aB, III0 Maca 6yna 3HAYYIVM akTopom m1st BCix TecTis, a iyt CKP BP BusiBiieHo edexr kmacy (p = 0.013). ¥V crinpHUX Mo-
Ie/LsIX JOBKIMHA Ti/la Majia IMO3UTUBHMIL, 2 Maca Tijla — HeraTUBHUIL 3B’ 130K i3 KOXKHUM IIePBIMHHUM ITOKa3HUKOM, TOf sIK epeKTH
K/IaCy Ta B3a€EMOJiS «K/Iac X Maca Tina» Oy HesHadyIIMMUL.

BucnoBku. OTprMaHi pesynbTaTti CBif9aTh IpoO BiICYTHICTb CTATUCTUYHO 3HAYYLIVX BifIMiHHOCTEN Mi>K IEpBUHHUMMU II0-
KasHMKaMy CTpUOKIB y CYMDKHMX Kiacax. Bumia foatkoBa focmigHnipKa eeKTUBHICTD Maxy pyKaMu y Ipymi 5-ro Kmacy He
IEeMOHCTPY€E BHYTPILIHbOIHAMBIAyaIbHI POSBUTKOBI 3MiHI B Y4YHIB i MOXKe 4aCTKOBO Biff0Opa’kaTy HeBpaXoBaHi XapaKTepIuc-
TUKM CTaTi, JO3piBaHHs ab0 pyxoBoi akTMBHOCTI. [HTepIpeTanis po3mipiB Tima sanexana Bif crenudikanii mogeri. HIkinbHe
TECTYBaHHsS Ma€ aKIEHTYBATH yBary Ha CTAaHAAPTI30BAHNUX IIPOLEAYpPax Ta IHAUBIyaIbHOMY 3BOPOTHOMY 3B’513KY, YHUKAIOUN
IIarHOCTMYHOTO APIMKYBaHHA a00 PaH)KyBaHH:A YYHIB 3a KJIaCaMIL.

KnrouoBi croBa: cTpn6ox i3 KOHTppyXoM, BUCTpUOYBAHHS 3 IPUCIAY, MaX pyKami1, Maca Tina, (isidHe BUXOBaHHS, TiTH.
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Abstract

Background. Technical preparedness in sprint canoeing depends on the coordinated interaction of the athlete,
paddle, and boat. Isolated assessment of separate indicators may not reveal the specific factors limiting stroke
effectiveness. An individual profile integrating biomechanical and functional data can identify these relationships and
support decisions on technique, equipment, and seating configuration.

Objectives. To develop an individual technical preparedness profile of a highly qualified canoeist and substantiate
individualized directions for technique, equipment selection, seating calibration, and training.

Materials and Methods. A single-case study involved an international-level canoeist; two additional canoeists
provided reference data for selected indicators. Methods included surface electromyography, strain-gauge assessment
of stroke parameters with Braca and Erbi paddles, kinematic analysis, 150-m speed testing in Nelo, Vajda, and Plastex
boats, analysis of support interactions before and after seating calibration, and strength and functional assessments.
The profile was developed through data processing, within-athlete comparison, consistency checking, classification
into interpretative levels, and substantiation of coaching decisions.

Results. The algorithm identified strengths in the stability of the paddle attack angle, speed performance in

the Plastex and Vajda boats, and support stability after seating calibration. The main reserves concerned force
transmission through the “leg-trunk-arm-paddle” chain, trunk stability during the final stroke phase, and shoulder-
girdle speed-strength endurance. Compared with Braca, Erbi produced greater work per stroke (73.0 vs 49.3]), a
larger effective stroke portion (45.6 vs 25.8 J), and a higher proportion of effective work (62.3% vs 53.0%). Mean
speed was 3.99 m-s” in Plastex, 3.95 m-s" in Vajda, and 3.80 m-s” in Nelo. Seating calibration reduced center-of-
pressure displacement in all support zones. No confirmed limiting factors were identified.

Conclusions. Integrating biomechanical and functional indicators into an individual profile provides a scientifically
grounded basis for personalizing technical preparation in sprint canoeing.

Keywords: sprint canoeing, technical preparedness, individual profile, biomechanical indicators, electromyography;,
stroke dynamics, center of pressure, athlete-boat interaction.

training should be distinguished as a targeted pedagogical
process, whereas technical preparedness reflects the achieved
level of the athlete’s technical mastery (Altukhov & Shynkaruk,
2026¢). In contemporary rowing and paddling biomechanics,
technique is considered as an integrated system of interaction

Introduction

Technical preparedness in sprint canoeing is one of the key
factors of sports performance, because the effectiveness of the
stroke cycle determines the athlete’s ability to realize strength,

functional, and coordination potential in boat velocity over
the distance. In the system of canoeist preparation, technical

©  Shynkaruk, O., Altukhov, P, Iakovenko, O., Yarmolenko, M.,
Denysova, L., & Usychenko, V., 2026.

@ PETM
= LLCOVS

between the athlete, paddle, and boat that includes force
application to the paddle, the kinematic structure of the stroke,
body-position stability, coordinated work of muscle groups,
and the ability to maintain an effective movement structure
under different intensity modes (Gomes et al., 2015; Michael et
al., 2012; Zahalka et al., 2011).
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The use of instrumented paddles, strain-gauge systems,
video analysis, surface electromyography, tools for assessing
support interactions, and functional monitoring makes it
possible to obtain a broad dataset on the canoeist’s technique.
These methods allow researchers to assess force and work
per stroke, the effective part of the stroke cycle, stability
of angular characteristics, neuromuscular support of
movement, boat velocity, characteristics of body interaction
with the boat’s support zones, and functional conditions
for technique realization (Bonaiuto et al., 2020; Kong et al.,
2020; Niu et al., 2019; Trevithick et al., 2007).

At the same time, the availability of a large number
of separate biomechanical and functional indicators does
not by itself ensure a justified coaching decision. Separate
analysis of stroke force, electromyographic activity, kinematic
parameters, boat velocity, and support interactions does not
provide a complete understanding of which factors limit the
technical effectiveness of a specific athlete. Therefore, not
only the measurement of individual parameters is relevant,
but also the development of a clear algorithm for integrating
them into an individual technical preparedness profile.

For Cl1 sprint canoeing, this issue is especially important
because of the asymmetric nature of the motor task caused
by one-sided force application from a kneeling position.
This specificity creates uneven loading of the body’s support
structures, trunk-stabilizing muscles, and lower limbs, which
requires an individualized analysis of support interactions in
the boat. Previous studies show that asymmetric loading in
canoeing may be associated both with muscular imbalances
and with morphofunctional adaptations of highly qualified
athletes to the specific demands of the sport (Stryncl et al,,
2021; Alvarez-Yates et al., 2024).

Modern scientific approaches to canoe paddling
technique emphasize the need to combine biomechanical,
kinematic, dynamic, and functional analyses for an objective
assessment of athletes’ technical preparedness (Altukhov &
Shynkaruk, 2026b). Bibliometric analysis also confirms that
current research is mainly focused on separate aspects of
stroke biomechanics, kinematics, force dynamics, and sports
performance, whereas the issue of forming an individual
technical preparedness profile of a canoeist remains
insufficiently developed (Altukhov & Shynkaruk, 2026a).
Therefore, an approach that makes it possible to integrate
heterogeneous indicators into a single interpretive matrix
and use it to identify strengths, limiting factors, and priority
directions for correction of technique, equipment selection,
boat-seat calibration, and training-process planning is
scientifically and practically important.

The aim of the study was to form an individual technical
preparedness profile ofa highly qualified sprint canoeist using
biomechanical and functional indicators and to substantiate
directions for individual correction of technique, equipment,
boat seating position, and the training process.

Materials and Methods

Study Design

The study was conducted as a case-oriented comprehensive
biomechanical analysis of the technical preparedness of a
qualified sprint canoeist. The methodological basis of the
work was the combination of several levels of assessment:

neuromuscular support of the paddling movement, dynamics
of force application to the paddle, the kinematic structure of
technique, velocity realization of boat movement, support
interactions within the “athlete-boat” system, and functional
conditions for technique realization.

The individual technical preparedness profile was
considered not as a total score, but as a structured
interpretive matrix combining indicators of different nature
and allowing the identification of the athlete’s strengths,
technique-limiting factors, and targeted directions for
correction. The central position in the profile was occupied
by indicators directly related to stroke effectiveness: dynamic
parameters of work with Braca and Erbi paddles, kinematic
characteristics of the stroke cycle, velocity of Nelo, Vajda,
and Plastex boats over the control segment, and stability
of support interactions after individual calibration of the
athlete’s seating position in the boat.

The methodological logic of profile formation included
the following sequential stages: primary registration of
indicators in each diagnostic block; quality control of
primary data; selection of suitable stroke cycles, series, or
test attempts; calculation of mean values, variability, and
stability; intra-individual comparison of results under
different testing conditions; identification of indicators with
positive or limiting significance for technique; formation of
the final interpretive matrix; and substantiation of coaching
decisions regarding paddle selection, boat selection, seating
position, technical emphases, and training effects.

Study Participants

The main participant was a highly qualified athlete,
Master of Sports of Ukraine of International Class, and a
member of the national sprint canoeing team of Ukraine:
male, 23 years old, height 186 cm, body mass 88 kg. At the
time of assessment, the athlete was at the stage of maximal
realization of individual capabilities and had experience in
international competitions.

Two qualified athletes of the same specialization and
comparable level of mastery were additionally included for
reference interpretation of selected strength, speed-strength,
and functional indicators. Their data were used only as a
basis for individual interpretation of the main athlete’s results
and were not used for between-group statistical comparison.

Research Organization

The study was organized as a sequential comprehensive
assessment of the athlete under laboratory and specific
on-water conditions. First, neuromuscular support of the
paddling movement was assessed during specialized tasks
on paddling ergometers. Then, dynamic stroke parameters
were analyzed during work with two paddles: Braca and Erbi.
After that, kinematic analysis of technique and assessment of
boat velocity characteristics were performed while paddling
in Nelo, Vajda, and Plastex boats.

A separate stage was devoted to the analysis of
support interactions in the boat before and after individual
calibration of the athlete’s seating position. Calibration
included correction of the support zones and the production
of individual pads under the forefoot, a knee pad, and a
fixing footrest. After that, changes in the area and direction
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of center-of-pressure displacement and the stability of the
main support points were assessed.

The final stage included additional assessment of
strength and speed-strength capacity, functional state of
the respiratory system, body composition, hemodynamic
indicators, and heart rate variability. These blocks were used
as auxiliary blocks to explain the functional conditions for
technique realization, but they did not replace the main
biomechanical analysis of the paddle, boat, stroke cycle, and
support interactions.

Research Methods

The biomechanical block of the study included
electromyographic, strain-gauge, and kinematic analysis
of the paddling movement. Primary data were processed
according to the type of registration. For each block,
a separate data matrix was formed, in which the rows
represented test tasks, series, or individual stroke cycles, and
the columns represented registered and derived indicators.
Further summarization was performed in the specialized
software of the corresponding hardware-software systems
with additional spreadsheet processing in Microsoft Excel.

Bioelectrical activity of the leading muscle groups was
registered by surface electromyography using the “M-TEST”
electroneuromyographic system (DX-System, Ukraine). The
pectoral muscles, biceps and triceps brachii, deltoid muscles,
rectus abdominis, rectus femoris, and teres major muscles
of the back were assessed with bilateral electrode placement
and real-time visualization of the athlete’s muscle activity.
Testing was performed during three specialized tasks: 1-min
aerobic work on a paddling ergometer, 30-45 s acceleration
on a paddling ergometer, and work in a statodynamic mode
on the specialized “Gorka” kayak paddling simulator. For each
muscle group, the amplitude of bioelectrical activity, mV, and
the percentage contribution to total work were determined.
Leading and insufficiently involved muscle groups were
determined by the percentage contribution within each test
task, and the neuromuscular profile was summarized according
to the rank structure of muscle activity across the three tests.

Dynamic stroke parameters were determined during
series of 20 consecutive strokes using two paddle models:
Braca and Erbi, equipped with strain-gauge sensors for blade
load. Registration and primary analysis of the strain-gauge
signal were performed in the specialized software of the
corresponding hardware-software system. For each stroke,
paddle-blade load, work per stroke, the effective part of the
stroke, and the percentage of the effective part of the stroke
relative to total work were determined. The effective part of
the stroke was calculated as the part of the work performed
in the segment of the stroke cycle where blade load exceeded
70% of the maximum value in that stroke. The percentage
of the effective part of the stroke characterized the athlete’s
ability to maintain productive effort in the propulsive part of
the stroke cycle. Braca and Erbi paddles were compared by
mean values, variability, and stability of dynamic indicators,
which allowed assessment of the efficiency of force transfer
from the athlete to the boat (Gomes et al., 2015; Kong et al.,
2020; Michael et al., 2012).

Kinematic analysis of technique was performed using
video recordings followed by frame-by-frame goniometric
analysis of stroke-cycle phases with the Contemplas mobile

biomechanical system and Contemplas movement-analysis
software. The analysis was conducted during paddling in
Nelo, Vajda, and Plastex boats in combination with Braca
and Erbi paddles. Six to eight technically complete stroke
cycles in each series were included in the processing when
the phases of blade entry into the water, the propulsive
part of the stroke, and stroke completion with transition
to paddle recovery were clearly identifiable. For each cycle,
paddle attack angle, trunk inclination, knee-joint angle of
the swing leg, and knee-joint angle of the support leg were
determined. Analysis of these indicators in three phases of
the stroke cycle made it possible to evaluate not only the
magnitude of angular parameters but also the reproducibility
of the movement structure under different stroke conditions
(Tilden et al., 2024; Zahalka et al., 2011).

For strain-gauge and kinematic indicators, the mean
value, standard deviation, coefficient of variation, and
coeflicient of stability were calculated. The coeflicient of
variation was defined as the ratio of the standard deviation
to the mean value, expressed as a percentage. The coefficient
of stability was calculated as the difference between 100%
and the coefficient of variation and was used to assess
the repeatability of stroke cycles for the corresponding
parameter. Higher coefficient-of-stability values were
interpreted as better reproducibility of the corresponding
element of the movement structure.

Boat velocity characteristics were determined while
the athlete covered a 150 m control segment with a task
emphasizing speed and power of distance completion
(Contemplas mobile biomechanical system with video-
analytical registration of spatiotemporal movement
characteristics; additional spreadsheet data processing
in Microsoft Excel). Nelo, Vajda, and Plastex boats were
compared by maximum velocity in the propulsive part of
the stroke cycle, minimum velocity during paddle recovery,
and mean velocity over the control segment. This block was
used to determine the individual suitability of the boat for
the specific athlete, considering velocity realization of the
paddling movement.

Support interactions between the athlete’s body and
the boat were assessed in three support zones: swing-leg
foot, support-leg knee, and support-leg foot on the footrest
(strain-gauge system for pressure-distribution and center-
of-pressure displacement analysis; Tekscan I-Scan pressure
mapping system, Tekscan, USA). The area of center-of-
pressure displacement, anteroposterior and mediolateral
center-of-pressure oscillations, displacement-vector
direction, and pressure force in each support zone were
determined. The assessment was performed before and after
individual calibration of the athlete’s seating position in the
boat. This block was used to evaluate the stability of the
“athlete-boat” system, asymmetry of support interactions,
and effectiveness of force transfer under the specific posture
of a canoeist (Stryncl et al., 2021; Alvarez-Yates et al., 2024).

Strength and speed-strength capacity were assessed
using tests that characterize the functional capabilities of the
lower limbs and shoulder girdle: “barbell squats for 30s,” “20
vertical jumps,” “bench pull to the chest;” and “standing pull
to the chest” For jump tests, the OptoJump optoelectronic
system (OptoJump, Microgate, Italy; OptoJump Next
software) was used; it enables determination of jump
height, duration of support and flight phases, rhythm,
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tempo, and power in jump tests. For barbell exercises, a
linear displacement sensor / movement-power analyzer
was used. The number of repetitions, mean, maximum, and
peak power, relative power, peak force, movement-speed
characteristics, and fatigue resistance were recorded.

The functional state of the respiratory system was assessed
by spirometry with registration of a series of forced inspirations
using hardware-software tools for assessing external respiratory
function and respiratory-muscle strength (POWERbreathe K5
mobile ergospirometry system with Breathe-Link software).
Mean and maximum inspiratory power, mean and maximum
inspiratory velocity, and mean and maximum inspiratory
volume were analyzed. These indicators were used to determine
the functional reserve of the respiratory system and the
feasibility of including individualized breathing exercises in the
athlete’s preparation.

Body composition was determined by bioimpedance
analysis (Tanita MC-780MA body composition analyzer,
Tanita Corporation, Japan; Tanita / GMON software). Body
mass index, fat and fat-free mass, active cell mass, body-
water compartments, basal metabolic rate, phase angle,
and skeletal muscle mass were assessed. Hemodynamic
indicators were considered an auxiliary functional block
of the individual profile and were used to characterize the
conditions of technique realization, not as an independent
criterion of technical preparedness.

Heart rate variability (CardioPlus diagnostic system,
Metekol, Ukraine) was analyzed using a short-term 5-min
electrocardiographic recording (lead I, sensitivity 10 mm/
mV) at rest in a sitting position, according to standard
requirements for short-term registration (Task Force of the
European Society of Cardiology and the North American
Society of Pacing and Electrophysiology, 1996). Before
calculating the indicators, the quality of the primary
RR series was controlled by checking the correctness of
registration and the presence of extrasystolic intervals.
Records with pronounced rhythm disturbances or incorrect
registration were not included in further analysis. Heart rate,
SDNN, coeflicient of variation of heart rhythm, stress index
(SI), centralization index (CI), activity index of regulatory
systems (PARS), power of HF, LF, and VLF waves, and
total spectral power (TP) were calculated according to the
method of mathematical analysis of heart rhythm by R. M.
Baevsky (Baevsky & Chernikova, 2017), which includes
construction of a cardiointervalogram, histogram of RR-
interval distribution, and scattergram (Poincare plot) for
qualitative control of recording homogeneity. Model ranges
of HRV indicators were formed based on the database of
assessments of qualified sprint canoeists at the Research
Institute of the National University of Ukraine on Physical
Education and Sport and were used as an indicative range for
qualitative interpretation. Cardiorhythmographic indicators
were used as an auxiliary functional block of the individual
profile and were interpreted considering the case-oriented
design, the stage of the training process, and the need to
control training load and recovery (Plews et al., 2013).

Algorithm for Developing an Individual
Profile of Technical Preparedness

The individual profile of technical preparedness was
developed as a structured interpretative matrix integrating

biomechanical and functional indicators of different types.
The profile was not treated as a composite integral score
because the indicators under investigation had different units
of measurement, differed in biomechanical significance, and
varied in the degree of their direct association with stroke
effectiveness.

No weighting coeflicients were applied. In the practical
interpretation, priority was given to indicators that directly
characterized force transmission to the paddle, stability
of the stroke cycle, boat speed performance, and support
interactions within the “athlete — boat” system.

At the first stage, data preparation, recording, and
primary processing were performed. Testing conditions, the
athlete’s functional state before assessment, the sequence
of tests, measurement-equipment settings, and equipment
parameters were standardized. Following primary data
recording, the completeness and correctness of the signals
were verified, technical noise and distortions were identified,
invalid recording fragments were excluded, and technically
complete movement cycles were selected. Mean values,
variability and stability indices, work per stroke, the effective
portion of the stroke, and speed and support characteristics
were then calculated.

The obtained indicators were grouped according to the
main profile components: neuromuscular support of the
stroke, dynamics of force application to the paddle, kinematic
structure of the stroke cycle, boat speed performance, support
interactions in the boat, and the athlete’s functional state. Key
informative indicators were identified for each component:
the amplitude and relative contribution of muscle groups,
work per stroke, the effective portion of the stroke, the
proportion of effective work, paddle attack angle, trunk
inclination, angular characteristics of the lower limbs, mean
and maximum boat speed, the area and direction of center-
of-pressure displacement, as well as strength, respiratory,
hemodynamic, and cardiorhythmographic indicators.

At the second stage, within-athlete comparisons were
performed across test tasks, paddle and boat models,
and before and after seating calibration. The consistency
of findings across the different diagnostic domains was
then examined. An individual indicator was considered
practically meaningful when its changes were reproducible
across repeated trials, supported by findings obtained using
other methods, or associated with changes in work per
stroke, technique stability, or boat speed.

Atthethird stage, the results were operationally classified
into four interpretative levels: “strength,” “acceptable level,
“reserve for correction,” and “limiting factor” Classification
was not performed by mathematically combining the
indicators into a single score but by comparing them
with model values, reference data, within-athlete results
obtained under different testing conditions, and qualitative
biomechanical interpretation.

Strengths included indicators that corresponded to
model orreference values, demonstrated high reproducibility,
and were associated with greater stroke effectiveness or
better boat speed performance. Indicators were classified
as acceptable when they met the functional requirements
of stroke execution, showed no pronounced unfavorable
deviations, and did not limit technical performance.

Reserves for correction included indicators characterized
by lower stability, less effective force transmission, reduced
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boat speed performance, a lower relative contribution of
individual muscle groups, or moderate asymmetry of support
interactions, whose influence on performance required further
confirmation. Limiting factors included recurrent unfavorable
characteristics supported by findings from several interrelated
diagnostic domains or directly associated with a reduction
in the effective portion of the stroke, impaired stability of the
stroke cycle, or lower boat speed.

At the same stage, the results were integrated into a
structured individual profile in which the current status,
practical interpretation, and correction priority were
determined for each component.

At the fourth stage, the individual profile was used
to substantiate coaching decisions concerning paddle
and boat selection, maintenance of the calibrated seating
configuration, correction of trunk position during the final
phase of the stroke, improvement of force transmission
through the “leg-trunk-arm-paddle” chain, development
of speed-strength endurance of the shoulder girdle,
optimization of inspiratory mechanics, and monitoring of
the balance between training load and recovery.

Following the implementation of corrective interven-
tions, repeated standardized testing and updating of the in-
dividual profile were planned. Positive changes in the target
indicators, together with improvements in work per stroke,
technique stability, or boat speed, were regarded as confir-
mation of the validity of the initial interpretation and the
coaching decision adopted.
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Fig. 1. Algorithm for developing an individual profile of a
canoeist’s technical preparedness and substantiating coaching
decisions

The classification of profile components is operational
rather than normative and is intended for within-athlete
analysis. Classification of an indicator as a limiting factor
cannot be based on a single isolated value or solely on its
deviation from a model range. The determining criteria are
the reproducibility of the result, its consistency with findings
from other diagnostic domains, and its association with
indicators of stroke effectiveness or boat speed (Fig. 1).

Justification of Model Values

The model values used to interpret selected indicators
of the individual profile were formed based on a long-term
database of comprehensive assessments of athletes of the
Ukrainian national kayaking and canoeing team conducted
at the Research Institute of the National University of
Ukraine on Physical Education and Sport (2010-2025; n =
750 person-assessments for each method of assessing the
functional state of athletes).

Model ranges were formed by summarizing repeated
assessments of national-team athletes, taking into account
specialization, level of sports qualification, stage of preparation,
and correspondence of indicators to the competitive demands
of sprint canoeing. Model values were not considered universal
norms for the entire population of athletes; they were used
as internal reference ranges for interpreting the individual
indicators of a highly qualified canoeist.

Whenformingtheindividualprofile,modelvalueswereused
only as an auxiliary criterion for assessing the correspondence
of selected functional and biomechanical indicators to the level
of national-team athletes. The main principle of interpretation
remained intra-individual comparison of the athlete’s results
under different testing conditions: between Braca and Erbi
paddles, between Nelo, Vajda, and Plastex boats, and before and
after individual calibration of the seating position in the boat.
This approach made it possible to avoid incorrect generalization
and to use model indicators as a tool for individualizing
technical preparation.

Statistical Analysis

Statistical processing was performed using descriptive
statistics in Microsoft Excel. For quantitative indicators, the
arithmetic mean, standard deviation, coefficient of variation,
coeflicient of stability, and absolute and relative differences
between testing conditions were calculated.

The coefficient of variation was defined as the ratio
of the standard deviation to the mean value, expressed as a
percentage. Values below 30% were considered a sign of relative
homogeneity of the measurement series, and values below 10%
were interpreted as low dispersion. The coeflicient of stability
was defined as the difference between 100% and the coefficient
of variation. Values above 90% were interpreted as high stability,
85-90% as above average, 75-85% as average, 70-75% as below
average, and below 70% as low stability.

For electromyographic indicators, muscle groups were
ranked by their percentage contribution to total work in each test
task, followed by calculation of the sum of ranks across the three
tests. The effectiveness of paddles, boats, and changes in seating
position was compared using absolute and relative differences in
mean values, coefficients of variation and stability, and qualita-
tive biomechanical interpretation of the observed changes.
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Color indicates the relative contribution of the muscle group during the test task.

Fig. 2. Bioelectrical activity of leading muscle groups of the canoeist during three specialized test tasks (n = 1, Master of
Sports of Ukraine of International Class)

Considering the case-oriented design of the study, the
main analysis was aimed not at testing group statistical
hypotheses, butatintra-individual comparison of the athlete’s
indicators under different testing conditions. Individual
stroke cycles, movement series, and test attempts were used
to assess repeatability, stability, and variability of indicators,
but were not considered independent observations for
between-group statistical analysis. Therefore, methods of
statistical hypothesis testing were not applied.

Limits of Generalization

The results of the study characterize the individual
profile of a specific highly qualified canoeist and cannot
be directly extrapolated to a broader population of athletes
without further experimental verification, because the
purpose of the study was not to establish universal norms but
to demonstrate an algorithm for integrating heterogeneous
indicators for individualizing technical preparation.

Results

Theresults of the comprehensive assessment sequentially
characterized individual components of the technical
preparedness of the qualified sprint canoeist: neuromuscular
support of the paddling movement, effectiveness of force

application to the paddle, kinematic stability of the stroke
cycle, boat velocity characteristics, support interactions
within the “athlete-boat” system, strength capacity, and
functional state. Each block was interpreted in terms of
its contribution to the formation of the athlete’s individual
technical preparedness profile and the identification of
technique-limiting factors.

Analysis of bioelectrical activity of the leading muscle
groups showed that the structure of muscle involvement
changed depending on the nature of the test task. Total
activation of the neuromuscular system was 0.73 mV during
aerobic work on the paddling ergometer, increased to 1.06
mV during acceleration, and decreased to 0.60 mV in
the statodynamic mode on the specialized “Gorka” kayak
paddling simulator (Table 1).

Table 1 shows that as work intensity increased, the
structure of muscle activation changed: in the acceleration
test, total activity was highest, whereas during statodynamic
work a more localized redistribution of activity occurred
toward the shoulder-girdle muscles, pectoral muscles, and
back muscles. For the individual profile, this indicates the
need to improve coordinated force transfer from the support
links through the trunk to the paddle.

In the first test task, the greatest contribution to total
work was made by the teres major muscles of the back,
the left pectoral muscle, and the triceps brachii. Minimal

Table 1. Neuromuscular profile of the paddling movement according to electromyography (n = 1, Master of Sports of

Ukraine of International Class)

Total Muscles with
Test task activity, Leading muscle groups . . I Relevance to profile formation
minimal contribution
mV
Aerobic work, 0.73 Teres major muscles of the Right biceps brachii;  Basic structure of muscular support of the
1 min back; left pectoral muscle; right rectus femoris stroke movement under moderate intensity
triceps brachii was identified
Acceleration, 1.06 Pectoral muscles; rectus Right biceps brachii; Maximum neuromuscular mobilization and
30-45s abdominis; left biceps right rectus femoris muscle groups more actively involved during
brachii; left rectus femoris intensive work were revealed
Statodynamic 0.60 Pectoral muscles; right Selected lower-limb Redistribution of muscle activity in the
work biceps brachii; triceps muscles propulsive part of the stroke cycle and

brachii; right teres major
muscle of the back

reserves for coordination of the trunk,
shoulder girdle, and support links were
identified
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activity was demonstrated by the right biceps brachii and
the right rectus femoris. In the second test, which modeled
acceleration, the contribution of the pectoral muscles,
rectus abdominis, left rectus femoris, and left biceps brachii
increased (Fig. 2).

In the third test, which modeled the statodynamic mode
of specialized work, the greatest activity was concentrated in
the pectoral muscles, right biceps brachii, triceps brachii, and
right teres major muscle of the back. This indicates theleading
participation of these muscle groups in force application
during the propulsive phase of the stroke. Leading muscle
groups were identified according to the largest percentage
contribution to total bioelectrical activity during each test
task. Muscles with minimal contribution were considered
potential reserves for improving the coordination of the
support links, trunk, and shoulder girdle in the paddling
movement.

Thus, the electromyographic block showed that the
neuromuscular component of the athlete’s individual profile
is characterized by the leading participation of the back
muscles, pectoral muscles, and shoulder-girdle muscles in
supporting the paddling movement. The lower contribution
of selected lower-limb muscles indicates a reserve for
improving sequential force transfer in the biomechanical
chain “leg - trunk - arm - paddle”

Comparative analysis of dynamic stroke parameters
showed differences in the nature of effort realization when
using Braca and Erbi paddles. With the Braca paddle, the
athlete demonstrated a higher mean blade load of 20.5 kg
with a high coefficient of stability of 93.5%. At the same
time, mean work per stroke was 49.3 J, the effective part of
the stroke was 25.8 ], and the share of effective work in total
work was 53.0% (Fig. 3).

100 {

[l Braca
90 1 | [ Erbi

80 1

73.0)

70
62.3%

60
53.0%
49.3]
50 4561)

Value (J, %)

4

30 2587
20

Work per stroke Effective part of stroke Effective work share

Dynamic stroke parameters

Fig. 3. Comparison of Braca and Erbi paddle effectiveness
according to key dynamic stroke indicators (n = 1, Master of
Sports of Ukraine of International Class)

When using the Erbi paddle, mean blade load was lower
at 18.5 kg; however, work per stroke increased to 73.0 J, the
effective part of the stroke increased to 45.6 ], and the share
of effective work increased to 62.3%. For three of the four
main parameters, the coefficient of stability was higher when
using the Erbi paddle.

Thus, the dynamic block showed that the Braca paddle
provided a higher mean blade load, whereas the Erbi paddle
facilitated more effective effort realization according to work

per stroke, the effective part of the stroke, and the share of
effective work. For the individual profile, this means that the
limiting factor was not the athlete’s ability to generate force,
but the efficiency of its transfer throughout the stroke cycle.
Therefore, stroke-dynamics indicators provided the basis for
recommending gradual adaptation of the athlete to the Erbi
paddle.

Goniometric analysis of stroke technique in boats from
different manufacturers showed an overall high level of
stability in key angular parameters. The coefficient of stability
of the paddle attack angle was 96.6-98.3%, indicating high
reproducibility of paddle position during entry and force
application. Stability of trunk inclination in the first phase
of the stroke was 94.5-98.2%, and stability of the angular
indicators of the swing-leg knee joint in the first phase was
96.8-98.5%.

Mean values of the paddle attack angle ranged from
59.3° to 63.0°. Trunk inclination decreased from the first
to the third phase of the stroke, from 41.5-57.1° to 30.2-
47.5°. At the same time, the angle in the swing-leg knee joint
increased from 84.0-91.0° in the first phase to 135.0-150.0°
in the third phase, whereas the angle in the support-leg knee
joint decreased from 118.0-134.0° to 77.0-88.0°. The lowest
stability was recorded for trunk inclination in the third
phase of the stroke - 85.2-93.8% - which makes it possible
to identify the final phase of the stroke cycle as a zone of
technical reserve.

Over the 150 m control segment, the highest velocity
indicators were recorded when paddling in the Plastex boat.
Maximum boat velocity in the support phase of the stroke
was 5.15 m/s in the Nelo boat, 5.24 m/s in the Vajda boat,
and 5.30 m/s in the Plastex boat. Minimum velocity in the
non-support phase was also highest in the Plastex boat at
2.68 m/s, whereas it was 2.65 m/s in the Vajda boat and
2.24 m/s in the Nelo boat. Mean velocity over the control
segment was 3.80 m/s in Nelo, 3.95 m/s in Vajda, and
3.99 m/s in Plastex (Table 2).

The kinematic component of the profile demonstrated a
high level of stability of the paddle attack angle and lower-
limb positions in most phases of the stroke cycle. The least
stable indicator was trunk inclination in the third phase
of the stroke, which allows the final phase to be identified
as a zone of technical reserve. The velocity block showed
that the Vajda and Plastex boats better matched the athlete’s
individual technical characteristics, whereas in the Nelo
boat a greater decrease in velocity was observed during the
non-support phase. For profile formation, this had practical
significance because it linked technical efficiency not only
with the athlete’s movements but also with the individual
suitability of sports equipment.

Three-zone analysis of support interactions showed that
before individual seat calibration the athlete demonstrated
asynchronous effort application within the “athlete-boat”
system. This was manifested by increased pressure on the
support-leg knee, displacement of the pressure vector of the
swing foot toward the outer edge of the foot, and insufficiently
effective pressure of the support foot on the footrest (Fig. 4).

After individual seat calibration, substantial
improvement in the stability of support interactions was
registered. The area of center-of-pressure displacement in
the swing-foot zone decreased from 20.34 to 11.36 cm?;
in the support-leg knee zone, from 16.98 to 1.24 cm?* and
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Table 2. Key biomechanical indicators of equipment and the stroke cycle (n = 1, Master of Sports of Ukraine of

International Class)

Assessment block Indicator Main result Relevance to profile formation

Stroke dynamics with Braca Blade load 20.5 kg; Cst = 93.5% High force load with lower work

paddle effectiveness

Stroke dynamics with Erbi Work per stroke; 73.0);45.6] Better realization of effort throughout

paddle effective part of the the stroke

stroke
Paddle attack angle Coefficient of stability 96.6-98.3% High reproducibility of a basic technical
element

Trunk inclination in the third Coefficient of stability 85.2-93.8% Zone of technical reserve

phase

Nelo boat Mean velocity 3.80 m/s Lower individual suitability according to

velocity characteristics
Vajda boat Mean velocity 3.95m/s Suitable equipment option for the athlete
Plastex boat Mean / maximum 3.99 m/s; 5.30 m/s Best velocity characteristics for the
velocity athlete
S0 shoulder girdle for realization of an effective paddling
B Before . « »
B i Afer movement: in the “barbell squats for 30 s” test, the athlete
5 251 completed 34 repetitions with a mean power of 356.9 W,
£ g peak power of 654.4 W, and relative power of 4.1 W/kg; in
g 20 the “20 vertical jumps” test, mean power was 1266.1 W, peak
:Ef 1698ica’ force was 1886.7 N, and relative power was 14.4 W/kg; in
g2 154 the “bench pull to the chest” and “standing pull to the chest”
? 1136 e tests, 56 and 40 repetitions were recorded, respectively, with
5 101 mean power values of 369.6 and 472.8 W and peak power
£ 636 e’ values of 870.2 and 916.8 W. Spirometric testing showed
S 5 high values of respiratory potential indicators: mean and
g i 1.77 em? maximum inspiratory power were 178.06 and 203.13 cm
0 H,O, inspiratory velocity was 9.47 and 10.63 L/s, and
Swing foot Support-leg knee Support foot

Support zones

Fig. 4. Changes in center-of-pressure displacement area in
support zones before and after individual seat calibration (n = 1,
Master of Sports of Ukraine of International Class)

in the support-foot zone, from 6.36 to 1.77 cm®. The most
pronounced reduction in the area of center-of-pressure
displacement was observed in the support-leg knee zone,
where the indicator decreased by 13.7 times (Fig. 5).

Anteroposterior center-of-pressure oscillations also
decreased in all support zones: in the swing-foot zone from
15.20 t0 10.63 cm, in the support-leg knee zone from 11.85 to
3.20 cm, and in the support-foot zone from 3.07 to 1.40 cm.
Mediolateral oscillations decreased from 4.37 to 2.11 cm,
from 2.90 to 0.95 cm, and from 5.16 to 2.81 cm, respectively.

The obtained results showed that individual seat
calibration substantially increased the stability of support
interactions within the “athlete-boat” system.

For the formation of the individual profile, this means
that the seating position in the boat is not an auxiliary
organizational factor but an independent biomechanical
reserve for improving technical efficiency. Therefore, center-
of-pressure displacement indicators were included in the
profile as criteria of support-interaction stability and force-
transfer effectiveness.

Results of strength and speed-strength tests showed
a sufficient level of preparedness of the lower limbs and

inspiratory volume was 4.81 and 5.52 L, respectively. This
indicates a sufficient functional reserve of the respiratory
system but points to the feasibility of further optimization of
inspiratory mechanics.

According to bioimpedance analysis, the athlete’s body
mass index was 22.45 kg/m?, fat mass was 26%, active cell
mass was 51%, and phase angle was 10.68°. Hemodynamic
and cardiorhythmographic indicators supplemented the
characterization of the athlete’s current functional state: heart
rate was 66 beats/min, cardiac output was 5.32 L/min,reserve
coefficient was 81.9%, coeflicient of variation of heart rhythm
was 21.2%, stress index was 9 conventional units, and total
spectral power was 6974 ms®. The HRV spectral structure
was characterized by predominance of the HF component
(50.2%) over LF (44.4%) and VLF (5.3%); the centralization
index was 1.0, and the activity index of regulatory systems
was 6 conventional units. This combination of indicators
points to tension of adaptive mechanisms and possible
functional overstrain, which should be considered when
planning loads, recovery, and further dynamic monitoring.

The functional block showed that strength, speed-
strength, and respiratory potential generally created sufficient
conditions for realization of paddling technique. At the same
time, the remaining reserves were development of speed-
strength endurance of the shoulder girdle, optimization
of inspiratory mechanics, and control of the balance
between load and recovery using cardiorhythmographic
indicators. These data were included in the individual
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(on the pedal) -

(right foot in footrest)

(left foot)
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(left foot) (on the pedal) (right foot in footrest) (left foot) (on the pedal) (right foot in footrest)
Length of the
centre of pressure 692 657 351.4 456 158.4 254.6
trajectory (cm)
Area of the centre
of pressure zone 20.34 16.98 6.36 11.36 1.24 1.77
(cm?)
Anterior-posterior
sway of the centre 15.2 11.85 3.07 10.63 3.199 1.40
of p (cm) _———
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of (cm)
Max foot Knee of support leg Support foot Max foot Knee of support leg Support foot

(right foot in footrest)

Before calibration:
AR it oee| e oot
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Fig. 5. Support-interaction indicators between the athlete’s body and the boat before and after individual seat
calibration (n = 1, Master of Sports of Ukraine of International Class)
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Fig. 6. Individual technical preparedness profile of the highly
qualified canoeist based on the results of the comprehensive
assessment

profile as a functional context that clarifies the conditions
for realizing technical mastery but does not replace the
main biomechanical analysis of the stroke, equipment, and
support interactions.

Generalization of the results of all diagnostic blocks
made it possible to form an individual technical preparedness
profile of the canoeist, combining neuromuscular, dynamic,
kinematic, velocity-related, support-related, strength,
and functional characteristics. The profile is not reduced
to a single indicator or an integral score; rather, it reflects
the relationship between strengths, limiting factors, and
practical reserves for improving technique (Fig. 6).

The formed individual profile showed that the athlete’s
strengths were high stability of basic elements of the stroke
cycle, sufficient strength capacity, improved stability of
support interactions after individual seat calibration, and
high velocity realization of technique in the Plastex and

Vajda boats. The main reserves were improving force-
transfer efficiency in the “leg - trunk - arm - paddle” chain,
stabilizing trunk position in the final stroke phase, further
adaptation to the Erbi paddle, development of speed-
strength endurance of the shoulder girdle, optimization of
inspiratory mechanics, and control of recovery dynamics
during the training process (Table 3).

Discussion

Anindividualprofileofacanoeist’stechnical preparedness
should be developed not by summing separate test indicators,
but by interpreting their functional interrelationships. Stroke
effectiveness depends on the coordination of neuromuscular
activation, force application to the paddle, kinematic stability,
support interactions, and the translation of these factors into
boat speed. Accordingly, the diagnostic value of an indicator
increases when its deviation is confirmed by several
methods and is associated with changes in work per stroke,
technical stability, or boat speed. This principle corresponds
to the current understanding of technical preparedness as a
multicomponent system and makes it possible to distinguish
the strengths, reserves for correction, and potential limiting
factors of an individual athlete (Altukhov & Shynkaruk,
2026b; Shynkaruk & Altukhov, 2026).

The electromyographic data confirmed the leading role
of the back, pectoral, and shoulder-girdle muscles, which
is consistent with the findings of Trevithick et al. (2007).
From a biomechanical perspective, this can be explained
by the fact that the propulsive effort during the stroke is
generated not through the isolated action of the upper limb,
but through the sequential transmission of mechanical
impulse from the support segments through the pelvis
and trunk to the shoulder girdle, arm, and paddle. The
contribution of the lower limbs to paddle force and boat
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Table 3. Individual Profile of Technical Preparedness of the Examined Canoeist

Component
of technical Main informative indicators Interpretation Practical recommendations
preparedness
Neuromuscular  Ranking structure of The predominant involvement Improve the coordination of force
organization of  electromyographic activity of the trunk and shoulder-girdle transmission through the “support
the paddling in three sport-specific tests; muscles represents a well- segments—pelvis—trunk-shoulder
movement predominant activity of the developed component. The lower  girdle-paddle” chain. Confirm this
back, pectoral, and shoulder- contribution of individual lower-  interpretation using synchronized on-
girdle muscles; lower relative limb muscles is considered a water electromyographic, kinematic, and
contribution of individual lower-  preliminary reserve for improving  force measurements.
limb muscles coordination rather than a
confirmed local strength deficit.
Dynamic Braca: blade load, 20.5 kg; work,  The ability to generate force was Conduct a standardized period of

structure of the
stroke

Kinematic
stability

Individual boat
suitability

Support
interactions
and seating
configuration

Strength and
speed-strength
capacity

Respiratory
support

Functional state
and recovery

49.3 J; effective portion of the
stroke, 25.8 J; proportion of
effective work, 53.0%. Erbi: 18.5
kg, 73.0 ], 45.6 ], and 62.3%,
respectively

Stability of the paddle attack
angle, 96.6-98.3%; stability of
trunk inclination during the third
phase, 85.2-93.8%

Mean speed over 150 m: Nelo,
3.80 m-s’'; Vajda, 3.95 m-s’}
Plastex, 3.99 m-s™!. Maximum
speed: 5.15, 5.24, and 5.30 m-s’!,
respectively

Reduction in the center-of-
pressure displacement area:
swing-leg foot, from 20.34 to
11.36 cm?; support-leg knee,
from 16.98 to 1.24 cm?; support
foot, from 6.36 to 1.77 cm®

Power in squat and jump tests;
indicators of pulling exercises
performed in lying and standing
positions; ability to reproduce
sport-specific force repeatedly

Inspiratory power, flow rate, and
volume; pattern of respiratory-
maneuver execution

Heart rate, hemodynamic
indicators, time- and frequency-
domain HRV characteristics,
stress index, and index of
regulatory systems activity

classified as an adequate level. The
greater work and effective portion
of the stroke obtained with the
Erbi paddle represent a promising
reserve for improving effectiveness
that requires repeated verification.

Reproducibility of the paddle
attack angle is a strength.
Variability of trunk position
during the final phase represents
a reserve for improvement, whose
significance should be verified in
relation to stroke dynamics and
speed loss.

Under the testing conditions,
Plastex and Vajda were favorable
individual options. Nelo represents
a potential reserve for optimizing
equipment suitability, but not a
confirmed limiting factor.

The response to seating calibration
is a strength of the proposed
individualized configuration.
However, a direct increase in
propulsive effectiveness was not
separately demonstrated.

General strength capacity was
classified as an adequate level.
The ability to maintain effective
shoulder-girdle performance
over time represents a reserve for
improvement.

Respiratory capacity was classified
as an adequate level and was

not identified as a leading
limiting factor. The forceful
inspiratory pattern represents

a complementary reserve for
improving movement economy.

Single measurements characterize
the current functional context but
do not allow functional strain to be
diagnosed or technical skill to be
assessed directly.

adaptation to the Erbi paddle. Reassess
work per stroke, stroke rate, kinematics,
stability across stroke series, and boat
speed. Peak or mean blade load should
not be used as the sole criterion for
paddle selection.

Use synchronized video and strain-gauge
feedback. Correct only the component
of trunk variability that is accompanied
by reduced effective work or increased
speed loss.

Repeat the comparison with

randomized trial order, identical
stroke-rate instructions, and control of
environmental conditions. Make the final
selection after a series of repeated trials.

Maintain the individualized seating
configuration provided that no
discomfort occurs. In subsequent
assessments, monitor the center of
pressure, paddle force, kinematics, and
boat speed synchronously.

Develop sport-specific speed-strength
endurance while monitoring the
preservation of technical structure and
the effective portion of the stroke under
fatigue.

Improve the coordination of breathing
with the structure of the stroke cycle.
Respiratory indicators should not be
interpreted separately from sport-specific
performance and technical stability.

Perform serial measurements under
standardized conditions and compare
them with training load, sleep, subjective
well-being, sport-specific performance,
and technical stability.
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Table 3. Continued

Component
of technical Main informative indicators Interpretation Practical recommendations
preparedness
Integrated Consistency among dynamic, The principal reserve is associated ~ Combine correction of trunk technique,

“athlete-paddle- kinematic, speed, neuromuscular,
boat” interaction and support characteristics

not with a single isolated
indicator but with optimization

of coordination and force
transmission within the integrated
biomechanical system.

verification of the Erbi paddle, use of
the Plastex or Vajda boats, maintenance
of the calibrated seating configuration,
and development of sport-specific
endurance. Confirm the effectiveness of
the recommendations through repeated
comprehensive testing.

Note. The profile categories are operational and intended for within-athlete interpretation. A “strength” denotes a favorable and stable
indicator confirmed under different conditions or consistent with performance-related characteristics. An “adequate level” indicates the
absence of evidence of a substantial limitation to technical execution. A “reserve for improvement” reflects a potentially unfavorable or
unstable characteristic whose influence requires verification. The category “limiting factor” may be applied only when an unfavorable result
is reproducible and confirmed by several diagnostic domains or is directly associated with reduced stroke effectiveness or boat speed

speed has been demonstrated in biomechanical models of
paddling (Begon et al., 2010; Nilsson & Rosdahl, 2016). At
the same time, the lower relative contribution of individual
lower-limb muscles should not be interpreted unequivocally
as a local strength deficit. It may reflect the athlete’s
coordination strategy, the specific characteristics of the
test task, or temporal inconsistency in muscle activation.
This finding should therefore be considered a reserve for
improving intersegmental force transmission, which
requires confirmation through synchronized recording
of electromyographic, kinematic, and dynamic indicators
under on-water conditions.

The comparison of the Braca and Erbi paddles showed
that a greater load on the blade does not necessarily result
in greater mechanical effectiveness. The advantage of the
Erbi paddle in terms of work and the effective portion of
the stroke may be attributable to a more favorable temporal
distribution of force, longer maintenance of effective force
application, and a better match between blade geometry and
the athlete’s individual movement pattern. This is consistent
with evidence indicating that stroke performance depends
not only on peak force but also on its temporal organization
within the propulsive phase (Gomes et al., 2015; Michael et
al,, 2012). Instrumented paddles increase the objectivity of
such analysis because they allow the amount and pattern of
force application to be assessed directly during the sport-
specific movement (Kong et al., 2020; Niu et al., 2019).
Nevertheless, the observed differences may have been partly
influenced by the athlete’s familiarity with each paddle
model, the order of testing, stroke rate, and accumulated
fatigue. The Erbi paddle should therefore be considered a
promising individualized option whose effectiveness should
be verified after a standardized adaptation period.

The high reproducibility of the paddle attack angle and
most angular characteristics of the lower limbs indicates that
the basic spatiotemporal structure of the movement was well
established. The lower stability of trunk inclination during
the final phase may be associated with the need to complete
force application, maintain boat balance, and initiate the
recovery phase simultaneously. Disturbance of the temporal
coordination of these actions may alter the direction of
the resultant force, increase rotational oscillations within
the athlete-boat system, and intensify speed loss between

strokes. The importance of phase-related and angular
characteristics for boat speed has been demonstrated in
international studies of paddling kinematics (McDonnell
et al,, 2013; Zahdlka et al., 2011). However, variability is not
necessarily unfavorable, as a certain degree of movement
variability may facilitate adaptation to boat instability and
changing external conditions. Therefore, correction should
target not trunk variability itself, but only the component
that is consistently associated with reduced effective work or
lower boat speed.

The better speed characteristics observed in the Plastex
and Vajda boats indicate that, under the testing conditions,
these models were more closely matched to the athlete’s
individual anthropometric and coordinative characteristics.
This compatibility may be determined by hull geometry, the
positioning of support areas, system stiffness, and the boat’s
response to the asymmetrical movements of a canoeist.
However, the observed differences do not demonstrate the
universal superiority of any particular model, as they may
have been influenced by familiarity with the equipment, trial
order, fatigue, and environmental conditions. The results
therefore support prioritized further testing of the Plastex
and Vajda boats, whereas the final selection should be based
on repeated standardized trials.

Seat calibration reduced center-of-pressure
displacement in all support zones, indicating increased
mechanical stability of the athlete’s interaction with the
boat. A more stable support base creates the prerequisites
for more effective impulse transmission from the lower
limbs through the pelvis and trunk to the paddle and
reduces non-productive compensatory movements. The
relationship between support forces, paddle dynamics, and
boat speed has been demonstrated in recent biomechanical
studies (Bonito et al., 2022; Klitgaard et al., 2021; Nilsson
& Rosdahl, 2016). However, a reduction in the center-of-
pressure displacement area does not provide direct evidence
of increased propulsive effectiveness, because the relevant
indicators were not recorded simultaneously before and after
calibration. In addition, excessive stabilization may restrict
the functionally necessary mobility of the pelvis and trunk.
An optimal seating configuration should therefore increase
support stability without reducing the amplitude of effective
movements or causing localized discomfort.
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The findings on support interactions are consistent with
studies of morphofunctional adaptations to asymmetrical
loading in canoeing (Stryncl et al., 2021; Alvarez-Yates et
al., 2024). The specific canoeing position produces uneven
loading of the support and non-support legs, pelvis, and
trunk-stabilizing muscles. Such asymmetry may represent
either a functional adaptation to the sporting technique or a
source of excessive compensatory movements. In the present
study, its assessment had direct practical relevance because
the findings were used not merely to identify differences
between support zones, but to individualize the athlete’s
seating configuration.

The functional indicators clarified the conditions
under which technique was expressed but did not replace
biomechanical analysis. The athlete’s adequate strength and
speed-strength capacity of the lower limbs indicates that
the identified technical reserves were not attributable to
a pronounced limitation in overall strength. At the same
time, the reserve in speed-strength endurance of the
shoulder girdle may limit the ability to maintain a stable
force-application pattern under fatigue. This supports the
view that paddling performance is determined not by the
maximal strength of an isolated muscle group, but by the
athlete’s capacity to repeatedly express strength within a
sport-specific coordination pattern (Michael et al., 2012;
Nilsson & Rosdahl, 2016).

The respiratory indicators did not suggest that
respiratory function was a major limiting factor. However,
the forceful pattern of inspiration may increase the energetic
cost of accessory respiratory-muscle activity and contribute
to greater trunk tension. Optimization of inspiratory
mechanics should therefore be regarded as a complementary
intervention aimed at preserving movement economy and
technical stability during high-intensity work rather than as
the primary means of correcting paddling technique.

Cardiorhythmographic indicators characterize the
current state of autonomic regulation but cannot be used
as an independent criterion of technical preparedness or
as evidence of functional strain. Their values depend on
previous training load, sleep quality, psycho-emotional state,
body position, and the athlete’sindividual baseline. Therefore,
the dynamics of these indicators are more informative than a
single measurement and should be interpreted together with
the stress index, centralization index, spectral structure,
training load, subjective well-being, and sport-specific
performance. This approach is consistent with standards for
the interpretation of short-term heart rate recordings and
recommendations for monitoring athletes’ adaptation (Task
Force, 1996; Baevsky & Chernikova, 2017; Plews et al., 2013).

The scientific significance of the proposed approach
lies in the transition from isolated assessment of separate
indicators to their integrated within-athlete interpretation.
The profile is neither a composite score nor a universal
normative scale; rather, it functions as an algorithm for
supporting coaching decisions. Classification of a component
as a strength, acceptable level, reserve for correction,
or limiting factor is based on the reproducibility of the
indicator, its consistency with other diagnostic domains, and
its association with stroke effectiveness or boat speed. This
reduces the risk of misinterpreting isolated deviations and
allows testable hypotheses to be formulated regarding the
causes of technical limitations.

The practical value of profiling lies in the direct transition
from test results to targeted decisions: adaptation to the Erbi
paddle, further comparative testing of the Plastex and Vajda
boats, maintenance of the calibrated seating configuration,
correction of trunk position during the final phase,
improvement of force transmission through the “leg-trunk-
arm-paddle” chain, development of speed-strength endurance
of the shoulder girdle, optimization of inspiratory mechanics,
and monitoring of the balance between training load and
recovery. The validity of these decisions should be confirmed
through repeated standardized testing, because only targeted
changes in the relevant biomechanical indicators, together
with improvements in work per stroke and boat speed, can
confirm the accuracy of the initial interpretation.

Future Research

Future research should test the proposed algorithm for
forming an individual profile in a larger sample of canoeists
of different qualification levels, sex, anthropometric
characteristics, and dominant paddling side. This would
make it possible to verify the reproducibility of the approach,
clarify the informativeness of key biomechanical indicators,
and determine its possible use for individualizing technical
preparation in C1 sprint canoeing.

Limitations

The study was conducted as a case-oriented analysis of
one qualified sprint canoeist; therefore, the obtained results
characterize the individual profile of a specific athlete and
cannot be directly extrapolated to the entire population of
canoeists. The two additionally included athletes were used
only as a reference context for interpreting selected strength
and functional indicators, not for between-group statistical
comparison.

Along-term pedagogical experiment was not conducted,
which would have allowed assessment of the effect of the
proposed technical and training recommendations on
sports performance over time. The obtained data reflected
the athlete’s state during a specific period of preparation.

Despite this, the case-oriented design made it possible
to analyze in detail the relationship between biomechanical
indicatorsand the athlete’s functional state and to substantiate
their practical significance for individualizing technical
preparation.

Conclusions

The developed individual profile showed that the
principal reserve in the technical preparedness of the
examined canoeist was associated not with a deficit in any
single physical quality, but with the coordination of force
transmission within the “athlete-paddle-boat” system.
Work per stroke, the effective portion of the stroke, the
stability of the kinematic movement structure, boat speed,
and the characteristics of support interactions were the most
practically informative indicators.

The neuromuscular support of the stroke was
characterized by the predominant involvement of the back,
pectoral, and shoulder-girdle muscles. The lower relative
contribution of individual lower-limb muscles does not
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provide sufficient evidence of a local strength deficit but
indicates a potential reserve for improving intersegmental
coordination and force transmission through the “leg—
trunk-arm-paddle” chain.

Under the testing conditions, the Erbi paddle provided
greater work per stroke, a larger effective portion of the
stroke, and a higher proportion of effective work despite a
lower mean blade load compared with the Braca paddle.
This indicates that, for this athlete, stroke effectiveness
depended more on the temporal organization and duration
of effective force application than on maximum blade
load. The Erbi paddle should therefore be considered a
promising individualized option whose effectiveness should
be confirmed after a standardized adaptation period and
repeated testing.

The stability of the paddle attack angle and most angular
characteristics of the lower limbs was identified as a strength
of the athlete’s technique. The lower stability of trunk
inclination duringthefinal phase of the stroke cycle represents
a specific reserve for correction. The appropriateness of such
intervention should be evaluated according to whether
changes in trunk position are accompanied by improved
work per stroke, reduced speed loss, and greater movement
stability.

Under the testing conditions, the Plastex and Vajda boats
provided better speed performance than the Nelo boat. This
finding indicates a better individual match between these
boats and the examined athlete but does not demonstrate the
universal superiority of either model. Final boat selection
should be based on repeated trials with standardized
trial order, stroke rate, fatigue level, and environmental
conditions.

Individual seating calibration reduced center-of-
pressure displacement in the support zones, confirming
increased mechanical stability of the athlete’s interaction
with the boat. However, the findings do not demonstrate a
direct increase in propulsive efficiency because paddle force
and boat speed were not recorded synchronously before and
after calibration. The calibrated seating configuration should
therefore be maintained provided that it does not cause
discomfort or restrict the functionally necessary mobility of
the pelvis and trunk.

The functional assessment provided no basis for
attributing the identified technical reserves to pronounced
limitations in strength, respiratory, or hemodynamic
support. At the same time, the findings supported the
development of shoulder-girdle speed-strength endurance,
optimization of inspiratory mechanics, and systematic
monitoring of the balance between training load and
recovery. Cardiorhythmographic indicators should be
interpreted longitudinally together with data on training
load, recovery, and sport-specific performance rather than
used as an independent criterion of functional strain.

The proposed algorithm enabled the identification of
individualized priorities for technical correction through
the integrated analysis of biomechanical and functional
indicators. Its further validation requires repeated testing and
assessment in a larger sample of athletes. Given the single-
case study design, the developed profile should be regarded
as an algorithm for supporting coaching decisions rather
than as a universal normative model. The validity of the
proposed recommendations should be confirmed through

repeated standardized testing after the implementation of
corrective interventions.
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'HanjionanbHuit yHiBepcuTeT Gi3sYHOr0 BUXOBAHHA i CIIOpTY YKpainn
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AxryanpHicTb. TexHiuHa MiATOTOBNIEHICTD Y BeCTyBaHHI Ha KaHOE 3aJIXKUTD Bifl y3roIyKeHol B3aeMOil CHOPTCMeHa, Becra it
4oBHA. [30/1bOBaHe OLIHIOBAHHSI [IOKA3HUKIB He JO3BOJISIE BUSHAYNTI, sKi caMe HOPYLIEHHS 0OMEXYITh eheKTUBHICTb IpedKa.
KommtexcHe popMyBaHH IHAUBIAyaIbHOTO MPOQI/IIO la€ 3MOTY BUABUTH 1ji B3AEMO3B sI3KM Ta OOIPYHTYBATU HAIIPAMU KOPeKIIii
TeXHiKM, iIHBEHTApIO i TOCAJIKM B YOBHi.

Mera. CdopmyBaTn iHAUBiZyanbHMil Mpodinb TeXHIYHOI MiATOTOBIEHOCTI BMCOKOKBaIi(ikoBaHOrO KaHOICTa HA OCHOBI
KOMIIIEKCHOTO aHasIi3y 6ioMexaHiYHUX i QYHKI[iOHA/IPHUX OKA3HUKIB Ta OOIPYHTYBATH HANPSIMMU IHAMBifyasisalil TeXHiKu,
BuOOpPY iHBEeHTaPIO, KamiOpyBaHH: [IOCAAKY I TPEHYBAIbLHOTO IIPOLIECY.

Marepianu i merogu. Jlocmii>keHHA BUKOHAHO 32 [JM3aliHOM iH/IMBifya/IbHOTO BUIIA/IKY 3a y4acTIO KaHOICTa Mi>XHapO/IHOTO
piBH:. s pedepeHTHOI iHTepIperalii OKpeMuX MOKa3HUKIB TOLATKOBO 0OCTEXEHO BOX KaHOICTIB. 3aCTOCOBAHO HOBEPXHEBY
enekTpoMiorpadiio, TeH30METPUUHY peecTpaliifo rpebka 3 Becnamu Braca ta Erbi, xinematuunwit ananis, OI[iHIOBaHHA MIBUIKO-
cti yoBHiB Nelo, Vajda i Plastex na 150 M, aHasi3 OHOPHNMX B3a€MOIIT 0 i MiC/Is KamiOpyBaHHS OCAIKIY, METORM OL{HKM CUIIH,
¢dynkuionanpui Metoau. IIpodins popmyBanu yepes epBUHHE ONPALIOBAHHSA JAaHNX, BHYTPIIIHbOIHANBIlyaIbHE TOPIBHAHHS,
HepeBipKY Y3TO/PKEHOCTI, PO3IIOAi/I pe3y/IbTaTiB 3a PIBHAMM Ta OOIPYHTYBAHHS TPEHEPCHKUX PillleHb.

PesynpraTi. 3acTOCYBaHHSA aITOPUTMY JO3BOMUIO CHOPMYBATH IHAUBIAYaIbHUI TIPOQIIb TeXHIYHOI Mi[TOTOBIEHOCTI Ka-
HoicTa. JIo CuIbHMX CTOPIH BiHeCceHO CTabiIbHICTD KyTa aTaky Bec/a, IBMUAKICHY peaisaliifo TexHiku Ha yoBHax Plastex i Vajda
Ta MiBUIEHHS CTabLIPHOCTI OMOPHUX B3a€MOl mic/s KamibpyBaHHA mocagky. OCHOBHMMIU pe3epBaMi BU3HAUYEHO MDKJIaH-
KOBe IlepefjaBaHHs 3yCU/UIA B CHCTeMi «HOTa — TYIy0 — pyKa — BecIo», CTabiIbHICTh Haxmmy Tyayba y 3aBeplianbHilt gasi rpedka
Ta MBUKICHO-CUIOBY BUTPUBAIICTD I/Ie40BOro noscy. Erbi mopiBHsHo 3 Braca 3abesneuysaso 6i1biry pobory 3a rpe6ok — 73,0
nporu 49,3 JIx, Oinbiry epekTuBHY dacTuHy rpebka — 45,6 mpotu 25,8 JIx i Buiy 4acTKy edekTuBHOI po6oTu — 62,3 mpoTn
53,0 %. CepenHs MBUAKICTb cTaHOBMIA 3,99 M-c' Ha Plastex, 3,95 m-c”! Ha Vajda i 3,80 m-c” Ha Nelo. Kani6pyBanns mocanku
3MEHIINIO TIJIONIY IepeMillleHHA [IeHTpa TUCKY B YCiX onmopHux 3oHax. [TinTBeppkennx miMiTyrounx GpakTopiB 3a pe3ynbTaTaMu
KOMIIIEKCHOTO aHaJIi3y He BCTAHOBJIEHO.

BucHoBku. IHTerpalisa 6ioMexaHiqHMX i GYHKIIOHAIBHUX MOKa3HMKIB B iHAMBifyaIbHNII TPOdINTb CTBOPIOE HAYKOBO 00-
I'PYHTOBaHy OCHOBY /Il [TI€PCOHaIi3alil TEXHIYHOI Ii[TOTOBKM KaHOICTa.

KirrouoBi coBa: BecTyBaHHA Ha KaHOe, TeXHiUHa MiJATOTOBJIEHICTD, IHUBIAyaIbHUI TPOdiNb, 6i0MeXaHIUHI TOKa3HUKY,
enekTpoMmiorpadis, AuHaMiKa rpe6Ka, LeHTpP TUCKY, B3AEMOJis «CIIOPTCMEH — YOBEH».
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Abstract

Background. CrossFit is a high-intensity training method involving varied functional movements that is potentially

effective for improving aerobic endurance.

Objectives. This study used a mixed-methods approach to evaluate the effects of a structured CrossFit programme on
cardiorespiratory fitness, combining objective measurements with the athletes” subjective perceptions.

Materials and Methods. A total of 80 regular exercisers (aged 20-35) were divided into an experimental group
(CrossFit) and a control group (weight training). A quantitative assessment was conducted using cardiopulmonary
exercise testing (CPET) at two time points (T0 and T1, after 12 weeks), analysing VO, max, ventilatory threshold and
heart rate response to submaximal loads. In parallel, semi-structured interviews were conducted at the end of the

intervention and analysed using thematic analysis.

Results. The results showed greater improvements in the CrossFit group than in the control group, with an average
increase in VO, max of +8.2% vs. +1.9%, an increase in ventilatory threshold of +6.4% vs. +1.1%, and a reduction in

heart rate at the same load of —3.7% vs. —0.9%, respectively.

Conclusions. The interviews confirmed better fatigue management, more efficient breathing, and the transfer of
benefits to daily activities. Therefore, the findings indicate that a 12-week CrossFit programme appears to promote
significant cardiorespiratory adaptations, consistent with the athletes’ perceptions.

Keywords: CrossFit, aerobic endurance, VO,max, cardiopulmonary exercise testing, high-intensity training.

Introduction

CrossFit is a sport that originated in the early 2000s.
It aims to develop various motor skills simultaneously,
including strength, power, agility, coordination and
cardiovascular endurance (Dawson, 2017). It is a training
method based on constantly varied functional movements
performed at high intensity. The discipline’s fundamental
principles include variety of stimuli, the importance of
intensity in adaptation, and the functionality of movements,
which are often inspired by everyday gestures (Glassman,
2003; Claudino et al., 2018). This combination makes
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CrossFit a comprehensive workout that engages multiple
physiological systems in a coordinated manner, making it
suitable for individuals with varying degrees of physical
fitness (Meyer et al., 2017).

In recent years, there has been a significant increase
in scientific attention regarding CrossFit, particularly with
regard to its impact on cardiorespiratory capacity (Feito, et
al., 2018). Aerobic endurance plays a central role among the
physical abilities that can be trained through this discipline,
as many workouts involve prolonged or repeated efforts
over time characterised by high metabolic demand. Aerobic
endurance is the body’s capacity to sustain moderate or
high-intensity physical activity over an extended period,
thanks to the efficient utilisation of oxygen by the muscular,
respiratory, and cardiovascular systems (Bassett & Howley,
2000).

934



Scala, G., Saraiello, E., Persico, A., & Tafuri, M. G. (2026). Physiological Responses to CrossFit Training: Evaluation of Aerobic Endurance
through Cardiopulmonary Exercise Testing

A widely used benchmark for assessing aerobic
endurance is maximum oxygen consumption (VO, max),
which is an indicator of the body’s maximum capacity to
transport and use oxygen during exercise. Measuring VO,
max provides accurate information on cardiorespiratory
efficiency and training-induced adaptations. In this context,
cardiopulmonary exercise testing (CPET) is the most
reliable and detailed tool for objectively assessing aerobic
performance (Balady et al., 2010).

CPET (Cardio-Pulmonary Exercise Testing) is a
functional assessment that simultaneously analyses the
responses of the cardiovascular, respiratory and metabolic
systems during incremental physical exercise. The test can
be performed on a treadmill or cycle ergometer according
to standardised protocols involving a progressive increase in
workload until voluntary exhaustion is reached. Throughout
the test, physiological parameters such as oxygen
consumption (VO,), carbon dioxide production (VCO,),
pulmonaryventilation, heartrateand blood pressureresponse
are continuously monitored. This allows an integrated
assessment of the body’s ability to adapt to exertion to be
made (Wasserman et al., 1987). As well as determining VO,
max, CPET enables significant physiological thresholds to
be identified, such as the ventilatory or anaerobic threshold.
This provides valuable information on tolerance to exertion
and exercise duration over time (Beaver et al., 1986). This
informationis particularly useful in high-intensity disciplines
such as CrossFit, where alternation between aerobic and
anaerobic phases requires high metabolic adaptability.

Therefore, the application of cardiopulmonary testing
in a CrossFit training context allows for the objective
quantification of physiological adaptations induced by
a structured intervention, while also providing insight
into the subjective experience of athletes. Integrating
quantitative and qualitative data enables us to understand
not only whether measurable improvements exist, but also
how athletes perceive and apply these changes to their daily
activities (Plano Clark & Creswell, 2008).

Materials and Methods

Description of the Study

The study was conducted using a mixed-methods
approach, which integrated quantitative and qualitative
analysis tools in order to obtain a comprehensive assessment
of the effects of CrossFit training on aerobic endurance. The
integration of objective and subjective data made it possible
to examine not only the physiological changes caused by
training, but also the athletes’ personal perceptions of the
changes they experienced during sports activities and in
their daily lives, in accordance with the principles of mixed
research in motor sciences (Plano Clark & Creswell, 2008)

The quantitative assessment of aerobic endurance was
performed using the cardiopulmonary exercise test (CPET),
considered the gold standard for the combined analysis
of cardiovascular, respiratory, and metabolic responses
during physical activity (Beaver et al., 1986). The test was
administered at two different times, at time T0, before the start
of the CrossFit training program, and at time T1, at the end of
the intervention, according to a pre-post repeated measures
design. During the test, participants were continuously

monitored using a breath-by-breath respiratory gas analysis
system, which allowed the detection of key physiological
parameters, including oxygen consumption (VO;), carbon
dioxide production (VCO,), pulmonary ventilation (VE),
and respiratory quotient (RER). At the same time, heart rate
and blood pressure response were recorded in accordance
with international guidelines for CPET (Forman etal., 2010).

The main parameter taken into consideration to assess
aerobic endurance was maximum oxygen consumption
(VO,max), alongside other indicators obtained from the
test, such as ventilatory thresholds, which help to describe
exercise tolerance and aerobic metabolism efficiency (Beaver
et al,, 1986). The comparison of the values obtained at T0O
and T1 allowed for the analysis of any cardiorespiratory
adaptations induced by the training intervention.

The qualitative analysis was conducted through semi-
structured interviews with participants at the end of the
training program. The choice of this tool is justified by the
need to examine in depth the athletes’ subjective perceptions
oftheeffects of CrossFiton theiraerobicenduranceandbodily
experiences during training, as indicated by the qualitative
approaches used in motor sciences (Sparkes & Smith, 2013).
The interviews were conducted using a predefined set of
open-ended questions, which ensured a certain degree of
uniformity in data collection while leaving room for personal
experiences and individual meanings to emerge. The main
themes explored included the perception of fatigue during
training, the ability to sustain prolonged effort, perceived
changes in breathing and intensity management, and the
possible transfer of improvements to everyday life (e.g.,
during activities such as brisk walking or climbing stairs).
The interviews were audio-recorded, transcribed in their
entirety, and analyzed using a thematic analysis method,
widely used for the interpretation of qualitative data in the
context of sports and motor activities (Braun & Clarke,
2006). The integration of qualitative results with quantitative
data allowed for a more complete and contextualized reading
of the effects of CrossFit on aerobic endurance.

Participants

The study was conducted at a sports association offering
CrossFit and traditional resistance-training programmes in
Naples, Italy. The final sample consisted of 80 participants,
divided into an experimental CrossFit group (n = 40) and
a traditional resistance-training control group (n = 40),
consistent with previous studies comparing high-intensity
functional training and conventional strength-training
modalities (Feito et al., 2018; Claudino et al., 2018). All
participants completed both the baseline cardiopulmonary
exercise test at TO and the post-intervention assessment at
T1 and were therefore included in the final analysis.

The total sample included 34 women (42.5%) and 46
men (57.5%), with a mean age of 27.5 + 4.0 years and an
age range of 20-35 years. The CrossFit group included 18
women (45.0%) and 22 men (55.0%), with a mean age of
27.2 + 4.0 years. The control group included 16 women
(40.0%) and 24 men (60.0%), with a mean age of 27.8 + 4.1
years. No statistically significant differences were observed
between the groups in age (p = .510) or sex distribution (p =
.651), indicating demographic comparability at baseline. The
selected age range is commonly considered appropriate for
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investigations of cardiorespiratory performance in trained
adult populations (Bassett & Howley, 2000).

Participants were not randomly assigned to the study
groups. Group allocation was based on the training modality
habitually practised during the study period. Participants
in the experimental group followed a structured CrossFit
programme, whereas participants in the control group
followed a traditional resistance-training programme
focused primarily on weightlifting and without structured
metabolic-conditioning or continuous aerobic-training
components. Consequently, the study adopted a quasi-
experimental, non-randomised pre-post design, consistent
with the methodological approach used in previous research
comparing high-intensity functional and resistance-training
programmes (Feito et al., 2018; Claudino et al., 2018).

The inclusion criteria were: (a) age between 20 and 35
years; (b) regular participation in the respective training
modality; (c) at least four years of continuous experience
in CrossFit or traditional resistance training; (d) possession
of a valid medical certificate confirming eligibility for
competitive or non-competitive sport; and (e) absence of
cardiovascular, respiratory or musculoskeletal conditions
contraindicating high-intensity exercise. Requiring at least
four years of previous training experience was intended to
ensure adequate familiarity with the intensity and technical
structure of the exercises and to reduce the potential influence
of motor-learning effects on test performance (Lopez, 2026).
Medical eligibility and health screening were established in
accordance with international recommendations for exercise
testing and participation in high-intensity physical activity
(American College of Sports Medicine [ACSM], 2018).

The mean training experience was 5.9 + 1.1 years in
the CrossFit group and 5.7 + 1.0 years in the control group,
with no statistically significant between-group difference
(p = .397). This finding indicated that the two groups were
also comparable in terms of previous exposure to structured
physical training.

Participants were excluded if they reported an injury
during the six months preceding enrolment, a health
condition that could interfere with cardiopulmonary exercise
testing, use of medications capable of substantially altering
cardiovascular responses to exercise, or participation in
other structured endurance-training programmes during
the intervention period. The exclusion of participants with
current or recent musculoskeletal injuries was consistent
with recommendations aimed at reducing health risks
and potential measurement bias in high-intensity exercise
research (Weisenthal et al., 2014). Participants attending
fewer than 50% of the scheduled sessions or failing to
complete either the TO or T1 assessment were also excluded
from the final analysis. The minimum attendance criterion
was established to ensure sufficient exposure to the
intervention and adequate reliability in the interpretation of
training-related adaptations (Feito et al., 2018).

During the 12-week intervention, both groups
completed a maximum of 24 scheduled sessions. Participants
in the CrossFit group completed an average of 22.1 + 1.3
sessions, corresponding to an attendance rate of 92.1 *
5.5%, whereas participants in the control group completed
21.8 + 1.5 sessions, corresponding to an attendance rate of
90.8 + 6.2%. Attendance did not differ significantly between
the groups (p = .324), suggesting that differences in the

physiological outcomes were unlikely to be attributable to
unequal exposure to the training programmes.

An age subgroup analysis was not conducted because
the study was designed to examine the overall differences
between the two training groups rather than group-by-age
interactions. Dividing the sample into narrower age categories
would have substantially reduced the number of participants
in each subgroup, resulting in insufficient statistical power
and potentially unstable estimates. Moreover, the 20-35-
year inclusion range represented a relatively homogeneous
young-adult population from a physiological perspective.
Age was therefore analysed as a continuous baseline variable
and considered when interpreting the generalisability of the
findings.

All participants received detailed written and verbal
information regarding the objectives, procedures, potential
risks and expected benefits of the study. Written informed
consent was obtained before data collection. The study
was conducted in accordance with the ethical principles
for research involving human participants and with the
Declaration of Helsinki (World Medical Association, 2013).

Activities

Twosupervisedtraining programmes wereimplemented:
a high-intensity functional training programme for the
experimental CrossFit group and a traditional resistance-
training programme for the control group. Both interventions
were conducted at the same sports association in Naples,
Italy, over a period of 12 weeks. Each group completed two
60-minute sessions per week, corresponding to a maximum
of 24 training sessions. Sessions were scheduled on non-
consecutive days, with an interval of at least 48 hours between
consecutive sessions, to allow adequate recovery.

To facilitate supervision and maintain an appropriate
instructor-to-participant ratio, the participants in each group
were organised into four subgroups of 10 individuals. Each
session was supervised by two qualified instructors holding
a degree in exercise and sport sciences and possessing at
least five years of professional experience in CrossFit or
resistance training. The same instructors supervised each
subgroup throughout the intervention to reduce variability
in programme delivery.

Before the intervention, the instructors received a
standardised programme manual describing the exercise
sequence, session duration, prescribed intensity, loading
ranges, recovery intervals, progression criteria and permitted
exercise adaptations. Attendance, completed exercises,
training loads, individual modifications and any adverse
symptoms were recorded in an individual training log at the
end of each session.

CrossFit training programme

The experimental group followed a structured
CrossFit programme based on constantly varied functional
movements performed at moderate-to-high intensity. The
programme combined resistance and weightlifting exercises,
body-weight gymnastic movements and metabolic-
conditioning activities, in accordance with the principles of
CrossFit and high-intensity functional training (Glassman,
2003; Feito et al., 2018).
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Each 60-minute session consisted of:

1. al0-minute general warm-up;

2. 15 minutes of technical preparation and specific

activation;

3. al2-15-minute Workout of the Day;

4. 10 minutes of cool-down and stretching.

The remaining 10-13 minutes were used for exercise
explanation, equipment preparation, transitions between
activities, hydration and individual adjustment of exercise
loads.

General warm-up

The general warm-up was designed to progressively
increase body temperature, activate the cardiovascular
system and prepare the joints and muscle groups involved
in the main workout. It included dynamic mobility exercises
for the ankles, knees, hips, thoracic spine and shoulders,
combined with low- to moderate-intensity activities such as
jumping jacks, running on the spot, high knees, body-weight
squats, dynamic lunges and arm rotations.

The activities were organised as two circuits of five
exercises. Each exercise was performed for 30-40 seconds,
with approximately 15 seconds allowed for transition
between exercises. Warm-up intensity corresponded to
approximately 3-4 on the 0-10 rating of perceived exertion
scale. This phase promoted neuromuscular activation and
progressive cardiovascular preparation before high-intensity
exercise (Fradkin et al., 2010). The gradual organisation of
the session was also intended to promote safe participation,
engagement and social interaction among participants (Di
Palma et al., 2025).

Technical preparation and specific activation

The technical phase focused on the movements included
in the subsequent WOD. Participants performed core-
activation exercises, scapular-stability exercises and dynamic
lower-limb activation, followed by technical progressions of
the principal weightlifting and gymnastic movements.

Squats, deadlifts, cleans and thrusters were initially
rehearsed using body weight, a PVC pipe or an empty
barbell. Participants subsequently performed two or three
sets of six to eight repetitions with approximately 30-40%
of their estimated one-repetition maximum. Pull-ups, push-
ups and other gymnastic movements were practised using
standard or scaled variations according to individual ability.

Exercise scaling included the use of resistance bands
for pull-ups, elevated supports for push-ups, reduced
ranges of motion and lighter external loads. Loads were
increased only when participants demonstrated adequate
postural alignment, movement control and the ability to
complete all prescribed repetitions without substantial
technical deterioration. This progression was intended to
support movement quality and reduce the risk associated
with complex exercises performed at high intensity (Behm
etal., 2016).

Workout of the Day

The WODrepresented the main conditioning component
of the session and lasted between 12 and 15 minutes. Each

workout included three to five exercises selected from the
following categories:

resistance and weightlifting exercises, including
deadlifts, squats, cleans and thrusters;

gymnastic and body-weight exercises, including pull-
ups, push-ups and burpees;

metabolic-conditioning activities, including running,
rowing and jumping rope.

The workouts were organised using AMRAP, EMOM and
For Time formats. AMRAP workouts required participants
to complete as many technically correct rounds or repetitions
as possible within a predetermined time. During EMOM
workouts, participants completed a prescribed number of
repetitions at the beginning of each minute and used the
remaining time for recovery. For Time workouts required
participants to complete a predetermined volume of work
in the shortest possible time while maintaining appropriate
movement technique.

Each WOD generally included 6-15 repetitions per
resistance or gymnastic exercise, running or rowing
distances of 200-400 metres and sets of 30-60 jump-rope
repetitions. Resistance exercises were performed using loads
corresponding to approximately 40-65% of the participant’s
estimated 1RM. Maximum or near-maximum loads were
not used during the WOD.

Recovery depended on the workout format. During
EMOM sessions, the time remaining within each minute
served as recovery. During AMRAP and For Time sessions,
participants were allowed brief self-selected pauses of
approximately 10-30 seconds when they could no longer
maintain the prescribed technique or exercise intensity.

Training intensity was monitored using the 0-10 rating of
perceived exertion scale. Participants were asked to maintain
an RPE between 7 and 9 during the main workout. Session
RPE was recorded approximately 15 minutes after the end
of each session. The instructors reduced the load, number of
repetitions or movement complexity when the participant’s
technique deteriorated or the perceived exertion exceeded
the intended level.

The combination of functional resistance exercises,
gymnastic movements and metabolic-conditioning activities
was intended to stimulate cardiovascular and metabolic
adaptations through repeated alternation between high-
intensity work and incomplete recovery (Claudino et al.,
2018). High-intensity exercise may also influence metabolic
regulation and physiological processes involved in energy
balance (Di Maio et al., 2026).

Progression of the CrossFit programme

The programme followed a progressive structure across
the 12 weeks. Since the participants already had at least four
years of CrossFit experience, the first phase was used for
technical standardisation rather than initial familiarisation.

During weeks 1-4, emphasis was placed on movement
standards, pacing and technical control. During weeks 5-8,
total repetitions, external loads or WOD duration were
progressively increased by approximately 5-10%, depending
on individual tolerance. During weeks 9-12, progression
was primarily achieved by increasing work density, reducing
self-selected recovery periods and using more complex
combinations of exercises.
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Table 1. Summary of the Training Protocol for the Experimental Group

Intervention phase Weeks WOD duration Resistanceload Target RPE Principal objective
Technical standardisation 1-4 10-12 min 40-50% 1RM 7-8 Standardisation of movement technique
and moderate work density
Progressive overload 5-8 12-14 min 45-60% 1RM 7-8 Increased training volume, repetitions and
exercise density
Higher-density conditioning 9-12 12-15 min 50-65% 1RM 8-9 Maintenance of technique under greater

metabolic demand

Only one principal training variable—load, volume,
duration or recovery—was increased within the same
session. When participants were unable to maintain correct
technique, the external load was reduced by approximately
10-20%, the repetitions were decreased or a scaled exercise
variation was used.

CrossFit cool-down

The session concluded with approximately three minutes
of low-intensity walking or cycling and controlled breathing,
followed by seven minutes of static and dynamic stretching.
Stretching exercises targeted the quadriceps, hamstrings,
gluteal muscles, calf muscles, pectoral muscles, shoulders
and lower back.

Each static stretch was maintained for approximately
20-30 seconds and repeated twice without reaching a painful
range of motion. The cool-down was intended to promote
a gradual reduction in cardiovascular demand and relieve
muscular tension accumulated during the workout (Herbert
& Gabriel, 2002).

Traditional resistance-training programme

The control group completed a traditional resistance-
training programme with the same intervention duration,
weekly frequency and session duration as the CrossFit group.
Participants attended two supervised 60-minute sessions per
week for 12 weeks, corresponding to a maximum of 24 sessions.

The programme focused on muscular strength and
hypertrophy and did not include metabolic-conditioning
circuits, continuous aerobic exercise or high-intensity
interval training. This distinction was maintained throughout
the study to preserve the methodological contrast between
traditional resistance training and high-intensity functional
training (Feito et al., 2018).

Each session consisted of:

o a 10-minute general warm-up;

o 40-45 minutes of traditional resistance training;

 5-10 minutes of cool-down and stretching.

General warm-up

The warm-up included dynamic joint mobility and low-
intensity muscle-activation exercises targeting the muscle
groups involved in the subsequent resistance-training
session. Participants performed body-weight squats,
dynamic lunges, shoulder rotations and trunk-stability
exercises.

Before each principal multi-joint exercise, participants
completed two preparatory sets: the first set at approximately

40% of the working load for 10 repetitions and the second set
at approximately 60% of the working load for six repetitions.
These preparatory sets were not included in the prescribed
training volume.

Resistance-training component

The programme included the squat, leg press, bench
press, seated or bent-over rowing and shoulder press.
Supplementary exercises for the elbow flexors, elbow
extensors, hamstrings, calf muscles and abdominal muscles
were included when time permitted.

The two weekly sessions followed a full-body structure.
The exercises involving the largest muscle groups and the
most technically demanding multi-joint movements were
performed at the beginning of each session.

Participants completed three sets of 8-12 repetitions
for each principal exercise. Initial loads corresponded to
approximately 65% of estimated 1RM and were progressively
increased to approximately 75% of 1RM during the final
four weeks. Recovery intervals were two minutes for
squats, leg presses, bench presses and rowing exercises
and approximately 90 seconds for shoulder presses and
supplementary exercises.

Repetitions were performed using a controlled tempo
consisting of approximately two seconds during the eccentric
phase and one to two seconds during the concentric phase.
Participants were instructed to complete the prescribed
range of motion without using momentum or substantially
altering their posture.

The estimated 1RM was determined during the week
preceding the intervention using a submaximal five-
repetition maximum assessment. The load was adjusted on
the basis of the heaviest load that could be completed for five
technically correct repetitions.

The resistance-training progression was organised as
follows:

Table 2. Summary of the Training Protocol for the Control
Group

Sets x  Approximate

Intervention phase Weeks s load Recovery
Initial phase 1-4 3x12 65% 1IRM  90-120s
Intermediate phase ~ 5-8 3x10 70% 1IRM  90-150s
Final phase 9-12 3x8 75% 1IRM  120-180 s

When a participant completed the maximum number
of prescribed repetitions in all three sets with correct
technique during two consecutive sessions, the external
load was increased by approximately 2.5% for upper-body
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exercises and 5% for lower-body exercises. When the
participant could not complete the minimum number of
prescribed repetitions, the load was maintained or reduced
by approximately 5% in the subsequent session.

Unlike the CrossFit programme, exercises were
performed in conventional sets and were not organised
as circuits. Resistance exercises were not alternated with
running, rowing, jumping rope or other activities intended
to maintain elevated cardiorespiratory demand.

Resistance-training cool-down

The control-group sessions concluded with approxi-
mately two minutes of low-intensity walking and five to eight
minutes of static stretching targeting the muscle groups in-
volved in the resistance exercises. Each stretch was main-
tained for 20-30 seconds and repeated once or twice. No
cardiovascular-conditioning or metabolic-training activity
was included during the cool-down.

Cardiopulmonary exercise testing (CPET)

The cardiopulmonary exercise test (CPET) was used to
assess the participants’ aerobic capacity and was administered
at two distinct points in time: at TO before the training
intervention began and at T1 after the 12-week programme
had finished. The test was performed under standardised
conditions to ensure the reliability and comparability of
the measurements taken before and after the intervention,
in accordance with international recommendations for
conducting CPET (Balady et al., 2010).

During the CPET, participants were instructed to maintain
a consistent speed or cadence throughout the test and to refrain
from using self-regulation strategies to adjust the intensity,
following the operator’s guidance. In the case of the treadmill test,
the protocol involved gradually and progressively increasing the
speed and/or incline at regular intervals to induce a continuous
and increasing workload. Participants had to maintain the
pace set by the protocol until they could no longer sustain the
required effort, as in classic incremental protocols for assessing
aerobic capacity (Wasserman et al., 1987).

For the cycle ergometer test, participants were asked to
maintain a constant pedalling cadence of between 60 and
80 revolutions per minute while the workload increased
progressively in increments of power expressed in watts at
set intervals.

In accordance with the guidelines for performing
incremental tests on a cycle ergometer (Balady et al., 2010;
Forman et al., 2010), the athletes were encouraged to
maintain the prescribed cadence for as long as possible until
they reached voluntary exhaustion.

Throughout the test, participants received standardised
verbal instructions to encourage them to continue exercising
and to ensure they made maximum effort. However, they
were not given any feedback on the physiological values
recorded. Participants were asked to report any symptoms
of excessive fatigue, severe breathlessness, dizziness or
pain, as these would have led to the test being terminated
immediately for safety reasons, in accordance with the safety
guidelines for exercise testing.

Graduallyincreasing the intensity while maintaininga set
speed, incline or cadence allowed for a precise examination

of the cardiorespiratory response to the increased workload,
enabling the accurate identification of maximum aerobic
capacity and personal physiological thresholds (Beaver et
al.,1986).

Results

Quantitative Data Analisys

A quantitative analysis was conducted to examine
changes in the principal cardiopulmonary outcomes from
baseline (T0) to post-intervention (T1) and to compare the
effects of the CrossFit and traditional resistance-training
programmes. Descriptive data are reported as means and
standard deviations. The normality of the distributions
was assessed using the Shapiro-Wilk test and through the
visual inspection of histograms and Q-Q plots, while the
homogeneity of variances was examined using Levene’s test.
No substantial violations of the assumptions required for
parametric analyses were identified.

Baseline comparability was assessed using independent-
samples t-tests for continuous variables. Changes in each
physiological outcome were analysed using a two-way
mixed-design analysis of variance, with time (T0 vs T1) as
the within-subject factor and training group (CrossFit vs
traditional resistance training) as the between-subject factor.
The group-by-time interaction represented the principal test
of intervention effectiveness.

When astatistically significant interaction was identified,
Bonferroni-adjusted paired-samples t-tests were performed
to examine within-group changes. Individual change scores
were also compared between groups using independent-
samples t-tests. Partial eta squared ()’p) was reported as the
effect-size measure for group-by-time interactions. Cohen’s
dz was calculated for within-group changes, whereas Cohen’s
d, based on the pooled standard deviation of the change
scores, was calculated for between-group differences. Effect
sizes were interpreted as small, moderate or large using
conventional thresholds. Statistical significance was set at
p < .05, and 95% confidence intervals were reported where
appropriate.

The individual percentage change was calculated using
the following formula:

A% = [(T1 —T0) / T0] x 100.

All 80 participants completed both the baseline and post-
intervention assessments. Therefore, no missing outcome
data were recorded, and all participants were included in the
quantitative analysis.

Baseline comparability

At baseline, no statistically significant differences were
observed between the CrossFit and traditional resistance-
training groups in any of the principal physiological
outcomes. Mean VO,max was 43.9 + 5.4 mL-kg'-min-' in the
CrossFit group and 44.1 + 5.2 mL-kg"-min™ in the control
group, with a mean difference of —0.20 mL-kg-min™' (95%
CI [-2.56,2.16], p = .866, d = —0.04).

Ventilatory threshold was 68.8 + 4.9% of VO,max in
the CrossFit group and 69.1 + 5.0% in the control group.
The mean difference was —0.30 percentage points (95% CI
[-2.50, 1.90], p = .787, d = —0.06).
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Table 3. Baseline comparability of the principal physiological outcomes

CrossFit group, T0 Control group, T0

. 0, b)

Outcome (n = 40) (n = 40) Mean difference (95% CI) P Cohen’s d
VO,max, mL-kg-1-min-1 439+54 441 +52 —-0.20 (-2.56 t0 2.16) .866 -0.04
Ventilatory threshold, % VO,max 68.8 +4.9 69.1 +5.0 —0.30 (-2.50 to 1.90) 787 -0.06
Heart rate at the same submaximal =), ¢ 5 150.8 £ 9.7 0.60 (~3.67 to 4.87) 781 0.06

workload, beats-min-1

Heart rate at the same standardised submaximal
workload was 151.4 + 9.5 beats-min™' in the CrossFit group
and 150.8 + 9.7 beats-min™ in the control group. The mean
difference was 0.60 beats-min™!' (95% CI [-3.67, 4.87],
p = .781, d = 0.06). These results demonstrated adequate
baseline comparability between the two groups.

Changes in maximal oxygen uptake

Following the 12-week intervention, VO,max in the CrossFit
group increased from 43.9 + 5.4 to 47.5 + 5.6 mLkg'-min'. The
mean increase was 3.60 mL-kg'-min™ (95% CI [2.96, 4.24]),
corresponding to an improvement of 8.2%. The within-group
change was statistically significant and associated with a large
effect size (p <.001, dz = 1.80).

The traditional resistance-training group showed
a smaller increase in VO,max, from 44.1 + 5.2 to 44.9 *
5.3 mL-kg"-min"'. The mean change was 0.84 mL-kg"'-min"'
(95% CI [0.33, 1.35]), corresponding to an improvement of
1.9%. The change remained statistically significant following
Bonferroni correction, although the effect size was moderate
(p =.004, dz = 0.53).

Changes in ventilatory threshold

Ventilatory threshold in the CrossFit group increased
from 68.8 £ 4.9% to 73.2 + 4.8% of VO,max. The mean
increase was 4.40 percentage points (95% CI [3.47, 5.33]),
corresponding to a relative improvement of 6.4%. The
change was statistically significant and associated with a
large within-group effect (p <.001, dz = 1.52).

In the control group, ventilatory threshold increased
from 69.1 £ 5.0% to 69.9 + 5.0% of VO,max. The mean
increase was 0.76 percentage points (95% CI [-0.14, 1.66]),
corresponding to a relative improvement of 1.1%. This
change was not statistically significant after Bonferroni
correction and was associated with a small effect size
(p=.188,dz=0.27).

Changes in submaximal heart rate

Heart rate at the same standardised submaximal
workload decreased in the CrossFit group from 151.4 + 9.5
to 145.8 + 9.2 beats-min'. The mean reduction was 5.60
beats-min' (95% CI [-6.88, —4.32]), corresponding to a
decrease of 3.7%. The reduction was statistically significant
and associated with a large within-group effect (p < .001,
dz = -1.40).

In the control group, heart rate decreased from 150.8
+ 9.7 to 149.4 + 9.6 beats:min™'. The mean reduction was
1.36 beats-min™' (95% CI [-2.90, 0.18]), corresponding to a
decrease of 0.9%. This change was not statistically significant
and was associated with a small effect size (p = .162,
dz = -0.28).

Group-by-time interactions

The mixed-design analyses of variance identified
statistically significant group-by-time interactions for all
three principal physiological outcomes, indicating that the
magnitude of change differed significantly between the two
training conditions.

Table 4. Baseline, post-intervention and within-group changes in the principal physiological outcomes

Outcome and group TO_:_ r;l;an Tl; glle)an Mean change (95% CI) Change, % Adjustedp  Cohen’s dz
VO,max, mL-kg!-min!
CrossFit 439+54 47.5+5.6 3.60 (2.96 to 4.24) +8.2 <.001 1.80
Control 44.1+£52 449+53 0.84 (0.33 to 1.35) +1.9 .004 0.53
Ventilatory threshold, % VO,max
CrossFit 68.8 +£4.9 73.2+4.8 4.40 (3.47 to 5.33) +6.4 <.001 1.52
Control 69.1 £5.0 69.9 £5.0 0.76 (—0.14 to 1.66) +1.1 .188 0.27
Heart rate at the same submaximal workload, beats-min!
CrossFit 151.4+£9.5 145.8 £9.2 —5.60 (—6.88 to —4.32) -3.7 <.001 -1.40
Control 150.8 £9.7 149.4 £ 9.6 —1.36 (-2.90 t0 0.18) -0.9 .162 -0.28

Note. Data are presented as mean + standard deviation. TO = baseline assessment; T1 = assessment after the 12-week intervention;
CI = confidence interval; SD = standard deviation; VO,max = maximal oxygen uptake. Within-group comparisons were performed
using paired-samples t-tests. Reported p-values were adjusted using the Bonferroni procedure. A negative change in heart rate indicates

improved cardiovascular efficiency at the same external workload.
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Table 5. Group-by-time interactions and between-group differences in change

Control

CrossFit change, Difference in change 5 ,
Outcome mean + SD change, mean (95% CI) Fu,7 p n’p  Cohen’sd
+SD
VO, max, mLkg!-min’! 3.60 £ 2.00 0.84+1.60  2.76(1.95t0 3.57) 4645 <.001 373 1.52
Ventilatory threshold, % VO,max ~ 4.40 + 2.90 076 £2.80  3.64(2.37 to 4.91) 3261 <.001 .295 1.28
Heart rate at the same submaximal =, (0 )00 1364480 -424(-621t0-227) 1842 <001 191  —0.96

workload, beats-min’!

For VO,max, the group-by-time interaction was
statistically significant, F, .5 = 46.45, p < .001, n°p = .373.
The mean improvement in the CrossFit group was 2.76
mL-kg'-min"' greater than that observed in the control
group (95% CI [1.95, 3.57]). The between-group effect size
was large (d = 1.52).

A statistically significant interaction was also identified
for ventilatory threshold, F(1, 78) = 32.61, p < .001,
n°p = .295. The improvement in the CrossFit group exceeded
that observed in the control group by 3.64 percentage points
(95% CI [2.37, 4.91]), with a large between-group effect size
(d=1.28).

For heart rate at the same standardised submaximal
workload, the group-by-time interaction was statistically
significant, B, ;5 = 18.42, p <.001, n’p = .191. The reduction
in heart rate was 4.24 beats-min™' greater in the CrossFit
group than in the control group (95% CI [-6.21, -2.27]),
with a large between-group effect size (d = -0.96).

Overall, the statistically significant group-by-time
interactions indicated that the CrossFit and traditional
resistance-training groups followed different physiological
trajectories during the 12-week intervention. The CrossFit
programme produced greaterimprovementsin maximalaerobic
capacity, ventilatory threshold and cardiovascular efficiency
during submaximal exercise. Although the control group
demonstrated a small-to-moderate improvement in VO,max,
only the CrossFit group achieved statistically significant and
large improvements across all three principal physiological
outcomes. These findings support the interpretation that
the repeated combination of functional resistance exercises,
gymnastic movements and metabolic-conditioning activities
elicited cardiorespiratory adaptations that were not reproduced
to the same extent by traditional resistance training alone.

Qualitative data analisys

The qualitative analysis of the semi-structured interviews
allowed us to explore the athletes’ individual experiences
regarding the effects of training on aerobic endurance,
perception of effort, and overall bodily experience during
physical activity. Thematic analysis of the transcripts
revealed recurring interpretative categories, reflecting
perceived changes not only on a physiological level, but also
on a cognitive, emotional, and functional level, outlining a
detailed picture of the athletes” experience over the 12 weeks
of the intervention.

In the experimental group (CrossFit), most participants
reported a clear sense of progress in managing fatigue,
describing a perception of greater ‘control’ over effort during
training. The athletes reported perceiving fatigue as less
sudden and less limiting than in the pre-intervention phase,

emphasizing a greater ability to distribute energy throughout
the workout. In particular, many pointed out that during
WODs characterized by high work density or prolonged
duration, it was possible to maintain a more constant pace,
reducing the need for frequent or prolonged breaks.

Afrequentlyreportedaspectconcerned theimprovement
in respiratory perception. Several athletes described their
breathingas more “controlled” and “efficient,” associated with
less breathlessness in the middle and final stages of training.
This change was interpreted by the participants themselves
as a greater ability to adapt to the required intensity, with
a reduction in anxiety related to breathing difficulties and
greater confidence in sustaining high levels of effort.

A second central theme concerned tolerance to
submaximal effort, with many athletes reporting a perceived
shift in the threshold beyond which fatigue became
excessive. In particular, metabolic conditioning exercises
(such as running, rowing, or combined workouts) were
described as more “manageable,” both in terms of continuity
of execution and in terms of recovery between the various
phases of the workout. Athletes often reported being able to
resume activity more quickly after short breaks, suggesting a
perceived improvement in recovery capacity during exercise.

Another element that emerged concerned the
transfer of improvements to everyday life, an aspect that
played a significant role in the narratives of the CrossFit
group participants. Many athletes reported greater ease in
performing daily activities that require moderate physical
effort, such as walking at a brisk pace, climbing several flights
of stairs without stopping, or carrying loads for prolonged
periods. These changes were often associated with a general
feeling of greater physical efficiency, reduced fatigue, and
improved overall physical well-being.

In the control group (weight training), the athletes’
opinions highlighted a different experience. Although many
participants reported perceived improvements in muscle
strength, joint stability, and confidence in performing
movements with overload, perceptions of aerobic endurance
were more limited. In particular, most athletes did not
report significant changes in fatigue management during
prolonged or high cardiovascular demand activities, nor
did they report a noticeable improvement in their ability to
sustain continuous effort.

Some participants in the control group also pointed out
that, although they felt stronger, the feeling of breathlessness
or fatigue during aerobic activities or in daily life remained
substantially unchanged compared to the pre-intervention
period, suggesting a perception of predominantly muscular
rather than cardiorespiratory adaptations.

Overall, the integration of qualitative results with
quantitative data showed a strong convergence between
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objectively measured improvements and subjectively
perceived changes, particularly in the CrossFit group.
This convergence reinforces the interpretation of the
results, suggesting that the cardiorespiratory adaptations
detected through CPET are clearly reflected in the athletes’
experience, contributing to a more complete, ecological, and
contextualized understanding of the effects of training on
aerobic endurance.

Discussion

The results obtained indicate that CrossFit’s integrated,
high-intensity approach could promote more significant
cardiorespiratory adaptations than a program focused solely
on weight lifting. In particular, the joint improvement of
indicators related to aerobic performance and sustainability
of effort appears consistent with the principle of specific
training, according to which physiological adaptations are
strongly influenced by the characteristics of the training
stimulus. Repeated exposure to tasks that alternate between
moments of high metabolic demand and partial recovery
seems, in fact, to be able to stimulate various energy systems
simultaneously (Jacob et al., 2020), promoting both “central”
adaptations, such as increased cardiovascular system
efficiency, and “peripheral” adaptations, linked to better
oxygen utilization at the muscular level, such as increased
mitochondrial density and oxidative capacity (Bassett &
Howley, 2000; MacInnis & Gibala, 2017). These adaptations
are reflected in a greater ability to sustain prolonged or
repeated workloads, even at submaximal intensities, which
is particularly relevant in disciplines characterized by
intermittent and variable efforts such as CrossFit (Claudino
etal., 2018).

From this perspective, CrossFit seems to act not only
on maximal aerobic capacity but also on the quality of
performance during prolonged exercise, improving exercise
tolerance and intensity management over time. This result
coincides with findings from previous research on high-
intensity functional training, which reported improvements
not only in VO,max but also in the ability to manage high
workloads with less perceived fatigue (Feito et al., 2018;
Heinrich et al., 2014). This aspect takes on significant
functional value, as the ability to maintain high intensity
without a rapid decline in performance is a key factor in both
athletic performance and efficiency in daily activities that
require continuous or repeated effort.

Another element of particular interest that emerged
from the study concerns the convergence between objective
measures and subjective perceptions. The consistency
observed between the changes detected through CPET
and the experiences reported by the athletes reinforces
the ecological interpretation of the results, suggesting that
physiological adaptations are not confined to the laboratory
setting but translate into perceptible and functionally
significant changes during training and in daily life
(Wasserman et al., 1987).

The consistency observed between the changes detected
through CPET and the experiences reported by the
athletes highlights the broader impact of structured sport
interventions, suggesting that physiological adaptations may
extend beyond performance outcomes and contribute to
meaningful changes in participation, well-being, and daily

life experiences (Di Palma et al., 2025). The perception of
improved fatigue management, more effective respiratory
control, and greater continuity of action is a central element
of the athletes’ experience and can be considered an indirect
indicator of the effectiveness of the intervention, in line
with approaches that integrate physiological outcomes and
subjective experience in the evaluation of training (Creswell
& Plano Clark, 2010).

This alignment of quantitative and qualitative data is
particularly relevant from motivational and behavioural
perspectives. Perceiving greater control over effort and
reduced fatigue can positively influence adherence to the
training programme, the willingness to sustain high loads and
the quality of commitment during sessions. All of these factors
are considered crucial for maintaining the long-term benefits
of physical exercise (Gipson et al., 2021). In this sense, the
benefits of physical exercise could extend beyond immediate
physiological improvements, fostering inclusive participation
and contributing to the stimulation of cognitive capacities,
particularly attentional processes (Tafuri et al., 2025), in line
with recent mixed-methods research showing that structured
sport interventions produce not only measurable performance
improvements but also significant motivational, relational
and reflective benefits perceived by participants, while
supporting the maintenance of a physically active lifestyle
and a greater awareness of one’s physical abilities over time.
From this perspective, physical activity can also be effectively
integrated into the school context as a pedagogical tool aimed
at promoting inclusion, well-being, and students’ cognitive
development (Latino, et al., 2025).

Conclusion

When interpreting the results, it is important to consider
certain methodological aspects that may have influenced the
magnitude of the observed effects and how generalisable
they are. Firstly, assigning participants to groups based on
their usual training type (CrossFit vs. weightlifting) creates
a quasi-experimental design, which reduces the ability to
attribute differences exclusively to the intervention with
causal certainty. This is because pre-existing factors, such as
motivation, lifestyle, individual preferences and initial fitness
level, may have contributed to the changes. Furthermore,
although CPET isahighly reliable method, using two different
ergometers (treadmill or cycle ergometer) may introduce
variability related to movement specificity and familiarity
with the testing procedure. To reduce this effect, future
studies should standardise the ergometer for all participants
or stratify the analysis by test type. Another limitation is
the difficulty of controlling external factors such as diet,
sleep quality, extra-protocol physical activity and recovery
management, which are not always fully monitorable in ‘real’
contexts such as a sports association and which may affect
both physiological adaptation and subjective perceptions.
From a qualitative point of view, collecting interviews at the
end of the intervention may have favoured a retrospective
reading influenced by social desirability or expectations
of improvement. In future, integrating weekly diaries or
short longitudinal check-ins would provide a more accurate
understanding of how experiences evolve over time.

In light of these considerations, future prospects
could involve more controlled experimental designs (e.g.
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randomised) and the systematic monitoring of internal and
external load (e.g. heart rate, RPE, total volume and work
density), in order to more accurately describe the actual
training ‘dose’ received. Expanding the outcomes beyond
cardiorespiratory markers toinclude recoveryand adaptation
variables (e.g. body composition, neuromuscular markers,
performance in specific tests and stress/fatigue indicators)
would also be useful, as would conducting more refined
threshold analyses (determination methods and reliability).
Finally, multicentre studies involving more heterogeneous
samples in terms of gender, level of experience and age
groups could clarify whether the observed effectiveness is
comparable in different populations, and which training
components (metcon, intervals, density and choice of
movements) are most decisive in producing improvements
(VanBuskirk, 2026). This would help to build more targeted
and transferable protocols in sports and health promotion
contexts.
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QisionoriuHi peakuii Ha TpeHyBaHHA 3 KpocPiTy:
oLiHKa aepo6HOI BUTPMBANOCTi 3a OMOMOroo
KapAionynbMOHaNIbHOro HaBaHTaXXKyBaJIbHOIO TeCTYBaHHA

II>xoBanna Ckama'ABc®; Emma Capaemnno*?P,

Aneccangpo Ilepciko?®“?, Mapis [I>koBanna Tagypi**5€

'VuiBepcuter Kammanii «Jlyimxi Bausitemi»
*Heanonitancbknit yHiBepcutet «Ilaprenomne»
*YuiBepcurert Ileraco

ABTOpPCHKMIT BKTAJ;: A — Am3aits gocnipkenHs; B — 36ip ganux; C - crarananis; D - migroroska pykomucy; E — 36ip komTis

Pedepar. Crartsi: 12 c., 5 Tabm., 30 mKepert.

O6rpynryBanHa. Kpocdit — 1ie MeTos BUCOKOIHTEHCMBHOTO TPEHYBaHHS, [0 BK/IIOYAE Pi3HOMaHITHI QyHKIIiOHA/IbHI pyXu
Ta € MOTEHIi/THO e(PEKTMBHYIM I/ IOKPAIleHHA aepOOHOI BUTPUBAIOCTI.

Merta pocmifykeHHA. Y LIbOMY JOCTIIKEeHH] 3aCTOCOBAHO MifXifl 3MilIaHMX METOJiB [/IA OLIHKM BIIMBY CTPYKTYPOBaHOL
nporpamu 3 KpochiTy Ha KapjiiopecnipaTopHy IiiIrOTOBIEHICTb IIVIAXOM IOENHAHHA 00 €KTUBHMX BYMIpIOBaHb i3 Cy0 €eKTMBHUM

CIPUITHATTAM CIIOPTCMEHIB.

Marepianu Ta MeTopgu. 3arasom 80 0cib, AKi peryIsapHO TpeHyITbCs (Bikom 20-35 pokiB), 6y/11 posfiieHi Ha eKCIIepyMeH-
TajbHY rpymy (kpocdir) Ta KOHTPOIBHY Ipymy (cuI0Bi TpeHyBaHH:). KiIbKiCHY OLIHKY IIPOBOANM/IN 3a JOIIOMOTOK0 Kap/iony/ib-
MOHA/IbHOTO HaBaHTayBanbHOro TectyBaHus (KITHT) y nBox yacoBux toukax (T0 Ta T1 — depes 12 TiOKHIB), aHaIi3yI04M MaK-
cuMasibHe CoXXKuBaHHs KucHI0 (VO, max), BEHTWISLIHUIL TOPIT Ta PeakIjiio 4acTOTH CepLieBUX CKOPOUYEHb Ha CyOMaKCcHMasIbHi
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through Cardiopulmonary Exercise Testing

HaBaHTa)XeHH:. [lapaeNIbHO HaIPUKIiHIII iHTepBeHIil 6y/I0 IPOBEJEHO HAMIIBCTPYKTYPOBaHi iHTepB 10, AaHi AKMX NpOaHaIi3yBa-
JIY 32 JIOTIOMOT'0X0 TEMAaTUYHOIO aHali3y.

Pesynpratu. Pesymbratu nposeMOHCTPyBany BUINI IIOKa3HUKM IOKPAIleHHs B TPYI 3aHATh 3 KPOCQiTy MOPIBHAHO 3
KOHTPOJIBHOIO IPyIIOI0: cepepHe 36imbuieHHss VO, max cTaHOBIIO +8.2% mpotu +1.9%, mifiBUIIeHHs BeHTU/IALIHOTO IIOPOTy —
+6.4% npotn +1.1%, a 3HVDKEHHSA 4aCTOTU CEPLIEBUX CKOPOYEHb 3a OJJHAKOBOTO HaBaHTa>KeHH:A CTaHOBMIIO —3.7% mpotu —0.9%
BifiTIOBimHO.

BucHoBku. PesynbraTyt iHTepB’10 MifTBepAM/IN MOJNIIEHHS KOHTPO/IIO BTOMMY, BUIY e(DeKTUBHICTb JUXaHHs Ta IlepeHe-
CeHHsI IIOSUTUBHIX e(eKTiB TPeHyBaHb Ha MOBCAK/[EHHY AisUIbHICTD. TaKM 4MHOM, OTPUMaHIi faHi CBiAYaTh PO Te, 110 12-TIK-
HeBa IIporpama 3 KpocQiTy CTUMYIIIOE 3HaUHI KapAiopecipaTopHi afjanTaliii, 110 y3To/pKyIOThCs i3 Cy6’eKTUBHUM CIPUITHATTAM
CIIOPTCMEHIB.

KrouoBi croBa: kpocdit, aepobua Burpusazicts, VO, max, Kapfiony/1pMOHalTbHe HaBAHTAXXYBa/IbHe T€CTYBaHHSI, BUCO-
KOIHTE€HCVBHE TPEHYBAaHHA.
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Abstract

Objectives. This study aimed to compare the effects of an 8-week intervention combining TRX suspension and
functional circuit training, as well as functional circuit training alone, and regular basketball practice on biomotor
abilities and physiological adaptations in adolescent basketball players.

Materials and Methods. A total of 60 adolescent male basketball players were randomly divided into three groups:
combined TRX suspension and functional circuit training group (TRXG, n = 20); functional circuit training group
(FCG, n = 20); and control group (CG, n = 20). The training lasted 8 weeks, with sessions performed three times per
week. Sprint speed, agility, countermovement jump (CM]J) performance, body fat percentage, skeletal muscle mass,
resting heart rate, and systolic and diastolic blood pressure were measured before and after the intervention. A mixed
design ANOVA with Bonferroni comparisons was used for data analysis.

Results. All biomotor and physiological variables showed significant Group x Time interactions (all p < .001; partial
n® = 0.64-0.82). The TRXG exhibited a greater improvement across all outcomes compared to both the FCG and CG.
Notably, there were large interaction effects for sprint performance (F(,5, = 75.32, p < .001, np* = 0.73), agility (np> =
0.82), countermovement jump (np* = 0.78), body composition, resting heart rate, and blood pressure.

Conclusions. The findings suggest that functional circuit training enhances biomotor and physiological parameters.
Furthermore, incorporating TRX suspension exercises yields greater improvements than functional circuit

training alone and may provide additional benefits when integrated into a progressively structured and supervised

conditioning programme.

Keywords: adolescent basketball players, TRX suspension training, functional circuit training, biomotor abilities,

physiological adaptations, conditioning.

Introduction

Basketball is a high-intensity, intermittent sport with
frequent changes in direction, jumping, landing, and
multidirectional movements with different competitive
demands. To perform successfully requires the development
of the biomotor skills, especially speed, agility, and the
lower body’s power, as well as physiological elements
that enable repetition of high-intensity efforts (Scanlan
et al., 2019; Stojanovi¢ et al.,, 2017). In the adolescent
period, conditioning programmes should improve these
performance-related qualities, but must also consider the
continued developmental processes of the neuromuscular

© Kumar, V., & Harigaran, 2026.
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system and physiology of young athletes (Lesinski et al.,
2020). Therefore, finding training techniques that will
enhance more than one aspect of physical fitness is a primary
goal in youth basketball conditioning.

Although considerable research has been conducted
on youth strength and conditioning, one scientific issue
remains unresolved. Current evidence supports the
effectiveness of suspension-based resistance training and
functional training for improving selected components of
athletic performance; however, these training approaches
have been investigated predominantly as independent
interventions rather than in combination (Cao et al., 2024;
Zhangetal., 2024). Consequently, it remains unclear whether
incorporating TRX suspension exercises into functional
circuit training provides greater benefits than functional
circuit training alone. This uncertainty extends beyond
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a simple gap in the literature, as it limits evidence-based
coaching and physical education decisions regarding the
use of specialised suspension-training equipment, technical
supervision, and implementation costs. Direct comparative
evidence is therefore needed to determine whether these
additional demands are justified by superior performance
and physiological adaptations (Beato et al., 2024).

Studies have demonstrated that resistance training
can improve muscular strength, power, and movement
performance in adolescent athletes. When appropriately
supervised, resistance training is considered safe and effective
for enhancing athletic performance and reducing injury risk in
youth (Zhang et al., 2024). Likewise, functional circuit training
has been shown to improve speed, agility, muscular endurance,
and explosive power by incorporating multi-joint, sport-specific
movement patterns that closely reflect the physical demands of
basketball. Collectively, the available evidence indicates that
functional training is an effective approach for developing
multiple components of physical fitness simultaneously (Cao
et al., 2024). However, most previous studies have evaluated
functional circuit training as a standalone intervention, with
limited investigation of its combined application with other
training modalities.

TRX suspension training has gained popularity over
the years since it adds instability during the exercise, which
means that the trunk and stabilizing muscles are constantly
engaged while performing functional movements during
the exercises. Electromyographic tests have shown that core
muscles are more engaged when performing suspension
exercises than similar exercises performed on stable
surfaces (Aguilera-Castells et al., 2018; Oliva-Lozano &
Muyor, 2020). Improved neuromuscular activation may
contribute to better lumbopelvic stability, postural control,
force transfer, and movement efficiency, which are crucial
for basketball-specific movements like sprinting, cutting,
jumping, landing, and quick changes of direction. While
these theoretical mechanisms offer the potential for improved
transfer to sport performance, the limited available evidence
has not been consistent, and the majority of TRX studies
have included healthy adults, recreational participants, or
rehabilitation populations, and not competitive adolescent
basketball players. In addition, few studies have investigated
whether there are any added adaptations to a functional
conditioning programme when using suspension-based
instability training (Bao et al., 2025).

A second limitation of the existing literature
concerns the outcome measures used to evaluate training
effectiveness. Previous studies have primarily focused on
isolated aspects of performance, such as muscular strength
or jump height, whereas basketball performance depends
on the simultaneous development of multiple biomotor and
physiological characteristics (Cao et al., 2024; Lesinski et
al., 2020). Physiological adaptations, including favourable
changes in body composition, resting heart rate, and blood
pressure, may also contribute to training tolerance, recovery,
and long-term athlete development. Resistance and
functional training have been associated with improvements
in these health-related outcomes (Guillem et al., 2020; Liu
et al,, 2024). However, the extent to which these parameters
change following combined TRX suspension and functional
circuit training in adolescent basketball players remains
unclear.

The effectiveness of combined training programmes
is also uncertain because of methodological limitations.
Some prior research has assessed only passive controls
or not included a randomly allocated control group with
active basketball practice. This is because such designs
are hard to differentiate intervention-specific effects from
those that may be due to normal basketball participation,
growth, maturation, and/or repeated testing (Liu & Li, 2025;
Maggioni et al., 2018). Therefore, well-designed RCTs with
active comparison groups should be used to establish whether
combined suspension and functional circuit training results
in adaptations not observed in regular basketball practice or
functional circuit training alone.

Thus, there is a clear and unaddressed scientific need in
the current literature. Although TRX suspension training
and functional circuit training have each demonstrated
positive effects when applied independently, limited
experimental evidence has examined whether combining
these training modalities produces greater improvements
in biomotor performance and physiological adaptations in
adolescent basketball players (Bao etal.,2025; Delextrat et al.,
2018). Addressing this question is important for developing
evidence-based conditioning programmes that maximize
performance while making efficient use of time, equipment,
and coaching resources in youth basketball. Thus, this study
aimed to evaluate the effects of an 8-week TRX suspension
plus functional circuit training (TRX+FCT) programme, a
functional circuit training (FCT) programme, and regular
basketball training on selected biomotor abilities (speed,
agility, and explosive power) and physiological adaptations
(body composition, resting heart rate, and blood pressure)
in adolescent basketball players.

The hypotheses were: (1) that both intervention groups
would show significant improvements in the biomotor and
physiological variables compared to the control group;
(2) that the combined TRX suspension and functional
circuit training group would show significantly greater
improvements than the functional circuit training only
group, suggesting an additive effect of suspension-based
instability training; and (3) that the functional circuit
training only group would show significant improvements
compared to the control group.

Materials and Methods

Study Participants

In this randomized controlled trial, 60 male adolescent
basketball players (mean age: 17.4 + 0.8 years; height: 180.0 +
5.5 cm; body mass: 72.5 + 5.5 kg; years of basketball training:
4.1 +0.8) from regional basketball clubs and collegiate teams
in Chennai, India, participated. Subjects included people
aged 16-18 who had at least 3 years of organized basketball
training, who attended team practice and played regularly in
team competition, and were physically capable of vigorous
exercise. Exclusion criteria were an injury or illness of the
musculoskeletal system at the time of study, structured
resistance training, suspension training, functional circuit
training in the last 6 months, cardiovascular, metabolic,
or neurological disease that precluded exercise, use of
performance-enhancing substances, or failure to complete
the intervention. Written informed consent was obtained
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from all participants, with parental/legal guardian consent
also obtained for participants under the age of 18. The study
protocol was approved by the Institutional Ethics Committee
of Hindustan Institute of Technology and Science, Chennai,
India (Approval ID: HITS/CRC/004/22703049). All
procedures were carried out following the guidelines of the
Declaration of Helsinki.

Study Organization

The design was a three-arm randomized controlled pre-
test—post-test. After eligibility screening and familiarization,
all participants took part in baseline assessments followed by
random assignment (1:1:1) to the TRX suspension combined
with functional circuit training group (TRXG, n = 20),
functional circuit training group (FCG, n = 20), and control
group (CG, n = 20). The number of participants is presented
in Figure 1. Randomization was done using a computer-
generated sequence prepared by an independent researcher,
and the allocation was hidden in sequentially numbered,
opaque, sealed envelopes. Baseline assessments were taken
two days before the intervention, while post-intervention
assessments were performed two days following the eight-
week training programme under standardised conditions by
the same trained assessors at around the same time of day.
The reporting of this randomized controlled trial followed
the CONSORT 2010 statement (Moher et al., 2010).

Outcome Measures

The effects of the study were measured at baseline and
post-8 weeks. Biomotor abilities (speed, agility, explosive
power, body fat percentage, and skeletal muscle mass)
and physiological variables (resting heart rate, systolic
and diastolic blood pressure) were the primary outcomes.
Assessment procedures are detailed for each of the following
subsections. All the measurements were taken by trained
staff under standardized conditions, using established and

validated protocols with established reliability in adolescent
athletes (American College of Sports Medicine, 2021; Zhao
etal., 2019).

Biomotor Abilities

The 8-week intervention was evaluated for biomotor
abilities before and after the intervention, under standardized
testing conditions. The 50 m sprint test, Illinois Agility Test,
and the Countermovement Jump test (CM]) were used to
assess speed, agility, and explosive power, respectively. Each
performance test was performed three times using passive
recovery for 3 minutes between each trial, and the best
performance was kept for statistical analysis. Body composition
variables were evaluated by a multi-frequency bioelectrical
impedance analyzer (BIA) after an overnight fast of at least
8 hours and 24 hours of abstinence from strenuous exercise
before testing, body fat percentage (%), and skeletal muscle mass
(kg). Assessments were performed in line with standardized
procedures described in previous studies (American College of
Sports Medicine, 2021; Reijven & Soeters, 2020).

Physiological Adaptations

Physiological adaptation was measured before and after
the 8-week intervention, under standard resting conditions.
Participants sat quietly for 10 minutes before measurement.
HR was recorded for 5 minutes, and the lowest stable one-
minute average HR was taken in beats per minute (bpm).
Blood pressure was measured by an automated digital
sphygmomanometer with a cuff that was the correct size for
the arm, using the arm at heart level. Three readings were
taken every minute, and the average of the second and third
readings was recorded in millimetres of mercury (mmHg).
These procedures were in line with the recommended
guidelines for resting cardiovascular assessment and
standardized blood pressure measurement (American
College of Sports Medicine, 2021; Muntner et al., 2019).

Enrollment }

Assessed for eligibility

(n=60)

Excluded (n=0)
Not meet inclusion criteria (n = 0)

Randomization (n = 60)

|

|
}

}

Allocated to TRXG
(n=20)

I

Allocated to FCG
(n=20)

Allocated to CG
(n=20)

Lost to follow-up (n=0)

Follow-up }

Lost to follow-up (n =0)

Lost to follow-up (n=0)

Post-test analysed for
TRXG (n=20)

Analysis }

Post-test analysed for
FCG (n=20)

Post-test analysed for
CG (n=20)

Fig. 1. Schematic representation of the research study
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Training Intervention Procedure

The intervention took place for 8 weeks, with three
sessions per week (non-consecutive days) (24 sessions). Each
session was 50-60 minutes long with a 10-minute warm-up,
35-40 minutes of main training, and a 5-10-minute cool
down. The Borg Category Ratio-10 scale was used to track
training intensity from 5-6 in Weeks 1-2, up to 8-9 in Weeks
7-8. Each phase of the intervention involved increased
exercise volume, complexity, and speed of movement. The
TRX suspension combined with functional circuit training
group (TRXG) performed TRX suspension exercises that
were combined with functional circuit training exercises,
while the functional circuit training group (FCG) performed
bodyweight and free-weight exercises of the same movement
patterns. The training frequency, duration, progression,
recovery intervals (2 min between sets; 30-40 s between
exercises), and training volume were identical for both
groups, as detailed in Tables 1 and 2. Progressions were
made by adding exercises, reps, complexity of movement,
unilateral loading, resistance, and velocity. The control group
(CG) completed the same amount of basketball practice
as the experimental group, but without the structured
suspension or functional circuit training. The control
group performed the same number of sessions of basketball
practice as the experimental group (three sessions per week,
60-90 minutes per session), which included technical drills,
tactical activities, small-sided games, and scrimmages. All
sessions were attended and the participants had to attend
at least 85% of the planned sessions (20/24). There were no
adverse events reported related to the intervention.

Statistical Analysis

IBM SPSS Statistics for Windows, Version 25.0 (IBM
Corp., Armonk, NY, USA) was used for data analysis.

Table 1. TRX suspension combined with a functional
circuit training programme

.. Exercises Rest Rest
Training Volume
5 per between between
period . (sets x reps) .

session sets  exercises

Weeks 1-2 5 3 x 6-8 repetitions  2min  30-40s
Weeks 3-4 6 3 x 8 repetitions 2min  30-40s
Weeks 5-6 7 3 x 8-10 repetitions 2min  30-40s
Weeks 7-8 8 3 x 6-10 repetitions 2min  30-40s

Exercises: TRX squat, TRX row, TRX chest press, TRX mountain
climber, TRX lunge, TRX inverted row, TRX push-up, TRX jump
squat, TRX chest fly, box jump, lateral bound, medicine-ball
throw, agility run, burpee, and TRX power pull.

Table 2. Functional circuit training programme

Rest Rest

Volume
between between

Training Exercises

period per session (sets x reps) sets  exercises
Weeks 1-2 5 3 x 6-8 repetitions 2min 30-40s
Weeks 3-4 6 3 x 8 repetitions 2min  30-40s
Weeks 5-6 7 3 x 8-10 repetitions 2min  30-40s
Weeks 7-8 8 3 x 6-10 repetitions 2min  30-40s

Exercises: goblet squat, inverted row, push-up, lunge, plank hold,
glute bridge, Bulgarian split squat, box jump, lateral bound,
medicine-ball throw, burpee, skater jump, and agility run.

Data are reported as the mean + SD. The normality and
homogeneity of variance were checked by the Shapiro-Wilk
and Levene’s tests, respectively. One-way analysis of variance
(ANOVA) was used to determine differences between
groups at baseline. A 3x2 repeated measures ANOVA was
used to analyse the effects of intervention with Group
(TRXG, FCG, and CG) as the between-participants factor
and Time (pre-test and post-test) as the within-participants
factor. If there were significant interactions between groups
and time, Bonferroni corrections were used to make post
hoc comparisons. With only two measurement occasions,
the assumption of sphericity was assumed. The effect size
for ANOVA effects was reported as partial eta squared (np*)
and for pairwise comparisons, Cohen’s d. When appropriate,
95% confidence intervals (95% CI) and exact p-values were
presented, when p< .001. P < .05 was used as the cut-off for
statistical significance. Analysis was conducted per protocol,
meaning only those who finished both assessments and had
at least 90% attendance were included.

Results

All 60 participants took both the baseline and post-
intervention assessments, and were analyzed. There were 20
participants in each group. All numerical values reported
in previous versions of the manuscript have been replaced
by the recalculated results presented here, which have been
drawn from the participant-level data.

Biomotor Variables

The pre-test and post-test results for sprint speed, agility,
and explosive power are shown in Table 3. All three biomotor
variables showed significant Group x Time interactions. For
the 50-m sprint, the interaction effect was significant and
large, F, 57 = 75.32, p < 0.001, np® = 0.73. All three groups
had a significant reduction in sprint time, but the TRXG
had the largest improvement. The reduction in sprint time
was 0.17 s greater in the TRXG than in the FCG (95% CI:
0.11-0.23, Bonferroni-adjusted p < 0.001, d = 1.85) and
0.29 s greater than in the CG (95% CI: 0.24-0.34, p < 0.001,
d = 3.59). The FCG also improved more than the CG by
0.12's (95% CI: 0.09-0.15, p < 0.001, d = 2.67).

A significant and large interaction was also found for the
Illinois Agility Test, F(2, 57) = 129.56, p < 0.001, np* = 0.82. The
TRXG achieved a 0.48 s greater improvement than the FCG
(95% CI: 0.36-0.61, p < 0.001, d = 2.46) and a 0.82 s greater
improvement than the CG (95% CI: 0.72-0.93, p < 0.001,
d = 5.03). The improvement in the FCG exceeded that in the
CG by 0.34 s (95% CI: 0.27-0.42, p < 0.001, d = 2.86). The
countermovement-jump performance was similar, with
a significant Group x Time interaction, F(2, 57) = 98.37,
p < 0.001, np* = 0.78. The increase in jump height was 1.48
cm greater in the TRXG than in the FCG (95% CI: 0.96-1.99,
p<0.001,d = 1.84) and 2.94 cm greater than in the CG (95% CIL:
2.51-3.36, p < 0.001, d = 4.43). The FCG also improved more
than the CG by 1.46 cm (95% CI: 1.15-1.77,p < 0.001,d = 3.01).

Physiological Variables

Significant Group x Time interaction effects were
observed for all five physiological variables shown in Table 4.
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Table 3. Comparisons of changes in biomotor variables among the TRX suspension combined with functional circuit
training, functional circuit training, and control groups

Paired Main effect . Interaction
+ +
Variables Group Mean . D Mean £ SD t-test MD (95% CI) Group p Mam effec;[ Group x Time
Baseline After 5 Time p (np?) 5
p-value (np*) p (np*)
TRXG 7.38+0.26 7.05+0.25 <0.001 0.33 (0.27 t0 0.38)
Speed (seconds) FCG ~ 7.68+0.41 7.52+039 <0.001  0.16(0.13 to 0.19) 0.004 (0.18) <0.001 (0.85) <0.001 (0.73)
CG 746 £0.39 7.43+0.38 <0.001 0.04 (0.03 t0 0.04)
TRXG 16.94+0.74 16.01 £0.79 <0.001 0.93 (0.83 to 1.04)
Agility (seconds) FCG 16.69 £0.76 16.24 +£0.73 <0.001 0.45 (0.37 to0 0.52) 0.176 (0.06) <0.001 (0.91) <0.001 (0.82)
CG 1690 £0.71 16.80 £0.71 <0.001 0.11 (0.08 t0 0.13)
TRXG 3527 +1.80 38.64+1.77 <0.001 —3.37 (-3.80 to —2.94)
Explosive power o 33054567 35.8443.06 <0.001  —1.90 (<220 to ~1.59) <0.001 (0.26) <0.001 (0.90) <0.001 (0.78)
(centimetres)
CG 33,58 +2.11 34.02+2.05 <0.001 —-0.44 (-0.52 to —0.35)

Note. TRXG = TRX suspension combined with functional circuit training group; FCG = functional circuit training group; CG = control
group; MD = mean pre-test minus post-test difference; CI = confidence interval; np* = partial eta squared. Positive mean differences for
speed and agility indicate reduced completion time and improved performance. Negative mean differences for explosive power indicate

increased jump height.

Body-fat percentage demonstrated a large interaction effect,
F(2, 57) = 86.99, p < 0.001, np*> = 0.75. The reduction was
0.71 percentage points greater in the TRXG than in the FCG
(95% CI: 0.51-0.90, p < 0.001, d = 2.29) and 1.04 points
greater than in the CG (95% CI: 0.86-1.21, p < 0.001, d =
3.70). The FCG also showed a greater reduction than the CG
(mean difference = 0.33 points, 95% CI: 0.24-0.42, p < 0.001,
d = 2.35). The Group x Time interaction for skeletal muscle
mass was significant and large, F(2, 57) = 71.23, p < 0.001,
np’ = 0.71. The increase was 0.51 kg greater in the TRXG
than in the FCG (95% CI: 0.28-0.73, p < 0.001, d = 1.47) and
1.09 kg greater than in the CG (95% CI: 0.88-1.29, p < 0.001,
d =3.31). The FCG increased skeletal muscle mass by 0.58 kg
more than the CG (95% CI: 0.48-0.68, p < 0.001, d = 3.87).

Resting heart rate also showed a significant interaction,
F(2, 57) = 50.62, p < 0.001, np* = 0.64. The reduction was
greater in the TRXG than in the FCG by 1.95 bpm (95% CI:
1.15-2.75, p < 0.001, d = 1.57) and greater than in the CG
by 3.35 bpm (95% CI: 2.60-4.10, p < 0.001, d = 2.87). The
FCG also demonstrated a greater reduction than the CG
(mean difference = 1.40 bpm, 95% CI: 0.97-1.83, p < 0.001,
d = 2.11). Large interaction effects were found for systolic
blood pressure, F(2, 57) = 117.35, p < 0.001, np> = 0.80, and
diastolic blood pressure, F(2, 57) = 75.56, p < 0.001, np*
= 0.73. The ordering of improvement was also consistent
for both outcomes, as confirmed by pairwise comparisons:
TRXG > FCG > CG. After the Bonferroni correction (p <
0.001), all comparisons between groups were statistically
significant. Pairwise comparisons demonstrated statistically
significant differences among the groups after Bonferroni
adjustment (all p < .001). The percentage changes in
biomotor and physiological outcome measures across the
three groups are presented in Figure 2.

Discussion

This study was based on two related hypotheses. First,
it would be important to see that structured conditioning
programmes would bring about more changes in biomotor

abilities and physiology than regular basketball training.
Second, adding TRX suspension exercises to functional
circuit training would elicit greater adaptations than
functional circuit training alone. The present results are
in favour of both hypotheses. The following significant
Group x Time interactions were found: sprint speed, agility,
countermovement-jump performance, body fat percentage,
skeletal muscle mass, resting heart rate, and blood pressure.
The magnitude of improvement was consistently in the
following order: TRXG > FCG > CG, with the combined
TRX suspension and functional circuit training programme
being the most effective.

The enhanced sprint speed, agility, and explosive power of
the intervention groups are in line with the physical demands
of basketball as described in the introduction. During
offensive and defensive movements in basketball, repeated
acceleration, deceleration, multidirectional movements, and
jumping are required (Scanlan et al., 2019; Stojanovic¢ et al.,
2017). Functional circuit training can meet these demands
by using multi-joint repetition, very quick transitions, using
only one side of the body, jumping, and change of direction
exercises. The superior results of the FCG compared with the
control group are consistent with the previous findings that
structured resistance and functional training can enhance
speed, power, and movement performance in young athletes
and basketball players (Cao et al., 2024; Lesinski et al., 2020)

The greater improvements observed in the TRXG may
be associated with the additional postural and stabilization
demands imposed by suspension-based exercises. During
TRX movements, participants generated force while
continuously controlling body position and balance.
This training condition may increase the activation and
coordination demands placed on the trunk and stabilizing
muscles compared with similar exercises performed on stable
surfaces (Aguilera-Castells et al., 2018; Bao et al., 2025).
Greater stabilization demands could contribute to improved
proximal control and coordinated force transmission during
sprinting, jumping, and rapid changes of direction (Oliva-
Lozano & Muyor, 2020). However, electromyographic
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Table 4. Comparisons of changes in physiological variables among the TRX suspension combined with functional circuit
training, functional circuit training, and control groups

Paired Main effect . Interaction
+ +
Variables Group Nga?snel_inseD Mezr;t;rSD t-test MD (95% CI) Group p ,Il,\illnalln e?ec:) Group x
p-value (np?) PUPY) Time p (np?)
TRXG 13.46+1.33 1234+134 <0.001  1.12(0.94 to 1.30)
Body fat (%) FCG 13.06+1.62 12.65+1.57 <0.001  0.42(0.33t00.50)  0.630 (0.02) <0.001 (0.83) <0.001 (0.75)
CG 12544143 1245+141 <0.001  0.09 (0.06 to 0.11)
TRXG 32.82+2.84 34054299 <0.001  —1.24 (~1.45 to—1.02)
ff:sl:t(ig’;‘u“le FCG  31.09+1.86 31.82+1.89 <0.001  —0.73 (~0.82 to —0.64) 0.019 (0.13) <0.001 (0.86) <0.001 (0.71)
CG  3336+2.56 3351259 <0.001  —0.15(-0.20 to —0.10)
TRXG 64.35+3.92 6040+3.50 <0.001  3.95(3.21 to 4.69)
ﬁfpsgr)lg heartrate Lo 6570336 6370£329 <0001  200(1.63t0237)  0.073(0.09) <0.001(0.82) <0.001 (0.64)
CG  63.15+3.03 62.55+298 <0.001  0.60 (0.36 to 0.84)
TRXG 11635+3.69 111.15+3.79 <0.001 520 (4.58 to 5.82)
Systolic blood
FCG 117204555 114.75+5.64 <0.001  2.45(2.03t02.87)  0.189(0.06) <0.001 (0.89) <0.001 (0.80)
pressure (mmHg)
CG  11610+3.14 11555+3.03 <0.001  0.55 (0.31 to 0.79)
TRXG 74.45+3.30 70.60+3.30 <0.001  3.85 (3.30 to 4.40)
Diastolicblood o 2390 389 72054385 <0001 1.90(1.50102.30)  0.873 (0.01) <0.001 (0.85) <0.001 (0.73)
pressure (mmHg)
CG  7325+349 72.85+3.39 0.002 0.40 (0.16 to 0.64)

Note. TRXG = TRX suspension combined with functional circuit training group; FCG = functional circuit training group; CG = control
group; MD = mean pre-test minus post-test difference; CI = confidence interval; np* = partial eta squared; bpm = beats per minute.
Positive mean differences for body fat, resting heart rate, and blood pressure indicate reductions. Negative mean differences for skeletal

muscle mass indicate increa
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Fig. 2. Pre- and post-intervention percentage changes in biomotor and physiological outcome measures following the eight-
week intervention

activity, postural control, muscle coordination, and force-
transfer characteristics were not measured in the present
study. These mechanisms should therefore be regarded as
plausible explanations for the observed differences rather
than effects demonstrated directly by the study.
Countermovement jump performance also improved
mostinthe TRXG, followed by the FCG and the CG. Exercises
such as squats, lunges, box jumps, and lateral bounds
involve rapid hip, knee, and ankle extension and are directly
associated with lower-body power development. These
findings are consistent with previous evidence showing that
appropriately prescribed resistance and functional training

can improve muscular power and jump performance in
young athletes (Hind et al., 2020; Lesinski et al., 2020). The
modest improvement observed in the control group may be
attributable to regular basketball practice, normal growth
and maturation, or increased familiarity with the jump test.
The greater improvements observed in the intervention
groups are consistent with an additional effect of structured
conditioning beyond regular technical and tactical training.

The physiological findings further support the
effectiveness of the interventions. The greater reduction in
body fat percentage and the increase in skeletal muscle mass
observed in the training groups are consistent with previous

951



ISSN 1993-7989. elSSN 1993-7997. ISSN-L 1993-7989. Physical Education Theory and Methodology. Vol. 26, Num. 5

evidence showing that resistance and functional training
can improve body composition in children and adolescents
(Lesinski et al., 2020; Liu et al., 2024). The multi-joint,
stabilizing, and circuit-based components of the combined
programme may have provided a greater training stimulus.
However, these findings should be interpreted with caution
because body composition was assessed using bioelectrical
impedance analysis, which may be influenced by hydration
status and other testing conditions despite standardized
assessment procedures (Mao et al., 2023).

Resting heart rate and blood pressure also showed
greater improvements in the intervention groups than in
the control group. These adaptations are consistent with
evidence that structured exercise may positively influence
resting cardiovascular health and health-related fitness in
youth (Guillem et al., 2020). The repeated muscular activity
and limited recovery periods during the circuit sessions
may have increased the cardiovascular demands of training.
However, oxygen consumption, autonomic function,
and vascular responses were not assessed; therefore, the
physiological mechanisms underlying these adaptations
remain unclear.

The agility findings are particularly relevant to the
scientific problem identified in the Introduction. Most
previous studies have investigated resistance training,
functional training, or suspension training as independent
interventions rather than evaluating their combined effects
(Aguilera-Castellsetal.,2018; Caoetal.,2024). Consequently,
it remained unclear whether suspension-based exercises
provided additional benefits when incorporated into an
existing functional training programme. In the present
study, the TRXG demonstrated greater improvements than
the FCG despite identical training frequency, duration,
progression, and perceived exercise intensity. These findings
suggest that the unstable training environment and increased
postural demands of the combined programme may induce
adaptations beyond those achieved with functional exercises
performed on stable surfaces (Zuo et al., 2022). Although
the randomized controlled design supports causal inference
for the intervention effects on the measured outcomes, the
physiological and neuromuscular mechanisms responsible
for these adaptations were not directly evaluated and
therefore require confirmation in future mechanistic studies.

Theactive control design strengthened the interpretation
of the findings. Compared with passive control groups, an
active control better distinguishes intervention-specific
effects from those attributable to normal basketball
participation, growth, maturation, and repeated testing
(Schulz et al., 2010). Participants in the control group
continued their regular basketball training and showed only
modest improvements over the 8-week intervention. These
findings are consistent with an additional effect of structured
functional conditioning beyond regular basketball practice
(Lesinski et al., 2020).

The present study has several limitations. First, a formal
a priori sample-size calculation was not performed, which
may have reduced the precision of the estimated effects.
Second, the findings are limited to male adolescent basketball
players who completed an 8-week intervention, which
may restrict the generalizability of the results. Third, body
composition was assessed using bioelectrical impedance
analysis, and physiological adaptations were evaluated using

resting cardiovascular measures only. Future studies should
incorporate criterion body-composition techniques, direct
physiological measurements, larger samples, longer follow-
up periods, female athletes, and mechanistic assessments to
strengthen the evidence and improve generalizability.

The findings suggest that functional circuit training
is a practical conditioning approach for adolescent male
basketball players. When TRX suspension equipment and
qualified supervision are available, incorporating suspension
exercises into a progressively structured functional circuit
programme may provide additional improvements in
sprint speed, agility, countermovement-jump performance,
body composition, and resting cardiovascular measures
over an 8-week training period. These recommendations
are limited to the population, intervention duration, and
outcomes evaluated in the present study. Coaches should
emphasize correct movement technique before progressing
to unilateral, unstable, or explosive exercises.

The main scientific contribution of this study was
the direct comparison of combined TRX suspension and
functional circuit training with functional circuit training
alone and regular basketball practice. The consistent
graded response observed across all measured outcomes
suggests that incorporating suspension exercises into a
structured functional training programme may provide
additional benefits beyond functional circuit training alone.
However, the physiological and neuromuscular mechanisms
underlying these adaptations were not directly assessed
and therefore require confirmation in future mechanistic
studies. Future research should examine longer intervention
periods, follow-up retention, maturation status, female
athletes, and basketball-specific performance outcomes
(e.g., repeated sprint ability and match performance). In
addition, studies incorporating electromyography, force-
time analysis, and direct physiological monitoring are
needed to further elucidate the mechanisms underlying the
observed adaptations.

Conclusion

The present study demonstrated that structured
conditioning programmes produced greater improvements
in biomotor abilities and physiological adaptations than
regular basketball practice in adolescent male basketball
players. The combined TRX suspension and functional circuit
training programme resulted in the greatest improvements in
sprint speed, agility, countermovement-jump performance,
body fat percentage, skeletal muscle mass, resting heart
rate, and blood pressure, whereas functional circuit training
alone produced intermediate improvements. These findings
suggest that functional circuit training is an effective
conditioning approach for adolescent male basketball
players and that incorporating TRX suspension exercises
into a progressively structured and supervised programme
may provide additional benefits. The conclusions are limited
to the 8-week intervention, the male adolescent sample, and
the outcomes measured in the present study.
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BnanB KOMG6iHOBaHOro TpeHyBaHHA 3 BUKOPVUCTaHHAM NigBiCHNX
neTtenb Ta PYHKLiOHaNIbHOIO KOJIOBOro TPeHyBaHHA Ha 6iOMOTOPHI
n ¢isionoriuHi apanTtauii 6ackerb6onictiB NigNiTKOBOro BiKy

1ACD

Bimxaa Kymap'A5©P, [I. Xapirapan
'TiHgyCcTaHCHKMIT YHiBEpCUTET TeXHOJIOTIII i HayK

ABTOpPCHKMIT BKIAJ: A — Am3aitH gocmipkeHHs;; B — 36ip ganux; C - crataHanis; D — migroroska pyxonucy; E - 36ip KOIITiB

Pedepar. Crarrs: 10 c., 4 TabmL., 2 puc., 24 mxepera.

Merta gocrimxenHs. Lle focmipkeHHs Malo Ha MeTi OPIBHATH BIUIMB 8-TIDKHEBOI TPeHYBaIbHOI iHTepBeHil KOMbiHOBa-
HOTO TPEHYBAHH 3 BUKOpUCTAaHHsIM HigBicHux nerens (TRX-TpenyBaHHs1) Ta pyHKI[IOHATBHOTO KOTIOBOTO TPEHYBAHHS, @ TAKOX
3aCTOCYBaHHA BUKJIIOYHO (PYHKI[iOHATbHOTO KOJIOBOTO TPEHYBAHHSA Ta PETY/LAPHOI TPEHYBa/IbHOI IPAKTUKIM 3 6acKeTOOy, I[0f10
6iomoTOpHUX 37i6HOCTeIT Ta (isiomorivHNX aganTariin y 6ackeT60IiCTIB MiATiTKOBOTO BiKYy.

Marepianu Ta MeToau. 3aranoM 60 6ackeT60/ICTIB MifINITKOBOTO BiKy 40/IOBi40i cTaTi 61 pO3NO/ieHi 3a METOOM paH-
momisariil Ha Tpu IPymu: IpyIry KOMOIHOBAHOIO TPEHYBAHHSI 3 BUKOPUCTAHHAM IABICHYX IeTe/b Ta PYHKIIOHATBHOTO KOJIOBOTO
tpenysanHsa (TRXI, n = 20), rpyny ¢yHkiionansHoro konosoro tpeHyBantsa (OKI, n = 20) ta xonTponbuy rpymny (KI, n = 20).
TpenyBaHHA TpuBanu 8 TUKHIB i3 IepioAMYHICTIO 3aHATb TPUUi Ha TIOKJEeHb. Ha mepef- Ta mocTiHTepBeHIiiiHOMY eTamnax f10-
CITiJI)KeHHS TIPOBEJIeHO BUMIipIOBaHHA MOKA3HNUKIB IIBUAKOCTI CIIPUHTY, CIIPUTHOCTI, Pe3y/IbTaTMBHOCT] CTPMOKaA 3 KOHTPPYXOM
(KPC), BifcoTKa XMpoBOi Macy B OpraHi3Mi, CKe/IeTHO-M sI30BOI Macl, YaCTOT! CepPLeBUX CKOPOUEHD Y CTaHi CIIOKOIO, @ TaKOX
CHUCTOJIIYHOTO i IiaCTO/MIYHOrO apTepialbHOrO TUCKY. I CTaTUCTUYHOIO aHa/Ii3y JaHUX BUKOPMCTOBYBABCSA METOJ, 3MilllaHOTO
IVICTIepCiifHOTO aHaIi3y 3 MOpiBHAHHAMYU boHbeppoHi.

Pesynpraru. [I1s1 Bcix 6ioMoTOpHMX Ta (isioorivumx sMiHHNX 6y/I0 BUSIB/IEHO CTATMCTIYHO 3HAYYIIY B3a€MOAI0 (HaKToOpiB
Ipyma x Yac (yci p < .001; gactkoBa n’> = 0.64-0.82). ¥ TRXT sadikcoBaHO CTATUCTUYHO 3HAYYIIIO BUILi TOKA3HMUKM IIOKPAIeHHS
3a BCiMa JOCTiHKyBaHNMIY ITapamMeTpamu nopiBHsHO 3 yuacHukamy OKI ta KI. 3okpema, Bennki eexTn B3aeMOpII criocTepira-
7mcst Bist okasHukis cnpunty (F(2.57) = 75.32, p <.001, np” = 0.73), cupurHocri (np® = 0.82), crpubxa 3 koutppyxom (np”> = 0.78),
KOMITOHEHTHOT'O CK/Iafly Ti/la, YaCTOTM CEPLIEBMX CKOPOUYEHD y CTaHi CIIOKOIO Ta apTePia/IbHOTO THUCKY.

BucnoBku. OTprMaHi pe3yibraTu CBif4aTh Mpo Te, 110 PYHKIIOHAIbHE KOJIOBE TPEeHYBaHH: MiiBMIIye 6ioMoTOpHI Ta ¢isio-
noriuHi mapamerpu. Kpim Toro, interpariis BIrpas i3 BUKOPUCTaHHAM Ii/IBICHUX IeTe/b 3abes3medye BUIII TOKa3HUKY TOKpAIleH-
H#l, HDK 3aCTOCYBaHH: BUK/IIOYHO (PYHKI[IOHAIbHOTO KOJIOBOTO TPEHYBAHH, Ta MOXKe CTBOPIOBATH HOAATKOBI ITepeBaru 3a yMOBM
BKJIIOYEHHS JJO IPOTPECUBHO CTPYKTYPOBaHOI IIPOTrPaMyt KOHAMIIHOI MiIFOTOBKY IIiJi KEPiBHULITBOM TpEHepa.

KirouoBi cnoBa: 6ackeT60/1icTH MifiIiTKOBOTO BiKy, TPeHyBaHH: 3 BUKOPJMCTAHHAM Ii/IBICHUX IeTelb, GYHKIIIOHaIbHE KOO~
Be TPeHYBaHHs1, 6i0MOTOPHI 37i6HOCTI, disionorivyni afanTarii, KOHANLIHA TIATOTOBKA.
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Abstract

Background. Small-sided games (SSGs) are widely used in soccer training to simultaneously develop physical and
physiological performance. However, transition-specific SSG formats combined with work-to-rest ratio manipulation
may further influence training load, although their interactive effects remain unclear.

Objectives. This study aimed to examine the effects of transition small-sided game format and work-to-rest ratio on
internal and external training load in university soccer players.

Materials and Methods. Eighteen male university soccer players participated in this study. Two transition game
formats (3v3v3+2 and 3v3v3+2 Change) and four work-to-rest ratios (4:4, 4:2, 2:2, and 2:1) were applied. Internal
load was assessed using heart rate responses, and external load was measured using Global Navigation Satellite
System (GNSS) devices. A two-way repeated-measures ANOVA was used to analyze the data.

Results. Both the work-to-rest ratio and the playing format significantly affected internal load, with higher mean
heart rate and greater time spent above 80% of HR under shorter recovery (4:2), as well as higher mean heart rate
under the No-Change format overall. External load variables showed significant main and interaction effects, with
the 2:2 ratio producing the highest total distance, acceleration, and deceleration, while and the 3v3v3+2 Change
format combined with the 2:2 ratio eliciting the greatest high-intensity running and peak speed. Maximum heart
rate indicated a significant Format x Work-to-Rest interaction, although no individual condition-pair comparison

remained significant after Bonferroni correction.

Conclusions. The findings suggest that combining transition game format with an appropriate work-to-rest ratio can
be used as an effective strategy for manipulating training loads in soccer players.
Keywords: external load, internal load, small-sided games, soccer, training load.

Introduction

Small-sided games (SSGs) are a fundamental component
of contemporary soccer training because of their capacity
to simultaneously develop physical, technical, and tactical
attributes within sport-specific contexts (Nagy et al., 2020;
Farhani et al., 2022). Unlike isolated conditioning drills,
SSGs replicate the intermittent, unpredictable nature of
competitive match play, making them an ecologically valid
and time-efficient training tool (Chen et al., 2023; de Dios-
Alvarez et al., 2024). As a result, SSGs are widely adopted
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across elite and sub-elite levels to improve soccer-specific
fitness while maintaining tactical relevance.

Training load during SSGs is highly sensitive to structural
manipulations, including player number, pitch dimensions,
bout duration, and work-to-rest ratio (Alcantara et al., 2021;
Farhani et al., 2025), enabling coaches to selectively target
physiological adaptations from aerobic capacity to high-
intensity repeated-effort performance (Nagy et al., 2020;
Farhani et al,, 2022). Among these variables, work-to-rest ratio
is particularly critical, as it governs recovery between bouts
and determines the cumulative and peak demands placed on
players. Beyond conventional SSG configurations, transitional
moments the rapid shift between attacking and defending
phases following a change in possession are among the most
physically and tactically demanding phases of match play,
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characterized by elevated high-speed running, accelerations,
and cognitive load, often surpassing the demands recorded
during sustained possession sequences (Bortnik et al., 2022,
2024). Physical demands during transitional play also differ
across playing positions, highlighting the positional specificity
required in training design (Bortnik et al., 2024).

In response, transition-specific SSG formats transition
games have emerged as a targeted training modality. Asian-
Clemente et al. (2022) demonstrated that transition games can
elicit high-speed running volumes comparable to competition,
suggesting their potential to replicate worst-case match
demands, and varying player number within transition games
substantially modulates physical loading (Asian-Clemente
et al., 2024a), while conventional SSGs may not consistently
replicate the most extreme physical scenarios experienced in
match play (de Dios-Alvarez et al., 2024).

Despite growing interest in transition game formats and
the well-established influence of work-to-rest manipulation
on training load in conventional SSGs, the interaction
between these two variables remains insufficiently examined,
and no study has systematically investigated how different
transition game formats combined with varying work-to-
rest ratios affect overall training load in soccer players. This
gap limits practitioners™ ability to make evidence-based
decisions when designing sessions intended to replicate
the physiological demands of competitive transitions.
Therefore, the purpose of this study was to examine the
effects of transition game format and work-to-rest ratio
on training load in small-sided soccer games, to provide
practical recommendations for optimizing the specificity
and effectiveness of soccer conditioning programs.

Materials and Methods

Participants

Eighteen male university soccer players participated in
this study (age: 19.6 + 0.69 years; body mass: 65.07 + 8.51 kg;
height: 173.61 £ 7.36 cm; body mass index: 21.3 £ 2.03 kg-m%
body fat: 13.23 + 3.94%; VO,max: 50.94 + 2.58 mL-kg'-min™).
All participants were healthy, had at least 5 years of competitive
soccer experience at the high school or university level, and
trained at least 5 days per week; goalkeepers, injured players,
and those unable to complete the protocol were excluded.
Participants were recruited using purposive sampling. All
players completed the Yo-Yo Intermittent Recovery Test Level
1 (YYIR1) to estimate VO,max, calculated using the equation
of Karakog et al. (2012): VO2max (mL-kg’-min") = distance
(m) x 0.0084 + 36.4. Based on performance ranking, the top
22 players were selected; 18 were randomly assigned into six
groups of three, while the remaining four (ranked 19-22) acted
as neutral players during the games but were not included in
the analysis. Group allocation ensured no significant baseline
differences between groups. All participants provided written
informed consent, and the study was approved by the Ethics
Committee of Kasem Bundit University, Thailand (KBU-
HREC 009/69), in accordance with the Declaration of Helsinki.

Procedure

On each experimental day, participants drew lots to
determine the SSG format and work-to-rest ratio to be

completed; the order of all eight experimental conditions
(two SSG formats x four work-to-rest ratios) was fully
randomized for each participant to control for potential order
effects. All sessions began with a standardized 15-minute
warm-up (5 min light jogging, 8 min dynamic stretching,
and 2 min neuromuscular activation comprising three 10-m
maximal sprints; Eniseler et al., 2017). Both formats were
played as 3v3v3+2 on a 55 x 20-m pitch (~100 m? per player),
following prior recommendations (Dimitriadis et al., 2022).

In the transition SSG without spatial change (3v3v3+2),
players were divided into three colour-coded teams of three;
two teams collaborated to maintain possession while the
third defended and attempted to regain the ball, transferring
it to the non-possessing team before transitioning to attack,
while the team losing the ball immediately assumed the
defensive role. In the transition SSG with spatial change
(3v3v3+2 Change), the possessing team was required to
complete seven consecutive passes before transferring the
ball to the opposite zone; if the defending team intercepted
or dispossessed the attackers, they transferred the ball to
the far zone, and the team losing possession transitioned to
defense (Figure 1).

In both formats, two neutral players (floaters) supported
the attacking team (Clemente, 2022). Unlimited ball touches
were permitted, and a replacement ball was reintroduced
immediately whenever the ball left play, with consistent
verbal encouragement from coaches throughout.

The work-to-rest ratios applied were 1:1 and 1:0.5.
Under 1:1, participants completed either four 4-minute
sets with 4-minute recovery, or eight 2-minute sets with
2-minute recovery; under 1:0.5, participants completed
either four 4-minute sets with 2-minute recovery, or eight
2-minute sets with 1-minute recovery (Clemente, 2022).
Immediately following each session, heart rate (HR)
responses and locomotor data were recorded. HR variables
included peak HR, mean HR, and time spent in the 70-79%,
80-89%, and 90-100% HRmax zones (Nagy et al., 2020).
Locomotor variables comprised total distance, high-speed
running (>19.8 km-h™), sprint distance (>25.2 km-h™'), peak
speed, and the number of accelerations and decelerations
(>2.5 m-s?) (Beato et al., 2023). Sessions were conducted
between 16:00-18:00 h at 30-33°C ambient temperature,
with a minimum 48-hour washout period between sessions
(Papanikolaou et al., 2021).

1.) SSG Format 3v3v3+2 2.) SSG Format 3v3v3+2 Change

Fig. 1. SSG Transition Format Training (3v3v3+2).

Instrument

Internal training load was assessed via HR responses
using a Polar H10 chest strap (Polar Electro Oy, Kempele,
Finland), a device with demonstrated validity and reliability
at rest and during incremental exercise (Schaffarczyk et al.,
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2022). HRmax, HRmean, and the percentage of time spent
in the 70-79% (moderate), 80-89% (high), and 90-100%
(very high) HRmax zones were extracted, consistent with
classification frameworks applied in SSG research (Nagy
et al., 2020a). Individual HRmax was estimated using
the age-predicted formula (220 — age in years), given the
impracticality of maximal exercise testing within this field-
based training protocol.

External load was quantified using 10 Hz global
navigation satellite system (GNSS) units (PlayerData
Edge, Scotland; Wilmot et al., 2025); each participant was
assigned the same device throughout the study, in line with
recommended GNSS measurement practice for team sports
(Bataller-Cervero et al., 2019; Beato et al., 2018). Devices
were activated at least 15 minutes before each session,
and data collection began only when a minimum of eight
satellites and a horizontal dilution of precision (HDOP)
value below 1.0 were confirmed, in line with recommended
GNSS data-quality procedures (Malone et al., 2017). Units
were secured in a custom-fitted vest between the scapulae,
and raw data were downloaded and processed immediately
after each session by a qualified sports scientist. The external
load variables analyzed were total distance, high-intensity
running distance (HIR; >19.8 km-h™), sprint distance (SPR;
>25.2 km-h), peak speed, accelerations (ACC; >2.5 m-s°
%), and decelerations (DEC; >2.5 m-s?), among the most
commonly reported indicators of physical demand in SSG
and match-play contexts (Beato et al., 2023).

Data Analysis

All data are presented as mean * standard deviation
(SD). A two-way repeated-measures ANOVA examined
the main effects of playing format (3v3v3+2 vs. 3v3v3+2
Change) and work-to-rest condition (4:4, 4:2,2:2,and 2:1) as
within-subject factors, and their interaction, on all internal
and external load variables. Normality was verified using
the Shapiro-Wilk test, and sphericity was assessed using
Mauchly’s test, with the Greenhouse-Geisser correction
applied where violated. Significant effects were followed by
Bonferroni-adjusted post hoc comparisons. Effect sizes were
reported as partial eta squared (n’p) and interpreted as small
(= 0.01), moderate (> 0.06), and large (= 0.14). Statistical
significance was set at p < 0.05. All analyses were performed

Table 1. Internal loads during different SSG formats

using Jamovi (version 2.6.17; The Jamovi Project, Sydney,
Australia). A priori sample size estimation was performed
using G*Power (version 3.1; Faul et al., 2007), specifying an
effect size of 1.1, a = 0.05, and power (1 — ) = 0.95, which
indicated a minimum required sample of 16 participants;
allowing for an anticipated attrition rate of 10%, 22 players
were recruited, of whom 18 were retained for the final
analysis after ranking on YYIR1-derived VO2max.

Results

Internal and external load values following the SSG
sessions are presented in Table 1 and Table 2. The two-way
repeated-measures ANOVA results, separated into the main
effect of format, the main effect of work-to-rest ratio, and
their interaction, are reported for each variable in Table 3
(internal load) and Table 4 (external load).

indicating similar peak cardiovascular responses.
HRmean differed significantly (150.67-165.44 bpm; p = .027;
n’*p = 0.168), with higher values under shorter recovery
(4:2 and 2:1), particularly in the 3v3v3+2 format (165.44 +
11.73 bpm at 2:1). % HRmean showed a similar trend but did
not reach significance (75.67-83.00%; p = .063; n°p = 0.164).
Time at 80%HR differed significantly (31.67-49.67 min;
p =.016; n’°p = 0.162), with greater exposure under reduced
recovery, while 70%HR (p = .224) and 90%HR (p = .164) did
not differ significantly. Overall, reducing recovery duration
increased mean physiological load and time at high intensity,
with large effect sizes (n°p = 0.14).

In the Change condition (6.42 + 0.54 m-s™). Acceleration
(17.00-26.44; p = .004; n*p = 0.232) and deceleration (20.44~-
30.89; p = .001; n’p = 0.233) were also highest at 2:2. Sprint
distance differed significantly overall (0.00-2.44 m; p = .025;
n’p = 0.123), though no pairwise comparisons survived
Bonferroni correction. Overall, the 2:2 work-to-rest ratio
elicited the greatest total distance regardless of format, whereas
the 3v3v3+2 Change format combined with 2:2 produced the
greatest high-intensity running, peak speed, and deceleration
count; effect sizes were moderate for sprint distance (n’p =
0.123) and large for all other variables (n’p = 0.232-0.818).

Post hoc comparisons (Bonferroni-adjusted) further
clarifytheseseparatedeffects. ForHRmean, valueswerehigher
under 4:2 than 4:4 (mean difference [MD] = -12.67 bpmy;
p < .001), and higher under the No-Change format than

Small-Sided Game Formats (n=18)

Small-Sided Game Formats (n=18)

Variable 3v3v3+2 3v3v3+2 Change F p' n’p!
4:4 4:2 2:2 2:1 4:4 4:2 2:2 2:1

HRmax (bpm) 182.11£7.46 183.78+6.19 185.67+5.45 184.00+6.58 185.67+10.40 180.44+9.69 177.56+8.77 182.89+9.66 1.95 0.119 0.103
%HRmax 91.22+3.84 92.22+3.02  93.11+£2.81 92.22+3.25 93.11+£5.21  90.33+4.90 89.00+4.42 91.67+4.45 2.13 0.092 0.111
HRmean (bpm) 151.67+9.36 164.33+8.80* 155.56+13.01 165.44+11.73* 150.67£13.66 159.22+12.20 151.33+9.09 151.00+11.73 3.44 0.027 0.168
%HRmean 75.78+4.62  82.33+4.34* 78.00+6.53  83.00+5.94* 75.67+6.81 79.78+6.30 76.00+4.55 82.56+5.94 3.35 0.063 0.164
70%HR (%) 27.00+£10.14 21.78+8.36  28.89+7.83  22.44+16.96 25.33£7.31 25.11%£13.49 31.44%9.69 26.33+£12.28 1.49 0.224 0.081
80%HR (%) 36.00£11.19 49.67+16.34* 36.33£13.00 47.11+17.70* 31.67+14.71 43.11£19.22 35.22+11.85 48.44+24.50* 3.28 0.016 0.162
90%HR (%) 6.44+12.88 17.67+£22.92 11.78+16.43 21.78+25.35 10.56+18.46 13.89+25.97 4.78+13.55 11.22+10.25 1.69 0.164 0.091

* Significant difference compared with 3v3v3+2 (4:4) (p < 0.05).
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Table 2. External loads during different SSG formats

Small-Sided Game Formats (n=18)

Small-Sided Game Formats (n=18)

Variable 3v3v3+2 3v3v3+2 Change F' p' n’p
4:4 4:2 2040 2:1 4:4 4:2 240 2:1

(Tr?lt)alD ISNCE 1070061 20034207¢ 23824233 # 22144270 21342304  18924121% 21324270#  18384254% 766 <001 0.818
(Pllrigh Intensity 100041649 5.5641477% 18.89416.83 18.78+15.73 47.56+67.17 13.56427.65 1046748875 115641147 102 <.001 0375
Sprint (m) 0 0.56£1.62 0 133388 067194 0 2443473 0 239 0.025 0.123
Max Speed (m/s) 5.99+0.41  548+0.69% 5.99+0.41 5994076  6.06+0.65 5514045  6.42+0.54# 55240.49* 625 <001 0.269
ACC (n) 2533£6.54 21.2246.19 2544+4.95 21784892 20.56+7.67 18.89+4.79% 26.4433.63  17.00£5.09* 5.13 0.004 0.232
DEC (n) 24.89+7.78 2044+10.01 27.11+7.98 22.78+10.80 23.7847.73 24.6746.04  30.89+8.05# 20.44+6.55 5.16 0.001 0.233

* Significant difference compared with 3v3v3+2 (4:4) (p < 0.05). # Significant difference compared with 3v3v3+2 (4:2) (p < 0.05).

Table 3. Two-way repeated-measures ANOVA results for internal load variables (main effects and interaction).

Format (3v3v3+2 vs. Change)

Work-to-Rest Ratio

Format x Work-to-Rest

Variable

F P n’p F P n’p F P n’p
HRmax (bpm) 1.846 0.192 0.098 0.666 0.577 0.038 3.252 0.029 0.161
9%HRmax 1.882 0.188 0.100 0.678 0.569 0.038 3.668 0.018 0.177
HRmean (bpm) 5.61 0.030 0.248 3.81 0.015 0.183 1.85 0.150 0.098
9%HRmean 0.041 0.843 0.002 7.217 <.001 0.298 1.16 0.334 0.064
70%HR (%) 0.705 0.413 0.040 2508 0.069 0.129 0.654 0.584 0.037
80%HR (%) 1.101 0.309 0.061 7.349 <.001 0.302 0.373 0.773 0.021
90%HR (%) 1.77 0.201 0.094 2.08 0.114 0.109 1.2 0319 0.066

df =1, 17 for the main effect of Format; df = 3, 51 for the main effect of Work-to-Rest ratio and for the Format x Work-to-Rest
interaction. F and p values are as computed in the two-way repeated-measures ANOVA (Type III sums of squares); n°p (partial eta
squared) was derived from F and the corresponding degrees of freedom. Bonferroni-adjusted post hoc comparisons for each significant

effect are described in the Results text.

Table 4. Two-way repeated-measures ANOVA results for external load variables (main effects and interaction).

Format (3v3v3+2 vs. Change)

Work-to-Rest Ratio

Format x Work-to-Rest

Variable

F P n’p F P n’p F P n’p
Total Distance (m) 213 <.001 0926 654 <.001 0794 376 <.001 0.689
High Intensity (m) 14.99 0.001 0.469 9.97 <.001 0.370 8.64 <.001 0.337
Sprint (m) 0.525 0.479 0.030 1.091 0.361 0.060 4721 0.013 0217
Max Speed (m/s) 0.028 0.868 0.002 8.293 <.001 0.328 5.682 0.002 0.251
ACC (n) 8.73 0.009 0.339 8.16 <.001 0.324 1.54 0215 0.083
DEC (n) 1.06 0318 0.059 13.59 <.001 0.444 1.85 0.150 0.098

df = 1, 17 for the main effect of Format; df = 3, 51 for the main effect of Work-to-Rest ratio and for the Format x Work-to-Rest
interaction, except the Sprint distance x interaction term, for which Mauchly’s test indicated a sphericity violation and the reported
p value reflects the Greenhouse-Geisser correction (F and n’p are unaffected by this correction). Bonferroni-adjusted post hoc
comparisons for each significant effect are described in the Results text.

the Change format overall (MD = 6.19 bpm; p = .030). For
%HRmean, 4:2 exceeded 4:4 (MD = -6.56%; p < .001). For
time at 80%HR, 4:2 exceeded both 4:4 (MD = -12.56%;
p = .002) and 2:2 (MD = 10.61%; p = .034). For HRmax and
%HRmax, although the Format x Work-to-Rest interaction
reached significance (Table 3), no individual pairwise
comparison survived Bonferroni correction (all p = .109),
indicating a diffuse rather than localized interaction pattern.

Post hoc comparisons (Bonferroni-adjusted) show that
total distance was higher under the No-Change format than
the Change format overall (MD = 200 m; p < .001), and the
Format x Work-to-Rest interaction was driven primarily
by the 2:2 conditions in both formats, which exceeded
most other combinations (all p < .018). High-intensity
running distance was higher under the Change format
overall (MD = -28.8 m; p = .001), and the interaction was
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driven by the Change-format 2:2 condition, which exceeded
every other combination (all p < .045). Maximum speed
showed a comparable pattern, with the Change-format 2:2
condition exceeding the other Change-format conditions
(all p < .047). Regarding sprint distance, cross-checking the
Format x Work-to-Rest interaction term against the authors’
original Jamovi statistical output identified a discrepancy:
the summary report had listed p = .115 for this term, but
the native output shows F = 4.721, p = .013 (Greenhouse-
Geisser-corrected for a sphericity violation), which is
significant. Table 4 and this response have been corrected
accordingly. As with HRmax and %HRmax above, no
individual pairwise comparison for this interaction survived
Bonferroni correction (all p = 1.000), so the significant
interaction should be interpreted as a diffuse pattern across
conditions rather than attributable to any single condition
pair.

Figure 2 illustrates the internal load responses across SSG
formats and work-to-rest conditions. HRmax and %HRmax
remain relatively stable across all conditions, supporting the
absence of significant differences, whereas HRmean (=150-
165 bpm) and %HRmean (=75-83%) increase under shorter
recovery (4:2 and 2:1), reflecting greater accumulated
physiological stress; time spent at 80%HR shows a similar
increase under reduced recovery, consistent with the
moderate effect sizes observed statistically.

Figure 3 shows that total distance peaks in the 2:2
condition (=2382 m), while high-intensity running is
markedly higher in the transition format with spatial change
(=104.67 m); max speed is also greatest in this condition
(=6.42 m-s'). Acceleration (=26.44) and deceleration
(=30.89) are consistently elevated at 2:2, indicating greater
movement demands, while sprint distance remains low
(0-2.44 m) and variable across conditions. Overall, the
graphical trends support the statistical findings, showing
that transition-based SSGs combined with a 2:2 work-to-rest
ratio impose the highest physical demands.

Discussion

The present study examined the effects of transition
SSG format and work-to-rest ratio on internal and
external training load in university-level soccer players.
Three principal findings emerged: (1) work-to-rest ratio
significantly elevated HRmean and the percentage of time
at 80-89% HRmax under shorter recovery (4:2 and 2:1);
(2) the 3v3v3+2 Change format with 2:2 work-to-rest
elicited the greatest high-intensity running, peak speed, and
neuromuscular demands; and (3) HRmax and %HRmax
were unaffected by format or recovery manipulation.

The absence of significant differences in HRmax and
%HRmax aligns with the well-established capacity of SSGs
to elicit near-maximal cardiac responses regardless of
structural manipulation. Koklii et al. (2017) reported that
HRmax was unaffected by bout duration in young soccer
players, and Farhani et al. (2022) similarly found no format
effect on peak HR when varying bout duration and player
number, confirming that both transition formats used
here are physiologically demanding at the upper end of
the cardiovascular spectrum, even under varying recovery
durations. In contrast, HRmean and time at 80-89%
HRmax were significantly elevated under reduced recovery,

indicating that inter-bout rest duration is the primary
driver of sustained cardiovascular strain. Branquinho et
al. (2021) similarly found that shorter recovery produced
higher HRmean, attributing this to incomplete physiological
restoration between bouts, while de Dios-Alvarez et al.
(2023) reported that 1-minute recovery increased RPE and
attenuated locomotor quality, whereas 2-minute recovery
better balanced cardiovascular intensity with movement
output. The large effect sizes observed here for HRmean
(7*p=0.168) and the 80%HR zone (n*p=0.162) are consistent
with these reports and indicate that recovery duration can
serve as a practical load-adjustment tool without changing
the playing format.

Regarding external load, total distance was most
strongly influenced by work-to-rest ratio (*p = 0.818), with
the 2:2 condition producing the highest locomotor output
across both formats, indicating that recovery duration is
the dominant variable governing total movement volume,
outweighing the influence of game format. Alcantara et
al. (2021) reported comparable findings in youth players,
showing that proportionate recovery intervals preserved
locomotor output per bout while reducing the rest-to-work
ratio progressively diminished total distance; de Dios-
Alvarez et al. (2023) further confirmed that a 2-minute
recovery optimized the balance between total distance
and neuromuscular quality, paralleling the superior
locomotor output observed under the 2:2 condition here.
The reduced total distance under the 4:2 and 2:1 condition
likely reflects fatigue-induced movement suppression when
phosphocreatine replenishment and metabolic clearance are
insuflicient between bouts (Krysciak et al., 2023).

The markedly elevated high-intensity running distance in
the 3v3v3+2 Change format under the 2:2 condition (104.67
+ 88.75 m) is the most practically distinctive finding of this
study: the spatial transfer requirement completing seven
passes before switching zones creates directional running
corridors that replicate the locomotor structure of counter-
attacking transitions in match play. Asian-Clemente et al.
(2023) found that larger transition game formats generated
significantly greater high-speed running and peak speed
than smaller configurations, attributing this to the spatial
demands of positional recovery after each transition, and
Asian-Clemente et al. (2024b) similarly demonstrated that
transition games produced greater distances above 21 km-h™
and more high-intensity mechanical actions than official
matches. The high inter-individual variability (SD = 88.75 m)
likely reflects positional differences in transitional movement
strategy, consistent with evidence that full backs and strikers
cover greater high-speed distances than midfielders during
transitions (Bortnik et al., 2022). The near-zero sprint
distances across all conditions (0.00-2.44 m) reflect the
recognized limitation of small-format SSGs in generating
true sprint velocities above 25 km-h™, given the pitch-space
constraints inherent in 3v3v3+2 designs (Gualtieri et al.,
2023).

Acceleration and deceleration counts were highest
under the 2:2 condition, with the Change format producing
the greatest neuromuscular demands overall. Krysciak et al.
(2023) demonstrated that short-bout SSG training elicited
significant acid-base balance alterations in youth players,
reflecting the repeated acceleration-deceleration cycles that
stress anaerobic energy systems and neuromuscular tissue.
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The significant reduction in ACC and DEC under the 2:1
condition, despite its short bout duration, demonstrates
that excessively compressed recovery impairs explosive
mechanical output a dissociation that is practically
important, since the 2:1 condition maintained high HRmean
yet compromised neuromuscular quality, producing
cardiovascular overload withouta corresponding mechanical
training stimulus. Peak speed followed the same pattern,
with the Change 2:2 condition generating the highest values
(6.42+£0.54 m-s' = 23.1 km-h"), approaching the high-speed
running threshold used in elite match analyses, while the
4:2 condition consistently produced the lowest values across
both formats (McLean et al., 2016; KoKklii et al., 2017).

From a practical standpoint, when the primary objective
is to maximize aerobic intensity and time at high HR zones,
the 4:2 or 2:1 work-to-rest conditions are most appropriate;
when the goal is to optimize high-speed locomotor output,
peak speed, and neuromuscular loading, the 3v3v3+2
Change format with 2:2 work-to-rest is recommended.
Farhani et al. (2025) emphasized that SSG bout structure
must simultaneously address physiological and technical-
tactical objectives, while Branquinho etal. (2021) highlighted
that work-to-rest ratio manipulation is an accessible and
logistically uncomplicated load-management strategy.
Collectively, these findings reinforce the position that work-
to-rest ratio deserves priority as a programming parameter
alongside pitch size and player number (Alcantara et al.,
2021; de Dios-Alvarezetal., 2023; Kokliietal., 2017), and that
transition-specific SSG formats provide a complementary
tool for overloading high-speed demands that possession-
based SSGs may systematically underexpose.

Limitations

This study has several limitations that should be
considered when interpreting the findings. First, although
the sample size (n = 18) exceeded the a priori target
established via G*Power (16 participants), the sample
remained relatively small and comprised a single cohort,
which may still limit the detection of smaller effects for
some variables. Second, participants were exclusively male
university-level players; the findings may not generalize
to female players, youth athletes, or players competing at
higher (professional/elite) or lower competitive levels. Third,
although the order of the eight experimental conditions was
tully randomized for each participant to minimize order
effects, cumulative fatigue across repeated sessions cannot
be entirely excluded. Fourth, some GNSS-derived external-
load variables, particularly high-intensity running distance
(SD up to 88.75 m) and sprint distance, showed high inter-
individual variability, likely reflecting positional differences
in movement behaviour, and should be interpreted with
caution. Future studies should include larger and more
diverse samples, including female and multi-level cohorts,
to confirm the generalizability of these findings.

Conclusions

The present study demonstrated that both transition
game format and work-to-rest ratio significantly influenced
training load responses during small-sided soccer games.
Shorter recovery conditions (4:2 and 2:1) increased internal

load, as evidenced by higher HRmean values and greater
time in high-intensity heart rate zones, indicating elevated
accumulated cardiovascular stress. In contrast, the 2:2 work-
to-rest ratio elicited the highest external load overall: total
distance was greatest under the 3v3v3+2 (non-Change) format
at 2:2, whereas the 3v3v3+2 Change format combined with 2:2
produced the greatest high-intensity running, peak speed, and
neuromuscular demands (accelerations and decelerations).
These findings suggest that work-to-rest ratio primarily
modulated internal load, while transition-based game formats
were more effective in increasing external load, especially
high-speed and explosive actions; peak heart rate responses
remained stable across all conditions, indicating that SSGs
consistently provide a near-maximal cardiovascular stimulus
regardless of structural manipulation.

This study contributes novel evidence on the combined
effects of transition game formats and work-to-rest ratios,
an area that has been insufliciently explored. The results
offer practical implications for coaches: shorter recovery
durations can be used to increase aerobic and cardiovascular
stress, whereas transition formats combined with balanced
recovery (2:2) are more suitable for developing high-intensity
locomotor and neuromuscular performance. Future research
should investigate the long-term adaptations to these training
configurations, as well as their effects across different playing
levels, positional roles, and competitive contexts, to further
optimize the design of soccer-specific conditioning programs.
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OuiHloBaHHA BNAMBY popmaTty nepexigHNX irop HeNOBHUMMN
CKNnagamm Ta CniBBiAHOLWEHHA PeXXNMiB BNpaB i BiANOYNHKY
Ha TpeHyBaJibHe HaBaHTa)XeHHA Yy pyTb6onicTiB

ITakopn Yyrcynraoen1ABCD, Yaiisacir IlaBinac1BCD,
I0TTxana Piancoii2BCD, Cymer Keynparl1 CDE

' YuiBepcurer Kacem Bynpir
* VuiBepcurer Pamxabxar Yangpakacem

ABTOpCBHKMIT BKTA;: A — am3aiis gocnipkenHs; B — 36ip ganux; C - crarananis; D - migroroska pykomnucy; E — 36ip komtis

Pedepar. Crarrs: 10 c., 4 Tab1., 3 puc., 30 mKeper.

O6rpynryBanHs. Irpu HenmoBHuMy cknagamu (IHC) mMpoko BMKOPUCTOBYIOTBCA Y TPEHYBalIbHOMY Ipolieci GyTOomicTis
TSI OFHOYACHOTO PO3BUTKY Bi3n4HMX Ta ¢isionoriyanx mokasHukis. IIpore creundivni popmary nepexifHux irop HeOBHUMMU
CKIalaMyl y TIO€JHAHHI 3 MaHIITy/IlOBAaHHAM CIIiBBiJIHOIIEHHs PEXMMIB BIIPaB i BiJIIOYMHKY MOXYTb IOJATKOBO BIUIMBAaTH Ha
TpeHyBa/IbHe HaBaHTA)XEHHA, X04a iXHiil eeKT B3aeMOfil 3a/IMIIAETbCA MATTOLOCTIIKEHIM.

Mera gocnifKeHHs. MeTa 1bOro HOC/II/PKEHHs II0JISITa/Id Y BUBYEHHI BIVTNMBY (GOPMATy HepexifHNX irop HEIOBHUMMU CKJIa-
JaMy Ta CIIBBiJHOIIEHHs PEeXMMIB BIIPaB 1 BiIIOYMHKY Ha BHYTPIIIHE Ta 30BHIIIHE TPeHyBalbHe HaABAaHTAKeHHs QyTOOIICTIB

yHiB €PCUTETCHKNX KOMaH[I.

Marepianu Ta MeTogy. Y OCTiIKeHH] B3/ y4acThb 18 GyTOomicTiB 4omoBiuoi cTaTi yHiBEpcUTETCHKUX KOMaHf. byro 3a-

CTOCOBaHO fiBa popmary nepexigaux irop (3v3v3+2 ta 3v3v3+2 3MiHa) Ta YOTUPYU PEKMMI CIIiBBiHOIIEHHS BIIPAB i BIAIIOYNHKY
(4:4, 4:2, 2:2 Ta 2:1). BuyTpillHe HaBaHTAXXEHHs OL[iHIOBA/IM 32 TIOKa3HMKAMU YaCTOTH cepleBux ckopoderb (UYCC), a 30BHilIHE
HAaBaHTA)XEHHsI BUMIPIOBA/IN 32 JOIIOMOTO0 IPUCTPOiB [106anpHOl HaBirariitHol cynyTHuKoBOi cuctemu (GNSS). [Ina ananisy
IaHVX BUKOPUCTOBYBaIN [BO(AKTOPHNUI JUCHEPCIHMIT aHa/Ii3 13 TOBTOPHUMM BUMiPIOBAaHHAMI.

PesynbraTu. SIK CHiBBiHOIIEHHs PeXMMIB BIIpaB i BiAIIOYMHKY, TaK i opMar Ipy CyTTEBO BIUIMBA/IM Ha BHYTpIIIHE Ha-
BaHTa)XEHHS: BUIIA CepefHs JacToTa cepreBux ckopoderb (HCC) Ta 6inblua KiIbKicTh dacy, mpoBefgeHoro Buie mopory 80% Bix
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Chootsungnoen, P, Pavilas, C., Riansoi, Y., & Kaewprag, S. (2026). Assessing the Effects of Transition Small-Sided Game Format and
Work-to-Rest Ratio on Training Load in Soccer Players

YCC, crocrepiramics 3a yMOB KOPOTIIOTrO BifflIounHKY (4:2), a Takox Buia cepegnsa YCC 3adikcoBaHa 3aranom ajst Gpopmary
6e3 3miH. ITOKa3HMKY 30BHILTHBOrO HaBaHTAXKEHH: MPOJEMOHCTPYBA/IM 3HAYHI TOTOBHI edpekTy Ta eheKTM B3a€MOJIi: CIiBBif-
HOLIIeHHS 2:2 3a6e3Me4nIo Hait0i/Iblily 3ara/ibHy AMCTAHIIIO, KiIbKICTb IIPUCKOPEHD Ta CIOBIIbHEHD, TOAL AK dpopmat 3v3v3+2 3i
3MiHOI0 y IO€THAHHI 31 CHIBBiHOIIEHHAM 2:2 BUK/IMKAB HAilBUIIY iHTeHCUBHICTD Oiry Ta nikoBy msuakicts. Makcumanbaa YCC
IIPOIEMOHCTPYyBaJa 3Ha4Hy B3a€MOJIII0 ¢daxropis Popmar x Brpasu-BignounHok, xo4a KogHe iniMBigyasbHe NOmapHe NOopiB-
HSHHS YMOB He 3/IMIINJIOCS CTaTUCTUYHO SHAYYIUM ITiC/IA 3aCTOCYBaHHsA IoNpaBky Bordeppowi.

BucnoBku. OTpuMaHi pesynbTaT CBiyaTh Ipo Te, 10 NOEAHAHHA (GOPMATy IepeXiTHUX irop i3 Ha/leXXHNM CITiBBifHOIIIEH-
HSIM PEXIUMIB BIIPaB i BIAIOYNHKY MO>KHA BUKOPUCTOBYBATH K e(peKTUBHY CTPATErilo /I Pery/II0BAHHS TPeHYBa/IbHIX HABAH-
TakeHb y pyTOomicTiB.

Knro4oBi cioBa: 30BHIlIIHE HABAaHTa)KeHHs, BHYTPIlIHE HABAHTAXXEHHS, irpy HEIIOBHUMI CK/IafiaMu, GpyTOOoII, TPeHyBaIbHe
HaBaHTa)KEHH.
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Abstract

Background. Perimenopause is often accompanied by declines in flexibility and balance, increasing the risk of falls
and reducing quality of life. Static and dynamic yoga are each linked to gains in flexibility and postural stability, but
no study has directly compared static, dynamic, and combined yoga to determine which approach most effectively
improves these outcomes in perimenopausal women.

Objectives. This study aimed to evaluate the effects of static, dynamic, and combined yoga practices on flexibility and
balance in perimenopausal women.

Materials and Methods. A three-arm randomized controlled trial allocated 36 perimenopausal women (1:1:1)

to static, dynamic, or combined yoga, delivered over six weeks (two 50-minute sessions per week). Flexibility was
measured with the sit-and-reach test (cm). Balance was measured with a timed beam-crossing test: participants
crossed a 2.5 m wooden beam at a self-selected pace, and crossing time (s; 60-second cap) was converted to a balance
score (60 — crossing time, in seconds); higher scores indicated better balance. The primary analysis was ANCOVA on
post-test scores, controlling for baseline (pre-test) values.

Results. Groups were equivalent at baseline (both p > 0.19). After controlling for baseline scores (ANCOVA), the
combined group showed significantly greater post-intervention flexibility and balance than the static group (both

p <0.001) and the dynamic group (flexibility, p = 0.007; balance, p < 0.001). No significant difference was observed
between static and dynamic yoga for either outcome (flexibility, p = 0.34; balance, p > 0.99; Bonferroni-adjusted);
given the small per-group sample (n = 12), the study was underpowered to detect this contrast, and equivalence
should not be inferred.

Conclusions. Combined static-dynamic yoga produced greater gains in flexibility and balance than either modality
alone in perimenopausal women. These findings suggest that combined yoga programs are a promising non-
pharmacological option for community-based physical activity strategies in this population; effects on fall incidence
and quality of life were not directly assessed and warrant dedicated future study.

Keywords: menopause transition, womens health, quality of life, physical function.

Introduction these declines are potentially modifiable, physical activity
interventions delivered during this transition may help
preserve functional capacity and independence (Martin-
Key et al., 2023). Establishing which forms of exercise most
effectively improve flexibility and balance in this population
is therefore a clinically relevant problem, not only a general
© Kumaat, N. A,, Mustar, Y. S., Pramono, B. A wellness question.
> 2N e it > o Yoga is a low-cost, accessible intervention with reported
Bandyopadhyay, N, Sulistyarto, ., & Wahyudi, H., 2026. benefits for flexibility and postural stability across age

(@ PECTl\él . groups (Gothe & McAuley, 2016; Krejéi et al., 2022). Static
7= LLCOV.

Perimenopause is a period of hormonal fluctuation
associated with declines in musculoskeletal flexibility
and postural balance, which increase fall risk and reduce
quality of life (Iwanowicz-Palus et al., 2019). Because
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asanas rely on sustained postural holds thought to lengthen
muscle-tendon units and reinforce isometric postural
control, whereas dynamic asanas use continuous, flowing
movement thought to train coordination and dynamic
balance through repeated joint excursions (Mancapara,
2020). Because these two modalities plausibly act through
different mechanisms, combining them has been proposed
to produce complementary, additive benefits (Khajuria et
al., 2023). However, existing studies have generally tested
a single yoga modality against a non-yoga control or no
intervention, rather than comparing static, dynamic, and
combined regimens against one another (Cramer et al,,
2012; Wang et al., 2020).

Consequently, it remains unclear whether combining
static and dynamic elements yields greater gains in flexibility
and balance than either modality practiced alone, or whether
the two modalities are functionally interchangeable. This
question is particularly unresolved in perimenopausal
women, for whom evidence directly comparing yoga
modalities is limited (Huang et al., 2025; Shete et al., 2026),
despite this population’s elevated fall risk and clear rationale
for targeted intervention.

Therefore, this study aimed to directly compare the effects
of static, dynamic, and combined yoga on flexibility and
balance in perimenopausal women. We hypothesized that
the combined program would produce greater improvements
in both outcomes than either single-modality program,
reflecting the additive engagement of complementary static
and dynamic mechanisms, while static and dynamic yoga
alone would produce comparable gains.

Materials and Methods

Participants

Thisstudyuseda three-group parallel-group randomized
controlled trial (1:1:1 allocation) to compare the effects of
static, dynamic, and combined yoga on flexibility and balance
in women undergoing the perimenopausal transition. Thirty-
six healthy women aged 40 to 50 years in the perimenopausal
phase were recruited. Perimenopausal status was determined
by self-reported menstrual history, defined as menstrual
cycle irregularity (variation in cycle length of more than 7
days or at least one skipped period) within the preceding
12 months, in the absence of hysterectomy, oophorectomy,
or current use of hormone replacement therapy; hormonal
assays (e.g., follicle-stimulating hormone) were not
performed. Eligible participants met the following criteria:
aged 40-50 years, in the perimenopausal phase, and free
from musculoskeletal injury or other medical conditions that
would contraindicate exercise; women with such conditions
were excluded. Eligible women were screened and enrolled,
then randomly allocated to one of the three groups (n= 12
each) using block randomization to ensure equal group sizes.
The random allocation sequence was computer-generated
using Microsoft Excel by a research assistant who was not
involved in outcome assessment, using a block size of 6,
with each block comprising two allocations to each of the
three groups; the sequence of allocation within each block
was generated using Microsoft Excel's RAND() function and
was not altered after generation. Allocation was concealed
using sequentially numbered, sealed opaque envelopes until

participants were assigned to the intervention groups. Due
of the nature of the intervention, participants and instructors
could not be blinded. However, the outcome assessor
was blinded to group allocation. Baseline demographic
characteristics were comparable between groups (see
Results, Table 2). The study protocol was approved by the
STIKES Guna Bangsa Health Research Ethics Committee
(Approval Number: 026/KEPK/V1/2026) and conducted in
accordance with the Declaration of Helsinki and is reported
in line with the CONSORT guidelines (Figure 1).

Assessed for eligibility (n = 36)
!
Randomized (n = 36)
!

Allocated to Combined
(n=12); received (n=12)

Allocated to Static Yoga
(n=12); received (n = 12)

Allocated to Dynamic Yoga
(n=12); received (n = 12)

1

Lost to follow-up (n = 0)
Analyzed (n = 12)

Lost to follow-up (n = 0)
Analyzed (n = 12)

Lost to follow-up (n = 0)
Analyzed (n=12)

Fig. 1. CONSORT 2010 participant flow diagram.

Study Organization

The yoga intervention lasted for six weeks with two
sessions per week, each lasting 50 minutes. Following
baseline assessments, the six-week yoga intervention was
administered. Each group underwent a different type of yoga
intervention: the static yoga group performed a sequence
of asanas with static movements (poses held) according
to traditional yoga principles, the dynamic yoga group
practiced asanas in a flowing sequence of movements, and
the third group received a combined yoga regimen that
alternated between static and dynamic asanas. For the static
yoga group and combined yoga group postures (static part)
of each asana, The hold is maintained for 10-20 seconds
during weeks 1-2 and increased to 10-30 seconds from
weeks 3 to 6, followed by proper breathing technique. In
the case of the dynamic yoga group and the combined yoga
group (dynamic part), the posture of asanas was performed
continuously with a range of 3 to 10 rounds (Dynamic
Group 5-10 rounds, Combined group 3-6 rounds). A round
is counted when the participants perform each asana once,
one after another, in a sequence. Details of the intervention
programs are presented in Table 1.

In the first and second weeks, the static yoga group
focused on maintaining postures for extended periods,
such as Vajrasana, Supta Vajrasana, and Tadasana, and
other mentioned asanas aimed at enhancing flexibility and
body balance by elongating muscles and stabilizing posture,
while the dybamic yoga group performed, the same asanas
in a continuous manner without holding the postures. The
continuous lengthening and shortening of muscles attached
to various joints focussed on improving blood circulation,
body strength, agility, and balance. The combined yoga group
included both static and dynamic elements, performing
asanas like Vajrasana, Supta Vajrasana, and Trikonasana,
which mixed static and dynamic movements to improve
balance and flexibility. In the third and fourth weeks, the
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Table 1. 6-week yoga programs for perimenopausal women

Week Part of training

Core Movement Types per Group

Static Yoga Dynamic Yoga Combined Yoga
1-2  Warming up: 10  Stretching and bending Stretching and bending Stretching and bending exercises
min exercises (Toe bending, exercises (Toe bending, Ankle  (Toe bending, Ankle bending, Wrist
Ankle bending, Wrist bending, Wrist stretching, stretching, Finger stretching, Elbow
stretching, Finger stretching,  Finger stretching, Elbow stretching).
Elbow stretching). stretching).
Main Part: Sitting: Vajrasana, Supta Sitting: Vajrasana, Supta Sitting: Vajrasana, Supta Vajrasana,
30 - 40 min Vajrasana, Pascimottanasana  Vajrasana, Pascimottanasana Pascimottanasana
Standing: Tadasana, Standing: Tadasana, Standing: Tadasana, Trikonasana,
Trikonasana, Trikonasana, Parshvakonasana  Parshvakonasana
Parshvakonasana Lying on back: Lying on back: Pavanamuktasana,
Lying on back: Pavanamuktasana, Padottanasana
Pavanamuktasana, Padottanasana
Padottanasana
Round= 1-3 times Round = 5-10 times * For Static part
Holding time=10-20 sec. in ~ Holding time=Nil Round= Once
each asana* (continuously) Holding time= 10-20 sec. in each asana*
+
For Dynamic part
Round-= 3-6 times*
Holding time= Nil (continuously)
Cooling down: ~ Loosening & Sabasana Loosening & Sabasana Loosening & Sabasana
5 -6 min
3-4  Warming up: 10  Stretching and bending Stretching and bending Stretching and bending exercises
min exercises (Toe bending, exercises (Toe bending, Ankle  (Toe bending, Ankle bending, Wrist
Ankle bending, Wrist bending, Wrist stretching, stretching, Finger stretching, Elbow
stretching, Finger stretching, ~Finger stretching, Elbow stretching).
Elbow stretching). stretching).
Main Part: Sitting: Janusirsasana, Sitting: Janusirsasana, Sitting: Janusirsasana, Upavistakonasana
30 - 40 min Upavistakonasana Upavistakonasana Standing: Tadasana, Poorvatanasana
Standing: Tadasana, Standing: Tadasana, Lying on back: Pavanamuktasana,
Poorvatanasana Poorvatanasana Padottanasana
Lying on back: Lying on back:
Pavanamuktasana, Pavanamuktasana,
Padottanasana Padottanasana
Round = 1-3 times* Repetition 5-10* times For Static part
Holding time=10-30 sec. in ~ Holding time= Nil Round= Once
each asana* (continuously) Holding time= 10-30 sec. in each asana*
+
For Dynamic part
Round = 3-6 times*
Holding time= Nil (continuously)
Cooling down: ~ Loosening & Sabasana Loosening & Sabasana Loosening & Sabasana
5 - 6min
5-6 Stretching and bending Stretching and bending Stretching and bending exercises

Warming up: 10
min

Main Part:
30 - 40 min

Cooling down:
5 -6 min

exercises (Toe bending,
Ankle bending, Wrist
stretching, Finger stretching,
Elbow stretching).

Sitting: Baddhakonasana,
Ashvinimudra

Standing: Tadasana,
Parshvakonasana

Lying on stomach:
Bhujangasana, Shalabhasana
Round= 1-3 times*

Holding time=10-30 sec. in
each asana*

Loosening & Sabasana

exercises (Toe bending, Ankle
bending, Wrist stretching,
Finger stretching, Elbow
stretching).

Sitting: Baddhakonasana,
Ashvinimudra

Standing: Tadasana,
Parshvakonasana

Lying on stomach:
Bhujangasana, Shalabhasana
Round = 5-10* times
Holding time= Nil
(continuously)

Loosening & Sabasana

(Toe bending, Ankle bending, Wrist
stretching, Finger stretching, Elbow
stretching).

Sitting: Baddhakonasana, Ashvinimudra
Standing: Tadasana, Parshvakonasana
Lying on stomach: Bhujangasana,
Shalabhasana

For Static part

Round= Once

Holding time=10-30 sec. in each asana*
+

For Dynamic part

Rounds = 3-6 times*

Holding time= Nil (continuously)
Loosening & Sabasana

Note. *- Repetition as per the individual capacity of the participants.
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static yoga group practiced asanas such as Janusirsasana and
Poorvatanasana, which aimed to further improve flexibility.
The dynamic yoga group, meanwhile, concentrated on
performing the same asanas in a continuous manner with
5-10 rounds. During this time, the combined yoga group
alternated between static and dynamic elements, using
asanas such as Janusirsasana, Upavistakonasana, and
Poorvatanasana to improve the body’s overall flexibility
and strength. In the fifth and sixth weeks, the static yoga
group focused on asanas such as Baddhakonasana and
Ashvinimudra to improve flexibility, stability, and balance.
Meanwhile, the dynamic yoga group performed the same
asanas on an ongoing basis aimed at strengthening muscles
and improving circulation. In recent weeks, the combined
yoga group alternated between static and dynamic asanas,
including Baddhakonasana, Ashvinimudra, Tadasana,
Parshvakonasana, and Bhujangasana, to provide overall
benefits to the body. The program aims to improve flexibility,
strength, and balance through a structured and progressive
approach (Table 1).

The total duration of each session was kept constant
among the three groups (50 minutes per session, two sessions
per week, for six weeks), but the internal composition of
the intervention differed by design. During weeks 1-2, the
static group performed eight asanas for 1-3 rounds, with
each posture held for 10-20 seconds, corresponding to
approximately 80-480 seconds of cumulative static holding
per session. The dynamic group performed the same eight
asanas continuously for 5-10 rounds, corresponding
to approximately 40-80 repetitions per session. The
combined group performed the eight asanas once as a
static component, corresponding to approximately 80-160
seconds of cumulative static holding, and 3-6 rounds as a
dynamic component, corresponding to approximately 24-48
repetitions per session. During weeks 3-6, the programmes
comprised six asanas. The static group performed 1-3
rounds with 10-30-second holds, corresponding to
approximately 60-540 seconds of cumulative static holding
per session, whereas the dynamic group performed 5-10
rounds, corresponding to approximately 30-60 repetitions
per session. The combined group performed one static
round, corresponding to approximately 60-180 seconds
of cumulative static holding, plus 3-6 dynamic rounds,
correspondingtoapproximately 18-36repetitionspersession.
These ranges represent the prescribed intervention protocol
rather than an exact delivered dose, because the number of
rounds and repetitions was adjusted according to individual
participant capacity. Thus, although session duration and
frequency were standardized, the three programmes were
not matched for absolute static holding time or dynamic
repetition volume. The greater improvements observed in the
combined group therefore cannot be interpreted as evidence
of an additive effect attributable solely to combining static
and dynamic modalities. This dose asymmetry is recognized
as a limitation when interpreting the comparative effects of
the three programmes.

Furthermore, each participant underwent their physical
measurements, focusing on two outcomes: flexibility and
balance. Measurements were taken at two time points: pre-
test (basic, before week 1) and post-test (after the last session
in week 6). Flexibility was measured using a sitting and reach
test following the standard protocol of the YMCA (Golding

et al., 1982). Participants sat with their feet straight and
heels aligned 5 cm from the zero point of the scoreboard,
then reached forward as far as possible without bending the
knees. Each participant completed two trials, and a higher
value (cm) was recorded. Balance was assessed using a time-
crossing test on a wooden block (2.5 m long, 20 cm high,
10 cm wide). Participants start with a standing position at
one end of the block and are instructed to walk along the
full block at a self-selected speed without stepping down;
The trial is stopped, and a maximum time of 60 seconds is
recorded if the participant steps down from the block before
reaching the far end. Each participant completed two trials
with a previous familiarization trial to reduce the learning
effect (Muehlbauer et al., 2024); the faster (shorter) crossing
time of the two trials was maintained as the main variable
recorded, in seconds. For reporting and analysis, these
crossing times were converted into balance scores using the
formula: score = 60 — crossing time (in seconds), so that
higher scores reflect faster and more stable crossings; the
transformed balance score (in seconds) was the one reported
inall tables. All measurements were taken by the same trained
and outcome-blind raters at both time points to minimize
variation between raters. All 36 participants completed the
six-week intervention with no exit (0% attrition) and no
adverse events were reported. Overall participant attendance
was excellent, with a mean of 11.97 out of 12 scheduled
sessions attended (SD = 0.17; 99.8%): Static group = 12 +
0.0, Dynamic group = 12.0 + 0.0, Combined group =11.9 +
0.3 sessions. One participant in the combined group missed
one session due to work commitments; all other participants
attended each session.

Statistical Analysis

AllanalyseswereconductedinIBM SPSS Statisticsversion
29. Descriptive statistics (mean + SD with 95% confidence
intervals based on the t-distribution) were computed for
each group. Normality was assessed with the Shapiro-Wilk
test and homogeneity of variance with Levene’s test on the
change (post — pre) scores; both assumptions were satisfied
foralloutcomes (Table 4). Baseline equivalenceamonggroups
was examined with one-way ANOVA on pre-test scores.
Because the primary research question concerns between-
group differences in post-intervention outcomes after
accounting for any residual baseline variation, the primary
analysis was analysis of covariance (ANCOVA) on post-
test scores, with group as the fixed factor and pre-test score
as the covariate; significant omnibus effects were followed
by pairwise contrasts of adjusted means with Bonferroni
correction for three comparisons. Assumptions specific
to the ANCOVA model were assessed directly, including
homogeneity of regressions slopes (Group x baseline-
covariate interaction) and diagnostics of the model residuals
(normality, homogeneity of variance, independence via the
Durbin-Watson statistic, and influentioal-case screening via
studentized residuals and CooKk’s distance). Because baseline
demographic comparisons revelaed a significany between-
group difference in age, a sensitiity ANCOVA additionally
adjusting for age was conducted for both outcomes. As a
secondary, sensitivity analysis, within-group pre to post
changes were also tested with paired sample t-tests (effect
sizes expressed as Cohen’s d with 95% confidence intervals),
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and between-group differences in the magnitude of change
were evaluated with one-way ANOVA on change scores
followed by Tukey’s HSD post hoc comparisons, to confirm
that conclusions were not dependent on the choice of model.
As a further robustness check, the non-parametric Kruskal-
Wallis test was performed on the change scores. Statistical
significance was set at p < 0.05.

Results

Table 2. General Characteristics of participants

N =36
Variable Static (n = 12) ]?Ktaigi)c C(onmzbilgjd
Age, years 49.33 + 0.88 49.58 £ 0.67 48.08 £ 1.56
Body weight, kg 56.75+14.68 56.83 +5.31 52.33 +8.95
Height, cm 149.67 £ 3.31 14758 £491 151.92 £8.25
BMI, kg/m2 25.38 £6.69 26.15+2.72  22.71+£3.73

Baseline demographic characteristics are summarized
in Table 2. One-way ANOVAs comparing the three
groups revealed a statistically significant difference in age,
F(33 = 6.12, p = 0.006; Tukey-adjusted post hoc comparisons
showed the Combined group (48.08 + 1.56 years) was
significantly younger than both the Static group (49.33
+ 0.88 years; p = 0.028) and the Dynamic group (49.58 *
0.67 years; p = 0.006), while Static and Dynamic did not differ
(p = 0.780). not other baseline demographic variable differed
significantly between group: body weight, F, 33 = 0.59,
p = 0.560; height, F, 5 = 1.80, p = 0.180; BML, F, 53 = 1.53,
p = 0.230. No Statistically significant baseline differences
were observed for the primary outcomes, flexibility (F, ;3 =
1.71,p=0.197,1> = 0.094) or balance (F, 55 = 1.23, p = 0.305,
n*=0.069). Because age differed significantly between groups
despite randomization, a sensitivity ANCOVA including
both the baseline outcome value and age as covariates was
conducted for the primary outcomes (see Results, following
Table 5) to assess whether this imbalance confounded the
intervention effect.

Table 3. Flexibility and balance before and after the
intervention

As shown in Table 3, mean flexibility and balance
increased from pre-test to post-test in all three intervention
groups. The largest mean increase was observed in the
combination group for both flexibility (from 19.77 to
22.73 cm) and balance (from 19.61 to 22.89 s).

Table 4. Tests of normality and homogeneity of variance

Shapiro-Wilk,
W (p)
0.911 (0.220)

Outcome Group Levene’s F (p)

Flexibility (cm) Static 2.289 (0.117)

Dynamic 0.950 (0.631) -
Combined 0.911 (0.223) -
Balance (s) Static 0.965 (0.857) 2.366 (0.110)
Dynamic 0.897 (0.144) -
Combined 0.891 (0.120) -

Note: W, Shapiro-Wilk statistic; F, Levene’s test statistic.

Before the primary ANCOVA, the assumptions for
parametricanalysis were assessed using the Shapiro-Wilk test
for normality and Levene’s test for homogeneity of variances
(Table 4). No significant departures from normality were
observed for flexibility or balance in any intervention group
(all p > 0.05). Levene’s test also indicated homogeneous
variances for flexibility (p = 0.117) and balance (p = 0.110).
In addition to these preliminary checks, the assumptions
specific to the ANCOVA model itself were assessed directly
(Table 5): the homogeneity of regression slopes assumption
was tested via the Group x baseline covariate interaction
and was not significant for either outcome (flexibility:
Fa9 = 0.745, p = 0.484; balance: F(,,5 = 0.362, p = 0.699),
supporting the standard common slope ANCOVA model.
residual of the primary ANCOVA models were normally
distributed (Shapiro-Wilk: flexibility W = 0.963, p = 0.268;
balance W = 0.952, p = 0.116) and homoscedastic (Levene’s
test: flexibility F = 1.83, p =0.176; balance F=2.01, p=0.151),
with no evidence of autocorrelation (Durbin-Watson:
flexibility d = 1.98; balance d 2.04, both within the acceptable
range of 1.5 - 2.5) and no influential cases (all studentized
residuals < 3.0 and Cook’s distances < 1.0). These findings
supported the use of the planned parametric ANCOVA.

Table 5. Diagnostic assessment of the primary ANCOVA
model assumptions

Outcome Group Pre, Mean + SD Post, Mean + SD
(n=12) (95% CI) (95% CI) Diagnostic Flexibility Balance
Flexibility (cm) Static Yoga 20.95 + 1.65 22.74 £ 1.70 Group x baseline interaction F(2,29) = 0.745, F(2,29) = 0.362,
(19.90-22.00)  (21.66-23.83) p=.484 p=.699
Dynamic Yoga 20.27 +1.31 22.47 £1.26 Shapiro-Wilk W =0.963, W =0.952,
(19.43-21.10)  (21.66-23.27) p=.268 p=.116
Combined 19.77 £ 1.72 22.73 £1.67 Levene’s test F=1.83 F=201
(18.67-20.86)  (21.67-23.79) p=.176 p=.151
Balance (s) Static Yoga 19.73 £ 1.39 21.81 £0.99 Durbin-Watson d=1.98 d=2.04
(18.85-20.62)  (21.17-22.44) ‘ .
Dynamic Yoga  20.48 + 1.52 2232 + 132 Influential observations None None
(19.51-21.44)  (21.48-23.15) Note: Durbin-Watson values of 1.5-2.5 were considered
Combined 19.61 £ 1.48 22.89+1.38 acceptable; influential observations were assessed using

(18.67-20.55)  (22.02-23.77)

Note: Values are mean + SD (95% CI); CI, confidence interval; SD,
standard deviation.

studentized residuals and Cook’s D.

After adjustment for pre-intervention values, significant
between-group differences were observed for flexibility
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Table 6. ANCOVA results for flexibility and balance adjusted for baseline

Group (Mean + SE)
Outcome F df P Partial n*
Static Dynamic Combined
Flexibility (cm) 11.807 2,32 <0.001 22.16 £ 0.16 22.52+0.16 23.26 £0.16 0.425
Balance (s) 13.188 2,32 <0.001 21.96 +0.19 21.93 £0.19 23.13+0.19 0.452

Note: Values are adjusted means + SE; SE, standard error.

(F(2,32) = 11.807, p < 0.001, partial n*> = 0.425) and
balance (F(2,32) = 13.188, p < 0.001, partial n* = 0.452).
The combination group had the highest adjusted mean for
flexibility (23.26 cm) and balance (23.13 s), followed by the
dynamic and static groups for flexibility, while the adjusted
means of the static and dynamic groups were similar for
balance (Table 6).

Table 7. Sensitivity ANCOVA for flexibility and balance
adjusting for baseline value and age

F (Group, adjusted

. 2
Outcome e e o) df p Partialn

Flexibility (cm) 10.21 2,31 <0.001 0.398

Balance (s) 11.58 2,31 <0.001 0.428

Furthermore, because age differed significantly between
groups at baseline (see Table 2), a sensitivity ANCOVA
was conducted for both outcomes with baseline (pre - test)
outcome value and age entered as covariates, to evaluate
whether the observed group effect was confounded by this
imbalance. The primary ANCOVA model (baseline outcome
value only) remains the model on which our main conclusions
are based, consistent with the pre - specified hypothesis
concerning the effect of the intervention independent of
baseline performance; age is examined here as a robustness
check for potential confounding. The group effect on post -
intervention scores remained significant and of comparable
magnitude after adjusting for age: flexibility F, 5, = 10.21,
p < 0.001, partial n* = 0.398; balance F, 5,y = 11.58, p < 0.001,
partial > = 0.428. This indicates that the observed advantage
of the Combined programme is not attributable to the
baseline age imbalance (Table 7).

Bonferroni-adjusted pairwise comparisons are
presented in Table 8. For flexibility, the combination group
had a significantly higher adjusted mean than the static
group (mean difference = —1.095 cm, p < 0.001) and the
dynamic group (mean difference = —0.733 cm, p = 0.007).

p = 0.344). For balance, the combination group also had
a significantly higher adjusted mean than the static group
(mean difference = —-1.174 s, p < 0.001) and the dynamic
group (mean difference = —1.206 s, p < 0.001). The static and
dynamic groups did not differ significantly (mean difference
=0.032s, p > 0.999).

Table 9. Changes in flexibility and balance and effect sizes

Outcome Group MeanA+SD p ?90 5}:’/?111(2’81()1
Flexibility  Static 1.79 + 038 <0.001 4.68 (2.49-6.88)
(cm) Dynamic 220+ 0.58 <0.001 3.7 (1.96-5.58)

Combined 297 +0.62 <0.001 4.76 (2.53-7.00)
Balance (s) Static 2.08 +0.60 <0.001 3.47 (1.78-5.15)
Dynamic ~ 1.84%0.63 <0.001 2.92 (1.46-4.38)
Combined 3.28+0.97 <0.001 3.40 (1.74-5.05)

Note: A, post-test — pre-test; SD, standard deviation; CI,
confidence interval.

Within-group changes are shown in Table 9. All three
intervention groups demonstrated significant pre- to
post-intervention increases in flexibility and balance (all
p <0.001). The combination group showed the largest mean
change in flexibility (A = 2.97 cm) and balance (A = 3.28 s).
Cohen’s d values were large across all within-group
comparisons, ranging from 2.92 to 4.76.

Table 10. Between-group differences in change

Outcome F df p n’ (95% CI)
Flexibility (A, cm) 14.655 2,33  <0.001 0.470 (0.189-0.620)
Balance (A, s) 12.757 2,33 <0.001 0.436 (0.155-0.594)

Note: A, post-test — pre-test; n%, eta-squared; CI, confidence
interval.

As a sensitivity analysis, one-way ANOVA of change

No significant difference was observed between the static

and dynamic groups (mean difference = —0.362 cm, scores (Table 10) confirmed significant

Table 8. Bonferroni-adjusted pairwise comparisons between intervention groups

between-group

Outcome Comparison Mean difference SE t df p (adjusted)
Flexibility (cm) Static vs Combined -1.095 0.230 —4.752 32 <0.001
Dynamic vs Combined -0.733 0.221 -3.310 32 0.007
Static vs Dynamic -0.362 0.223 -1.622 32 0.344
Balance (s) Static vs Combined -1.174 0.264 —4.445 32 <0.001
Dynamic vs Combined -1.206 0.272 —4.430 32 <0.001
Static vs Dynamic +0.032 0.270 0.119 32 >0.999

Note: SE, standard error; df, degrees of freedom; p (adjusted), Bonferroni-adjusted p-value.
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Table 11. Tukey-adjusted pairwise comparisons of change

Outcome Comparison Mean difference q (TuIl,(ey) 95% CI Cohen’s d
Flexibility (A, cm) Static vs Dynamic -0.41 2.62 0.169 -0.95t00.13 -0.756
Static vs Combined -1.18 7.54 <0.001 -1.72 to -0.63 -2.177
Dynamic vs Combined -0.77 4.92 0.004 -1.31t0-0.23 -1.420
Balance (A, s) Static vs Dynamic +0.23 1.08 0.729 —-0.52 t0 0.99 0.311
Static vs Combined -1.21 5.58 0.001 —1.96 to —0.46 -1.610
Dynamic vs Combined -1.44 6.65 <0.001 -2.19 to —0.69 -1.921

Note: A, post-test — pre-test; q, studentized range statistic; p (Tukey), Tukey-adjusted p-value; CI, confidence interval.

differences for flexibility (F, 13 = 14.655, p < 0.001, 1> = 0.470)
and balance (F, 33 = 12.757, p < 0.001, n* = 0.436). These
findings were consistent with the primary ANCOVA.

The Tukey-adjusted comparison (Table 11) also showed
that the combination group showed greater changes in
flexibility than the static group (p < 0.001) and the dynamic
group (p = 0.004). For equilibrium, the combination group
also showed a greater change than the static group (p =0.001)
and the dynamic group (p < 0.001). No significant difference
was found between the static and dynamic groups for
flexibility (p = 0.169) or balance (p = 0.729).

Table 12. Kruskal-Wallis sensitivity analysis of change

Outcome H df P
Flexibility (A, cm) 17.713 2 <0.001
Balance (A, s) 11.349 2 0.003

Note: A, post-test — pre-test; H, Kruskal-Wallis test statistic.

The non-parametric sensitivity analysis yielded
consistent omnibus findings (Table 12), with significant
between-group differences for flexibility (H = 17.713, df = 2,
p <0.001) and balance (H = 11.349, df = 2, p = 0.003).

Discussion

This randomized controlled trial evaluated the effects of
static, dynamic, and combined yoga regimens on flexibility
and balance in perimenopausal women. Participants
who completed the combined protocol achieved greater
improvements in both outcomes compared to those
practicing only static or dynamic yoga, likely reflecting
broader muscle recruitment and concurrent improvements
in joint range of motion. These results align with evidence
reported by (Luo & Huang, 2023); yoga interventions have
demonstrated positive effects on physical parameters such as
flexibility and balance, as well as on the overall psychological
wellbeing and hormonal balance of perimenopausal women
(Cramer et al., 2012; Naragatti, 2025), support the use of
combined yoga as a viable and effective modality.

An important observation is the absence of a statistically
significant difference between the static and dynamic yoga
groups for both outcomes (ANCOVA, Bonferroni adjusted:
flexibility p = 0.344; balance p > 0.999; consistent with change
score sensitivity analyses: flexibility p = 0.169; balance
p = 0.729). Since both modalities employed identical asana
sequences and differed primarily in execution (sustained
holdsversus continuous flow), the underlying neuromuscular

stimuli may be functionally equivalent consistent with
findings by (Matsuo et al., 2019), who observed no difference
between staticand dynamic stretching of equal total duration.
Furthermore, the six week, twice weekly frequency may
have been insufficient to elicit modality specific adaptations;
(Shin, 2021) reported that yoga programs lasting 9-12 weeks
yielded larger effect sizes (RS = 0.70) compared to those
lasting less than eight weeks (ES = 0.54). With only 12
participants per group and observed power below 50% for
both comparisons (see limitations), the study was likely
underpowered to detect the observed static versus dynamic
differences (d = -0.756 for flexibility, d = 0.311 for balance);
this lack of significant difference should not be interpreted as
evidence of equivalence between the two modalities. Future,
larger, and longer duration trials are needed to clarify theses
modalities are truly comparable or subtly different.
Middle-aged women who enter perimenopause often
experience physical decline that directly interferes with
health-related quality of life (Iwanowicz-Palus et al., 2019; Liu
et al,, 2025; Liu et al,, 2023), making non-pharmacological
interventions valuable. A randomized trial conducted by
(Abi¢ & Yilmaz Vefikulugay, 2024) found that a twice-weekly,
ten-week yoga programme significant reduced Menopause
Assessment Scale (MRS) symptom severity score from 16 to 5,
with a p <0.05. Consistent yoga practice has also been linked
to improved psychological health, quality of life, and daily
physical functioning (Bandyopadhyay et al., 2025). Programs
that combine static and dynamic postures have been shown
to improve joint flexibility and mobility (Ikeda et al., 2026;
Warneke et al., 2025) and a structured curriculum specifically
improves torso flexibility, thereby maintaining mobility,
reducing the risk of falls, and supporting general physical
performance (Bindawas et al., 2026; Zhong et al., 2024).
Greater balance improvement in the combination
group compared to the static yoga and dynamic yoga groups
suggests that the combination of both forms of exercise
provides a more optimal stimulus for posture control. This
is important in perimenopausal women because hormonal
changes and decreased bone mineral density during the
menopausal transition period increase the risk of balance
disorders, falls, and fractures (Starrach et al., 2022).
Therefore, interventions that are able to improve postural
stability have an important role in maintaining physical
function in this group (Wei et al., 2023). Yoga may improve
postural stability through enhanced proprioception, muscle
strengthening and vestibular-visual integrating (Jeter, Haaz
Moonaz, et al., 2015; Lin et al., 2022; Verma et al., 2023). The
integration of asanas, breathing techniques, and meditation
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may provide complementary stimuli for flexibility, muscle
strength, posture control, and neuromuscular coordination.
This is consistent with (Harrington, 2025) and a meta-
analysis by (Shin, 2021), which report that yoga practice
consistently improves balance, mobility, muscle strength,
and flexibility as key components of physical function.

Although combined yogas superiority is broadly
consistent with existing literature, some discrepancies
warrant discussion. (Petty et al.,, 2022) similarly found
no significant differences between static and dynamic
yoga six weeks, but in young adults (mean age = 20 years)
with different baseline neuromuscular characteristics and
hormonal profiles from perimenopausal women, limiting
direct comparability. Conversely, (Bhowmik Bhunia &
Ray, 2024) reported continued gains through 12-week in
young males, though improvements slowed once training
shifted from asana-dominant to breathing-focused sessions,
suggesting a non-linear dose-response relationship.
Furthermore, (Abi¢ & Yilmaz Vefikulugay, 2024) similarly
found greater symptom reduction with a 10-week yoga
programme in menopausal women. Together, these
finding indicate that yoga’s effects depend on population
characteristics, intervention duration, session frequency,
and the specific balance of static, dynamic, and breathing
components within the programme.

These findings have practical implications for
practitioners and policymakers. Given the advantages of
combined protocols regarding flexibility and measurable
balance, clinicians should consider integrated programs
that incorporate both static and dynamic postures, aligning
with World Health Organization (WHO) guidelines that
recommend multicomponent balance, strength, and
flexibility exercises at least three days a week for older adults
(WHO, 2020). Since Flexibility and balance are closely
linked to fall risk, combined yoga exercises could serve
as a promising, low-cost, non-pharmacological addition
to community-based fitness programs; however, as the
incidence of falls was not directly measured in this study, the
potential for fall prevention remains an implication for future
research rather than an empirically proven outcome. Single
modality programs remain a viable option if implementing
combined exercises is not feasible.

This study is limited by its modest sample size (n = 12
per group) and short duration, which may not have fully
captured physiological adaptations. A post hoc sensitivity
analysis indicated that, at this sample size, statistical power to
detect the observed static-versus-dynamic contrasts was low
(approximately 43% for flexibility, d = 0.76; approximately
11% for balance, d = 0.31); detecting these effect sizes at 80%
power would require approximately 29 and 164 participants
per group, respectively. The non-significant static-versus-
dynamic comparisons should therefore be interpreted as
inconclusive rather than as evidence that the two modalities
are equivalent. In addition, the three programs were not
matched for absolute training dose (see Intervention dose,
above), lower-extremity and core muscle strength and
neurophysiological indicators of sensorimotor control were
not assessed, and fall incidence and quality-of-life outcomes
were not directly measured. Future research should
incorporate a priori power calculations, dose-matched
comparison arms, direct neuromuscular and fall-incidence
measures, and longer follow-up with larger samples.

Conclusions

Perimenopausal women who participated in a
combination of static and dynamic yoga for six weeks
showed greater improvements in measured flexibility and
balance than those who participated in static or dynamic
yoga separately, after accounting for baseline differences.
These findings represent an initial step toward developing
exercise strategies to maintain physical function during
the perimenopausal transition; because fall incidence and
quality of life were not directly assessed, their relationship
to these outcomes should be examined in future studies
before combined yoga is recommended specifically as a fall-
prevention intervention.
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CraTnyHi Ta ANHaMiYHi acaHN NOrn NOPIiBHAHO

3 KOMGiHOBaHOI0 NOrolo: WO € ePeKTUBHILWNM

ANA NOKpaleHHA rHY4YKOCTi Ta piBHOBarmu

y XKiHOK y nepumeHonaysi?

Hooptxe Anita Kymaar'4BPE, €r1i Centiani Myctap'**“P, Baio Aryur IIpamono'4*P,
Hira Banppitonangx’ait**P, Coni Cymictapro'4PE, Xepi Bax’roni'® "

"VuiBepcurer Herepi Cypabas

*YuiBepcurer Kanbsui

ABTOpPCHKMIT BKIAJ: A — Am3aiitH gocmipkenHs; B — 36ip ganux; C — cratananis; D — migroroska pykorcy; E — 36ip kowtis

Pedepar. Crarts: 11 c., 12 tabn., 1 puc., 30 mxeper.

IlepemymoBu. [leprmMenonaysa 4acTo CynpOBOJI)KY€ETbCA 3HVDKEHHAM THYYKOCTI Ta 34aTHOCTI MiATPUMYBaTH PiBHOBATY, 110
HiBUINY€E PU3UK MafiHb 1 3HIDKYE AKICTb XXUTTA. SIK CTaTU4HA, TaK i AMHAMIYHA Jiora OB sI3aHi 3 MOKPALIEHHAM THYYKOCTI Ta
HOCTYPA/IbHOI CTIIKOCTI, OfHAK [JOCTI/)KeHb, Y SIKUX 6e3110CepeHbO ITOPIBHIOBA/IN O CTATUYHY, AMHAMIYHY Ta KOMOIHOBaHY j10Ty
3 METOIO BI3HAYECHHs Hal61/1bI e(heKTUBHOrO MiAXOAY /I IOKPAIeHH [{UX [IOKa3HIKIB y XIHOK y IlepMMeHOIIaysi, paHiire He
IIPOBOJIMTIN.

Mera. OuiHNTK BIUIMB CTATUYHOI, AMHAMIYHOI Ta KOMOIHOBAHOI IIPAKTMKM JIOTM HA THYYKICTD 1 PIBHOBAry y >KiHOK Y
nepruMeHonaysi.

Marepianu Ta MeTogu. Y TPUIPYIOBOMY PaHJOMi30BaHOMY KOHTPO/IbOBAHOMY HOC/I/KeHHi 36 JKiHOK y IepuMeHONaysi
6ynu posmopineHi y cuiBifgHomenHi 1:1:1 Ko rpyn cratmyHoOi, AuHaMivyHOi a60 KoMbiHOBaHOI jtorn. IIporpama TpuBaa LICTb
TVDKHIB 1 nepen6aqana nBa 50-XBWIVMHHI 3aHATTA HA TVOKEHDb. [HYYKiCTh OL[iHIOBaIM 3a JOIOMOIOI TECTY «HAXWJI yIepe[ CU-
asum» (cMm). PiBHOBary Bu3Havamu 3a pesynbTaTaMI TeCTY IIPOXO/PKEHH: IO TIMHACTWUYHIIN JIaBi 3 peecTpalji€lo Yacy: yJacHuUIi
IOV JiepeB’siHY OIIOPY 3aBIOBXKKM 2,5 M y CAMOCTIiITHO 0OpaHOMY TeMIli, a 4ac MPOXOMKEHHI (C; MaKCUMaIbHIIT Yac — 60 ¢)
IepepaxoByBaIl y IOKa3HUK piBHOBAru 3a popmysor 60 — 4ac mpoxopKeHH: (C); BULI 3SHaYeHHs BiITIOBigamM Kpariil piBHOBa-
3i. OcHOBHMII aHas1i3 mpoBoAuIM 3a fonnoMororo ANCOVA 11714 TOKasHYKIB Iic/iA 3aBeplIeHHs BTPYyYaHHs 3 KOHTPO/IEM BUXiJTHUX
3HAYEHb [0 [TOYATKY NOCTiKEHHS.

Pesynpratu. Ha ogyaTkoBoMYy ertamni rpymm He BiffpisHs/INCA 3a ZOCIIKYBaHMMY TTOKa3HKaMu (B 060X Bumajkax p > 0,19).
ITic/si KOHTPOJIIO BUXIAHMX 3HadYeHb 3a goromororo ANCOVA xoMm6iHOBaHa jfora 3abesmednia CTATUCTUYHO 3HAYYIIe Kpari
Hic/IAeKCIepUMeHTaNIbHI ITOKa3HUKM THYYKOCTI Ta piBHOBAry IOPiBHAHO 3i CTaTMYHOIO Jioroio (B 060x Bumazgkax p < 0,001) i
AMHaMIYHOI0 iforoio (rHydkicTe: p = 0,007; piBHOBara: p < 0,001). CTaTMCTUYHO 3HAYYIMX BiAMIHHOCTEl MK CTaTMYHOIO Ta
IVHAaMIiYHOIO JIOTOI0 He BYABJIEHO aHi 3a MOKa3HUKOM IHYYKocTi (p = 0,34), aHi 3a mokasHuKoM piBHoBaru (p > 0,99; 3 mompas-
ko10 bondeppowi). BogHouac yepe3 HeBeMMKY YMCEIbHICTD KOXHOI Ipymin (n = 12) cTaTUCTUYHA MOTY>KHICTD ZOCIIKeHHA Oyia
HEJIOCTATHDBOIO [ HA/IITHOTO BUABJICHH: BiIMIHHOCTel MDX IIMIMU JBOMA BUaMU JIOTY, TOMY pOOUTHU BUCHOBOK IIPO iX eKBiBa-
JIEHTHICTh HE MOXKHA.
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BucHosku. Kom6inoBaHa cratuyHO-1HaMiYHA Jfora 3abesneqnia 6i/bIn BupaskeHe IOKpalleHHs THYYKOCTi Ta piBHOBAarn y
JKiHOK y TlepyMeHomay3i OPiBHAHO i3 3aCTOCYBaHHAM KOXKHOTO 3 LIMX BUJIIB #1oru okpemo. OTpuMaHi pesyabTaTyt CBi4aTh, 110
KOMOIHOBaHIi IIporpamm j1oru MOXKyTb OYTI NepCIeKTUBHIM HeMeIMKaMEHTO3HIM 3aC000M y Me)Kax Iporpam ¢isnuHoi akTyB-
HOCTI Ha piBHi rpoMazu i 1iel momysanii. BogHoyac BI/MB TaKyuX IPOrpaM Ha YacTOTY HafiHb i AKICTb XXUTTA 6e310CepesHbO
He OL{HIOBAI, 1[0 OTPe6y€e OKPEMOTO BUBUEHHSI Y TIONAIBIINX JOCTIKEHHX.

KirouoBi cmoBa: mepexif 10 MeHoOmaysu, 3T0POB st XIHOK, AKICTD XUTTH, PpisndHe PYHKI[IOHYBAHH.
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Abstract

Objectives. This study aimed to examine physical activity levels and determinants throughout physical education
(PE) lessons among Omani Cycle Two female students.

Materials and Methods. A cross-sectional descriptive-analytical design was employed with 190 Cycle Two female
students in Muscat Governorate’s public schools, Oman. ActiGraph wGT3X-BT accelerometers were used to measure
physical activity during PE lessons. Anthropometric measurements comprised body mass index (BMI) and body fat
percentage. Grip strength and 30-m sprint tested physical fitness. Data analysis used descriptive statistics, Spearman’s

correlation, multiple linear regression, and one-way analysis of variance (ANOVA) (p < .05).

Results. Participants accumulated 22.72 + 5.40 minutes of moderate-to-vigorous physical activity (MVPA) on
average, indicating high levels of health-enhancing physical activity. Sprint performance, vigorous physical activity
(p=-.177,p =.015) and MVPA (p = -.168, p = .021) were significantly correlated, and independently predicted
MVPA (B =-.234, p =.002). Grade level also independently predicted MVPA (p = —.331, p <.001), where Grade 6
students attained the highest MVPA level (p < .05). However, BMI, body fat percentage, and handgrip strength had

no significant association with MVPA.

Conclusions. Cycle Two female students accumulated substantial MVPA in PE. The principal correlates of MVPA
were sprint performance and grade level, contrasting body composition and handgrip strength. The findings
encourage learner-centred, movement-oriented PE programs, suggesting PE curriculum development and physical

activity enhancement among Omani schoolgirls.

Keywords: physical education, physical activity, accelerometry, physical fitness, body composition, female students.

Introduction

Physical activity during childhood and adolescence
is essential for healthy physical, psychological, and social
development. Physical education (PE) helps children
develop lifelong physical activity, literacy and good habits,
since they spend most of their time in school. Students’
moderate-to-vigorous physical activity (MVPA) is widely
used as an indicator of PE lesson quality and curriculum
effectiveness (Siedentop & Van der Mars, 2022; Fairclough
& Stratton, 2005, 2006).

Besides these, alot of PE lessons do not guarantee MVPA
levels for students. Observational studies show thatalot of the
lesson time is taken up with recommendations, management
or inactivity rather than valuable movement (Greenockle
et al., 1990; Simons-Morton et al., 1994). Physical activity

© Al-Hadabi, B., 2026.
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levels are affected by the lesson content, instructor behavior,
teaching strategies, and student attributes such as age, grade
level and gender.

The core curriculum in Oman concentrates on movement
ability, physical fitness, healthy lifestyle, teamwork and long-
term physical activity. Al-Sinani (2018) states that the PE cur-
riculum of Cycle Two (Grades 5-7) is learner-centred, encour-
aging active participation and holistic student development.
However, there is limited data on the physical activity levels of
female Omani Cycle Two students through PE.

Children’s physical activity is most closely associated
with body composition and fitness. Previous studies have
associated lower body fat and a healthy BMI with increased
physical activity, fitness and health. Obesity, however,
decreases physical activity and performance (Mota et al.,
2002; Gao, 2011; Dewi, 2021). Cardiorespiratory fitness,
muscle strength, flexibility and health were better in active
children (Kaminska et al., 2012; Chen, 2018; Gu, 2016;
Oliveira, 2017; Peralta, 2020; Yang, 2019; Adi, 2024).
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Demographics also affect physical activity. International
data indicate that boys accumulate more MVPA and that
participation in physical activity declines with age, but the
magnitude of these differences varies across settings and
cultures (Trostetal., 1996;Ishiietal., 2015; Harvey et al., 2016;
Viciana et al., 2019; Majcug et al., 2023). These distinctions
and student PE participation are influenced by biological
maturation, changing motivations, increased academic
demands and more complex educational experiences.
International research is growing, but there are still research
gaps. Physical activity, body composition, demographics and
health-related physical fitness have been studied mainly in
isolation (Trost et al., 1996; Sallis et al., 2000; Ishii et al.,
2015; Fairclough & Stratton, 2005; Siedentop & Van der
Mars, 2022). Therefore, grade level is more than a merely
demographic characteristic; it measures developmental
progression as well.

Research in the Gulf countries is limited, particularly
among Omani Cycle Two female students. Thus, the
relationship between students’ activity levels, body
composition, physical fitness and grade level and whether
Omani PE sessions provide sufficient health-enhancing
physical activity is unknown. Although accelerometer
studies have objectively assessed physical activity among
schoolchildren (Pate et al., 2006), comparable evidence from
Omani female students remains scarce.

Based on the previous information, this study aimed to
explore the levels and associated factors of physical activity
during PE lessons among Omani Cycle Two female students.
In particular, it identified physical activity levels of students
in PE lessons, investigated the variations based on grade
level, and explored the association between physical activity,
body composition indicators, and selected factors of health-
related physical fitness. Relying on both the theoretical
and empirical data, it was hypothesized: (H1) students
would accumulate sufficient levels of moderate-to-vigorous
physical activity (MVPA) during PE lessons; (H2) higher
physical activity levels would be significantly associated
with more favorable body composition and health-related
physical fitness indicators; and (H3) physical activity levels
would differ significantly according to grade level.

Materials and Methods

Participants

The Ministry of Education’s latest data report shows that
there are 261,804 students in Cycle Two in Omani public
schools in 2024-2025. Targeted public school girls in Muscat
Governorate from grades 5-7. Participants were purposively
recruited from three public schools in Muscat Governorate.
Six classes were included from each school (18 classes in
total), comprising two Grade 5, two Grade 6, and two Grade
7 classes per school. Six female PE teachers participated
in the study, with two teachers from each school involved
in teaching the participating classes. The need sample size
was estimated by G*Power software (Version 3.1.9.7) using
one-way ANOVA with three grade level groups. Based on a
medium effect size (f = 0.25), statistical power of 0.80, and
significance level of a =.05, we calculated a baseline sample
size of 159 students (53 per grade level).

The study consisted of 190 female students; 66 from
Grade 5 (34.7%), 68 from Grade 6 (35.8%), and 56 from
Grade 7 (29.5%). This sample size was larger than the
required sample size, and therefore the proposed analyses
were powered. The study participants were, on average,
11.69 + 0.99 years old, 146.97 + 8.04 cm in height, 43.21 *
13.23 kg in body weight, 19.71 + 4.78 kg/m2 BMI and 26.8
+ 6.9% body fat. Eligible participants were female Grade 5-7
students who regularly participated in PE, were physically
able to complete testing, and provided parental consent
and student assent. Students with conditions preventing
participation, incomplete measurements, or withdrawal
were excluded.

Study Design

A quantitative cross-sectional descriptive-analytical
design was used to investigate physical activity levels among
Cycle Two female students in PE classes, registered in Omani
public schools.

Data Collection Procedures and Ethical Consideration

Anthropometric measurements were conducted after
participants were asked to put on lightweight clothes and
take off their shoes. Qualified researchers and PE teachers
adhered to standardized testing methods under comparable
conditions to a regular PE lesson. The PE lessons followed
the usual 45-minute format adopted in Omani schools and
were the basic instructional unit of the PE curriculum.
Each lesson included theoretical and practical educational
components and consisted of approximately 5-10 min warm-
up, 30-35 min main educational and practical activities, and
about 5 min cool-down. The classes were held under regular
teaching circumstances in the schools that participated in
the study and averaged 30- 32 students.

Data collection was performed within the 2024-2025
academic year via standardized examinations amid physical
education lessons. Moreover, ethical approval from the
Research Ethics Committee of Sultan Qaboos University and
administrative approval from the Ministry of Education and
schools were acquired beforehand. In addition, both written
informed consent forms from the parents or legal guardians
of the participants and students’ assent were gathered. The
Ethical Committee of the Deanship of Higher Studies and
Scientific Research at Sultan Qaboos University authorized
the study procedure (Approval No. IG/EDU/PHED/25/02),
and it was conducted per the ethical principles of the
Declaration of Helsinki (World Medical Association, 2013).

Instruments

Physical Activity

In this study, children and adolescents’ objectively
measured physical activity was assessed using the widely
used, validated ActiGraph wGT3X-BT triaxial accelerometer
(ActiGraph LLC, Pensacola, FL, USA). The accelerometer
was initiated with ActiLife software (Version 6.13.3) per
manufacturer instructions. The equipment recorded
movement in 15 s epochs to capture the periodic activity
patterns of young children. All regular physical education
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students had an accelerometer fixed on the right iliac crest,
on an elastic belt. Accelerometer cut-points recommended
by Evenson et al. (2008) that were age-specific were used in
this tool to classify body movements into inactive behaviour,
light physical activity, moderate physical activity and
vigorous physical activity.

Anthropometric Measurements

Anthropological and body composition characteristics
included height, weight, BMI, and PBFM. The students were
standing upright on the analyser stage, barefoot, in light
clothing and holding hand electrodes for the assessment.
To ensure accurate measurements, they were told not to
eat, drink or exercise before the examination. A Tanita MC-
780U Plus body composition analyser (Tanita Corporation,
Tokyo, Japan) measured body weight and body fat %, while
a portable Seca 220 stadiometer (Seca GmbH, Hamburg,
Germany) recorded standing height. Body mass was rounded
to 0.1kg and height to 0.5 cm.

Calculating BMI:

BMI = Weight (kg) / Height (m?).

Student weight was classified as normal, overweight, or
obese using Cole et al. (2000) age- and sex-specific BMI cut-
off values from the International Obesity Task Force (IOTF).

Physical Fitness Components

Grip strength was measured with a calibrated handgrip
dynamometer according to the EUROFIT Physical Fitness
Test Battery (Council of Europe, 1988). Students stood
erect and stretched their dominant hand fully parallel to the
body, not touching the trunk. All participants underwent
two trials, and the highest weight (kg) was analysed. Grip
strength was a useful field measure of muscle strength in
relation to health-related fitness. Speed was assessed by the
30-m sprint test that is valid and reliable for young children.

Students performed a maximum 30-m sprint from standing.
Sprint time was recorded to the nearest 0.01s using standard
testing techniques as used in previous paediatric fitness
investigations (Castro-Pifiero et al., 2010; Ortega et al.,
2011).

Data Analysis

The data were analyzed using IBM SPSS Statistics 26.0
(IBM Corp., Armonk, NY, USA). All statistical analyzes
were two-sided, with significance set at p <.05. Descriptive
statistics (frequencies, percentages, means, and standard
deviations) were used to describe participant characteristics
and physical activity data. The Shapiro-Wilk test was used to
test normality of continuous variables. One-way analysis of
variance (ANOVA) was used to compare grade-level physical
activity levels, and Schefté post hoc comparisons were used
when significant differences were found. Group differences
were calculated with partial eta squared (np?), which
were interpreted with Cohen’s criteria. The relationship
between physical activity, body composition and fitness
were analyzed using Spearman’s rank order correlation
coeflicients (rho). Multiple linear regression determined
independent factors of MVPA. Preliminary tests of the
normality, linearity, homoscedasticity, independence of
errors, and multicollinearity assumptions were performed.
Linear regression assumptions were checked using VIF,
tolerance values and residual diagnostics.

Results

Descriptive Statistics of Participant
Characteristics and Study Variables (H1)

Participants accumulated a mean of 22.72 min of MVPA
per PE lesson, supporting H1 (Table 1).

Table 1. Descriptive Statistics of Participant Characteristics and Study Variables by Grade Level (N = 190)

Grade 5 Grade 6 Grade 7 Overall
Variable (n=66) (n=68) (n=56) (N =190)

M+ SD M+ SD M +SD M+ SD
Age (years) 10.75 £ 0.45 11.58 + 0.47 12.95+ 0.43 11.69 = 0.99
Height (cm) 140.94 £ 6.02 147.55+7.14 153.38 + 5.57 146.97 + 8.02
Weight (kg) 36.83 £9.20 45.24 + 14.35 48.26 + 12.95 43.21 +13.19
BMI (kg/m?) 18.29 + 3.84 20.50 £ 5.25 20.43 £ 4.86 19.71 £ 4.77
BF (%) 25.62 + 5.66 27.29 £8.10 27.14 £6.30 26.80 £ 6.9
SED (Min/PE session) 3.78£2.19 9.81+4.70 5.56 + 2.55 6.46 + 4.26
LPA (Min/PE session) 5.80 = 2.05 6.31+3.22 6.57 +2.33 6.21 +£2.61
MPA (Min/PE session) 3.23 £0.87 3.63+1.15 3.01 £0.96 3.31+1.03
VPA (Min/PE session) 18.85 +3.48 23.70 £ 4.84 14.86 + 3.49 19.41 £ 5.37
MVPA (Min/PE session) 22.08 £ 3.11 27.33 £4.49 17.87 £ 3.66 22.72 £5.40
Grip Strength (kg) 15.46 = 3.99 18.37 £ 4.29 20.96 =+ 5.96 18.12 £ 5.22
30-m Sprint Time (s) 7.15+1.43 6.74 £ 0.86 6.91 £ 0.85 6.93 £ 1.09

Note. N = total sample size; n = subgroup sample size; M = mean; SD = standard deviation; BMI = body mass index; BF = body fat; SED
= sedentary time; LPA = light physical activity; MPA = moderate physical activity; VPA = vigorous physical activity; MVPA = moderate-

to-vigorous physical activity; PE = physical education
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Associations Between Physical Activity, Body
Composition, and Physical Fitness (H2)

Spearman Correlation

Sprint time was negatively associated with VPA and
MVPA, whereas BMI, body fat percentage, and handgrip
strength were not significantly associated with physical
activity (Table 2), partially supporting H2.

Table 2. Spearman’s Rho Correlations Between Physical
Activity, Body Composition, and Physical Fitness Variables
in the Overall Study Sample (N = 190)

Correlations

Variable BMI BF GS Sprint
p 0137  0.107 0059  0.058
SED Sig. 0059  0.141 0420  0.429
LPA p 0085 -0.118 -0.141  0.137
Sig. 0242 0.106 0052  0.060
MPA p 0032 -0.033 -0.127  -0.014
Sig. 0659  0.651 0081  0.843

VPA p 0.040 0087 0049  -177*
Sig. 0584 0232 0501 0015

MVPA p 0045  0.095 0016  -.168*
Sig. 0539 0.193 0824  0.021

Note. BMI = body mass index; BF = body fat percentage; GS =
handgrip strength; SED = sedentary time; LPA = light physical
activity; MPA = moderate physical activity; VPA = vigorous
physical activity; MVPA = moderate-to-vigorous physical activity.
r, = Spearman’s rho. p <.05, p < .01.

Multiple linear regression Analysis

The results of the multiple linear regression analysis
to examine the independent prediction of MVPA by body
composition, physical fitness and grade level are presented
in Table 3. MVPA was selected as the dependent variable as
it is the main health-improving outcome of physical activity
and the primary outcome of the study. The overall regression
model was statistically significant, F(5, 184) = 6.71, p < .001,
accounting for 15.4% of the variance in MVPA (R* = .154,
adjusted R? = .131). The grade level (B=-2.23, 95% CI
[-3.22, -1.23], p=-.331, p<.001) and the 30-m sprint time
(B=-1.15, 95% CI [-1.88, —0.43], p=-.234, p=.002) were
both significant independent predictors. However, body fat
percentage, BMI, and handgrip strength were not significant
(all p >.05). The results partially support Hypothesis 2,
with higher MVPA being associated with better sprint
performance and lower grade level.

Differences in Physical Activity According to Grade Level (H3)

Grade-level differences were significant for SED, MPA,
VPA, and MVPA, but not LPA (Table 4). The largest effects
occurred for MVPA (np? = .506), VPA (np® = .445), and SED

Table 3. Multiple Linear Regression Predicting Moderate-
to-Vigorous Physical Activity (MVPA) from Body
Composition, Physical Fitness, and Grade Level (N = 190)

Multiple linear regression Model

Predictor B SE B p 95%CIforB

GS 0016 0.093 0.016 0.863[0.17,0.20]

E g Sprint  -L153 0367 -0234 0.002[-1.88,-043]
5E M 0.052 0.188 0.046 0.784[-0.32,0.42]
95 Br 0.105 0.122 0.134 0.390 [~0.14, 0.35]
T Gradelevel —2228 0505 -0331 <.001 [~3.22, ~1.23]

Note. MVPA = moderate-to-vigorous physical activity; GS
= handgrip strength; BMI = body mass index; BF = body fat
percentage; B = unstandardized regression coefficient; SE =
standard error; B = standardized regression coefficient; CI =
confidence interval.

(np® = .374). Grade 6 students accumulated significantly
more MVPA than Grade 5 (MD = 5.24, 95% CI [3.61, 6.86])
and Grade 7 students (MD = 9.46, 95% CI [7.76, 11.16]),
while Grade 5 also exceeded Grade 7 (MD = 4.22, 95% CI
[2.51, 5.93]; all p <.001). These findings supported H3.

Table 4. One-Way ANOVA Comparing Physical Activity
Variables Across Grade Levels (N = 190)

D\efg:;;l);::t SS F df Pa:tzial Interpretation
SED 1284.986 55.794 2 <.001 0.374 Large

LPA 18.787 1387 2 0.252 0.015 Small
MPA 12.636  6.254 2 0.002 0.063 Medium
VPA 2433.444 75.076 2 <.001 0.445 large
MVPA 2788.301 95.861 2 <.001 0.506 large

Note. One-way ANOVA was performed using grade level (Grades
5, 6, and 7) as the independent variable. Partial eta squared

(np?) was interpreted according to Cohen’s guidelines: small =
.01, medium = .06, and large = .14. Pairwise comparisons were
conducted using the Scheffé post hoc test when the omnibus
ANOVA was statistically significant. Statistical significance was
established at p < .05

Discussion

The present study examined the levels and associated
factors of physical activity in PE lessons among Omani
female students in Cycle Two, via objectively assessed
physical activity, body composition, physical fitness, and
grade level. This study found substantial MVPA during PE
lessons, with sprint performance and grade level emerging
as the principal correlates of MVPA among Omani Cycle
Two female students.

The mean of 23 minutes of MVPA per PE instruction
supported Hypothesis 1. The Omani Basic Education
curriculum promotes movement, active participation and
lifelong health (Al-Sinani, 2018). It also allows for MVPA as
an indicator of quality of PE lessons (Fairclough & Stratton,
2005, 2006; Siedentop & Van der Mars, 2022). This study
differs from previous studies, which have shown that students
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lose time when PE lessons do not adhere to guidelines and
management (Greenockle et al., 1990; Simons-Morton et
al., 1994), by showing that students were active for most
of the class. This direct comparison should be treated with
caution, due to differences in length of course, curriculum
and method of accelerometry. The data suggest that quality
PE classes can help children significantly improve their daily
activity. Omani PE programmes are based on active, learner-
centered education.

Sprint performance was significantly associated
with both VPA and MVPA and independently predicted
MVPA, whereas BMI, body fat percentage, and grip
strength were not significant predictors of MVPA, partially
supporting Hypothesis 2. Although the level of physical
activity is decreased in obese children (Trost et al., 2001),
this study suggests that teacher-directed activities give
comparative opportunities for all children. High-intensity
PE lessons were more associated with locomotor fitness than
anthropometrics or muscle strength. Running games, relays,
and other intense physical activities demand rapid force
production, neuromuscular coordination, and repetitive
locomotion (e.g., sprinting). Grip strength is focused upper-
limb isometric strength, not lower-body locomotion; hence
its lack of significance in MVPA is logically reasonable.
Similar relationships between VPA and speed-related
fitness were observed in young pupils by Chen et al. (2018),
Kaminska et al. (2012), and Gu et al. (2016).

The regression analysis shows that sprint performance
and grade level are better predictors of MVPA than
anthropometrics and grip strength. Locomotor fitness,
not body composition or muscle strength, seems to be
important for participation in PE and active participation.
Furthermore, grade-level differences in sedentary behavior,
moderate physical activity, VPA and MVPA were consistent
with Hypothesis 3. Specifically, 6th grade children had the
highest VPA and MVPA and 5th and 7th grade children
had the lowest activity levels. These findings are in line with
previous studies showing an association between middle
school grades and decreases in physical activity (Reeves,
2016). This non-linear development is influenced by age but
also by biological maturation, motivation and educational
situation. Moreover, Grade 6 children are at an intermediate
stage with good physical abilities, motor competence and
passion for engagement, hence intense participation in
PE activities. This decline in physical activity throughout
adolescence is reflected by the Lower Grade 7 levels, as
academic demands, developmental changes, and increased
self-consciousness become more prevalent (Trost et al., 1996;
Ishii et al., 2015; Harvey et al., 2016; Viciana et al., 2019;
Majcug et al., 2023). This aligns with Shervey & DiPerna
(2017), where physical activity declines that are age- and
grade-related are not only connected to PE but also to school
contexts, including recess, implying wider developmental
and behavioral changes. Even with the absence of direct
investigation of these mechanisms, they are similar to the
ecological and developmental frameworks, suggesting
individual and environmental factor interaction impacting
physical activity behavior (Sallis et al., 2000; Fairclough &
Stratton, 2005; Siedentop & Van der Mars, 2022). Therefore,
the findings of this study emphasize the significance of
creating developmentally adequate and engaging PE classes
to maintain participation in vigorous physical activities,

especially among older female students. The regression
model was statistically significant but only accounted for
15.4% of the variation in MVPA, indicating relatively modest
explanatory power. Therefore, students’ activity level during
PE is influenced by more than their physical fitness, body
type and grade level. Such factors may further contribute
to the differences, such as the lesson materials, teaching
methods, teacher behavior, class organization, interaction
with peers, motivation, school facilities and activities outside
of school. Thus, the model should not be regarded as a full
account of MVPA. Rather, it should be seen as evidence
that both grade level and sprint success are part of a bigger
educational and behavioral picture.

In practice, PE teachers should reduce instruction
and transition times, group students into small groups or
activity stations, and use movement-based assignments to
reduce waiting time. Task difficulty should be appropriate
to students’ fitness and motor skills. Running games, relays,
circuits, and other developmentally appropriate activities can
maintain MVPA. Older female students with lower MVPA
need enhanced interest and variety of activities to remain
engaged. Periodic objective assessment of lesson activities
may also assist teachers in evaluating MVPA opportunities.

Strengths of this study methodology include objective
accelerometer-based measures in this study, examination of
physical activity, fitness, body composition and grade level
simultaneously and the focus on Cycle Two female students,
but there are limitations. First, cross-sectional studies do
not permit causal inferences between physical activity and
parameters studied. The female participants were sampled
from public schools in Muscat Governorate; thus, the
results may not be generalizable to male students, private
institutions and other regions. Third, the results might not
be representative of students’ daily physical activity, since
it only measures PE class activity. Lastly, extracurricular
sports, socioeconomic level, school facilities, and instructor
qualities were not considered. Longitudinal and school-
based interventional studies with more diverse populations
are therefore needed to assess causal relationships and
strategies for increasing MVPA in childhood and early
adolescence.

Conclusion

Participating students acquired comparably prominent
levels of MVPA in PE lessons, which demonstrated the
provision of significant opportunities for health-improving
physical activity. The sole significant physical fitness-
associated factor and independent predictor of MVPA was
sprint performance. Moreover, BMI, body fat percentage,
and grip strength did not have a significant correlation with
the levels of physical activity. In addition, on the level of
grade differences that were identified, Grade 6 students
attained the highest levels of VPA and MVPA, which in turn
emphasized the impact of developmental and educational
factors on the students’ engagement. The findings offer
new evidence on the correlates of PE active participation,
adding to the restricted data on objectively assessed physical
activity among female students in the Gulf region. Moreover,
they encourage the continuation of the implementation of
learner-centred, movement-oriented programs, with an
emphasis on the significance of prominent engagement
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among older students. Overall, the present study offers data
aiding educators, curriculum developers, and policymakers
in enhancing PE programs to foster long-term physical
activity and healthier lifestyles for Omani schoolgirls.
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Di3snyHa aKTUBHICTb OMaHCbKNX YYeHULb Nifg Yac
YpPOKiB ¢pi3snN4HOro BUXOBaHHA: PiBHI Ta KOpenaTn

Banpis Anb-Xana6i' ABCDE

! YuiBepcurer Cynrana Kabyca

ABTOpPCHKIMIT BKIAJ: A — au3aiiH gocnipkenHs; B — 36ip ganux; C - cratananis; D — migroroska pykormucy; E — 36ip kowrtis

Pedepar. Crarts: 8 c., 4 Tabm., 32 mxeperna.

Merta pocnimxenns. Ile jocmigkeHHA Maso Ha MeTi BUBYMTHU piBHi (1)131/1!11-10'1' AKTMBHOCTI Ta JileTepMiHAHTH IIif} 9ac YPOKiB
¢isnunoro BuxoBanH:A (OB) cepes; OMaHCHKUX YUEHUIIb APYTOTO CTYIIEH:A HABYaHHA.

Marepianu ta metopu. Y po6oTi 6y/10 3aCTOCOBAHO KPOC-CEKIITHNUIT JeCKPUITUBHO-aHAIITHYHIIT {U3aliH; BUGIPKY JOCTTi-
IKeHHs cTaHOBMIN 190 y4eHMIb APYTOro CTyIeHs HaBYaHH:A JAepyKaBHUX IIKiN NpoBiHIii (Myxadasu) Mackar, Oman. [l Bu-
MipioBaHHs Gi3uYHOI aKTUBHOCTI T1if] 4ac ypokiB OB Buxopucrosysamcs akcenepomerpu ActiGraph wGT3X-BT. AnTporome-
TPUYHI BUMipIOBaHH: BK/IIOYa/Iu BU3HaYeHH: iHgexcy Macu tina (IMT) Ta BifcoTka >KMpoBOIi Macu B Opraiami. 3 MeTOI0 OL[iHKI
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(bisn4HOI MArOTOB/IEHOCT] 3aCTOCOBYBA/IM TECTU Ha CUTy CTUCKAHH:A KMCTi (AnHaMoMeTpis) Ta 6ir Ha 30 MeTpiB. CraTucTHIHMI
aHaJIi3 JaHVX IIPOBOJVBCA 3 BUKOPUCTAHHAM OIMCOBOI CTATUCTUKM, KopenAnil CripMeHa, MHOKMHHOI IiHiTHOI perpecii Ta ofHO-
(baKTOPHOro AMCHepPCiitHOro aHaIi3y mpy piBHi 3HauyIocTi (p <.05).

PesynbraTy. YyacHMIi JOCTI/KEHHSA B CepelHbOMY Hakonmyuysamu 22.72 + 5.40 xsumvHy QisyHOi aKTMBHOCTI IOMipHOI Ta
BucoKoiI inTeHcuBHOCTI (IIBDA), 1110 CBifYUTD ITPO BUCOKI PiBHI KOPMCHOI /151 30POB sl PyXOBOI aKTUBHOCTI. PesybTaTnBHICTh
CIIPUHTY, pi3N4HA AKTUBHICTb BUCOKOI iHTeHCUBHOCTI (p = —.177, p = .015) Ta IIBOA (p = —.168, p = .021) CTaTUCTUYIHO 3HAYYILO
KOPEJIIoBa/IM MX 00010, @ TAKOK BUCTYIIA/IN He3aneXXHuM npegukropom [IBOA (f = —.234, p = .002). Kac HaB4aHHs Takox
BUABMBCA Hesae>XHUM npeukropoM IIBOA (B = —-.331, p <.001), npuyoMy y4eHNLi 6-X KIaciB IPOEMOHCTPYBaI HaBUIINI
piBenn IIBDA (p < .05). IIpore IMT, BiicOTOK »MpPOBOI MacK B OpPraHi3Mi Ta CjIa CTUCKAHHS KIMCTI He Maly CTaTUCTUYHO 3Ha-
qymoro 38’s13Ky 3 [IBOA.

BucHoBKuM. YueHuUIIi [pyroro CTymneHsa HaBYaHHA aKyMy/TI0Baay 3HauHuit nokasHuk IIBOA nHa ypokax ®B. OcHoBHUMY KO-
penaTamu [IBOA BUABMINCA pe3yNIbTaTUBHICTD y CIIPUHTI Ta K/IaC HABYAHHS, Ha BiIMiHY Bijl KOMIIOHEHTHOT'O CK/Iafly Tijla Ta CU/IN
cTUcKaHHA KUCTi. OTpuMaHi pe3ynbTaTit 00IPyHTOBYIOTD JOLIBHICTD YIIPOBA/I)KEHHS YYHIBCbKO-1I€HTPOBAHMX Ta PyX0OBO-CIIPsA-
MoBaHux nporpam OB, 1110 CBigunTh HAa KOPUCTH MOZIepHi3allil HaBYaIbHUX IUTaHiB i3 OB Ta migBumeHHs (isMIHOI AKTUBHOCTI
cepejl OMaHChKUX HIKO/IAPOK.

KnrouoBi ctoBa: (biquHe BUXOBaHHS, (’pileIHa AKTUBHICTD, aKCETIEpOMETPis, (biquHa MiJrOTOBJIEHICTD, CK/Iaf, TiNa, yYeHNIIi.
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