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Abstract

Purpose. To substantiate motor function as a functional system underlying the development of human motor activity,
to determine the place of fundamental movement skills within its structure, and to develop a conceptual model of

motor function development.

Material and Methods. The study was theoretical and methodological in nature and was conducted as a conceptual
narrative review. The methodological foundation was based on conceptual analysis and knowledge synthesis. The
materials included classical and contemporary scholarly works addressing motor function, motor control, motor
development, motor learning, and fundamental movement skills. Historical-logical analysis, content analysis of
scientific sources, comparative analysis, systems analysis, and conceptual modeling were employed.

Results. Motor function was conceptualized as an integrative functional system formed through the interaction

of motor abilities, motor control mechanisms, sensory support systems, and motor experience. Motor control

was identified as the central component of motor function, with its development progressing from the accurate
reproduction of movement parameters to the differentiation of spatial, temporal, and force characteristics of movement
actions. Fundamental movement skills were interpreted not as the foundation of motor development but as a form

of motor function development and a mechanism for the accumulation of motor experience. A conceptual model

of motor function development and a functional classification of fundamental movement skills were proposed,
comprising stabilization, spatial orientation, temporal organization of movement, motor control, and adaptation.
Programming was substantiated as the mechanism for the purposeful development of motor function.

Conclusions. Motor function represents the system-forming construct of motor development, integrating motor
abilities, motor control mechanisms, sensory support systems, and motor experience in the process of solving motor
tasks. Fundamental movement skills should be interpreted as a form of motor function development, whereas
programming serves as the mechanism for its purposeful formation. The proposed framework expands the explanatory
potential of contemporary Fundamental Movement Skills, Motor Competence, and Physical Literacy approaches.

Keywords: motor function, fundamental movement skills, motor development, motor control, motor experience,

programming, motor learning.

Introduction

Research on human motor development constitutes
one of the fundamental domains of motor learning theory,
physical education, and sports training. A prominent
position in contemporary research is occupied by the concept
of Fundamental Movement Skills (FMS), according to which
basic movement actions are considered the foundation for
subsequent motor development, the formation of motor
competence, and lifelong engagement in physical activity
(Gallahue et al., 2012; Stodden et al., 2008; Lubans et al., 2010;
Hulteen et al., 2018).
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Within the FMS framework, a substantial body of
scientific evidence has accumulated regarding the structure
of fundamental movement skills, the patterns of their
development, assessment methods, and their relationships
with physical fitness, physical activity, and health outcomes
(Lubans et al., 2010; Logan et al., 2012; Barnett et al,,
2016; Khudolii et al., 2025a). The most widely accepted
classifications divide fundamental movement skills into
locomotor, object-control (manipulative), and stability skills
(Gallahue et al., 2012; Barnett et al., 2016; Khudolii et al.,,
2025b). This approach provides a framework for describing
basic forms of motor activity and identifying their role within
the process of motor development.
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However, contemporary classifications of fundamental
movement skills primarily reflect the external structure of
movement actions and their place within developmental
progression (Gallahue et al., 2012; Barnett et al., 2016;
Hulteen et al., 2018). Considerably less attention has been
devoted to the mechanisms underlying skill acquisition,
variability, and effective application under changing
environmental conditions. Consequently, there is a need for a
theoretical framework that would allow motor development
to be examined as an integrated process and fundamental
movement skills to be interpreted as outcomes of a complex
functional system.

The theoretical foundations for such an approach can be
found in the works of Bernstein devoted to the problems of
motor control and movement construction (Bernstein, 1967;
Bernshtein, 1966). Further development of the concept of
motor function is associated with the studies of Farfel (1975),
Shlemin (1973), Liubomirskii (1974), Vilchkovskii (1983,
1993), and other scholars who considered motor function
as a complex integrative formation that ensures movement
acquisition, motor control, and adaptation to the conditions
of activity. At the same time, research on fundamental
movement skills and research on motor function have
evolved largely independently, limiting the possibilities for
a comprehensive explanation of the motor development
process (Stodden et al., 2008; Barnett et al., 2016; Hulteen et
al,, 2018).

An analysis of the scientific literature reveals a
contradiction between the high level of development
of fundamental movement skill classifications and the
insufficient understanding of the mechanisms underlying
their formation. Contemporary concepts provide convincing
explanations regarding which movement skills emerge
through development and learning (Gallahue et al., 2012;
Stodden et al., 2008; Barnett et al., 2016; Hulteen et al., 2018),
yet they offer less insight into how motor abilities, sensory
support systems, motor control mechanisms, and motor
experience are integrated during skill formation.

Addressing this problem requires consideration
of motor function as the system-forming construct of
motor development. Within this framework, fundamental
movement skills may be interpreted both as outcomes of
motor function development and as mechanisms through
which motor experience is accumulated. Such an approach
makes it possible to move beyond the description of individual
forms of motor activity toward the analysis of the principles
governing the formation, development, and functioning of
the human motor system.

The purpose of this study was to substantiate motor
function as a functional system underlying the development
of human motor activity, to determine the place of
fundamental movement skills within its structure, and to
develop a conceptual model of motor function development.

Materials and Methods

This study has a theoretical and methodological
character and was conducted in the form of a conceptual
narrative review aimed at examining the relationships
among the concepts of motor function, motor abilities,
motor experience, and fundamental movement skills within
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the context of contemporary theories of motor learning and
motor development.

The methodological foundation of the study was based
on the principles of conceptual analysis and knowledge
synthesis proposed by Khudolii, Ivashchenko, and Khudolii
(2026a,2026b). According to this approach, the preparation of
a scientific text is viewed as a sequential process of knowledge
synthesis that includes orientation within the scientific field,
problem conceptualization, evidence analysis, synthesis, and
interpretation. Within the framework of the present study,
the central meta-problem was to determine the place of
fundamental movement skills within the structure of human
motor development and to substantiate motor function as the
system-forming concept for their interpretation.

The materials for the study consisted of classical and
contemporary scholarly works addressing motor function,
motor control, motor development, motor learning, and
fundamental movement skills. The analysis incorporated the
works of M.O. Bernshtein, V.S. Farfel, A.M. Shlemin, L.Ye.
Lyubomirskiy, E.S. Vilchkovskyi, and Yu.V. Verkhoshanskyi,
as well as contemporary research in the fields of Fundamental
Movement Skills (FMS), Motor Competence, Physical
Literacy, and Motor Learning.

The following methods were employed:
Historical-logical analysis to examine the evolution
of scientific views on motor function and to
determine its place within the system of human
motor development;

Content analysis of scientific sources to identify key
concepts, categories, and theoretical approaches to
the interpretation of motor function, motor abilities,
and fundamental movement skills;

Comparative analysis to compare contemporary
Fundamental Movement Skills concepts with
classical perspectives on motor function and motor
development;

Systems analysis to investigate the structure of
motor function, identify relationships among its
components, and substantiate their role in skill
formation;

Conceptual modeling to develop a theoretical
model of motor function and determine the
place of fundamental movement skills within its
developmental process.

The study was conducted in four stages.

During the first stage, the evolution of scientific views
on motor function and fundamental movement skills was
analyzed, and the principal directions in the development of
theoretical approaches to their interpretation were identified.

During the second stage, the problem was conceptualized
through the examination of motor abilities, motor control,
motor experience, and fundamental movement skills, and
their place within the system of human motor development
was determined.

During the third stage, the relationships among motor
abilities, motor control mechanisms, sensory support
systems, vestibular stability and sensitivity, motor experience,
and fundamental movement skills were examined.

During the fourth stage, the obtained findings were
synthesized and interpreted, a conceptual model of motor
function was developed, and an approach to interpreting
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fundamental movement skills as a form of motor function
development was substantiated.

The methodological basis for conceptual modeling was
the proposition that motor function represents an integrative
functional system formed through the solution of motor tasks
as a result of the interaction among motor abilities, motor
control mechanisms, sensory support systems, and motor
experience. Within this framework, fundamental movement
skills are considered both an outcome of motor function
development and a mechanism for the accumulation of
motor experience that supports the further refinement of the
human motor system.

Results

Evolution of the Concept of Motor Function

An analysis of the scientific literature indicates that the
concept of motor function emerged at the intersection of
physiology, psychology, pedagogy, and motor learning theory
(Bernshtein, 1966; Farfel, 1975; Shlemin, 1973).

In physiological research, motor function was primarily
viewed as the result of the activity of bodily systems
responsible for movement execution. V.S. Farfel argued that
human motor abilities are supported by several physiological
systems, including the motor system itself, the motor control
system operating in conjunction with systems for information
perception and processing, the energy supply system for
muscular activity, the system of functional regulation and
integration, and the system of higher mental functions.
According to Farfel, each of these systems is morphologically
and functionally embedded within the human genetic
apparatus and contributes to the characteristics of human
motor abilities (Farfel, 1975).

A further development of the concept of motor function
is associated with the work of M.O. Bernshtein, who viewed
movement as a process of constructing and reconstructing
motor actions based on mechanisms of motor control,
sensory corrections, and accumulated motor experience.
Within this framework, the central object of analysis is not an
isolated movement but rather the process of solving a motor
task, which requires continuous interaction between motor
control mechanisms and sensory regulation of movement
activity (Bernshtein, 1966; Bernstein, 1967).

In pedagogical research, motor function gradually
came to be understood as a complex integrative construct
whose development depends not only on morphofunctional
prerequisites but also on learning conditions. Particular
importance should be attributed to the works of A.M.
Shlemin, L.Ye. Lyubomirskiy, and E.S. Vilchkovskyi, in which
the development of motor function is associated with the
formation of movement control capabilities, the improvement
of coordination mechanisms, and the accumulation of
motor experience (Shlemin, 1973; Lyubomirskiy, 1974;
Vilchkovskyi, 1983, 1993).

Our own investigations of the structure of motor
function in preschool children demonstrated that its state
is characterized by indicators of motor control, movement
coordination, vestibular stability, flexibility, speed, strength
and speed-strength fitness, as well as performance in tasks
requiring movement speed and accuracy (Khudolii & Kasian,
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2011). At the same time, the pivotal component of the motor
function structure was found to be represented by motor
control characteristics, particularly the accuracy and speed
of movement execution. These characteristics integrate
the manifestations of individual motor abilities during the
process of solving motor tasks and determine the effectiveness
of motor skill acquisition.

Taken together, these findings suggest a gradual
evolution in the understanding of motor function—from a
physiological characteristic of movement performance to an
integrative functional system that combines motor abilities,
motor control mechanisms, sensory support, and motor
experience in the process of solving motor tasks.

Motor Function as a Functional System

Contemporary research on human motor development
predominantly examines individual components of motor
activity, including motor abilities, coordination abilities,
motor skills, fundamental movement skills, and motor
competence (Gallahue et al., 2012; Stodden et al., 2008;
Robinson et al., 2015; Barnett et al., 2016; Hulteen et al,,
2018). Although this approach is appropriate for analyzing
specific aspects of motor activity, it does not fully explain the
mechanisms underlying the formation of integrated motor
behavior.

V.S. Farfel argued that human motor abilities are
supported by several physiological systems, including the
motor system itself, the motor control system operating
in conjunction with systems responsible for information
perception and processing, the energy supply system for
muscular work, the system of regulation and integration
of functional processes, and the system of higher mental
functions. Each of these systems is morphologically and
functionally embedded within the human genetic apparatus
and determines the characteristics of motor abilities (Farfel,
1975). However, motor abilities cannot be regarded as isolated
entities because their practical significance becomes evident
only in the process of solving a specific motor task (Farfel,
1975; Bernshtein, 1966).

From the perspective of functional systems theory, the
development of the human motor domain should be viewed
not as the parallel development of separate abilities or skills
but as the formation of an integrated functional system
directed toward achieving a useful result (Anokhin, 1975).
Within this framework, the development of motor abilities,
the refinement of sensory support systems, vestibular stability
and sensitivity, and the accumulation of motor experience are
not independent goals but components of motor function
development (Anokhin, 1975; Bernshtein, 1966).

The interpretation of motor function as an integrative
construct is consistent with the fundamental principles
of PK. Anokhin’s functional systems theory, according to
which every functional system is organized around the
achievement of a useful result. Within such a framework,
individual morphological and functional components of the
organism are not considered in isolation but are integrated
into a system whose activity is directed toward producing a
specific adaptive effect (Anokhin, 1975).

From this perspective, motor function cannot be
reduced either to a set of motor abilities or to a collection



Khudolii, O., Ivashchenko, O., & Khudolii, M. (2026). Motor Function as a Conceptual Framework for Interpreting Fundamental
Movement Skills

of motor skills. Motor abilities, sensory support systems,
motor control mechanisms, and motor experience represent
components of a functional system that become integrated
during the process of solving a motor task (Anokhin, 1975;
Bernshtein, 1966; Farfel, 1975). The system-forming factor is
not any individual component but the useful result of motor
activity itself.

In the context of motor development, this result is
expressed as an individual’s ability to solve motor tasks
effectively under changing conditions of activity. The
requirement to achieve this result determines the nature
of the interaction among motor abilities, motor control
mechanisms, sensory support systems, and accumulated
motor experience.

Experimental studies of motor function development
have demonstrated that improvements in individual motor
abilities do not automatically lead to improvements in motor
skill quality (Khudolii & Kasian, 2011). In particular, the
maximal development of strength abilities is not necessarily
accompanied by improvements in motor control (Khudolii,
2011). Rather, an optimal level of motor ability development
creates the prerequisites for the refinement of motor control
mechanisms, which in turn support the development of
the capacity to differentiate the spatial, temporal, and force
characteristics of movement actions. Such differentiation
creates the conditions necessary for the formation of variable
motor skillsadapted to changing activity conditions (Khudolii
& Kasian, 2011; Khudolii, 2011).

These findings make it possible to interpret motor
function development as a process of progressive integration
of its components. At the initial stages, functional
prerequisites are established through a certain level of
motor ability development, sensory support, and vestibular
stability. Subsequently, motor control mechanisms emerge
and develop, enabling the accurate reproduction and
differentiation of spatial, temporal, and force characteristics
of movement actions. The integration of these components
ultimately results in the formation of variable motor skills that
can be effectively applied under changing activity conditions
(Khudolii & Kasian, 2011).

Motor experience occupies a particularly important
place within the structure of motor function. Unlike
traditional approaches, in which motor experience is viewed
as a collection of acquired skills, the functional-systems
perspective considers it a mechanism for accumulating and
integrating the outcomes of motor activity (Bernshtein, 1966;
Bernstein, 1967). Motor experience preserves and refines
successful ways of solving motor tasks, thereby providing a
foundation for the further development of motor function.

Of particular importance is the principle of feedback,
which occupies a central place in functional systems theory.
The results of movement execution are accumulated in the
form of motor experience and subsequently used to improve
motor control mechanisms. Consequently, motor experience
functions not only as an outcome of motor function but also
as a factor driving its further development (Anokhin, 1975;
Bernshtein, 1966; Bernstein, 1967).

Thus, motor function development may be viewed as
a continuous process of integration and reorganization of
a functional system in response to new activity demands.
Within this process, motor abilities create the functional
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prerequisites for development, motor control mechanisms
regulate movement activity, sensory support systems
provide the informational basis for movement control, and
motor experience serves as a mechanism of feedback and
accumulation of activity outcomes.

The result of motor function is not merely the acquisition
of individual motor skills but, more importantly, the ability to
use them effectively for solving motor tasks under changing
conditions of activity. This ability represents the primary
criterion of motor function development and reflects the
degree of integration of its components into a coherent
functional system.

Within the proposed framework, motor function can be
operationalized through a system of indicators characterizing
motor control and its sensory support. These indicators
include the accuracy of reproducing spatial, temporal, and
force characteristics of movements, the ability to differentiate
these characteristics, measures of vestibular stability and
sensitivity, and performance indicators in motor tasks that
reflect the level of accumulated motor experience.

Therefore, motor function is a functional system that
develops through learning and development as a result of the
integration of motor abilities, motor control mechanisms,
sensory support systems, and motor experience. The outcome
of this system is the effective solution of motor tasks and
the formation of variable motor skills adapted to changing
activity conditions. Such an understanding of motor
function provides the theoretical foundation for interpreting
fundamental movement skills as a form of motor function
development.

Fundamental Movement Skills: Contemporary
Approaches to Classification

The concept of Fundamental Movement Skills (FMS)
has emerged as one of the leading frameworks for studying
children’s motor development. It is based on the assumption
that a set of basic movement actions serves as the foundation
for the subsequent acquisition of more complex forms of
motor activity, physical exercises, and sport-specific skills
(Gallahue et al., 2012; Stodden et al., 2008; Hulteen et al,,
2018).

In contemporary scientific literature, fundamental
movement skills are generally defined as basic movement
patterns acquired through learning and development that
enable the effective performance of a wide range of motor
tasks. Unlike reflexive or naturally occurring forms of
movement behavior, fundamental movement skills are
acquired in nature and develop under the influence of
pedagogical and environmental factors (Gallahue et al., 2012;
Logan et al., 2012; Barnett et al., 2016).

The most widely accepted classification divides
fundamental movement skills into three major categories
(Gallahue et al., 2012; Barnett et al., 2016):

Locomotor skills;
Object-control skills;
Stability skills.

Locomotor skills include walking, running, jumping,
hopping, galloping, and other forms of body displacement
through space. Object-control skills encompass various forms
of interaction with external objects, including throwing,
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catching, striking, and dribbling. Stability skills involve
maintaining balance, body control, turning movements, and
other actions associated with controlling body position and
posture (Gallahue et al., 2012).

The further development of the FMS concept has
expanded understanding of their role in the formation of
physical literacy, motor competence, and lifelong engagement
in physical activity. Within this perspective, fundamental
movement skills are viewed not only as individual movement
actions but also as a foundation for subsequent motor
development (Stodden et al., 2008; Lubans et al., 2010;
Robinson et al., 2015; Barnett et al., 2016; Hulteen et al.,
2018).

At the same time, most contemporary classifications of
FMS are based primarily on the observable manifestations of
motor activity and the manner in which movement actions
are performed. While this approach provides an effective
framework for organizing and describing diverse forms of
movement, it offers a more limited understanding of the
mechanisms underlying their formation and their place
within the broader structure of motor development.

Consequently, the contemporary concept of fundamental
movement skills provides a robust framework for describing
and classifying basic forms of motor activity. However, it leaves
unresolved the question of how fundamental movement skills
are related to the structure of motor function and through
which mechanisms they emerge during the processes of
development and learning.

Fundamental Movement Skills as a Form
of Motor Function Development

Traditional approaches to the interpretation of
Fundamental Movement Skills (FMS) are based on the
assumption that they constitute the foundation of subsequent
motor development. Within this framework, locomotor,
object-control, and stability skills are viewed as the basis for the
acquisition of more complex movement actions, sport-specific
skills, and motor competence (Gallahue et al., 2012; Stodden et
al., 2008; Barnett et al., 2016; Robinson et al., 2015).

However, an analysis of motor function theory allows
this issue to be considered from a different perspective.
If motor function is understood as a functional system
formed through the integration of motor abilities, motor
control mechanisms, sensory support systems, and motor
experience (Anokhin, 1975; Bernshtein, 1966; Farfel, 1975),
then fundamental movement skills cannot be regarded as its
primary element. Rather, they represent both an outcome
of motor function development and a means for its further
refinement.

The development of motor function involves the
progressive formation of motor control mechanisms. Motor
abilities create the functional prerequisites for this process
but do not, by themselves, determine the quality of motor
performance (Farfel, 1975). Of decisive importance is the
capacity for motor control, which is expressed through
the differentiation of the spatial, temporal, and force
characteristics of movement actions (Bernshtein, 1966;
Khudolii & Kasian, 2011).

The formation of fundamental movement skills results
from the integration of these mechanisms during the process
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of solving motor tasks. Within this perspective, a skill is not
merely an isolated movement action but a specific mode of
realizing motor function under particular activity conditions
(Bernshtein, 1966; Bernstein, 1967).

Of particular importance is the fact that an acquired
motor skill becomes incorporated into motor experience
and subsequently serves as a basis for solving new motor
tasks. Consequently, fundamental movement skills are
simultaneously outcomes of motor function development
and elements of motor experience that support its further
refinement (Bernshtein, 1966; Bernstein, 1967).

From the perspective of the functional-systems
approach, motor function development represents the
formation of a functional system integrating motor abilities,
motor control mechanisms, sensory support systems, and
motor experience (Anokhin, 1975). Motor abilities create
the functional prerequisites for motor function development
but do not directly determine the quality of motor skills.
What is critical is the integration of motor abilities into the
motor control system, enabling the differentiation of spatial,
temporal, and force characteristics of movement actions. Such
differentiation constitutes the mechanism through which the
organism’s functional capacities are transformed into acquired
motor skills (Khudolii & Kasian, 2011; Khudolii, 2011). The
outcome of motor function development is the formation of
variable motor skills that are adapted to changing activity
conditions and capable of ensuring the efficient solution of
motor tasks.

Accordingly, fundamental movement skills should be
interpreted notas the initial foundation of motor development
but as a form of motor function development. From this
perspective, FMS reflect the level of development of motor
control mechanisms, the degree of integration of motor
abilities into motor activity, and the volume of accumulated
motor experience.

Classification of Fundamental Movement Skills
as Elements of Motor Function Development

Traditional classifications of fundamental movement
skills are based primarily on the observable characteristics
of motor activity and the manner in which movement
actions are performed. The most widely adopted approach
categorizes fundamental movement skills into locomotor
skills, object-control skills, and stability skills (Gallahue et al.,
2012; Barnett et al., 2016). While this classification provides
an effective framework for describing diverse forms of motor
activity, it does not explain their place within the process of
motor function development.

From the perspective of the functional-systems approach,
fundamental movement skills should be considered forms of
manifestation and development of motor function. Within
this framework, the classification of skills should reflect not
only the external structure of movement actions but also the
functional mechanisms that underlie their formation and
application (Anokhin, 1975; Bernshtein, 1966).

Motor function development is accompanied by the
integration of motor abilities, sensory support systems, motor
control mechanisms, and motor experience into a unified
functional system (Farfel, 1975; Anokhin, 1975). Throughout
this developmental process, fundamental movement skills
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represent specific forms through which motor function is
expressed at different levels of organization.

A functional analysis makes it possible to identify five
principal directions of motor function development that
simultaneously define the functional structure of fundamental
movement sKkills: stabilization, spatial orientation, temporal
organization of movement, motor control, and adaptation.

Stabilization

Stabilization ensures the maintenance of body position and
balance under both static and dynamic conditions of activity.
Fundamental movement skills associated with this direction
involve the development of vestibular stability, postural control,
and the maintenance of equilibrium during movement execution
(Vilchkovskyi, 1983; Khudolii & Kasian, 2011).

Spatial Orientation

Spatial orientation enables the determination of body
position and the position of body segments in space,
the control of movement direction and trajectory, and
orientation relative to surrounding objects. Within motor
function development, this direction is expressed through
skills related to locomotion, changes in movement direction,
and spatial control of movement actions (Bernshtein, 1966).

Temporal Organization of Movement

Temporal organization refers to the ability to coordinate
movements in time and includes the regulation of movement
tempo, rhythm, and sequence. It creates the prerequisites for
the development of more advanced forms of motor control
(Bernshtein, 1966; Liubomirskii, 1974).

Motor Control

Motor control occupies a central position within the
structure of motor function. Atthefirstlevel ofits development,
individuals acquire the ability to accurately reproduce the
spatial, temporal, and force parameters of movement actions.
Atthe second level, motor control is manifested in the ability to
differentiate these spatial, temporal, and force characteristics
according to the requirements of a specific motor task. Such
differentiation enables the transition from the reproduction
of predefined parameters to their purposeful modification
and regulation (Bernshtein, 1966; Khudolii & Kasian, 2011;
Khudolii, 2011).

Adaptation

Adaptation represents the highest level of motor function
expression and characterizes the ability to apply acquired
motor skills under changing activity conditions. At this level,
movement parameters are reorganized in accordance with
environmental demands, enabling the effective solution of
novel motor tasks (Bernstein, 1967; Hulteen et al., 2018).

Thus, fundamental movement skills may be interpreted
as forms of motor function development reflecting the
progressive complexity of mechanisms related to stabilization,
spatial orientation, temporal organization, motor control, and
adaptation. Within this framework, fundamental movement
skills are viewed not as the initial foundation of motor
development but as outcomes of the integration of motor
function components and, simultaneously, as mechanisms
for its further refinement.

The proposed classification is based not on the observable
characteristics of movement actions but on the functional
mechanisms that support their execution. The identified

Table 1. Levels of Motor Function Development and Forms of Fundamental Movement Skills Expression

Level of Motor
. N . . . Temporal )
Function Stabilization Spatial Orientation .. Motor Control Adaptation
Organization
Development
Sensory Maintenance of Body orientationin  Response to Basic movement control Orientation to
Foundation balance space temporal cues environmental
changes
Parametric Control Stability during Control of Regulation of Spatial, temporal, and force Anticipation of
movement movement direction tempo and rhythm accuracy of movements changing task
and trajectory conditions
Fundamental Stable execution of  Controlled Temporal Differentiation of Variable execution
Movement Skills  movement actions ~ movement through  coordination of spatial, temporal, and of movement
space movements force characteristics of actions
movement
Combined Motor ~ Maintenance of Spatial integration of Temporal Control of complex Modification of
Programs stability during multiple movement  coordination movement actions movement actions
complex movement actions of movement according to task
actions sequences conditions
Solving novel motor
. - Orientation Variable temporal . . .
Adaptive Motor Stability under e . € emp Flexible regulation of tasks under changing
. o within dynamic organization of .
Programs uncertain conditions . movement parameters environmental
environments movements conditions

Note. The rows represent successive levels of motor function development, whereas the columns represent functional directions of devel-
opment. Progression across levels reflects increasing integration of motor abilities, sensory support systems, motor control mechanisms,

and motor experience within a functional system.
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directions reflect the progressive development of the motor
system—f{rom maintaining stability and orientation in space
to the regulation of movement and adaptation to changing
activity conditions. Each subsequent direction builds upon
and incorporates the preceding one as part of a more complex
level of functional organization. Consequently, stabilization,
spatial orientation, temporal organization of movement,
motor control, and adaptation should be understood not as
separate groups of movement actions but as functional levels
in the development of motor function (Table 1).

The proposed model reflects the hierarchical nature of
motor function development. Each successive level does not
replace the preceding one but incorporates it into a more
complex functional system. Progression from the sensory
foundation to adaptive motor programs is accompanied by
increasing complexity of motor control mechanisms and the
continuous expansion of motor experience (Anokhin, 1975;
Bernshtein, 1966).

Motor control occupies a central position within the
structure of motor function. At the level of parametric
control, it is manifested in the ability to accurately reproduce
the spatial, temporal, and force parameters of movement. At
the level of fundamental movement skills, motor control is
characterized by theabilityto differentiate these characteristics
according to the requirements of a specific motor task. Such
differentiation of spatial, temporal, and force characteristics
of movement provides the foundation for the development
of variable motor skills capable of effective application under
diverse activity conditions (Bernshtein, 1966; Khudolii &
Kasian, 2011; Khudolii, 2011).

Within the proposed model, fundamental movement skills
occupyanintermediate position between parametric movement
control and combined motor programs. This position allows
them to be interpreted not as the initial foundation of motor
development but as an outcome of the integration of motor
function components and, simultaneously, as a mechanism
for accumulating motor experience necessary for the further
development of motor function.

Consequently, fundamental movement skills represent
a transitional level at which the functional capacities of the
motor system are transformed into organized, variable, and
task-oriented forms of movement behavior.

Programming as a Mechanism
for Motor Function Development

Contemporaryresearchon Fundamental Movement Skills
(FMS) has focused primarily on the description of movement
structures, age-related characteristics of development, and the
assessment of skill proficiency (Gallahue et al., 2012; Barnett
etal., 2016; Hulteen et al., 2018). In contrast, the mechanisms
underlying the purposeful development of motor function
remain insufficiently explored.

From the perspective of the functional-systems approach,
motor function development is not a spontaneous process
of accumulating motor experience. Rather, motor function
develops under the influence of systematically organized
pedagogical interventions that facilitate the integration of
motor abilities, motor control mechanisms, sensory support
systems, and motor experience into a unified functional
system (Anokhin, 1975).
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Within the processes of learning and development,
pedagogical influences should be directed not toward the
isolated development of individual motor abilities or the
acquisition of separate motor skills but toward creating
conditions for their integration within the structure of
motor function. Consequently, the effectiveness of motor
function development is determined not by the magnitude
of individual indicators of strength, speed, or endurance but
by the degree to which these capacities are incorporated into
motor control mechanisms (Bernshtein, 1966; Farfel, 1975).

Experimental evidence indicates that improvements in
individual motor abilities alone do not ensure the development
of motor function and do not automatically lead to
improvements in motor skill quality. Motor abilities create only
the functional prerequisites for motor function development.
Their integration into the motor control system is the decisive
factor. In particular, research has demonstrated that an optimal
level of motor ability development creates more favorable
conditions for the refinement of motor control mechanisms
than an exclusive orientation toward maximizing individual
physical qualities. The development of motor control, in
turn, enables the transition from the accurate reproduction
of spatial, temporal, and force parameters of movement to
their differentiation according to the requirements of a specific
motor task. Such differentiation constitutes a necessary
condition for the formation of variable motor skills adapted
to changing activity conditions. These findings support the
view that effective skill formation depends not on the isolated
development of motor abilities but on their integration into
the motor control system and on the structure of learning
tasks employed during instruction (Khudolii & Kasian, 2011;
Khudolii, 2011; Khudolii, Iermakov, & Bartik, 2020).

Thus, motor function development is a regulated process
governed by the interactions among motor abilities, motor
control, and motor experience. Within this framework,
programming serves as the mechanism through which motor
function can be purposefully developed.

Programmingis understoodasthescientifically grounded
determination of the content, volume, intensity, and sequence
of pedagogical interventions aimed at producing anticipated
changes in the structure of motor function (Verkhoshanskii,
1988; Ivashchenko, 2020). Its primary purpose is not merely
to develop individual components of motor activity but,
above all, to create conditions for their integration into a
coherent functional system.

This understanding of programming is consistent with
contemporary pedagogical concepts of motor learning
organization. Within the Spectrum of Teaching Styles
framework, the learning process is viewed as a system of
pedagogical decisions that determine the nature of teacher—
learner interaction and facilitate the achievement of intended
learning outcomes (Mosston & Ashworth, 2008). In the
context of motor function development, this implies that
the selection of movement organization strategies, feedback
procedures, levels of learner autonomy, repetition schedules,
and sequences of learning tasks becomes an instrument for
the purposeful development of motor control mechanisms,
the accumulation of motor experience, and the advancement
of motor function as a whole.

The outcome of programming is the formation of
variable motor skills that are adapted to activity conditions
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and capable of ensuring the effective solution of motor tasks
in changing environments. In this sense, programming
functions both as a mechanism for directing motor function
development and as a mechanism for the accumulation of
motor experience.

Conceptual Model of Motor Function Development

The results of the present analysis support the
interpretation of motor function development as a process of
forming a functional system directed toward solving motor
tasks under changing activity conditions (Anokhin, 1975;
Bernshtein, 1966). Within the proposed framework, the
central object of development is neither an individual motor
ability nor an individual motor skill, but motor function
itself as an integrative outcome of the interaction among
motor abilities, motor control mechanisms, sensory support
systems, and motor experience.

Motor abilities create the functional prerequisites for motor
function development (Farfel, 1975). Through the processes of
learning and development, these abilities become integrated into
the motor control system, thereby supporting the formation of
mechanisms responsible for the regulation of motor activity.
A central role is played by motor control, which ensures the
coordination of the spatial, temporal, and force characteristics
of movement actions in accordance with the requirements of a
specific motor task (Bernshtein, 1966; Bernstein, 1967).

Two interrelated levels may be distinguished in the
development of motor control. The first level is characterized
by the ability to accurately reproduce the spatial, temporal,
and force parameters of movement actions. The second level is
associated with the development of the ability to differentiate
these spatial, temporal, and force characteristics according to
activity conditions and task requirements. It is this process
of differentiation that enables the transition from simple
movement reproduction to purposeful movement regulation
(Bernshtein, 1966; Khudolii & Kasian, 2011; Khudolii, 2011).

As motor function develops, fundamental movement
skills emerge as forms through which motor function is
expressed and further developed. The accumulation and
refinement of fundamental movement skills contribute to
the development of motor experience, which subsequently
becomes an important factor in the continued advancement
of motor function (Bernstein, 1967).

The ultimate outcome of motor function development
is the formation of variable motor skills that are adapted
to changing activity conditions and capable of ensuring
the efficient solution of motor tasks. Accordingly, the
ability to effectively apply acquired motor skills in variable
environments represents the primary criterion of motor
function development.

Based on the proposed framework, the process of motor
function development may be represented as the following
sequence:

Motor abilities > integration into the motor control
system > movement accuracy > differentiation of spatial,
temporal, and force characteristics of movement -
fundamental movement skills > motor experience - variable
motor skills adapted to activity conditions.

Programming functions as the mechanism through
which this developmental process is regulated and directed,
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ensuring the purposeful formation of motor function at all
stages of its development (Shlemin, 1973; Verkhoshanskii,
1988; Khudolii, 2011; Ivashchenko, 2020).

Consequently, motor function development can be
understood as a process of integrating motor abilities,
sensory support systems, motor control mechanisms, and
motor experience into a functional system whose outcome is
the formation of both fundamental and variable motor skills
adapted to changing activity conditions. Within the proposed
conceptual framework, fundamental movement skills
should be interpreted not as the initial foundation of motor
development but as a form of motor function development
and a mechanism for the accumulation of motor experience.

Discussion

The scientific novelty of the proposed approach lies in
interpreting fundamental movement skills not as the initial
foundation of motor development but as a form of motor
function development. Unlike FMS-based frameworks,
which focus primarily on the classification and assessment
of basic movement skills, Motor Competence approaches,
which emphasize the level of motor proficiency, and Physical
Literacy frameworks, which focus on lifelong engagement
in physical activity, the present approach positions motor
function as the system-forming construct that integrates
motor abilities, motor control mechanisms, sensory support
systems, and motor experience in the process of solving
motor tasks.

The proposed concept of motor function does not
contradict contemporary approaches to the study of motor
development; rather, it extends their explanatory potential.
Within the Fundamental Movement Skills framework, the
primary object of analysis is the development and assessment
of basic movement skills. The concept of Motor Competence
focuses on the degree of proficiency in performing motor
tasks. Physical Literacy emphasizes readiness for lifelong
physical activity, encompassing not only motor competence
but also motivational, cognitive, and behavioral dimensions.
In contrast, the present framework identifies motor function
as the central object of investigation and conceptualizes
it as an integrative functional system responsible for the
formation and application of motor skills during motor task
performance.

The results of the present analysis confirm that the
concept of Fundamental Movement Skills represents one of
the most influential approaches to understanding children’s
motor development. Its contribution lies in identifying basic
movement actions that support the acquisition of more
complex forms of motor activity, physical exercises, and sport-
specific skills. Consequently, FMS have been widely regarded
as the foundation of motor competence, physical literacy,
and lifelong participation in physical activity (Stodden et al.,
2008; Lubans et al., 2010; Robinson et al., 2015; Barnett et al.,
2016; Hulteen et al., 2018).

At the same time, most contemporary FMS models
describe the forms of motor activity rather than the
mechanisms through which they emerge. Traditional
approaches primarily focus on movement classification, age-
related developmental characteristics, and skill assessment
(Gallahue et al., 2012; Barnett et al., 2016). In contrast, the
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question of how motor abilities, motor control mechanisms,
sensory support systems, and motor experience are integrated
during skill formation remains insufficiently addressed.

The proposed framework interprets fundamental
movement skills not as the starting point of motor
development but as a form of motor function development.
This perspective shifts attention from the description
of observable movement patterns to the analysis of the
mechanisms underlying their formation. Within this
framework, motor function is conceptualized as a functional
system (Anokhin, 1975), whereas fundamental movement
skills are viewed simultaneously as outcomes of the integration
of its components and as mechanisms for accumulating
motor experience.

The relationship among motor function, fundamental
movement skills, and motor experience is therefore cyclical in
nature. Motor function enables the formation of fundamental
movement skills; acquired skills are accumulated within
the structure of motor experience; and motor experience
subsequently becomes a factor contributing to the further
development of motor function and the emergence of more
complex forms of motor activity.

Particular importance within the proposed framework
is assigned to motor control as the central mechanism
responsible for integrating the components of motor
function. The present findings are consistent with theoretical
and experimental evidence indicating that improvements
in individual motor abilities do not automatically result in
improved motor performance or higher-quality motor skills
(Farfel, 1975; Khudolii & Kasian, 2011; Khudolii, Iermakov,
& Bartik, 2020). Experimental studies have shown that
the effectiveness of motor learning depends not only on
functional preparedness but also on the organization of the
learning process and its capacity to facilitate the development
of motor control mechanisms (Khudolii, Iermakov, & Bartik,
2020). Within the proposed model, motor control is regarded
as the system-forming component of motor function that
integrates motor abilities, sensory support systems, and
motor experience during motor task performance. In this
context, the ability to differentiate the spatial, temporal, and
force characteristics of movement serves both as an indicator
of motor control development and as a prerequisite for
the formation of variable motor skills adapted to changing
activity conditions (Bernshtein, 1966; Khudolii, 2011).

An important feature of the proposed framework is the
possibility of operationalizing motor function as an object of
empirical investigation. Within this conceptualization, the
state of motor function may be assessed through indicators
reflecting motor control and its sensory support. Such
indicators include the accuracy of reproducing spatial,
temporal, and force characteristics of movement, the ability
to differentiate these characteristics, measures of vestibular
stability and sensitivity, and performance indicators that
reflect the level of accumulated motor experience.

Additional support for the proposed framework is
provided by studies examining the influence of theoretical
learning models on the effectiveness of skill acquisition.
These studies indicate that the theory of functional systems
and the theory of movement construction make substantial
contributions to the organization of effective learning
processes. The effectiveness of learning depends not only
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on the content of motor tasks but also on the theoretical
framework guiding the organization of instruction. Such
findings suggest that motor skill acquisition is not simply
the result of accumulating motor experience or developing
individual motor abilities. Rather, itdepends on the purposeful
management of the integration of motor abilities, motor
control mechanisms, sensory support systems, and motor
experience. This interpretation is consistent with the present
framework, according to which motor function development
is a regulated process achieved through the programming of
pedagogical interventions aimed at forming an integrated
functional system whose outcome is the development of
variable motor skills adapted to changing activity conditions
(Khudolii, Iermakov, & Bartik, 2020).

The proposed framework also offers a new interpretation
oftherole of motor abilities in motor development. Traditional
models frequently regard motor abilities as the direct basis
for motor skill acquisition. The present findings suggest that
motor abilities create the functional prerequisites for motor
function development but acquire practical significance only
through their integration into motor control systems and
motor activity itself (Farfel, 1975; Bernshtein, 1966).

Another important implication concerns the role of
programming in the learning process. If fundamental
movement skills are interpreted as a form of motor function
development, programming should be directed not
toward the isolated development of individual abilities or
skills but toward creating conditions for the integration of
motor function components and the formation of variable
motor skills adapted to activity conditions (Shlemin, 1973;
Verkhoshanskii, 1988; Khudolii, 2011; Ivashchenko, 2020).

In summary, the concept of motor function expands
the possibilities for interpreting fundamental movement
skills by placing them within the broader context of
motor development as an integrated functional process.
Future research should focus on the empirical validation
of the proposed model, the refinement of the structure of
motor function, and the development of evidence-based
technologies for its purposeful formation across different
stages of ontogenesis.

Conclusions

The analysis of the evolution of scientific views on motor
function demonstrated a transition from understanding
motor function as a set of physiological mechanisms
supporting movement to interpreting it as an integrative
functional system responsible for the effective solution of
motor tasks throughout learning and development.

Motor function is formed through the integration of
motor abilities, motor control mechanisms, sensory support
systems, and motor experience. Motor abilities create the
functional prerequisites for motor function development but
acquire practical significance only through their integration
into motor activity.

Motor control occupies a central position within the
structure of motor function. Its development proceeds from
the accurate reproduction of spatial, temporal, and force
parameters of movement to the differentiation of these
characteristics according to task requirements and activity
conditions.
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Fundamental movement skills should be interpreted
as a form of motor function development rather than as
the initial foundation of motor development. Within the
proposed framework, fundamental movement skills are both
outcomes of the integration of motor function components
and mechanisms for the accumulation of motor experience.

A conceptual model of motor function development was
developed in which motor abilities create the prerequisites for
the formation of motor control mechanisms, motor control
enables the differentiation of movement characteristics, and
this process ultimately leads to the formation of variable
motor skills adapted to changing activity conditions.

Programming functions as the mechanism through
which motor function is purposefully developed. By
ensuring the integration of motor abilities, motor control
mechanisms, sensory support systems, and motor experience,
programming facilitates the formation of variable motor
skills capable of supporting the effective solution of motor
tasks in changing environments.
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Abstract

Background. In archery, the final phase of the shot (release) is traditionally considered a controllable action. However,
high-level performance indicates that attempts to consciously control this phase reduce stability and are associated
with disruptions such as target panic. This creates a contradiction between the conventional interpretation of release as
a controlled action and the actual mechanisms underlying effective performance.

Objectives. To develop a conceptual model of motor skill formation in archery that explains the emergence of release
as an automated event, defines the conditions for stable shot execution, and identifies the mechanisms underlying skill
disruption.

Materials and Methods. The study has a conceptual and theoretical character and is based on the analysis and
synthesis of scientific and methodological literature in sport theory, motor learning, and movement psychology, as well
as on the generalization of practical coaching experience in archery. A systems approach to movement analysis and
conceptual modeling methods were applied.

Results. The shooting action is interpreted as an integrated functional system in which performance stability depends
on the coordination of subsystems rather than the accuracy of individual elements. Two subsystems are identified:

the aiming system and the execution system, whose functional separation is essential for stability. Release is not
considered a discrete controlled action but emerges as an automated event when the execution system reaches a critical
functional state. Skill disruption is explained as a transition from a program-based to a reactive mode of action due to
conscious interference in the final phase. Follow-through is defined as a stabilizing phase that ensures the formation of
sensorimotor feedback.

Conclusions. Shot stability is ensured by preserving the integrity of the motor program and maintaining the functional
separation between aiming and execution systems. Release serves as an indicator of a correctly organized action rather
than an object of control. Skill disruption is associated with a shift to a reactive mode of organization. The proposed
model generalizes the principles of the Ukrainian school of archery and provides a framework for application in other
complex coordination activities.

Keywords: archery, motor learning, motor skill, release, sensorimotor control, target panic.

Introduction This creates a contradiction between the conventional
interpretation of release as a controllable action and the practice
In archery, shot performance is traditionally associated  f high-level performance, where stability is achieved in the
with the accuracy of individual technical elements, among  ahsence of direct intervention in the final phase (Masters,
which the final phase—the release—occupies a central  199; Beilock & Carr, 2001). Within existing approaches, this
position. In coaching practice, release is often treated as an  contradiction remains insufficiently explained, as analysis is
action subject to direct control and expected to be executed at typically focused on individual elements of technique rather
a specific moment (Ertan, 2009; Kalinichenko, 2020). At the  thap on the mechanisms underlying the organization of motor
same time, empirical observations indicate that attempts to  ,tion as an integrated system (Kalinichenko, 1994, 1995).
consciously control this phase lead to decreased performance Contemporary perspectives on motor activity
stability and the emergence of specific disruptions,  conceptualize itasa hierarchically organized process in which
including phenomena such as target panic (Hill et al., 2010;  performance outcomes are determined by the interaction of
Nieuwenhuys & Oudejans, 2012). multiple levels of regulation (Bernstein, 1967; Wolpert et al.,

© Kalynichenko, O., 2026. 2011). In this context, particular importance is attributed
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to the distinction between orientational and execution
components of action, as well as to the role of automated
mechanisms in ensuring stable performance (Galperin, 1969;
Schmidt & Lee, 2019). However, these theoretical positions
have not been sufficiently specified for the context of archery
and do not adequately explain the mechanism of release and
its disruption (Kalinichenko, 2008, 2009).

This necessitates a reconsideration of the structure of
motor action in archery from a systems perspective, allowing
the shot to be interpreted as the result of interaction between
functionally distinct subsystems. Such an approach provides a
framework for explaining both performance stability and the
mechanisms underlying its disruption within a unified model
(Anokhin, 1974; Shadmehr & Krakauer, 2008). At the same
time, a research tradition has been established in archery
that consistently develops a systems-based interpretation of
motor action and is represented in international specialized
publications (Kalinichenko, 1994, 1995, 2008, 2011, 2020;
Kalynichenko, 2019, 2020). The practical relevance of this
line of work is confirmed by its application in training
athletes across different levels of expertise, from beginners
to elite performers.

Within existing approaches, release is predominantly
interpreted as an action subject to control or optimization
within a specific technical element. The present approach
revises this interpretation by treating release not as an action,
but as an automated event that emerges when the execution
system reaches a critical functional state. This perspective
allows for a redefinition of the mechanisms underlying motor
skill stability and explains skill disruption not as an execution
error, but as a shift in the principle of action organization.

The scientific novelty of this study lies in the development
of a conceptual model that explains the formation and
disruption of motor skills through the principle of functional
separation between the aiming and execution systems, and
through the interpretation of release as an automated event.
Within this framework, performance stability is understood
as the preservation of the motor program, while disruption is
interpreted as a transition to a reactive mode of organization.

The aim of the study is to develop a conceptual model of
motor skill formation in archery that explains the emergence
of release as an automated event, defines the conditions
for stable shot execution, and identifies the mechanisms
underlying disruption of the motor program.

Materials and Methods

The study has a conceptual and theoretical character and
is aimed at developing a generalized model of motor action
organization in archery. The work is based on the analysis
and synthesis of scientific and methodological publications
in sport theory and methodology, movement psychology,
and motor learning, as well as on the generalization of
practical coaching experience (Schmidt & Lee, 2019; Wolpert
et al., 2011). The source base includes scientific articles,
instructional and methodological materials, coaching
guidelines, and the results of long-term practice in training
athletes of different qualification levels (Kalinichenko, 1994,
1995, 1999, 2008, 2011, 2020; Kalynichenko, 2019, 2020).

The selection of materials was carried out based on
their substantive relevance to the problem of motor skill
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formation in complex coordination activities. The analysis
included sources that allow motor action to be interpreted as
an integrated functional system (Anokhin, 1974; Bernstein,
1967; Kalinichenko, 2008, 2011), as well as studies addressing
the mechanisms of movement stabilization and disruption
(Masters, 1992; Beilock & Carr, 2001; Kalinichenko, 2009,
2013). Sources limited to the description of individual
technical elements without analysis of their functional role
were not considered decisive for model construction.

The search and selection of sources were conducted
using open scientific databases and libraries with keywords
related to motor learning, movement coordination, action
control, and archery technique. Additional sources reflecting
the practical experience of the Ukrainian school of archery,
represented in international specialized publications,
were also included (Kalinichenko, 1994, 1995, 1999, 2020;
Kalynichenko, 2019, 2020).

The methodological foundation of the study is the
systems approach to movement analysis, according to which
action is considered as the result of interaction among
interrelated subsystems (Anokhin, 1974; Kalinichenko,
2011). The theoretical framework is based on the concepts
of hierarchical organization of motor actions and stage-
based skill formation (Bernstein, 1967; Galperin, 1969),
which make it possible to analyze the relationship between
orientational and execution components of action at different
stages of its realization (Kalinichenko, 2009, 2012).

The main methods of the study were analysis and
synthesis of scientific literature, comparative analysis of
approaches to the interpretation of shooting technique, and
conceptual modeling. Modeling was applied to construct a
generalized scheme of motor action organization, allowing
the mechanisms of stable performance and disruption to be
explained (Shadmehr & Krakauer, 2008; Kalinichenko, 2011,
2013).

The limitations of the study are determined by its
conceptual nature and its focus on generalizing functional
principles of motor action organization. The study does not
aim to provide quantitative analysis or systematic comparison
of the effectiveness of different training methods. The primary
focus is on the development of a theoretical model and its
interpretation within a unified conceptual framework.

The generalization of the obtained positions was carried
out through their integration into a conceptual model that
reflects the interaction between the aiming and execution
systems, the conditions for the emergence of release as
an automated event, and the mechanisms of motor skill
stabilization.

Results

The results are presented in the form of a conceptual
model describing the organization of motor action in archery
through the interaction of functional subsystems and the
mechanisms of their coordination.

1. Conceptual Model of Motor Skill Formation in Archery

Motor skill formation in archery can be understood as
the process of organizing an integrated functional system
“archer-bow;” in which performance outcome is determined
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not by the accuracy of individual elements, but by the
coordination of their interaction and the preservation of the
integrity of the motor program (Kalinichenko, 2008, 2011).

Within this system, the shot is not a sequence of discrete
actions executed under direct control, but the result of an
unfolding organized process in which individual components
perform different functions and are governed by different
regulatory principles (Kalinichenko, 1994, 1995). Disruption
of this organization leads not to local errors, but to a change
in the mechanism of action realization.

The model distinguishes two relatively autonomous
subsystems—the aiming system and the execution system—
whose interaction determines both shot stability and the
conditions under which disruption occurs (Kalinichenko,
2009, 2011). These subsystems are not interchangeable and
perform different functions: one establishes the conditions
for action, while the other ensures its realization.

Thus, motor skill formation in archery is not based on
refining individual movements, but on establishing a mode of
system organization in which the motor program can be realized
without distortion, and its final phase emerges as a natural
consequence of this organization (Kalinichenko, 2011).

2. Aiming System

The aiming system is responsible for forming the spatial
and dynamic conditions under which the motor program of
the shot can be realized (Kalinichenko, 2009). Its function
is not to execute the action, but to bring the “archer-bow”
system into a state that allows stable completion of the
movement without additional triggering influence.

Aimingincludesvisualalignment, stabilization of posture,
control of oscillations, and reproducibility of reference points.
However, the critical factor is not the list of components,
but their coordinated organization. Functionally, the aiming
system establishes an acceptable range of deviations within
which further action remains stable under internal and
external perturbations (Kalinichenko, 2009, 2010).

Importantly, the aiming system should not perform a
triggering function. The use of visual signals as a basis for
initiating the shot alters its role: from a system that establishes
conditions for action to a source of a trigger, leading to
interference in the execution process and disruption of its
temporal structure (Kalinichenko, 2013).

Thus, the effectiveness of the aiming system is determined
not by instantaneous precision of target alignment, but by its
ability to create a stable system state within which the motor
program can be executed without distortion and without
transition to a reactive mode of regulation.

3. Execution System

The execution system ensures realization of the shot as
a continuous process in which the motor program unfolds
without transition to a discrete triggering act (Kalinichenko,
2011). Its function is not to initiate the action, but to maintain
a system state in which movement completion occurs as a
natural consequence of prior organization.

A key element of the execution system is the “expansion”
phase, which performs not only a biomechanical but also
a regulatory function. It ensures continuity of the action,
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prevents its interruption at a critical point, and eliminates the
need for conscious initiation of the final phase (Kalinichenko,
2013). In this state, muscular activity is organized in such
a way that the system gradually approaches a threshold
condition at which further ynepxanne becomes unstable.

Within this logic, release is not initiated by a discrete
command, but emerges as a consequence of the execution
system reaching a critical functional state (Kalinichenko,
2020). Any attempt to deliberately influence the timing of
movement completion disrupts process continuity, alters the
distribution of muscular effort, and shifts the system from a
program-based to a reactive mode of operation.

Thus, the effectiveness of the execution system is
determined not by the ability to control the final phase, but by
the ability to maintain continuity and integrity of the motor
program until its completion, thereby creating conditions for
the emergence of release as an automated event.

4. Principle of Functional Separation

From the functional characteristics of the aiming and
execution systems follows the principle of their separation:
the formation of action conditions and the realization of
action are governed by different regulatory mechanisms and
cannot be effectively performed within a single conscious act
(Kalinichenko, 2011).

The aiming system operates in an orientational mode
and ensures stabilization of spatial parameters, whereas the
execution system functions ina mode of continuous unfolding
of the motor program. Attempts to combine these modes in
the final phase of action lead to a regulatory conflict: visual
control characteristic of aiming interferes with execution,
which requires continuity and absence of a triggering act
(Kalinichenko, 2009, 2013).

As a result, the system shifts from a program-organized
mode to a reactive one, where the timing of the shot is
determined not by the internal logic of the action, but by
an external signal. This is accompanied by disruption of
temporal structure, altered distribution of muscular effort,
and loss of movement integrity.

Thus, functional separation of the aiming and execution
systems is a necessary condition for motor skill stability.

5. Release as an Automated Event

Within the proposed model, release is interpreted not as
a response to situational afferentation and not as a purposeful
action, but as an automated event emerging during the
realization of a formed motor program when the execution
system reaches a critical state (Kalinichenko, 2013, 2020).

The automated nature of release does not imply
uncontrolled triggering of a dominant motor stereotype.
Rather, it reflects the system’s ability to maintain integrity
of the selected action until its completion. In this case, the
final phase is not initiated by a separate signal but unfolds
as a natural consequence of prior movement organization
(Kalinichenko, 2011, 2013).

Intermsof stage-based action formation, the orientational
basis ensures the creation of conditions for action during
preparation and aiming stages. However, after reaching an
automated level, it should not directly interfere in the final



ISSN 2708-7581 (Online). ISSN-L 2708-7573. Journal of Learning Theory and Methodology. 2026. Volume 7, Number 2

phase. Reintroduction of conscious control at the moment
of release leads to disruption of temporal and coordination
structure or to a regression toward less adequate action
patterns (Kalinichenko, 2009, 2013).

Thus, release functions not as an object of control, but as
an indicator that the motor program is preserved and realized
without distortion (Kalinichenko, 2020).

6. Mechanism of Disruption

Disruption of motor skill arises not as arandom execution
error, but as a sakoHoMipHMIt consequence of a change in the
principle of action organization (Kalinichenko, 2009, 2013).

Under normal conditions, shot execution occurs within an
automated motor program with preserved functional separation
between aiming and execution systems (Kalinichenko, 2011). A
critical factor in disruption is the return of conscious control to
the final phase, where it does not perform an organizing function
but alters the mechanism of movement realization.

In this case, an artificial triggering connection is formed,
in which visual alignment with the target begins to serve as a
trigger for shot initiation (Kalinichenko, 2013). Transition to
this reactive mode leads to disruption of temporal structure,
disorganization of muscular coordination, and loss of
movement continuity.

The consolidation of such patterns has a cumulative
character: repeated execution under reactive conditions
strengthens maladaptive coordination structures and forms
stable patterns of disrupted performance. In practice, this
manifests as phenomena such as target panic, which should
be understood not as isolated psychological reactions, but as
systemic consequences of deformation of the motor program
(Kalinichenko, 2013).

7. Follow-through

Follow-through is not an external technical element or a
formal completion of the shot, but a functionally necessary
phase that ensures preservation of the integrity of the motor
action after string release. Its absence or reduction leads
to premature cessation of muscular activity, altering the
structure of the final phase and retrospectively affecting shot
quality (Kalinichenko, 2011, 2013).

Functionally, follow-through serves as a stabilizing
continuation of the action, allowing the system to maintain
the organization established in previous phases. This prevents
abrupt transition from active state to relaxation, which is
critical for preserving temporal and coordination structure
(Kalinichenko, 2011).

At the same time, follow-through performs a sensory
function. It is during this phase that proprioceptive and
kinesthetic information about the executed action is
integrated, forming the basis for performance evaluation.
Unlike external results, follow-through provides access to
internal parameters that determine reproducibility and
stability (Kalinichenko, 2011, 2012).

Thus, follow-through acts as a mechanism of feedback
formation, supporting refinement of the motor program
rather than correction of isolated errors.

8. Generalization

The results allow motor skill formation in archery to be
interpreted as a process of organizing an integrated functional
system in which performance accuracy is an emergent effect
of coordinated interaction between aiming and execution
subsystems and preservation of motor program integrity
(Kalinichenko, 2008, 2011).

Performance effectiveness is determined not by the
intensity of conscious control in the final phase, but by its
functional appropriateness: the orientational basis organizes
conditions at preparatory stages, while stable execution
requires preservation of automated organization without
additional intervention. Stability depends on the system’s
ability to maintain the selected motor program and realize it
without distortion.

The proposed model reinterprets both the mechanism of
skill formation and the causes of its disruption, and defines
follow-through as a key element of feedback ensuring system
stabilization and refinement of the motor program.

Conceptually, the results generalize empirically validated
principles of the Ukrainian school of archery and interpret
them within the framework of hierarchical organization of
movement and stage-based skill formation, creating a basis
for application to other complex coordination activities
(Table 1).

Table 1. Conceptual Model of Motor Skill Organization in Archery

Component

Functional Role

Key Mechanism

Stability Condition

Disruption Mechanism

Aiming system

Execution system

Functional
separation

Release

Disruption
mechanism

Follow-through

Formation of spatial and
dynamic conditions

Realization of motor
program

Distribution of regulatory
functions

Automated event

Change in action
organization

Stabilization and
feedback formation

Stabilization of system
state

Continuous unfolding of
movement

Separation of orientation
and execution

Emergence at critical
system state

Transition to reactive
mode

Continuation of system
organization

Maintains acceptable
range of deviations

Preserves continuity of
action

No interference between
subsystems

Occurs without conscious
initiation
Program-based

regulation

Preserves motor program
integrity

Becomes trigger for action
(visual control - trigger)

Interrupted by conscious
control

Conflict between
regulatory levels

Forced initiation disrupts
timing
Trigger-based execution

(reactive control)

Premature termination of
movement
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Discussion

The proposed model differs from existing approaches
to motor skill analysis by shifting the focus from control
of individual technical elements to the organization of
interaction between functional subsystems. Within traditional
interpretations, performance stability is associated with
execution accuracy and control of critical phases, whereas in
the present model it is determined by preservation of motor
program integrity and functional separation between the
aiming and execution systems.

The findings support the interpretation of motor
action in archery as an integrated system in which the key
determinant is not a specific technical element, but the
mode of organization of interactions among its components.
This perspective is consistent with theoretical frameworks
of hierarchical motor control, where performance stability
emerges from coordination across regulatory levels rather
than from local control of isolated elements (Bernstein, 1967;
Wolpert et al., 2011).

In this context, the principle of functional separation
between aiming and execution systems can be understood as
a specific operationalization of the distribution of functions
within the structure of action. The aiming system performs
an orientational role, establishing the conditions for action,
whereas the execution system ensures realization of the motor
program. This distinction aligns with the concept of the
orientational basis of action (Galperin, 1969), which defines
conditions for execution but, after automation, should not
directly intervene in the final phase of movement. Violation
of this separation leads to conflict between regulatory levels
and to a transition from program-organized to reactive action
(Masters, 1992; Beilock & Carr, 2001).

The interpretation of release as an automated event provides
a more precise account of the final phase of movement. Unlike
approaches that treat release as a discrete action subject to direct
control, the present model conceptualizes it as the outcome of
the execution system reaching a critical functional state. This
is consistent with the theory of functional systems (Anokhin,
1974), where results emerge as integrated effects of component
interaction rather than as responses to discrete triggering signals
(Shadmehr & Krakauer, 2008).

Reconsidering skill disruption as a transition to a reactive
mode of organization allows a reinterpretation of phenomena
such as target panic. In this framework, such phenomena are
not isolated psychological responses but reflect a change in
the mechanism of regulation, in which visual information
assumes the role of a trigger. This interpretation is consistent
with research on performance breakdown in precision
sports, demonstrating that excessive conscious control and
attentional focus on execution destabilize action (Hill et al.,
2010; Oudejans et al., 2011; Nieuwenhuys & Oudejans, 2012),
as well as with findings in archery highlighting the role of
coordination and muscular control in the final phase of the
shot (Ertan, 2009).

A critical element of the model is the role of follow-
through, which is interpreted as a phase ensuring system
stabilization and feedback formation. This is consistent with
concepts of sensory regulation and movement representation,
according to which preservation of action integrity enables
acquisition of information necessary for further refinement
(Bernstein, 1967; Schmidt & Lee, 2019).
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Opverall, the proposed model does not contradict existing
theoretical frameworks but specifies them within the context
of archery. It clarifies the relationship between orientational
and execution components of action, the role of conscious
controlacrossdifferent stages,and the mechanisms underlying
the transition from stable to disrupted performance.

The model has defined boundaries of applicability. It most
adequately describes motor skill formation and execution
in complex coordination tasks at stages of stabilization and
high-level performance. Its applicability is limited at early
stages of learning, where formation of the orientational basis
is dominant, and in conditions of high variability requiring
continuous restructuring of the motor program.

The proposed framework extends beyond archery and
is relevant to other complex coordination activities in which
performance depends on precise execution under time
constraints and high sensitivity to interference in the final phase.
This provides a basis for further research aimed at refining
mechanisms of motor control and optimizing learning processes.

Conclusions

Motor skill formation in archery should be understood
as the organization of an integrated functional system in
which performance outcome is determined by coordinated
interaction between subsystems and preservation of the
motor program, rather than by the accuracy of individual
technical elements.

Shot stability is ensured by functional separation between
the aiming and execution systems: the former establishes the
conditions for action, while the latter ensures its realization.
Violation of this separation leads to regulatory conflict and a
transition to a reactive mode of execution.

Release is an automated event that emerges during the
realization of the motor program when the execution system
reaches a critical state. It cannot be considered a discrete
action subject to direct conscious control.

The mechanism of motor skill disruption is associated
with the return of voluntary control to the final phase
of action and the formation of a reactive principle of
organization, resulting in performance instability and
persistent disturbances such as target panic.

Follow-through is a functionally necessary phase that
ensures system stabilization and feedback formation, which
is essential for further refinement of the motor skill.

The proposed model generalizes empirically validated
principles of the Ukrainian school of archery and interprets
them within contemporary frameworks of motor action
organization, providing a basis for application in other
complex coordination activities.

Practical implications of the model indicate that training
should be directed not toward controlling the moment of
release, but toward establishing a stable state of the execution
system in which movement completion occurs automatically.
Training should clearly separate the functions of aiming and
execution, avoiding the use of visual signals as triggers for
action initiation. Preservation of follow-through should be
considered a mandatory component of training, ensuring the
development of adequate sensorimotor feedback.

The presented framework can be used to optimize
training processes, particularly in the development of
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methods aimed at preventing reactive triggering patterns and
promoting stable motor skill acquisition.
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Inlosia «penisy»: KoHUenTyanbHa moaenb GopMmyBaHHA
PYXOBOiI HaBNYKIN Y CTPinbOi 3 nyka

Onexcanap Kannmniuenko'ABCPE

!/IpBiBCHKMIT HAI[iOHA/IBHMIT YHIBEPCUTET BEeTePUHAPHOI MEANIINHYI
ta 6ioTexnonoriit imeni Crenana I>xuubKkoro

ABTopcbknmit BKIa: A — nusaits gocnipkenns; B — 36ip ganux; C - cratananis; D - migroroska pykomcy; E - 36ip komrris

Pedepar. Crartsi: 7 ., 1 Tab1., 37 mxKeper.

AxTyanpHicTh. Y cTpinb6i 3 nyka 3aBepuranbHa dasa mocTpiny (penis) TpafuLiiiHO PO3IIANAETbCA AK Aif, WO IifyIArae
OesrocepeJHbOMY KOHTpPO/IIO. BojHOYac MpaKTMKa BUCOKOKBaMi(piKOBaHOTO BUKOHAHHA CBifUMTD, 1O CIPOOM CBioMOro
KOHTPOIIO 1€l a3y 3HIDKYIOTb CTaOiIbHICTD pesy/IbTaTy Ta HOB’sA3aHi 3 BUHMKHEHHAM IIOPYLIEHb TUITY «IIaHika MimeHi». e
CTBOPIOE MPOTHPIYYA MK TPafULIiHIM YABIEHHAM IIPO peli3 AK KepoBaHY fAil0 Ta GaKTUYHMMM MeXaHisMaMy e(eKTHBHOTO
BUKOHAHHS.

Mera. Po3poburu KOHIIeNTyanbHy MO#enb GOPMYBaHHA PYXOBOi HABMYKM Yy CTPinb6i 3 /TyKa, fAKa MOACHIOE MeXaHi3M
BUHMKHEHHA peli3y sK aBTOMAaTM30BaHOI IOfil, BU3HAa4Ya€e yMOBMU CTabiNbHOI peasisanii mocTpiny Ta po3kpuBae HpUYMHU
HOPYIUEHHS PyXOBOI IPOrPaMIu.

Marepianu i meTopu. Jlocnifi)KeHHA Mae HapaTUBHUII XapaKTep i IPYHTYeTbCA HA aHali3i Ta ysarajbHeHHi HayKOBUX i
MeTOAMYHUX MyOiKalill 3 Teopii CHOPTY, MOTOPHOTO HaBYaHHA Ta IICUXOJIOTIl PyXOBOI MifNBbHOCTI, a TAKOXX Ha y3araJbHEHHI
IPaKTUYHOTO JOCBily HiIFOTOBKYM CIOPTCMEHIB Y CTpinb6i 3 nyKa. Bukopucrano cucTeMHMII MifXij 0 aHami3y pyxoBoi fii Ta
METOJ, KOHLIENTYa/IbHOTO MOJE/TIOBAHHA.

Pesynpratu. PyxoBy fifo y cTpinbbi 3 myka iHTepmpeToBaHO fAK LiMiCHY QYHKLIOHaIbHY CUCTEMY, Y AKill BUPIIIaTbHUM €
He TOYHICTh OKPEMMUX €IeMEeHTIB, a y3TO[KeHICTh B3aeMOfil mificucTeM i 30epexeHHs pyXoBoi mporpamu. Bupineno cucremy
HaBeJleHHsI Ta CUCTeMY BUKOHAHHs, QyHKIIOHA/IbHE PO3[iIEHHS AKMX € YMOBOIO cTabimpHOCTi Ail. [lokasaHo, mo peris He €
OKPEMOI KE€POBaHOK JIi€l0, a BUHMKAE AK aBTOMATM30BaHA IIOJisl IPU JOCATHEHHI CUCTEMOIO BUKOHAHHS KPUTUYHOIO CTaHY.
OO6IrpyHTOBAHO MeXaHi3M MOPYIIEHHsI PyX0BOi HaBIYKM SIK I€PeXif Bifi IporpaMHO-OpraHizoBaHoi il 0 peaKTMBHOI BHACTIZOK
BTPY4YaHH: CBiloMoro KoHTpomo y ¢inanpHy ¢asy. Busnadeno ponp micmanii sx dasu crabimisawil cucremn Ta GpopMmyBaHHA
3BOPOTHOTO 3B AI3KY.

BucHosku. CrabinpHicTh mocTpiny 3abesnedyerbcsi 36epexkeHHAM LITICHOCTI pyxoBoi mporpamm Ta QyHKIiOHaTbHIM
PO3JileHHAM CUCTeM HaBeleHHA 1 BUKOHAHHA. Pesis BUCTYyNae iHAMKATOPOM IPaBUIBHO OpraHi3oBaHOI Aii, a He 00’€KTOM
yipasiinss. [TopyieHHs pyXoBol HABUYKY OB sI3aHe 3 IIEPEXOIOM JI0 PeaKTMBHOTO NIPUHIMITY OpraHisanii #il. 3ampornoHoBaHa
MOJI€Ib y3ara/IbHIOE MOIOKEHH YKPaiHChKOI KON JIyYHOTO CIIOPTY i CTBOPIOE MifAIPYHTSA A/ IX 3aCTOCYBAaHHA Y iHIINMX BUAX
CKTa/IHOKOOPAVHALIIHOI AisA/TBHOCTI.

KnrouoBi croBa: cTpinb6a 3 myka, MOTOpHE HaBYaHHS, PyX0Ba HABIUKA, Peli3, CCHCOMOTOPHMII KOHTPOJIb, ITaHiKa MillleHi.
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Abstract

Background. Sample size estimation in Structural Equation Modeling (SEM) remains a debated methodological
issue. Although minimum sample size rules are widely used, they often lack integration of theoretical, statistical, and
practical considerations, particularly in complex research designs.

Objectives. This study aims to provide a synthesis and comparative analysis of different approaches to sample size
estimation in SEM, integrating theoretical foundations, statistical criteria, methodological limitations, and applied
research contexts.

Materials and Methods. A multi-method approach was employed, consisting of three components: a narrative review
of sample size estimation methods, consideration of simulated scenarios reflecting realistic research conditions, and a
comparative evaluation of method performance across these scenarios.

Results. Findings show that rule-of-thumb approaches are useful for preliminary estimates but may misrepresent
required sample sizes in complex models. Power analysis provides more precise and rigorous estimates, particularly
for confirmatory research. Monte Carlo simulations offer robust guidance for complex, longitudinal, and multigroup
models. Estimator-based recommendations highlight the importance of aligning sample size with data characteristics
and estimation techniques. Model complexity emerged as a key determinant, with advanced SEM models often
requiring 400-700+ participants.

Conclusions. A systematic and context-sensitive approach to sample size estimation is essential for ensuring
robustness and methodological rigor in SEM studies across disciplines such as management and education.
Keywords: research methodology, structural equation modeling, sample size estimation, statistical power, model
complexity.

Introduction in which simple linear regression is insufficient. For example,
in studies in the field of innovation, entrepreneurship, and
organizational management, phenomena often involve
interactions between psychological, behavioral, and
contextual factors (Allammari et al., 2025; Dulaimi et al.,
2005; Ghardashi et al., 2022). Its application allows for
testing complex hypotheses, such as direct, indirect, and
mediating effects, as well as moderating effects, providing a
more holistic view of the processes studied. Furthermore, it
makes it possible to compare alternative models and assess
which one best fits the data, contributing to the validation of
emerging theories. Another relevant aspect is the ability to
work with latent variables, which reduce measurement error
by aggregating multiple indicators to represent a construct
(Kline, 2010). This feature provides greater accuracy to the
results and improves the internal validity of the models. SEM
also makes it possible to assess the quality of the scales used
through metrics such as composite reliability, convergent and

Structural Equation Modeling (SEM) is an advanced
statistical approach that has gained enormous relevance in
various fields such as engineering, management, and social
sciences, mainly due to its ability to deal with complex
relationships between observable and latent variables. Nusair
and Hua (2010) and Xiong et al. (2015) confirm this view
by pointing out that its importance stems from the fact that
it allows researchers to test theories robustly, integrating
multiple constructs that cannot be measured directly (e.g.,
attitudes, perceptions, trust, intentions, or skills). Thus,
SEM offers a framework that combines confirmatory factor
analysis and multiple regression models. This makes it
possible to simultaneously assess the quality of measures and
the structural relationships between constructs.

The applicability of SEM is particularly evident when
researchers deal with multidimensional theoretical models,

© Almeida, E, 2026. discriminant validity, ensuring that the model measures what
(@ JIm Corresponding Author: Fernando Almeida,
: LLCOVS e-mail: almd@fe.up.pt
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itisintended to measure (Cheung et al., 2024; Newsom, 2023;
Panzeri et al., 2024).

Determining the minimum sample size for applying
SEM is one of the most critical aspects of ensuring the
validity and robustness of the results. The importance of
this definition stems from the fact that SEM is a complex
statistical technique that involves multiple parameters to be
estimated, including factor loadings, covariances, structural
paths, and measurement errors (Kline, 2010). The greater the
number of parameters, the greater the need for sufficient data
to ensure that the estimates are stable and that the model can
converge without problems. An inadequate sample size can
result in biased estimates, making it impossible to identify the
model or leading to weak fit indices that do not adequately
reflect the quality of the theory being tested. Furthermore,
as Kim (2005) points out, sample size directly influences
the statistical power of the model. Small samples may fail
to detect significant effects even when they exist, which
undermines the ability to validate theoretical relationships.
However, determining this minimum size is a complex and
challenging task. One of the difficulties lies in the absence of
a universal consensus. The diversity of estimators available in
SEM adds another layer of complexity, as different methods
require different sample sizes. The presence of non-normal
variables, complex models, or structures with many indicators
also increases the need for larger samples. Another challenge
lies in the dependence on the specific context. Two models
with the same number of parameters may require different
sample sizes depending on the quality of the measurements
and the magnitude of the expected effects. Thus, determining
the minimum sample size in SEM is not a simple application
of rules, but rather a process that requires methodological
judgment. In this sense, this study seeks to synthesize
the various approaches to sample calculation and explore
practical perspectives on their application, considering the
context in which they can be used. Although there are studies
that discuss minimum sample requirements, such as Hox
et al. (2010), Nicolaou & Masoner (2013), and Ramos-Vera
(2022), few offer an integrated view that combines theoretical
foundations, statistical criteria, methodological limitations,
and the practical translation of these guidelines into real
research scenarios. This gap provides an opportunity for this
study to offer a relevant and distinctive contribution.

The rest of this article is organized as follows: first, a
theoretical contextualization of different methods for
estimating the minimum sample size in SEM is presented.
Next, the methodology adopted in this study is presented,
indicating its three phases. After that, the results are
presented, and their relevance and practical implications are
discussed. Finally, the main conclusions are summarized and
suggestions for future work are provided.

Literature Review

Calculating the minimum sample size in SEM involves a
diverse set of methods that reflect both statistical advances and
practical needs in empirical research. There is no universally
accepted criterion, which makes the topic particularly
complex and relevant. Literature in this field, such as Wang
and Rhemtulla (2021) and Wolf et al. (2013), suggests that the
choice of method should incorporate various elements, such
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as the type of model, the number of constructs considered,
the variability of the sample data, and the type of estimator
used. It is recognized that these different approaches offer
complementary perspectives on what constitutes a sufficiently
robust sample to ensure valid results.

One of the most traditional methods is that of practical
rules based on ratios between the number of participants
and the number of parameters or indicators. Among the
best known is the recommendation of at least 10 cases per
parameter or indicator, although some authors propose
more conservative ratios, such as 15 or 20 cases per variable
(Ali Memon et al., 2020; Iacobucci, 2010; Kush et al., 2021).
Although simple, this approach has been criticized for not
considering the complexity of the model or the specific
statistical properties of the data. Even so, it continues to be
used as an initial reference, especially in exploratory studies
or in preliminary planning stages.

Another relevant approach is statistical power analysis,
which seeks to determine the sample size needed to detect
effects of a certain magnitude with desirable levels of
confidence and power. This method uses previously estimated
or expected values, such as factor loadings, correlations, and
structural effects, allowing for a more rigorous assessment
of the model’s ability to detect real relationships in the data
(Buchberger et al., 2024; Flora et al., 2025). Power analysis is
particularly useful in confirmatory studies, but requires prior
knowledge of the parameters, which is not always available.

Monte Carlo simulations represent one of the most
advanced and methodologically robust approaches.
Traditionally, a Monte Carlo simulation is viewed as a
computational method used to understand the behavior of
a system or model by running a large number of random
simulations (Graf & Korn, 2020; Harrison, 2010). It relies on
repeated random sampling to estimate how a model performs
under different conditions. It is particularly useful to assess
uncertainty, variability, or risk in predictions (Schamberger,
2023). In the context of SEM, Monte Carlo simulations are
used to: (i) test how sample size affects parameter estimates
and model fit; (ii) examine the impact of non-normal data,
missing values, or measurement error; and (iii) evaluate
power and stability of complex models, including those
with second-order factors, multigroup comparisons, or
longitudinal designs. Serang (2020) notes that this method
allows for the consideration of complex factors, such as data
non-normality and distinct factor loadings. Despite its high
accuracy, the use of simulations requires more advanced
statistical skills and specific tools, which limit its applicability.

Anadditional approach involves recommendations based
on the type of estimator used. Estimators such as Maximum
Likelihood, as discussed by Maydeu-Olivares (2017), tend to
require larger samples, especially in non-normal contexts,
while robust or asymptotic distribution-based methods
can tolerate smaller samples, albeit with potential trade-
offs in accuracy. The Weighted Least Squares Mean and
Variance Adjusted (WLSMYV) estimator, for example, is often
recommended for categorical data, but requires relatively
large sample sizes to ensure stability (DiStefano & Morgan,
2014).

Another perspective is based on the structural complexity
of the model. Models with many constructs, multiple paths,
or second-order latent variables require significantly larger
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samples than simple models. Each of these parameters requires
sufficient information to be calculated accurately. When the
sample is small relative to the number of parameters, the
model tends to exhibit instability, convergence difficulties, and
unreliable estimates. In addition, fit indices such as CFI, TLI,
or RMSEA become more sensitive to fluctuations, producing
results that may mistakenly suggest a poor fit. van Kesteren &
Oberski (2019) point out that complexity also increases when
there are multiple structural paths between constructs. In
models that test direct, indirect, moderating, and mediating
effects simultaneously, the amount of information needed
to capture these relationships grows exponentially. Indirect
effects, for example, are particularly sensitive to sample size
because they involve the multiplication of coefficients, which
amplifies estimation errors. Thus, it can be concluded that
small samples can lead to underestimation or overestimation
of these effects, compromising theoretical conclusions. In
addition, another factor of complexity arises that is related
to second-order latent variables (Koufteros et al., 2009; Yang
et al., 2020). These structures, which aggregate several first-
order constructs, add new layers to the model, requiring
more parameters and increasing the difficulty of stabilizing
the model with few observations.

Materials and Methods

This study applies an exploratory methodology that
aims to compare different methods for calculating the
minimum sample size in SEM. This approach is particularly
appropriate in a field where there is no consensus and where
recommendations vary substantially depending on the model
and research objectives. Thus, the proposed methodology
recognizes that calculating sample size is not a purely technical
issue, but rather a process that requires coordination between
theory, practice, and empirical evaluation.

Figure 1 presents visually the methodological process. The
first component of this approach involves a narrative literature
review of the main existing methods. This step allows us to
map different families of methods, such as practical rules,
power analyses, criteria based on the number of parameters,
and Monte Carlo simulations. By critically exploring their
premises and contexts of applicability, the study provides a
solid theoretical basis that helps to understand why different
methods produce different recommendations. This review
also clarifies gaps and inconsistencies in the literature,
justifying the need for additional empirical comparisons.

The second component of the study is centered on
the practical application of sample size determination
methodologies through the development of structured
simulation-based scenarios that reflect realistic research
conditions. These scenarios are designed to mirror common
challenges encountered in empiricalstudies, includingvarying
levels of structural complexity such as first- and second-order
latent variable models, the presence of mediation effects,
multigroup comparisons, non-normal data distributions,
and models incorporating categorical or ordinal indicators.
However, it is important to clarify that, although the study
adopts a simulation-oriented design logic, it does not present
full Monte Carlo simulation outputs or empirically generated
sampling distributions. Instead, the term “simulation”
is used in a conceptual and scenario-building sense,
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where hypothetical but realistic model configurations are
constructed to examine how different sample size estimation
approaches behave under diverse methodological conditions.
This includes exploring how practical rules, statistical power
analysis, Monte Carlo-based reasoning, estimator-specific
recommendations, and model complexity considerations
may vary when applied to increasingly demanding analytical
contexts. Therefore, each scenario functions as a controlled
analytical framework rather than a computational simulation
experiment, allowing for structured comparison across
methodological approaches. Additionally, this study creates
a set of analytically grounded situations that reflect the
heterogeneity of contemporary empirical research in social
sciences, management, education, and engineering.

The third component of the study consists of a structured
comparative evaluation of the sample size estimates produced
by the different methodological approaches across the defined
scenarios. This analytical step goes beyond simple observation
of convergence or divergence between methods, aiming
instead to examine the magnitude, direction, and consistency
of differences under varying model conditions. In practice,
the comparison was conducted by applying each estimation
approach (e.g., practical rules, statistical power analysis,
estimator-based recommendations, and model complexity
guidelines) to the same set of scenario specifications. This
ensured a common analytical baseline, allowing results to be
directly contrasted across methods within identical structural
conditions. To enhance analytical rigor and reduce potential
bias in interpretation, several strategies were adopted. First,
all scenarios were defined a priori and kept constant across
methods, preventing post hoc adjustments that could favor
a particular approach. Second, comparisons were conducted
using a standardized parameter framework, ensuring that
differences in sample size recommendations were not driven
by inconsistencies in model specification (e.g., number of
latent variables, indicators, or structural paths). Third, the
analysis emphasized relative comparison patterns rather than
absolute numerical differences alone, focusing on whether
methods systematically produced more conservative (larger
sample requirements) or more liberal (smaller sample
requirements) estimates under identical conditions. This
assessment is not limited to a numerical comparison of the
recommended values; it also involves analyzing the accuracy
of the model estimates, the stability of the parameters, the
behavior of the goodness-of-fit indices, and the ability of each
method to deal with problems reported by Kelava et al. (2008)
and Tarka (2017), such as non-normality, multicollinearity,
or models with high structural complexity. In addition, this
step allows us to assess the sensitivity of the methods to the
specific characteristics of the scenarios. For example, if you
want to explore how rule-based methods behave when the
model contains second-order variables, or how power analysis
reacts when the expected effects are small or moderate.

The combination of these three components fully
justifies a multi-method approach. As Hammond (2005)
points out, a multi-method approach combines two or
more methods of data collection, analysis, or interpretation
within the same project, with the aim of obtaining a more
complete understanding of the phenomenon under study.
Thus, rather than relying exclusively on a single method (e.g.,
whether quantitative, qualitative, or experimental), a multi-
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method study integrates different methodological strategies
to explore a research question from multiple perspectives.
Applied to the specific context of this study, it is recognized
that no single method can capture all the factors that influence
the adequacy of the sample in SEM. Therefore, this multi-
method methodology not only enriches the analytical rigor
of the study but also increases its usefulness for researchers
who need well-founded recommendations that are adaptable
to the specific context of their investigations.

Phase 1— Narrative literature review

Parameter-based Monte Carlo

Practical rules Power analyses

criteria simulations

l maps method families
Phase 2 — Simulation-based scenarios

Model Mediation Non-normal
data

distributions

Categorical /
ordinal
indicators

complexity
(1st / 2nd order)

& multigroup
effects

J( common analytical baseline
Phase 3 — Comparative evaluation

Practical Statistical Estimator-based Complexity

rules power analysis recommendations guidelines

— magnitude, direction, and consistency of differences across conditions.

Fig. 1. Phases of the methodological process

Results

Table 1 provides a comparative analysis of different
methods to sample size estimation in SEM. Findings reveal
that each method for estimating sample size in SEM serves
different purposes and fits different research contexts.

Practical rules based on participant-to-parameter ratios
function mainly as an initial approximation rather than a
definitive guideline. They are best used at the earliest planning
stage, offering a quick benchmark but lacking the precision
required for rigorous studies. Statistical power analysis is
more appropriate when the researcher has prior information
about expected effect sizes and wishes to ensure sufficient
power and confidence. This method is especially valuable
in studies where the detection of specific relationships is
crucial and where analytical rigor is required. Monte Carlo
simulations are particularly suitable for advanced research
and complex SEM models. Their strength lies in the ability
to empirically test how the model behaves across different
sample sizes and data conditions, making them ideal when
precision and methodological robustness are priorities.
Researchers dealing with innovative, intricate, or high-stakes
models often rely on this approach. Recommendations based
on the type of estimator used become relevant when the
properties of the data are well defined. For instance, models
estimated using Maximum Likelihood tend to perform
adequately with moderate sample sizes under normality,
making this approach suitable when such assumptions are
met. Conversely, when data are categorical, the WLSMV
estimator becomes the most appropriate choice, though
it typically requires considerably larger samples to ensure
stability and accuracy. Finally, considering the structural
complexity of the model is essential when working with
large-scale, multifactorial, or hierarchical SEM designs.
As complexity increases, so does the required sample size,
making this perspective indispensable for ensuring reliable
estimation in sophisticated models.

Figure 2 provides a methodological flowchart that guides
researchers in selecting the most appropriate sample-size
estimation approach according to model characteristics,
data properties, and research objectives. The diagram poses
four sequential binary questions related to the researcher’s

Table 1. Comparative Analysis of Sample Size Estimation Methods in SEM

Method Description

Advantages Limitations

Based on fixed ratios, such
as 10 to 20 participants per
parameter or indicator.

Practical rules (participant-to-
parameter ratios)

Simple, quick, and widely used as

an

Ignores model complexity and
effect sizes. May lead to under- or
overestimated samples.

initial reference.

Calculates the sample size
needed to detect specific
effects with a desired level of
confidence and power.

Statistical power analysis

More rigorous and tailored to
expected effect sizes.

Requires precise definition of
effect magnitudes.

Monte Carlo simulations Tests model performance under
different sample size, variability,

and structural scenarios.

Highly robust and empirically
grounded. Provides very precise
estimates.

Requires software, computation
time, and technical expertise.
High level of complexity.

Estimator-based
recommendations (e.g., ML)

Sample size depends on the
characteristics and assumptions
of the estimator used.

Can provide estimates better
aligned with data characteristics.

Strongly dependent on
assumption compliance. Different
estimators vary widely in sample
demands.

Robust estimator for ordinal or

WLSMYV for categorical data

categorical variables, with mean
and variance adjustments.

Excellent for categorical data.
Reduces bias associated with ML
in non-continuous variables.

Requires large samples for stable
estimates, especially with few
categories or many factors.

Model structural complexity

Considers the number of
constructs, paths, factor
loadings, and presence of
second-order latent variables.

Accounts for the actual structural
demands of the model. Adjusts
sample size to model complexity.

May require very large samples.
Difficult to use in isolation
without other methodologies.
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situation and model characteristics. The first question
determines whether the study is still in an early planning
stage, directing those who are toward practical rules based
on participant-to-parameter ratios. The second question asks
whether expected effect sizes are known, routing researchers
with that prior knowledge toward statistical power analysis.
The third question identifies whether outcome variables are
categorical or ordinal, pointing to the WLSMV estimator in
such cases. The fourth and final question addresses whether
the model is large-scale, multifactorial, or hierarchical,
recommending a structural complexity approach when that
is true. Researchers who answer no to all four questions are
directed to the Maximum Likelihood estimator, suited for
continuous data under normality assumptions. It is also
recommended the combination of methods for greater
precision reflecting the complementary nature of the
approaches presented in Table 1.

Start here

l

Early planning stage
with no model details yet?

No

Known expected
effect sizes?

No

Categorical or

o ordinal outcome variables?
tical rules

tio benchmark

Pra
Quick r

Power analysis

No Rigorous, effect-size based

Large-scale, multifactorial,
or hierarchical model?

v

WLSMV estimator

Ordinal / categorical data

Structural complexity

No Scale n to model size

ML estimator
Continuous data, moderate n

Fig. 2. Methodological flowchart for selecting sample size
estimation approaches

The results are further explored considering practical
scenarios for the use of SEM in areas such as engineering,
management, social sciences, and education. It is important
to demonstrate how SEM has broad applicability in multiple
areas. Table 2 provides practical guidance on estimating sample
sizes for SEM across different methods, scenarios, and fields.
However, it is important to clarify that these recommendations
are not derived from a single unified empirical dataset or formal
simulation study, but rather from a structured synthesis of
widely reported guidelines in the SEM literature, combined with
established methodological conventions.

The synthesis indicates a relatively stable convergence of
recommended minimum sample sizes across SEM traditions,
with variability primarily driven by estimator choice and
effect size assumptions. Across the reviewed methodological
benchmarks, the practical rules approach (10-20
observations per estimated parameter) typically translates
into approximate sample sizes ranging from 50-200 (simple
models with 5-15 parameters) to 300-400 (more parameter-
intensive models). This rule is consistent with early-stage
exploratory SEM applications, where precision is secondary
to model feasibility and identification.

The statistical power analysis framework, assuming
a conventional medium effect size (f* = 0.15), a = 0.05, and
power = 0.80, produces more formalized estimates in the range
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of 150-250 participants for standard SEM models, increasing
to 250-400 participants when structural complexity or lower
effect sizes are considered. More specifically, this framework
derives its robustness from its explicit grounding in Type I
and Type II error control, ensuring that the probability of
incorrectly rejecting a true model effect (a error) and failing
to detect an existing effect (B error) is explicitly regulated.
Compared to rule-of-thumb approaches, power analysis
incorporates effect size sensitivity, meaning that even moderate
reductions in assumed effect magnitude (e.g., from f* = 0.15
to £ = 0.10) can lead to substantial increases in required
sample size, often exceeding 300-450 participants depending
on model specification and number of latent constructs. In
SEM contexts, these estimates are further influenced by model
complexity parameters. Models with higher parameter density
or weaker indicator loadings typically require larger samples to
maintain sufficient statistical power for detecting both direct
and indirect effects. In mediation models, for instance, indirect
effects tend to have lower statistical power than direct effects,
often necessitating an additional 20-40% increase in sample
size to achieve equivalent detection capability. Moreover,
power-based SEM recommendations assume adequate
measurement quality, including acceptable reliability levels
(e.g., factor loadings > 0.60-0.70). When measurement error
increases, the effective power of the model decreases, thereby
inflating required sample sizes even further. This reinforces
the importance of integrating measurement model assessment
with power calculations, rather than treating sample size
determination as a purely structural issue.

The Monte Carlo simulation literature (as reported
in prior validated studies) indicates more robust and
empirically stable requirements, typically ranging from
250-600 participants, with the upper bound associated with
conditions of non-normality, higher model misspecification
sensitivity, or longitudinal/multigroup structures. These
estimates reflect convergence criteria such as parameter bias
(<10%), standard error stability, and acceptable convergence
rates (>95%), as commonly reported in simulation-based
SEM validation studies. Effectively, Monte Carlo approaches
derive their strength from the ability to replicate the sampling
process under controlled population conditions. Within this
framework, sample size requirements are not treated as fixed
thresholds but as performance-dependent outcomes, defined
by whether predefined statistical criteria are satisfied across
a large number of replications (e.g., 1,000-5,000 simulated
samples). In SEM applications, acceptable performance is
typically evaluated using multiple diagnostics, including
relative bias, root mean square error (RMSE), standard
error accuracy, coverage probability of confidence intervals
(typically > 0.90-0.95), and empirical power stability across
replications. When these criteria are jointly considered,
sample size recommendations tend to increase as model
complexity escalates. In particular, multigroup SEM models
and longitudinal growth models tend to require larger
samples (often 400-700+ observations) due to the need
to simultaneously estimate group-specific or time-varying
parameters. Similarly, models involving non-normal
indicators or categorical data structures exhibit increased
estimation instability at smaller sample sizes, often requiring
upward adjustments in the recommended range to maintain
convergence reliability and reduce parameter distortion.
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From an estimator-specific perspective, Maximum
Likelihood (ML) estimation demonstrates adequate
performance with 200-300 observations under continuous
and approximately normal data conditions, while the
WLSMYV estimator for ordinal/categorical indicators requires
approximately 350-550 observations to maintain parameter
stability and robust standard errors. These differences reflect
documented sensitivity of categorical estimators to sample
size and distributional asymmetry, particularly in models with
multiple latent constructs. ML estimation is grounded in the
assumption of multivariate normality and sufficient sample
size for asymptotic properties to hold, meaning that parameter
estimates become increasingly unbiased and efficient as sample
size increases. Under conditions of mild to moderate non-
normality, ML can still perform adequately, particularly when
robust corrections (e.g., Satorra-Bentler scaled statistics or
robust standard errors) are applied. However, when sample
sizes approach the lower bound of the recommended range
(=200), ML estimates become more sensitive to model
misspecification and measurement error, potentially affecting
fit indices and standard error precision. In contrast, WLSMV
(Weighted Least Squares Mean and Variance adjusted)
estimation is specifically designed for ordinal or categorical
indicators, where the underlying assumption is that observed
responses reflect discretized versions of continuous latent
response variables. This estimation approach relies heavily
on accurate threshold estimation and polychoric correlations,
both of which are highly sensitive to sample size. As a result,
smaller samples can lead to unstable threshold estimates,
inflated standard errors, and reduced convergence reliability,
particularly in models with a large number of categories or
indicators per latent construct.

Finally, model structural complexity introduces a
consistent upward adjustment factor of approximately +30%
to +60% in required sample size, particularly in second-
order, multigroup, or longitudinal SEM designs. Under these
conditions, recommended samples frequently reach 400-600
participants, with more complex longitudinal trajectories
extending to 600-750 participants to ensure stable estimation
of growth or group-specific parameters. This upward
adjustment is primarily driven by the fact that structural
complexity increases the total number of free parameters to
be estimated, including additional factor loadings, structural
paths, intercepts, variances, covariances, and, in multigroup
settings, group-specific parameter sets. As the parameter-
to-sample ratio becomes more constrained, estimation
precision decreases unless compensated by larger samples.
This effect is particularly pronounced in models with latent
interactions, hierarchical factor structures, or cross-group
equality constraints, where identification conditions require
stronger empirical support. Moreover, in second-order SEM
models, the introduction of higher-order latent constructs
amplifies estimation demands because each higher-order
factor aggregates multiple first-order constructs, thereby
increasing the dependency structure within the model. This
leads to greater sensitivity to sampling variability, especially
when first-order factor loadings are moderate or unevenly
distributed. Consequently, sample sizes closer to the upper
bound (=500-600) are typically required to maintain stable
second-order parameter estimates and acceptable standard
errors. Additionally, in multigroup SEM applications, sample
size requirements are further influenced by the need to ensure
measurement invariance across groups. Each additional
group effectively reduces the available sample per estimated

Table 2. Practical Scenarios for the Application of SEM and Estimation the Sample Size

Method

Scenario I

Scenario II

Scenario IIT

Practical rules (participant-to-
parameter ratios)

Statistical power analysis

Exploratory research in
startup incubators to map
entrepreneurial competencies;
~150-200 participants
(assuming 15 parameters).
Leadership training effect on
teams; ~200-250 participants
to detect medium effect size (f>
=0.15) with 0.80 power.

Pilot with small software teams;
~80-120 participants for ~10
parameters.

Community program evaluation;
~180-220 participants to detect
medium effects with o = 0.05 and
power 0.80.

Student satisfaction in a small
class; ~50-100 participants for
~5-7 parameters.

Pedagogical intervention

on student skills; ~250-400
participants to detect medium-
to-large effects.

Monte Carlo simulations

Complex model that involves
culture, networking, and
innovation constructs; ~300—
500 participants for stable
parameter estimates.

Reliability of complex systems;
~250-400 participants depending
on non-normality and latent
variable structure.

Longitudinal urban mobility
study; ~400-600 participants for
stable growth trajectories.

Estimator-based
recommendations (e.g., ML)

Customer satisfaction surveys
with continuous data; ~300-
400 participants for moderate
complexity.

Industrial process comparison
with continuous data from
less than 3 sectors; ~200-300
participants.

Well-being factor analysis; ~350-
500 participants for stable ML
estimation.

WLSMYV for categorical data

Likert-scale entrepreneurial
competencies; ~400-500
participants due to ordinal
items.

School climate evaluation; ~350—
450 participants to ensure stability
across multiple classes.

Hierarchical public policy
perception models; ~450-550
participants for robust WLSMV
estimation.

Model structural complexity

Second-order model of
motivation, leadership,
networking; ~400-600

participants.

Multigroup model comparing
departments; ~250-400
participants depending on groups
and paths.

Longitudinal model of student
competencies; ~500-750
participants for trajectory
estimation.
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parameter, meaning that total sample size must scale with
both the number of groups and the complexity of cross-
group constraints.

Discussion

This study offers an analysis and comparison of different
methods for estimating sample size in SEM. This is a central
theme for ensuring validity, reliability, and methodological
rigor in complex quantitative research. Several approaches
are explored, ranging from simple practical rules to highly
robust Monte Carlo simulations. The results obtained in
this study are important for demonstrating how the choice
of method directly impacts the accuracy of estimates, the
stability of parameters, and statistical power. These are
fundamental aspects for different fields of application,
including management, engineering, education, and social
sciences.

The study shows that traditional methods, such as
practical rules based on the participant-parameter ratio,
are useful in early stages or in exploratory research with
limited resources, offering quick estimates of sample size,
usually between 50 and 200 participants. However, current
literature indicates that such approaches lack rigor and
may underestimate or overestimate sample requirements
in complex models (Schuberth et al., 2023). Thus, although
useful, these estimates should be used sparingly and not
abusively, particularly when the population size we are
inferring is significant. Therefore, it can be concluded
that the use of fixed rules can lead to underestimation or
overestimation of sample size, especially in complex,
multifactorial, or longitudinal models. Underestimating
the sample can result in unstable parameters, high type I or
type II errors, and unreliable conclusions (Akobeng, 2016;
Darling, 2024; Rothman, 2010).

Statistical power analysis represents a significant
methodological advance over traditional rules of estimation,
as it allows one to calculate the sample size needed to detect
effects of a specific magnitude with predetermined levels
of confidence (usually a = 0.05) and power (typically 0.80
or higher). Rather than providing only a rough estimate
based on generic ratios, this approach explicitly considers
the strength of the expected effects, which is critical to
ensuring that statistical tests have a sufficient probability of
identifying real relationships between variables, minimizing
the risk of type II errors. This approach is particularly useful
in confirmatory studies, in which the researcher already has
clear hypotheses and wishes to verify specific relationships
between constructs. For example, in corporate leadership
programs, power analysis allows the calculation of the
number of participants needed to detect whether a training
intervention actually improves team performance or job
satisfaction. Similarly, in educational interventions, such as
critical skills teaching programs or active learning methods,
power analysis helps define a sample capable of revealing
statistically significant effects on academic performance or
student motivation. Furthermore, power analysis is aligned
with classic recommendations by McQuitty (2004), who
emphasizes that studies with insufficient power tend to
produce unreliable results, making it difficult to replicate and
generalize conclusions. Subsequent SEM research, such as
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that by Cole (2025) and Irmer et al. (2024), reinforces that
the use of power analysis is essential for confirmatory and
multifactorial models, as it allows for balancing statistical
rigor with practical feasibility, avoiding both undersizing
(which compromises the detection of real effects) and
oversizing (which can waste resources).

Monte Carlo simulations stand out as an empirically
robust method capable of testing model stability in different
scenarios of sample size and data distribution. More recent
studies emphasize their value in complex or longitudinal
models, especially when traditional assumptions of normality
are not met (Hsu et al., 2019; Schultzberg & Muthén, 2017).
Similarly, recommendations based on the type of estimator,
such as Maximum Likelihood or WLSMYV, reinforce that the
adequacy of the sample size depends on the characteristics of
the data. WLSMYV, for example, requires considerably larger
samples for categorical data, reflecting the need for alignment
between model, data, and estimator.

Considering the structural complexity of the model is
one of the most critical factors in defining the sample size
in SEM, as more elaborate models place additional demands
on the data and the accuracy of the estimates. Structural
complexity refers to elements such as the number of latent
constructs, the number of indicators per construct, the
presence of second-order factors, multigroup structures,
or longitudinal models that estimate trajectories over time.
Each of these elements significantly increases the number of
parameters to be estimated, which, in turn, increases the need
for a larger sample to ensure statistical stability and reliability.
For example, in second-order models, where higher-level
latent constructs are formed from first-level factors, the
number of paths and factor loadings to be estimated grows
nonlinearly in relation to the number of observed variables.
This implies that a sample that would be sufficient for a
first-order model may be inadequate, resulting in unstable
parameters, biased estimates, and wide confidence intervals.
In multigroup models, complexity increases even further, as
it is necessary to ensure stability in each group analyzed, in
addition to allowing comparisons between groups, which
require significantly larger samples. Longitudinal models,
in turn, require sufficient participants to capture temporal
trajectories, considering possible losses due to dropouts and
variability over time. The current literature corroborates this
need for larger samples in complex models. Studies such as
those by Montoya & Edwards (2020) indicate that, for models
with multiple factors, indicators, and groups, it is common
for the required sample size to exceed 400 to 600 participants,
reaching 700 or more in longitudinal or extensive second-
order models. Moreover, Savalei (2020) shows that when
using robust estimators or categorical data, this requirement
may be even greater, as estimators need more information to
produce reliable results.

Finally, we recognize the potential of this article in
offering practical implications. First, it contributes to greater
rigor in defining sample size. The aim is to help researchers
plan data collection in a more scientific and informed
manner, considering the characteristics of the model,
structural complexity, type of data, and estimator used. This
rigor avoids arbitrary decisions or those based solely on
conventions, such as the generic rule of “10 to 20 participants
per parameter.” Although the sample size ranges presented
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in this study are derived from established methodological
literature and widely accepted SEM guidelines, they
should be viewed as indicative reference values rather than
universally applicable thresholds. Second, this study seeks to
contribute to better resource allocation. SEM research can
involve significant costs, both in terms of money and in terms
of time and human effort. More accurate sample planning
avoids unnecessarily large data collections, which consume
resources without generating proportional gains in accuracy,
and also avoids insufficient samples, which would require
repeating studies or collecting additional data later. Thus,
by adequately estimating the sample size, it is possible to
optimize the budget, reduce logistical effort, and increase
the operational efficiency of research projects. Furthermore,
this situation is highly relevant in applied studies in
management, engineering, education, or social sciences,
where the availability of participants may be limited. Lastly,
it also aims to contribute to ensuring robust and replicable
results. An adequate sample size increases the stability of
parameter estimates, reduces the risk of type I and type II
errors, and improves the generalization of results to the target
population. This is essential for confirmatory research and
longitudinal studies, in which reliable conclusions depend
on the consistency of estimates over time and across different
groups. Furthermore, replicability, which has become a
central criterion of scientific quality as demonstrated by
Chakravorti et al. (2025), Epskamp (2019), and Rahal et al.
(2022), is only possible when the sample allows real effects
to be detected with statistical confidence. Although adequate
sample size is a necessary condition for robust and replicable
SEM results, it is not sufficient by itself. Replicability and
statistical robustness also depend on factors such as model
specification, measurement quality, construct reliability and
validity, estimator appropriateness, treatment of missing
data, and compliance with distributional assumptions
(Guenther et al., 2025; Yuan et al., 2015). Consequently,
the recommendations proposed in this study should be
interpreted as methodological guidance that supports
research planning rather than as guarantees of reproducible
findings.

Conclusions

This study highlights the importance of adopting a
systematic and careful approach to estimating sample size
in SEM, showing that different methods offer varying levels
of accuracy and applicability. Traditional rules of estimation
are useful in exploratory phases, offering quick estimates,
but they have limitations in complex models and can lead to
underestimation or overestimation of sample requirements.
Statistical power analysis represents an advance, allowing
the calculation of samples capable of detecting specific
effects with defined levels of confidence and power, and is
particularly suitable for confirmatory studies in areas such as
management and education. Monte Carlo simulations offer
empirical robustness for complex or longitudinal models,
while recommendations based on the type of estimator,
such as ML or WLSMYV, highlight the need to align sample
size with data characteristics. Finally, consideration of the
structural complexity of the model emerges as a central factor:
second-order, multigroup, or longitudinal models require
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substantially larger samples to ensure parameter stability and
reliability of estimates, often above 400-600 participants,
reaching 700 or more in extensive models.

Finally, some suggestions for future work are provided.
Several avenues can be explored to deepen and expand
the findings of this study. First, comparative empirical
research between sample size estimation methods in specific
application contexts is recommended, with the aim of
verifying whether the general recommendations hold true
in different populations and data types. Another important
line of research would be to evaluate the performance of the
methods in highly complex or longitudinal models, including
second-order factors and multigroup structures, especially
considering categorical or non-normal data, to validate and
refine the proposed estimates. In addition, future studies could
explore the impact of sample size on measures of validity
and reliability in SEM. This type of study could assess how
different estimates affect parameters, factor loadings, and fit
indices in real-world scenarios. It would also be relevant to
develop interactive tools or guides to assist researchers in
defining ideal samples, in which various variables such as
estimator type, model complexity, and magnitude of expected
effects can be incorporated.
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MeToaun ouiHIOBaHHA pO3Mipy BUGipKn
B MoAesioBaHHi CTPYKTYPHUMUN PiBHAHHAMN

®depHanpy Anmeriga'ABCP

YuiBepcuret ITopry Ta IHCTUTYT crcTeMHOI Ta KOMITI0T€PHOI iHXXeHepil, TeXHOJIOTi i HayKu

ABTOpCHKNMII BKIAJ: A — Iu3aiiH gocmimpkeHHs; B — 36ip ganux; C - crataHanis; D - migroroska pykomucy; E — 36ip komris

Pedepar. Crarts: 11 c., 2 Tabn., 2 puc., 48 mxepern.

ITepemymoBu. O1jiHoBaHH:A po3Mipy BUOIpKY B MOJIe/IIOBaHHI CTPYKTYpHUMMU piBHAHHAMM (SEM) 3anuiraerTbes JUCKYCIiHIM
METOHOJIOTIYHMM IMUTAHHAM. X0ua IIpaBMIa LIOf0 MiHIMaIbHOIO pO3Mipy BUOIPKM MIMPOKO BUKOPMCTOBYIOTHCA, BOHM 4acTO
HEIOCTAaTHbO iHTETPYIOTh TEOPETNYHI, CTATUCTUYHI Ta MPAKTUYHi MipKyBaHHH, 0co0mmBO Y CKJTaJHUX JOCTiTHNIBKUX AN3alTHAX.
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Mera. Ile gocnimkeHHsA Ma€ Ha MeTi 3[iJICHUTY CUMHTe3 i MOPiBHANbHMII aHasli3 Pi3HMX MiIXOiB 10 OLiHIOBAHHA PO3Mipy
Bubipku B SEM, iHTerpyioun TeopeTudHi 3acafi, CTaTUCTUYHI KpUTEpii, MeTOHONOTiuHI 0OMeXEHHS Ta KOHTEKCTU HMPUK/IAHIX
IOCTiIKeHb.

Marepianu ta MeTopu. byno 3acTOCOBaHO MY/IbTMMETONHMIA MifIXifl, [0 CK/IafaBCsA 3 TPbOX KOMIIOHEHTiB: HApaTMBHOIO
OI/IAZY METOJIB OLiHIOBaHH:A PO3Mipy BUOIpKHU, POSIVLANY 3MOIEIbOBAHNUX CLieHapiiB, AKi BifoOpaXkaoTh peamicTU4Hi yMOBU
TOCIi/)KEHHA, Ta IIOPiBHAIBHOTO OIIiHIOBAHHA e(eKTUBHOCTI METO/IB Y IIUX CIleHapPifAX.

PesynbraTu. PesynbraTy 1okasyroTh, 10 eMIIipMYHI IpaBula € KOPUCHUMIU [IA IIOIepeJHbOrO OLIHIOBAaHHA, ajie MOXYTb
HEKOPEKTHO BM3HAYATH HEOOXiTHMIT po3Mip BUOIPKI Y CK/IafHUX MOJie/siX. AHaIi3 CTaTMCTUYHOI TOTY)KHOCTI 3abe3Iedye TouHiIi
Ta 6inbII o6rpyHTOBaHi OLIiHKM, OCOOINBO I MiATBepPAKYBAIbHNUX JocTimkenb. Cumysnauii Monte-Kapno 3a6e3neqy10Tb HamiHi
OpieHTUPU AJIS CK/IAJ{HMX, JIOHTITIONHUX i 6araTorpynoBux Mopesneil. PekoMeH/allil, 110 IPYHTYIOTbCA Ha METOJAX OLiHIOBaHH:A
1apaMeTpiB, MiKPeC/IIO0Th BaK/INBICTD Y3TOPKEHHs po3Mipy BUOIPKM 3 XapaKTepUCTUKAMM JAHUX i METOJaMM OLiHIOBAHHSL.
CKIafgHICTh MOZiei BUABWIACA KIIOYOBUM YMHHMKOM, pUYOMy cKaafgHi Mopeni SEM dacto morpe6ytors 400-700 i 6inbime
YYacHMKIB.

BucHoBku. CucTeMaTM4Huil i KOHTEKCTHO OPiEHTOBAHMUII MiAXif O OLIHIOBaHHA po3Mipy BMOIpKM € HEOOXifHUM A/t
3abe3IeyeHHsI HAZIITHOCT] Ta METOJOJIOTIYHOI CTPOrOCTi JOCII/PKeHD i3 BukopucraHusim SEM Y TaKMX Iaays3sx, K MEHEI>KMEHT
Ta OCBiTa.

Kitro4oBi croBa: MeTOROJIOTisI JOCTIPKEHHS, MOJIETIOBAHHS CTPYKTYPHVUMY PiBHSAHHSAMM, OL[iHIOBAHHS PO3Mipy BuOipKu,
CTaTUCTUYHA IOTY>KHICTb, CKIA/IHICTh MO,
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Abstract

Objectives. Although augmented reality (AR) is increasingly used in physical education, empirical evidence regarding
its contribution to secondary school students' physical literacy remains scattered across different research designs,
learning contexts, and outcomes. The purpose of this study was to synthesize empirical evidence regarding the use of
AR in secondary school physical education and to map its contribution to outcomes conceptually related to physical
literacy domains.

Materials and Methods. This study used a literature review design with reference to the PRISMA 2020 guidelines.
Article searches were conducted in six databases, namely Scopus, Web of Science, ERIC, SPORTDiscus, PubMed,
and Google Scholar. The search was limited to peer-reviewed journal articles published between 2015 and 2025. The
keywords used combined terms related to augmented reality, physical education, secondary school, and outcomes
related to physical literacy. A total of 1,061 articles were identified. After removing duplicate articles, screening titles
and abstracts, assessing full texts, and evaluating eligibility, 7 articles met the inclusion criteria. Data were analyzed
using narrative synthesis and thematic synthesis based on four domains of physical literacy: physical competence,
motivation and confidence, knowledge and understanding, and physical activity engagement or participation.
Methodological quality and risk of bias were assessed using the Mixed Methods Appraisal Tool (MMAT), and the
strength of evidence was mapped using explicit coding criteria.

Results. The findings indicate that AR may support several outcomes conceptually related to physical literacy in
secondary school physical education. AR-based learning can improve motor skills, sport-specific competencies,
motivation, self-confidence, understanding of movement concepts, learning engagement, and physical activity
participation. The strongest evidence was found in the domains of physical competence, motivation and self-
confidence, and knowledge and understanding. Furthermore, AR-based game-based learning and AR-based outdoor
activities also supported increased student engagement and physical activity. However, none of the included studies
measured physical literacy as a complete multidimensional construct, so the results should be interpreted as evidence
of physical literacy-related outcomes rather than direct evidence of overall physical literacy development.
Conclusions. AR has potential as a supportive pedagogical medium for promoting outcomes related to physical
literacy in secondary school physical education. However, its effectiveness is highly dependent on the learning design,
teacher preparedness, learning objectives, and the integration of AR with real-life physical activities. Future research is
expected to develop more structured and long-term augmented reality interventions that explicitly measure students'
physical literacy multidimensionally.

Keywords: augmented reality, physical education, physical literacy, secondary school, motor competence.

Introduction context, physical education serves not only to improve
physical fitness but also serves as a pedagogical space for
developing movement skills, cooperation, discipline, self-
confidence, and active lifestyle habits (Prabowo et al., 2025).
A study confirms that the provision of physical education,
physical activity, and sport in schools has the potential to
© Prabowo, T. A., Afifah, M., Indarto, A. V., Pahlavi, Z. Y. D.,  support adolescents’ mental health, well-being, and physical

Physical education plays a crucial role in supporting
the development of secondary school students, particularly
as adolescence is a transitional period marked by physical,
psychological, social, and behavioral changes. In the school

& Cahyo, E D., 2026. activity experiences (Rocliffe et al., 2024). Therefore, physical
(@ JiMm Corresponding Author: Trisnar Adi Prabowo,
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education in secondary schools needs to be positioned as
an important part of a holistic education that helps students
build a foundation for participating in lifelong physical
activity.

In modern physical education, physical literacy has
become an important orientation because this concept views
movementabilities more broadly than simply mastering motor
skills. Physical literacy encompasses physical competence,
motivation, self-confidence, knowledge, understanding, and
engagement in meaningful physical activity. These domains
indicate that physical literacy is not a single performance
outcome, but a multidimensional construct that integrates
physical, cognitive, affective, and behavioral aspects of
participation in physical activity (Martinez-Lopez et al,,
2022). Scientific studies show that physical literacy has
become a significant focus in school physical education
and youth sports programs (Liu & Chen, 2021). However,
its definition, measurement, and forms of intervention are
still evolving, and school-based physical literacy promotion
requires learning experiences that integrate movement
competence, motivation, knowledge, confidence, and active
engagement (Grauduszus et al., 2024; Nita Peranita et al,,
2025; Nevitaningrum et al., 2026). Therefore, physical
education that is oriented towards physical literacy needs
to help students not only be able to perform movements,
but also understand, appreciate, and be motivated to actively
participate in physical activities.

However, despite its strategic role, its implementation
in secondary schools still faces various challenges. Another
problem is some students show low motivation, limited
confidence, unequal movement competence, or insufficient
engagement in movement-based learning. Scientific
evidence shows that barriers to physical activity among
secondary school and college students include lack of time,
low motivation, and limited access to places or facilities
that support physical activity (Silva et al., 2022; Alhroub
et al., 2024). In addition, student involvement in physical
education is greatly influenced by the quality of motivation,
learning environment support, and learning strategies used
by teachers (Cimenti et al., 2025; Terra et al., 2025). This
condition shows that physical education learning requires
a pedagogical approach that is more interesting, visual,
interactive, and adaptive to the needs of secondary school
students.

One approach that has the potential to address these
challenges is the use of augmented reality in physical
education learning. Augmented reality (AR) is a technology
that combines virtual objects with real environments to
provide more interactive, contextual, and immersive learning
experiences. In education, studies in review articles and meta-
analyses have shown that AR has a positive impact on various
learning outcomes because it can provide more concrete
visualization, interaction, and learning experiences (Chang
et al., 2022; Yefremenko et al., 2025; Topalska & Rumenov,
2025). In physical education, AR may support learning
through several mechanisms, including three-dimensional
movement visualization, interactive exploration, embodied
learning experiences, increased learner autonomy, and greater
motivational engagement. Previous studies also indicate
that virtual reality, augmented reality, and mixed reality
technologies have begun to be used to support movement
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learning, motivation, and engagement in physical education
contexts (K. E. Chang et al., 2020; Pérez-Muioz et al., 2024;
Omarov et al., 2024). With these characteristics, AR has the
potential to help students understand movement techniques,
visualize difficult concepts, increase motivation, and connect
conceptual understanding with physical activity practice.

Numerous previous studies and reviews have addressed
theuseofdigitaltechnologies,augmentedreality, virtual reality,
and mixed reality in physical education. However, the available
evidence remains scattered across contexts, educational
levels, technology types, learning materials, research designs,
and outcomes. This discrepancy suggests that AR studies in
physical education still largely focus on instructional design
and technology implementation options (Ariffin et al., 2022),
while other, broader evidence still discusses and compares
the use of virtual reality (VR), augmented reality (AR), and
mixed reality (MR) in physical education (Pérez-Muioz et
al., 2024). On the other hand, physical literacy in physical
education in schools still tends to focus on the motor skills
aspect, while the application of a multidimensional physical
literacy framework that includes motivation, self-confidence,
knowledge, and long-term engagement is still limited (Ridha
et al., 2025; Vieira et al., 2025). Moreover, many empirical
AR studies in physical education do not directly measure
physical literacy as a complete construct, but instead assess
outcomes that are conceptually related to its domains, such
as motor competence, motivation, confidence, knowledge,
engagement, physical activity, and fitness. Therefore, a
synthesis is still needed that specifically connects the use of
AR in secondary school physical education with the realm of
physical literacy.

Based on this gap, this study aims to conduct a literature
review on the use of augmented reality (AR) in physical
education at the secondary school level and its contribution
to outcomes conceptually related to physical literacy.
Specifically, this review aims to identify the forms of AR used,
the context of the physical education materials developed,
the results studied, and the contribution of AR to physical
competence, motivation and self-confidence, knowledge and
understanding, and engagement or participation in physical
activity. This review does not assume that all included studies
directly measured physical literacy as a multidimensional
construct; rather, it maps and synthesizes AR-related
evidence across domains that are theoretically aligned
with physical literacy. This literature review is expected
to provide a more comprehensive understanding of AR's
position as a pedagogical medium in physical education. In
addition, the results of this review are expected to be a basis
for physical education teachers, researchers, and learning
technology developers in designing AR-based learning that
is not only technologically attractive but also meaningful
for the development of physical literacy in secondary school
students.

Materials and Methods

Research Design

This study employed a literature review design to
identify, select, evaluate, and synthesize previous empirical
studies on the use of augmented reality in secondary school
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physical education. The review focused not only on studies
that directly measured physical literacy, but also on studies
that examined physical literacy-related outcomes, including
physical competence, motor competence, motivation,
confidence, knowledge and understanding, engagement,
physical activity participation, and fitness. The reporting
of this literature review refers to the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
2020 guidelines so that the process of searching, selecting,
and synthesizing articles can be carried out transparently,
systematically, and can be replicated (Page et al., 2021;
Kurniawan et al., 2024).

This literature review was chosen because the available
evidence on augmented reality in physical education is still
distributed across different learning contexts, intervention
designs, educational levels, and outcome measures.
Therefore, the review aimed to map the forms of AR used in
physical education, the types of learning materials involved,
the outcomes measured, and the extent to which these
outcomes were theoretically aligned with the domains of
physical literacy. In this study, physical literacy is understood
as a multidimensional construct that includes physical
competence, motivation, self-confidence, knowledge,
understanding, and engagement in physical activity. However,
because most included studies did not assess physical literacy
as a complete construct, the synthesis was framed around
physical literacy-related domains rather than direct evidence
of physical literacy as a whole.

The article selection process followed the main stages of
the PRISMA 2020 flow: identification, screening, eligibility,
and inclusion. The initial stage was the identification of
articles from all predetermined databases. Next, duplicate
articles were removed using a reference management tool.
Articles were then screened based on their titles and abstracts
to assess their initial relevance to the research topic. Articles
deemed relevant were then read in full to ensure compliance
with the inclusion and exclusion criteria. This process was
conducted to ensure that only studies meeting the predefined
criteria regarding AR use, secondary school context, physical
education or school-based physical activity, and physical
literacy-related outcomes were included in the final synthesis.

Article selection was conducted independently by two
reviewers. Any differences in decisions during the selection
process were resolved through discussion until consensus
was reached. Articles meeting all inclusion criteria were then
entered into the data extraction and synthesis phase. The
identification, screening, eligibility, and inclusion process is
presented in the form of a PRISMA flowchart. This procedure
was applied to improve transparency, minimize selection
bias, and strengthen the reproducibility of the review process.

Data Sources and Search Strategy

Article searches were conducted in six electronic
databases: Scopus, Web of Science, ERIC, SPORTDiscus,
PubMed, and Google Scholar. These databases were selected
because they encompass multidisciplinary publications in
education, physical education, sport science, health, physical
activity, and learning technology. Google Scholar was used
as a supplementary resource to identify relevant articles that
may not be indexed in the primary databases. The article
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search was limited to publications published between 2015
and 2025. The search was restricted to peer-reviewed journal
articles written in English and focused on studies involving
secondary school students or adolescent populations within
school-based physical education or physical activity contexts.
The search strategy was developed by combining four
groups of keywords related to augmented reality, physical
education, secondary school context, and physical literacy-
related outcomes. The keywords used included: “augmented
reality” OR “AR technology” OR “mobile augmented reality”
OR “AR application” OR “AR-based learning”; “physical
education” OR “school physical education” OR “PE class” OR
“physical educationlearning”; “secondary school” OR “middle
school” OR “junior high school” OR “senior high school”
OR “high school” OR “adolescent students”; serta “physical
literacy” OR “physical competence” OR “motor competence”
OR “movement skills” OR “motivation” OR “confidence”
OR “knowledge and understanding” OR “physical activity
engagement” OR “fitness”. The search strings were adapted
to the syntax of each database, while maintaining the same
conceptual structure across all searches. In Google Scholar,
searches are more selective, reviewing the most relevant
articles based on title, abstract, and compliance with research
criteria. The last search was conducted on June 10, 2026.

Inclusion and Exclusion Criteria

Articles included in this systematic review must meet
several inclusion criteria. First, the articles must have been
published between 2015 and 2025. Second, the articles must
be scientific publications in peer-reviewed journals. Third,
the articles must be written in English. Fourth, the articles
must discuss the use of augmented reality in the context of
physical education or school-based physical activity. Fifth,
the research subjects must be secondary school students,
such as junior high, senior high, or high school students.
Sixth, the articles must report either direct measures of
physical literacy or outcomes conceptually related to
physical literacy domains. In this review, physical literacy-
related outcomes were operationally defined as outcomes
associated with physical competence, motor competence,
movement skills, motivation, confidence, knowledge and
understanding, engagement, physical activity participation,
or fitness. Seventh, the articles must be available in full-text
or downloadable manuscript form.

The inclusion of physical literacy-related outcomes was
necessary because many empirical studies on augmented
reality in physical education do not measure physical literacy
as a complete multidimensional construct. Therefore, studies
were considered eligible when their outcomes could be
theoretically mapped onto one or more physical literacy
domains, namely physical competence, motivation and
confidence, knowledge and understanding, and engagement
or physical activity participation. This operational criterion
was applied to avoid overclaiming while still allowing a
structured synthesis of evidence relevant to physical literacy
development.

Articles were excluded from the review if they met any
of the following exclusion criteria: (1) did not use augmented
reality; (2) only discussed virtual reality, mixed reality,
instructional videos, or general digital applications without
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augmented reality elements; (3) were not in the context of
physical education or school-based physical activity; (4)
the research subjects were not secondary school students or
adolescent students in a school-based setting; (5) the article
was in the form of an editorial, opinion piece, book chapter,
thesis, dissertation, or conference abstract without full text;
(6) did not report results relevant to physical literacy or
physical literacy-related outcomes; (7) was a duplicate article;
and (8) was not fully accessible.

Data Extraction

Data extraction was conducted systematically using a
structured data extraction form developed by the authors.
The extracted information included the author and year of
publication, article title, study design, sample characteristics,
educational level, form of augmented reality used, physical
education or school-based physical activity context,
intervention characteristics, comparison group, outcome
variables, key findings, and relevance to physical literacy-
related domains. The extraction process was conducted to
ensure that the information obtained from each included
study was comparable and relevant to the aims of the review.

The extracted outcomes were not limited to studies
that directly measured physical literacy as a complete
multidimensional construct. Because most included studies
examined specific outcomes related to physical literacy, the
extracted outcomes were categorized into four theoretically
aligned domains: physical competence, motivation and
confidence, knowledge and understanding, and engagement
or physical activity participation. This approach was used to
avoid overclaiming while still allowing a structured synthesis
of how AR may contribute to outcomes conceptually related
to physical literacy.

Data extraction was conducted independently by
two reviewers. Any discrepancies in extracted data were
discussed until consensus was reached. When necessary,
the reviewers returned to the full-text articles to verify the
accuracy of information related to the intervention, outcome
measures, and main findings. The final extracted data were
then organized in a synthesis table to support narrative and
thematic analysis.

Quality Assessment and Risk of Bias

The methodological qualityand risk of bias of the included
studies were assessed using the Mixed Methods Appraisal
Tool (MMAT) (Liao et al., 2021). MMAT was selected
because the included studies used varied empirical designs,
including quasi-experimental, comparative, pretest-posttest,
and experimental approaches. The use of MMAT allowed
the reviewers to evaluate the appropriateness of the study
design, sample characteristics, data collection procedures,
outcome measures, intervention implementation, and
clarity of reported findings according to the methodological
characteristics of each study.

The quality assessment was conducted independently by
two reviewers. Each study was first assessed using the MMAT
screening questions to determine whether the study had
clear research questions and whether the collected data were
appropriate to address those questions. After that, each article
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was appraised using the relevant MMAT criteria according to
its research design. The appraisal focused on several aspects,
including the clarity of participant selection, appropriateness
of measurements, completeness of outcome data, clarity of
intervention procedures, adequacy of comparison groups,
and consistency between findings and conclusions.

The results of the quality assessment were not used to
exclude studies from the review. Instead, they were used
to support the interpretation of findings and to indicate
the level of caution required when drawing conclusions.
Studies with clearer intervention procedures, appropriate
comparison groups, relevant outcome measures, and more
complete reporting were given greater interpretive weight
in the synthesis. Conversely, studies with methodological
limitations, unclear reporting, or indirect relevance to
physical literacy-related domains were interpreted more
cautiously.

Coding Procedure for Physical Literacy-Related Domains

A coding procedure was developed to classify the
contribution of each included study to the four physical
literacy-related domains used in this review: physical
competence, motivation and confidence, knowledge
and understanding, and engagement or physical activity
participation. This coding was necessary because most studies
did not directly measure physical literacy as a complete
construct, but instead reported specific outcomes that could
be theoretically mapped onto one or more physical literacy
domains.

Each included study was coded independently by two
reviewers based on the outcomes reported, the relevance
of those outcomes to the physical literacy-related domains,
and the clarity of the study findings. The classification used
four categories: strong, moderate, weak, and not reported.
A domain was coded as strong when the study directly
measured an outcome aligned with that domain and reported
clear positive findings. A domain was coded as moderate
when the study measured an outcome related to the domain
but did not provide comprehensive evidence, or when the
findings were positive but limited in scope. A domain was
coded as weak when the relationship between the reported
outcome and the domain was indirect, limited, or only briefly
addressed. A domain was coded as not reported when the
study did not include any outcome relevant to that domain.

The coding results were discussed until agreement
was reached between reviewers. This procedure was used
to make the classification in the evidence mapping table
more transparent and reproducible. Therefore, the strong,
moderate, and weak classifications in this review should not
be interpreted as effect sizes or statistical strength, but as the
degree of conceptual and empirical relevance between each
included study and the physical literacy-related domains.

The research analysis process using the PRISMA
guidelines is shown in Figure 1.

Based on Figure 1, the article selection process was
conducted based on the PRISMA 2020 guidelines. In the
identification stage, asearch ofarticles through six databases—
Scopus, Web of Science, ERIC, SPORTDiscus, PubMed, and
Google Scholar—resulting in 1,061 articles. After all articles
were collected, a duplication check was performed using a
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Fig. 1. Research framework based on the PRISMA method

reference management tool. A total of 318 duplicate articles
were removed, leaving 743 articles for the screening stage.

In the screening stage, the titles and abstracts of the 743
articles were reviewed for relevance to the research focus,
namely the use of augmented reality in physical education
at the secondary school level and its relationship to physical
literacy or outcomes relevant to physical literacy. From this
process, 681 articles were excluded because they did not
align with the research topic, did not use augmented reality,
were not in the context of physical education, did not involve
secondary school students, or did not report outcomes
relevant to physical literacy. Therefore, 62 articles proceeded
to the full-text search stage.

In the eligibility stage, 62 articles were searched and
checked for full-text availability. Of these, 8 articles could
not be retrieved in full text, resulting in a complete eligibility
assessment of 54 articles. Full-text assessment was conducted
based on established inclusion and exclusion criteria. Forty-
seven articles were excluded for the following reasons: not
explicitly using augmented reality, not in the context of
physical education or school-based physical activity, not
involving secondary school students, not reporting outcomes
related to physical literacy, not being empirical articles,
unclear research methods, having publication issues, or
sharing data with other, more comprehensive articles.

Based on the entire selection process, seven articles met
all inclusion criteria and were included in the final synthesis.
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These seven articles are Chang et al. (2020), Moreno-Guerrero
et al. (2020), Orozco (2022), Kurniawan et al. (2025), Liang
etal. (2023), Omarov et al. (2024), and Martinez-Ldpez et al.
(2022). The identification, screening, eligibility, and inclusion
process is presented in the PRISMA flowchart.

Results

Based on the article selection process using the PRISMA
2020 guidelines, seven articles met the inclusion criteria
and were analyzed in this systematic literature review. These
articles examined the use of augmented reality in secondary
school physical education or school-based physical activity
contexts and reported outcomes conceptually related to
physical literacy. The characteristics of the included studies,
forms of AR use, physical literacy-related outcomes, key
findings, and synthesis meaning are presented in Table 1.

As shown in Table 1, the included studies varied in
design, sample characteristics, AR implementation, learning
context, and outcome measures. Most studies used quasi-
experimental, comparative, or pretest-posttest designs, while
the AR interventions included 3D movement models, mobile
AR applications, AR-assisted sport skill learning, AR game-
based environments, and outdoor AR activity. Importantly,
none of the included studies measured physical literacy
as a complete multidimensional construct. Therefore, the
findings were interpreted as evidence related to physical
literacy-related outcomes rather than direct evidence of
overall physical literacy development.

The included studies most frequently reported outcomes
related to physical competence, motor skills, learning
motivation, knowledge and understanding, engagement,
physical activity participation, and fitness. This pattern
indicates that AR research in secondary school physical
education is still more strongly focused on specific learning or
behavioral outcomes than on comprehensive physical literacy
assessment. Consequently, the synthesis in this review maps
the evidence onto physical literacy-related domains to clarify
how each study may contribute conceptually to physical
literacy without overstating the findings.

To strengthen methodological transparency, all
included studies were assessed for methodological quality
and risk of bias. The appraisal focused on the clarity of
research questions, appropriateness of collected data,
participant selection, outcome measurement, completeness
of outcome data, consideration of confounding factors,
and clarity of intervention implementation. The results of
the methodological quality and risk-of-bias assessment are
presented in Table 2.

As shown in Table 2, all included studies had clear
research questions and used data that were generally
appropriate toaddress their stated objectives. However, several
methodological concerns were identified, particularly related
to non-randomized designs, limited reporting of participant
allocation, incomplete control of confounding variables,
and variation in intervention contexts. Most studies were
therefore interpreted as having moderate methodological
concerns. One study with a pretest-posttest design without
a comparison group was interpreted with higher caution
because causal inference was more limited. These appraisal
results were not used to exclude studies, but they informed
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Table 1. Characteristics of included studies and physical literacy-related outcomes

Title (author and Design AR Form Outcome related to Key Findings Meaning of Synthesis
year) and Sample Physical Literacy

Applying Quasi- AR was used to teach  Physical AR-assisted instruction AR helps students

augmented experimental; movement skills competence, motor is more effective understand

reality in physical ~ Grade 7 students; through 3D models skills learning, than video-assisted movement in a more

education on comparing combined with books/ learning motivation. instruction, especially  visual, interactive,

motor skills

AR-assisted

learning objects. The

for learning more

and concrete way,

learning (K. E. instruction with ~ material included basic difficult motor skills. contributing to
Chang et al., 2020) video-assisted running movements improved movement
instruction. and more complex competency.
Mark workout
movements.
Augmented reality Quasi- AR used the Aurasma  Knowledge- AR-based learning is AR not only
as a resource experimental application to teach understanding, effective in physical enhances material
for improving post-test; 140 spatial orientation in ~ motivation, education, particularly ~comprehension but
learning in the high school physical education. autonomy, for mastering spatially  also strengthens
physical education students The activities were interaction, oriented content. The student motivation,
classroom in physical conducted in two problem solving, largest difference was  learning autonomy, and
(Moreno-Guerrero education. learning sessions. spatial orientation.  found in motivation. engagement in Physical
et al., 2020) Education learning.
Augmented Comparative AR was used as a Knowledge- The AR group achieved AR strengthens
Reality As A study with learning strategy understanding, higher post-test scores  students'
Teaching Strategy  control and for basic volleyball technical skill than the traditional understanding of
To Strengthen experimental techniques, including ~ knowledge, group; the experimental sports technique
The Technical groups; 44 Grade overhand passing, motivation, average was 4.41 and concepts before they
Fundamentals Of 9 students: 22 underhand passing, sport-specific the control average was are internalized, thus
Volleyball (Orozco control and 22 serving, blocking, and  competence. 3.50, with a p-value of ~ supporting physical
etal, 2022) experimental. spiking. 0.001285. literacy in terms of
movement knowledge
and sports competency.

Augmented Quantitative AR-assisted instruction Cognitive, affective, There was a significant AR has the potential to
Reality (Ar)-Based pretest—posttest;  was used in learning ~ psychomotor increase from pre-test ~ enhance three domains
Learning on 32 junior high basic basketball outcomes, to post-test; N-Gain of physical education
Physical Education school students.  movements. motivation, was suggested to be learning outcomes:
Learning engagement, effective. AR provides  cognitive, affective, and
Outcomes conceptual an immersive learning  psychomotor, which
(Kurniawan et understanding. experience through align with the concept
al.,2025) 3D visualization and of physical literacy.

increases motivation,

engagement,

and conceptual

understanding.
The Effectiveness  Quasi- AR was developed with Motor skills, The AR group AR is superior to video
of Augmented experimental Unity 3D and used as  learning effect, demonstrated better because students can
Reality in Physical pretest-posttest;  a teaching material learning motivation, motor learning manipulate 3D models,
Sustainable two groups: 28 for movement skills confidence, outcomes, motivation,  view movements
Education students in the in health and physical  satisfaction, and motor skill from various angles,

on Learning

video group and

education. The control

learning behaviour.

performance than the

and learn more

Behaviour and 28 students in the group used video. video group. independently.
Motivation (Liang AR group.

et al., 2023)

Applying an Experimental AR game-based Motivation, The AR group AR-based games
augmented study; two learning environment  physical activity demonstrated higher ~ strengthen

reality game- groups of 30 in physical education/  level, engagement, levels of physical motivation and
based learning students each; sports classes. participation. activity and motivation active participation,

environment in
physical education
classes to enhance
sports motivation
(Omarov et al.,
2024)

the intervention
lasted for one
semester.

than the traditional
physical education

group.

thus supporting the
affective and behavioral
domains of physical
literacy.
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Table 1 (continued)

Title (author and Design AR Form Outcome related to Key Findings Meaning of Synthesis
year) and Sample Physical Literacy

Effects of the Comparative Use of the AR Physical activity, Pokémon GO players ~ AR-based outdoor

augmented reality ~design; 78 Pokémon GO game cardiorespiratory ~ walked a total of 52 km  activities can increase

game Pokémon students in the for 8 weeks in school  fitness, speed/ over 8 weeks and played physical activity

GO on fitness Pokémon GO and family contexts agility, muscular for an average of 40 and fitness, but its

and fatness group and 86 to increase physical strength, BMI, body minutes per day. There position as a stronger

students in the
control group;
students aged
12-15.

in secondary
school students
(Martinez-Lopez
etal., 2022)

activity. fat.

was an increase in
CRF and a decrease in
BMI; inactive students
experienced a 22.2%
increase in CRF and
an 11.3% decrease in
body fat.

supporter of the active
engagement domain is
stronger than formal
physical education
learning.

Table 2. Methodological quality and risk-of-bias assessment of included studies

Study Study design S1 S2 QNI QN2 QN3 QN4 QN5 Mainmethodological concerns  Overall
appraisal
Changetal.  Quasi- Yes Yes Yes Yes  Yes Partial Yes Non-randomized design; Moderate
(2020) experimental potential confounding was only  concerns
partly controlled.
Moreno- Quasi- Yes Yes Yes Yes  Partial Partial Yes Post-test design limits Moderate
Guerrero et experimental baseline comparison; potential ~ concerns
al. (2020) post-test confounding may remain.
Orozco etal. Comparative Yes Yes Partial Yes Yes Partial Yes Small sample size and limited Moderate
(2022) study information on participant concerns
allocation.
Kurniawan et Pretest-posttest ~ Yes Yes Partial Yes Yes No Partial Absence of a comparison group  Higher
al. (2025) quantitative study limits causal interpretation. concerns
Liang et al. Quasi- Yes Yes Yes Yes  Yes Partial Yes Non-randomized design; some  Moderate
(2023) experimental concerns regarding control of ~ concerns
pretest—posttest confounding variables.

Omarov et al. Experimental Yes Yes Partial Yes Yes Partial Yes Limited clarity on allocation and Moderate
(2024) study control of possible confounders. concerns
Martinez- Comparative Yes Yes Yes Yes  Yes Partial Yes Outdoor AR activity context Moderate
Lépezetal.  design may introduce uncontrolled concerns
(2022) behavioral and environmental

factors.

Note. S1 = clarity of research questions; S2 = appropriateness of collected data to address the research questions; QN1 = appropriateness of
participant selection; QN2 = appropriateness of measurements; QN3 = completeness of outcome data; QN4 = consideration of confound-
ing factors; QN5 = whether the intervention or exposure was implemented as intended. “Yes” indicates that the criterion was sufficiently
met, “Partial” indicates that the criterion was partly met or insufficiently reported, and “No” indicates that the criterion was not met. The
overall appraisal indicates the level of caution required when interpreting each study and should not be treated as a numerical quality score.

the interpretation of the synthesis and the level of caution
applied when drawing conclusions.

The extracted outcomes were then mapped onto four
physical literacy-related domains: physical competence,
motivation and confidence, knowledge and understanding,
and engagement or physical activity participation. Because
the included studies did not all directly measure physical
literacy, this mapping was used to identify the degree of
conceptual and empirical relevance between the outcomes
reported in each study and the physical literacy-related
domains. The evidence mapping is presented in Table 3.

Table 3 shows thatthestrongestevidence was concentrated
in three domains: physical competence, motivation
and confidence, and knowledge and understanding. In
the physical competence domain, Chang et al. (2020),
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Kurniawan et al. (2025), and Liang et al. (2023) provided
the strongest evidence because they directly reported motor
skill, psychomotor, or movement learning outcomes. These
studies suggest that AR may support movement learning by
making movement sequences, body positions, and technical
information more visible and easier to understand.

In the motivation and confidence domain, Moreno-
Guerrero et al. (2020), Kurniawan et al. (2025), Liang et al.
(2023), and Omarov et al. (2024) provided strong evidence.
These studies reported outcomes such as motivation,
confidence, satisfaction, autonomy, and learningbehavior. The
findings suggest that AR may enhance affective engagement
because it provides interactive, novel, and learner-centered
experiences that differ from traditional instruction or video-
based learning.
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Table 3. Evidence mapping of included studies across physical literacy-related domains

Artikel Physical

Motivation

Knowledge Engagement / Posisi dalam Review

Competence & Confidence & Understanding Physical Activity

Applying augmented reality in physical ~ Strong Moderate Moderate Moderate A core article explaining the
education on motor skills learning (K. impact of AR on motor skill
E. Chang et al., 2020) learning.

Augmented reality as a resource for Moderate Strong Strong Moderate A core article explaining the
improving learning in the physical impact of AR on motivation,
education classroom (Moreno- autonomy, and spatial
Guerrero et al., 2020) orientation understanding.
Augmented Reality As A Teaching Moderate Moderate Strong Moderate A key article explaining
Strategy To Strengthen The Technical AR in learning specific
Fundamentals of Volleyball (Orozco et sport techniques, namely
al., 2022) volleyball.

Augmented Reality (Ar)-Based Strong Strong Strong Moderate A key article covering the
Learning on Physical Education cognitive, affective, and
Learning Outcomes (Kurniawan et psychomotor domains.
al.2025)

The Effectiveness of Augmented Strong Strong Medium Moderate A core article comparing
Reality in Physical Sustainable the effectiveness of AR with
Education on Learning Behaviour and video-based learning.
Motivation (Liang et al., 2023)

Applying an augmented reality Moderate Strong Moderate Strong A core article explaining
game-based learning environment in AR game-based learning
physical education classes to enhance on motivation and physical
sports motivation (Omarov et al., activity.

2024)

Effects of the augmented reality game =~ Moderate Moderate Weak Strong A supporting article

Pokémon GO on fitness and fatness in
secondary school students (Martinez-
Loépez et al., 2022)

explaining the contribution
of AR to students' physical
activity and fitness.

Note. Strong = the study directly measured an outcome aligned with the domain and reported clear positive findings. Moderate = the
study measured an outcome related to the domain but provided limited, partial, or indirect evidence. Weak = the study only indirectly
addressed the domain or provided limited evidence. Not reported = the study did not report outcomes relevant to the domain. These clas-
sifications indicate the degree of conceptual and empirical relevance to physical literacy-related domains and should not be interpreted as

statistical effect sizes.

In the knowledge and understanding domain, Moreno-
Guerrero et al. (2020), Orozco et al. (2022), and Kurniawan
et al. (2025) showed strong relevance. These studies indicate
that AR can support conceptual understanding in physical
education, including spatial orientation, sport technique
knowledge, and cognitive learning outcomes. This evidence
suggests that AR may function as a bridge between conceptual
explanation and movement practice by making abstract or
technical content more concrete.

In the engagement or physical activity domain, Omarov
et al. (2024) and Martinez-Lopez et al. (2022) provided the
strongest evidence. Omarov et al. (2024) showed that AR
game-based learning was associated with higher motivation
and physical activity levels in physical education classes.
Martinez-Lépez et al. (2022) showed that Pokémon GO
encouraged physical activity and improved selected fitness-
related outcomes. However, this evidence should be
interpreted carefully because AR-based outdoor activity does
not always represent formal physical education learning with
explicit pedagogical objectives.

Overall, the results indicate that AR may support
several outcomes conceptually aligned with physical literacy,
especially when AR is used to visualize movement, increase
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motivation, strengthen conceptual understanding, and
promote active engagement. Nevertheless, the evidence
remainslimited because the included studies mostly measured
domain-specific outcomes rather than physical literacy as a
complete multidimensional construct. Therefore, the findings
should be interpreted as evidence of AR’s contribution to
physical literacy-related outcomes, not as direct evidence that
AR improves physical literacy as a whole.

Discussion

The results of this literature review indicate that the use
of augmented reality in physical education at the secondary
school level has the potential to positively contribute to
students’ physical literacy-related outcomes. However, the
findings should not be interpreted as direct evidence that AR
improves physical literacy as a complete multidimensional
construct, because most included studies measured specific
outcomes related to physical literacy rather than physical
literacy itself. This contribution is seen in four main domains:
physical competence, motivation and confidence, knowledge
and understanding, and engagement or physical activity.
These findings suggest that augmented reality functions not
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only as a technological medium but also as a pedagogical
approach that can enrich the movement learning experience.
Through visualization, interaction, embodied learning, and
learner-centered exploration, AR may create conditions that
support outcomes conceptually aligned with physical literacy.
These results align with the development of research on
immersive technologies in physical education, which shows
that AR, VR, and MR are beginning to be used to support
student learning, motivation, engagement, and physical
activity (Pérez-Muioz et al., 2024; Jantanukul, 2024).

In the realm of physical competence, review results
indicate that AR can help students understand and master
movement skills more effectively. Studies by Chang et al.
(2020), Liangetal. (2023), Kurniawan etal. (2025),and Orozco
(2022) show that the use of AR can support learning in motor
skills, sports skills, and psychomotor domains. The advantage
of AR lies in its ability to display objects or movement models
visually, interactively, and observably from various angles.
This mechanism may help students observe movement
sequences, recognize body positions, compare correct and
incorrect techniques, and internalize technical information
before engaging in direct movement practice. This helps
students understand movement sequences, body positions,
and sports techniques before practicing them directly
(Antonopoulos, 2024). Therefore, AR can be a supporting
media that is relevant to physical education materials that
require movement control, coordination, and mastery of
motor skills. Nevertheless, the evidence should be interpreted
cautiously because several studies used non-randomized or
quasi-experimental designs, meaning that improvements in
motor-related outcomes cannot be attributed solely to AR
without considering the role of teacher instruction, practice
time, and initial student ability.

In the motivation and self-confidence domain, review
results indicate that AR can increase student motivation,
learning interest, self-confidence, and satisfaction in
physical education learning. Findings by Moreno-Guerrero
et al. (2020), Liang et al. (2023), Omarov et al. (2024), and
Kurniawan et al. (2025) indicate that students who learn
using AR tend to have better affective engagement compared
to traditional or video-based learning. This may occur
because AR provides a more novel, interactive, and enjoyable
learning experience. From a pedagogical perspective, AR may
influence motivation through several mechanisms, including
novelty effects, autonomy in exploring learning materials,
immediate visual interaction, game-based challenges, and
opportunities to learn at an individual pace. In the context
of physical literacy, motivation and self-confidence are
important aspects because students not only need to be able
to move but also need to have an internal drive to engage
in physical activity continuously (Martin-Rodriguez &
Madrigal-Cerezo, 2025; Prabowo et al., 2025). Therefore, AR
can be a relevant strategy to overcome low student motivation
in learning Physical Education, although its motivational
benefits may depend on how well the AR activity is integrated
with meaningful physical tasks rather than being used merely
as a technological attraction.

In the realm of knowledge and understanding, AR plays
arole in strengthening students' understanding of movement
concepts, sports techniques, spatial orientation, and the
relationship between theoretical knowledge and physical
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practice. A study by Moreno-Guerrero et al. (2020) showed
that AR is effective for learning spatial orientation, while
Orozco (2022) showed that AR helps students understand
basic volleyball techniques. Kurniawan et al. (2025) also
showed that 3D visualization in basketball learning can
improve students' conceptual understanding. These findings
align with the characteristics of AR, which can make abstract
concepts more concrete by combining virtual objects with
real environments (H. Y. Chang et al., 2022). In this way, AR
may serve as a cognitive bridge between verbal explanation,
visual representation, and physical execution, allowing
students to connect what they see, understand, and perform
in movement learning. However, the use of AR still needs
to be designed carefully because visualizations that are
too complex or unfocused can distract students from the
main learning objectives (Chamola et al., 2025; Albishri &
Blackmore, 2025). Thus, AR-based learning should include
clear instructional cues, simple visual displays, and teacher-
guided reflection to prevent unnecessary cognitive load.

In the domain of engagement and physical activity, AR has
the potential to increase student engagement in physical activity,
especially when developed in the form of game-based learning or
outdoor activities. A study by Omarov et al. (2024) showed that
AR game-based learning environments can increase students'
motivation and physical activity levels compared to traditional
physical education. Meanwhile, Martinez-Lopez et al. (2022)
showed that using Pokémon GO can encourage students to be
more physically active, improve cardiorespiratory fitness, and
reduce certain body composition indicators. These findings are
important because one of the challenges of physical education in
secondary schools is how to keep students active, engaged, and
enjoying physical activity (Cimenti et al., 2025; Prabowo et al.,
2025). However, the use of outdoor game-based AR needs to be
distinguished from formal physical education learning, because
not all AR activities automatically have a structured pedagogical
goal. Therefore, evidence from outdoor AR games should be
interpreted as supporting engagement or physical activity
participation rather than as direct evidence of formal physical
education learning or complete physical literacy development.

Importantly, the results of this review demonstrate that
the effectiveness of AR in physical education is determined not
only by technological sophistication but also by the quality of
pedagogical design. AR is most effective when used to support
clear learning objectives, appropriate movement materials,
targeted teacher instruction, and adequate opportunities for
physical practice (Ariffin et al., 2022; Antonopoulos, 2024;
Ridwan et al., 2025). On the other hand, AR can be less effective
if it is only used as an additional medium without strong
integration with motor learning (Yudiernawati et al., 2025).
The methodological quality assessment also indicates that
most included studies had moderate methodological concerns,
particularly related to non-randomized designs, limited
reporting of participant allocation, and incomplete control of
confounding variables. One study with a pretest-posttest design
without a comparison group required higher caution because
causal inference was more limited. Previous literature also
shows that technology integration in education can address
challenges such as device access gaps, limited teacher training,
digital content quality, cognitive load, and school readiness
(Martin-Rodriguez & Madrigal-Cerezo, 2025). Therefore,
AR should not be positioned as a substitute for teachers or a
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substitute for movement practice, but rather as a pedagogical
medium to strengthen physical education learning.

The implications of this literature review indicate that
physical education teachers can utilize AR to clarify reflection
techniques, strengthen understanding of movement concepts,
increase motivation, and encourage student engagement in
physical activity. For schools, the use of AR requires device
support, networking, teacher training, and integration
with the physical education curriculum. For learning
technology developers, the results of this review emphasize
the importance of designing AR applications that are simple,
easy to use, appropriate to the characteristics of secondary
school students, and support real-life physical activity. For
researchers, these findings open up opportunities to develop
AR interventions that explicitly measure physical literacy
multidimensionally, not just motor learning outcomes or
motivation. Thus, AR can be developed as a learning medium
that is not only technologically engaging but also relevant to
the goals of modern physical education.

This study has several limitations. First, only seven
articles met the inclusion criteria, so generalization of the
findings should be done with caution. Second, most articles
did not measure physical literacy as a whole, but instead
used outcomes related to physical literacy, such as motor
competence, motivation, knowledge, engagement, physical
activity, and fitness. Third, study designs, types of AR,
intervention duration, physical education materials, and
measurement instruments varied significantly across articles,
necessitating a meta-analysis. Fourth, some articles focused
more on school-based or outdoor physical activity than on
formal learning. Future research is expected to develop more
structured and long-term augmented reality interventions
that explicitly measure students' physical literacy across
multiple dimensions.

Conclusion

This review indicates that augmented reality (AR) has the
potential to support outcomes conceptually related to physical
literacy in secondary school physical education. Across the
seven included studies, AR was associated with improvements
in physical competence, motivation and confidence,
knowledge and understanding, and engagement or physical
activity participation. However, the evidence should be
interpreted cautiously because most studies did not directly
measure physical literacy as a complete multidimensional
construct. Instead, they reported domain-specific outcomes
such as motor skills, conceptual understanding, motivation,
physical activity, and fitness. The findings suggest that AR
may be useful when it is integrated with clear pedagogical
objectives, teacher guidance, appropriate movement tasks,
and opportunities for real physical practice. Therefore,
AR should be positioned as a supportive pedagogical tool
rather than a substitute for teachers or direct movement
experiences. Future studies should use stronger designs and
multidimensional physical literacy measures.
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[lonoBHeHa peanbHicTb y pisnyHOMY BUXOBaHHi Ta Pi3NYHIN
rpPamMoOTHOCTI YUYHiIB cepefiHbOI WKONN: OrNAR NiTepatypu

Tpicuap Ani IIpa6oBo'*5°PE, Mapatyn A¢ida'*®P, Acpigika Biro IngapTo'“P,
3akBan IOmHa [lyxa ITaxnaBi'®*“P, ®ebpianchsax [IBi Yaxito PP

"VuiBepcurer Myxammapis Bpebec
ABTOpcbKumit BKIaJ;: A — nusaiis gocnipkeHHs; B — 36ip ganux; C - crataHanis; D - migrotoska pykomucy; E — 36ip komris

Pedepar. Crarrsa: 13 ¢, 3 Tabn., 1 puc., 36 mxeper.

Mera. He3Baxkaioun Ha 3pOCTaHHs BUKOPMCTAHHS TE€XHOJOTiN gomoBHeHoi peanpHOCTi (AR) y ¢dismuHOMY BMXOBaHHI,
pesynpTaT eMIipUYHMUX HOCTIIKEHb WIOLO iX 3aCTOCYBAHHA Cepejl YYHIB CepeflHbOl IUKOMM € HEOMHOPINHMMI 3a OU3aliHOM
HOCTIiKeHb, OCBITHIM KOHTEKCTOM i JOCIi/KyBaHMMI ITOKa3HMKaMy. MeTOI0 OC/Ii/PKeHHA OY/I0 CHCTeMaTH3yBaTy Ta y3araIbHUTI
emmipuyHi faHi mwoxno 3acrocypaHuA AR y pisuuHOMY BUXOBaHHI y4HIB cepeHbOI IIKO/IM Ta BUSHAYNTH 11 3B’ 30K 13 IOKa3HUKAMIL,
IO XapaKTepPMU3YIOTb OCHOBHI KOMIIOHEHTH (i3VYHOI IPaMOTHOCTI.

Marepianu Ta MeTogM. Y OCTiPKeHHI BUKOPUCTAHO U3aiiH OIJIARY JiTepaTypu 3 ypaXyBaHHAM pekoMeHpanit PRISMA 2020.
ITouryk crareit mpoBoANIN B IecTn 6a3ax ganux: Scopus, Web of Science, ERIC, SPORTDiscus, PubMed ta Google Scholar. ITorryk
0y710 06MeXXeHO pelieH30BaHNMI XXYPHAIbHUMM CTATTAMY, OITyOnikoBaHuMu B mepioy 3 2015 mo 2025 pix. BukopucraHi K104oBi
C7I0Ba IIOEJHYBAIN TEPMiHU, IIOB I3aHi 3 JOMIOBHEHOIO Pea/IbHICTIO, Gi3NYHIM BYXOBAHHAM, CEPEIHbOIO IIIKOJIO Ta Pe3y/IbTaTaMIi,
0B’ s13aHnMM 3 (PisvyHOI0 rpaMoTHicTIO. 3aranom Oyno BussteHo 1061 crarrio. Ilicis BupanenHs fyOmiKkaTiB, CKpMHIHTY Ha3B i
aHOTAIIiif, OL[iHIOBaHH: IIOBHUX TEKCTIB Ta IePeBipKY BifIOBIFHOCTI KpUTEPisM BKIIOUEHH [0 OIVIAAY OY/I0 BKIIOUEHO 7 CTaTeit.
JaHi aHamisyBanM 3a JOIIOMOTOI0 HAPATMBHOTO Ta TEMATWYHOTO CHHTE3y Ha OCHOBi YOTMPHOX JIOMEHIB (isMIHOI IpaMOTHOCTI:
GbisnyHa KOMIIETeHTHICTb, MOTMBAIlis Ta BIIEBHEHICTDb, 3HAHHSA Ta PO3YMiHH:A, a TAKOX 3a/Iy4eHICTb o isnuHOl aKTMBHOCTI 260
y9acTh Y Hiil. MeTOROMOTiUHY SIKICTD i pU3MK yIepemKeHOCTi oLiHoBamm 3a goromoroo Mixed Methods Appraisal Tool (MMAT),
a CUJTy JOKA3iB BU3HAYa/IM 3 BUKOPUCTAHHAM YiTKUX KPUTEPIIB KOMYBaHHA.

Pesynbraru. Pesynbraru cBigyaTh, mo AR Mo)ke CIIpyATY MOKpPAlleHHIO HU3KM MOKAa3HUKIB, KOHIIENTYa/IbHO OB A3aHMX i3
¢bisnuHOW0 rpaMoTHICTIO, ¥ (isMYHOMY BMXOBaHHI y4HiB cepefnboi mKkonu. HaByaHHA Ha ocHOBI AR MoOXe IOKpalyBaTy pyXxoBi
HaBUYKM, CrienudivyHi A1 OKpeMUX BUJIB CIIOPTY KOMIIETEHTHOCTI, MOTUBAIIil0, YIeBHEHICTh Y CO0i, pO3yMiHHA KOHIIEMIIIN PyXY,
3a/Iy4eHiCTb /10 HABYAHHA Ta y4acTb y (ismuHiit aktuBHOCTL. Hailnepexonnusimi gokasu 6y/n1o BUABIEHO B JOMeHax (isnuHOl
KOMIIETeHTHOCTi, MOTMBAIlil Ta BIIEBHEHOCTi B CO0i, @ TAaKO>X 3HaHb i posymiHHA. KpiM Toro, irpoBe HaBYaHHA Ta 3aHATTA Ha
BifIKpMTOMY HOBIiTpi Ha OCHOBI AR TaKoX CIpMs/IM MiABMIEHHIO 3aTy4eHOCTi y4HiB i piBHs isuuHOl akTMBHOCTI. OfHAK Y
JKOTHOMY 3 BKJIIOYEHVX JOCIi/KeHb (isSMUHY IPaMOTHICTD He BUMIpIOBaIM SK LIiCHMII 6araTOBUMIipHMIT KOHCTPYKT, TOMY
OTpMMaHi pesy/IbTaTu CIIifi IHTepIpeTyBaTH SK JOKa3M I[Ofj0 TIOKA3HMKIB, OB s3aHNUX i3 (i3MIHOI IPAMOTHICTIO, @ He SIK IPsIMi
IOKa3) pO3BUTKY (pi3M4HOI PAMOTHOCTI 3aTajIoM.

BucnoBkn. AR Mae ToTeHIIian AK TOMOMDKHMIT MeJaroTivHmit 3acib A CIPUAHHA pe3ynbTaTam, [IOB’sI3aHUM i3 Qi3NYHO0
IPaMOTHICTIO, ¥ pi3N9HOMY BUXOBaHHI y4HIB cepefHboi mKomu. OfHakK il epeKTUBHICTb 3HAYHOI MipOI0 3a/IOXXNUTH Bif AM3AIHY
HaBYaHHJA, [iITOTOBIEHOCTI BYNTeNs, HABYAIbHUX Iije Ta iHTerpanil AR i3 peanbHOI pyXOBOI aKTMBHICTIO. Y MaibyTHIX
HOCTIIKEeHHSAX HOL/TbHO PO3pOO/IATH OL/IBII CTPYKTYPOBaHi if ZJOBrOTPUBA/I BTPYYaHH i3 3aCTOCYBaHHAM IOIOBHEHOI peaIbHOCTI,
sAKi epe6a4aTuMyTh He3nocepesHe 6araToBuMipHe OL[iHIOBaHH: (PDiSMYHOI PAMOTHOCTI Y4HIB.

Kirouogi cnoBa: 1onoBHeHa peabHICTD, (i3nuHe BUXOBaHHS, GisuHa IPAMOTHICTD, CepeH LIKO/IA, PyX0Ba KOMIIETEHTHICTb.
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Abstract

Objectives. Comic-based instructional materials demonstrate measurable gains in student engagement and scientific
literacy; yet few studies integrate comic formats with Strategic Intervention Materials (SIMs) and PISA-aligned
assessment for Earth Science in Philippine secondary schools. This study developed and validated ComicSIM, a comic-
based SIM on volcanic activity for Grade 9 Science, alongside a PISA-aligned assessment tool comprising 20 items

across eight lessons.

Materials and Methods. A descriptive-developmental design was used. Five expert jurors holding graduate
qualifications in science education or curriculum development, with at least five years of professional experience,
independently evaluated both instruments. ComicSIM was assessed across seven sub-criteria using a 5-point rubric;
inter-rater agreement was measured using Fleiss’ Kappa. The PISA-aligned assessment tool was evaluated using a 15-
item alignment instrument with a 4-point scale; internal consistency was assessed using Cronbach’s Alpha.

Results. ComicSIM achieved a weighted mean of 4.5 (Excellent) and a Fleiss’ Kappa of 0.70 (substantial agreement).
The PISA-aligned assessment tool obtained an alignment mean of 3.8 (Strongly Agree), a dimension mean of 4.93
(Excellent), and a Kappa of 0.87 (almost perfect agreement). Cronbach’s Alpha of 0.88 confirmed strong internal

consistency.

Conclusions. Both instruments are expert-validated, reliable, and suitable for use in advancing PISA-aligned scientific
literacy instruction in Philippine secondary science classrooms, pending confirmation of classroom effectiveness

through empirical research.

Keywords: comicSIM, strategic intervention material, PISA, volcanic activity, Grade 9 science.

Introduction

The Philippines occupies a geographically hazardous
position at the convergence of three major tectonic plates,
placing it firmly within the Pacific Ring of Fire. Volcanic
eruptions constitute one of the most severe natural hazard
threats faced by Filipino communities, making scientific
understanding of volcanic processes both academically and
practically consequential (Aghaei et al., 2018; German et
al., 2022; Kurata et al., 2022). Yet despite this pressing local
relevance, Filipino students continue to underperform on
international science assessments. In the 2018 PISA cycle,
the Philippines scored 357 in Science, placing it well below
the OECD average and underscoring systemic gaps in science
learning outcomes at the basic education level (DepEd,
2018). The need for innovative instructional materials that
simultaneously build scientific literacy and sustain student

© Barajan, S., & Cajurao, E., 2026.

( JITM
@ LLCOVS

Corresponding Author: Erdee Cajurao,
e-mail: eccajurao@debesmscat.edu.ph

engagement has consequently become a recognised priority
in Philippine science education research (Cahyana et al,
2019; Degorio & Langub, 2025).

These outcomes have prompted educatorsand researchers
to explore more effective and engaging instructional
approaches. Strategic Intervention Materials (SIMs),
defined as structured, teacher-crafted resources designed
to remediate least-mastered learning competencies, have
become widely adopted in Philippine classrooms as targeted
tools for improving student performance (Dacumos, 2016;
Gabucan & Sanchez, 2021). Meta-analytic evidence confirms
that both paper-based and digital SIMs demonstrate large
effect sizes in improving science and mathematics outcomes
among Filipino learners (Borabo & Dio, 2025). However,
most existing SIMs rely on conventional text-based formats
that may not adequately stimulate student engagement or
leverage the motivational potential of visual media.

Comics represent an underutilized educational medium
in the Philippine context, despite substantial evidence of
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their effectiveness in science instruction internationally.
Integrating narrative with sequential visual imagery,
comics create a dual-coding effect that deepens conceptual
understanding and sustains motivation, consistent with
Mayer’s (2009) Cognitive Theory of Multimedia Learning and
with constructivist perspectives on active meaning-making
through contextualized narrative (Bruner, 1990; Vygotsky,
1978). Research consistently demonstrates that comic-based
science materials improve student engagement, scientific
vocabulary acquisition, and conceptual comprehension
(Fitria et al., 2023; Hosler & Boomer, 2011; Tatalovic, 2009). In
the Philippine setting specifically, comic-based instructional
materials combining SIM structures with comic formats
have shown positive learning attitudes and significant gains
in science achievement (Molina & Cadorna, 2025; Samosa,
2021).

Simultaneously, growing attention to PISA-aligned
assessments reflects a broader imperative to equip Filipino
students with the scientific literacy competencies demanded
by the 21st century. The PISA 2022 science framework assesses
students’ capacity to explain phenomena scientifically,
evaluate and design scientific inquiry, and interpret data and
evidence in real-world contexts (OECD, 2023). Integrating
these competencies into locally developed instructional
materials represents a powerful mechanism for bridging the
gap between national curriculum delivery and international
benchmarks (Valio et al., 2025).

Comics, defined as a medium combining sequential art
with narrative text, have gained increasing recognition as
legitimate instructional tools in science education (Eisner,
2008). A systematic review of 20 studies found that comics
significantly enhance student motivation, engagement,
and conceptual understanding while promoting active
participation and fostering critical thinking skills (Rasmet et
al.,, 2025). This position is theoretically grounded in Mayer’s
(2009) Cognitive Theory of Multimedia Learning, which
posits that the simultaneous processing of words and pictures
through dual-codingenhanceslearning outcomes by reducing
cognitive load and fostering deeper encoding. Constructivist
theory similarly supports comic-based instruction: Bruner
(1990) argued that narrative is a fundamental mode through
which learners construct meaning, while Vygotsky (1978)
emphasized the role of culturally situated tools in scaffolding
conceptual development. Comics that embed scientific
concepts within culturally resonant storylines align directly
with these principles.

Empirical support for comic-based science instruction
is well established. Hosler and Boomer (2011) found that
students learning from comics outperformed those using
conventional text resources in measures of conceptual
understanding. Tatalovic (2009) observed that science comics
facilitate science literacy by rendering technical vocabulary
accessible through narrative contexts. More recent evidence
from Southeast Asia corroborates these findings: Fitria et al.
(2023) demonstrated that digital comic teaching materials
significantly improved scientific literacy scores among
elementary students in Indonesia, while Fananta et al.
(2019) found that inquiry-based science comics enhanced
primary learners’ scientific literacy across three dimensions.
Constructing socio-scientific issue literacy through comics
has further been shown to foster critical thinking and equip

students to engage with complex real-world challenges
(Rosidah et al., 2022). Valente and Faria (2026) extend
this argument to pre-service teacher education, finding
that future elementary teachers who engaged with science
comics developed more positive science identity attitudes,
an outcome with downstream implications for classroom
instruction.

In the Philippine context, comic-based SIMs have
yielded particularly promising results. Samosa (2021)
reported high positive attitudes and significant pre-test to
post-test gains among students exposed to CoSIM, a comics-
plus-SIM hybrid, in Biology. Molina and Cadorna (2025)
demonstrated that comic-based learning materials enhanced
understanding, attitude, and skills in Physics among Filipino
high school students. These locally grounded findings affirm
that comics, when integrated with SIM structures, constitute
a culturally resonant and pedagogically effective modality for
Philippine science instruction.

Strategic Intervention Materials are teacher-made
instructional tools specifically designed to address identified
learning gaps in students who have not mastered targeted
competencies. Within the Philippine Department of
Education framework, SIMs function as supplementary
resources structured around a guide card, activity cards,
assessment cards, and an enrichment card, providing
scaffolded and self-directed remediation (Dacumos, 2016).
A 2025 meta-analysis of 15 studies on SIM effectiveness
in science and mathematics confirmed that SIMs produce
large effect sizes regardless of format, with paper-based SIMs
yielding an effect size of 1.67 and digital SIMs yielding 1.34,
establishing their value as remedial tools across the K-12
spectrum (Borabo & Dio, 2025).

Development and validation studies of SIMs in Philippine
science consistently report expert-validated materials as
highly acceptable in content and technical aspects (Lituanas
& Dela Cruz, 2024; Samosa, 2021). In instructional material
development research, expert validation by qualified jurors
constitutes the accepted and methodologically defensible
first phase of the development cycle, establishing content
validity and design quality before proceeding to learner-
facing trials (Branch & Varank, 2009; Gall et al., 1996). This
phased approach reflects the understanding that materials
with unverified content accuracy or design integrity should
not be deployed in classrooms, making expert validation an
essential prerequisite rather than a substitute for subsequent
effectiveness studies. However, most existing SIMs do
not explicitly align their assessment components with
international literacy frameworks such as PISA, limiting
their utility for preparing students for globally benchmarked
competencies.

Earth science topics such as volcanic activity present
particular instructional challenges because they require
students to reason across multiple spatial and temporal
scales, connect abstract geological processes to observable
phenomena, and apply scientific evidence to real-world
risk decisions (Francek, 2013). Research on geoscience
education consistently finds that students hold persistent
misconceptions about volcanic processes, including the belief
that eruptions are random or unpredictable, and that human
activity plays no role in volcanic risk exposure (King, 2010).
Narrative-based and contextualized instructional approaches

105



ISSN 2708-7581 (Online). ISSN-L 2708-7573. Journal of Learning Theory and Methodology. 2026. Volume 7, Number 2

have been shown to be especially effective at addressing these
misconceptions by grounding abstract processes in relatable
human consequences (Demirci & Okur, 2021; Korur et al.,
2025). For Filipino students in particular, volcanic activity
is not an abstract academic topic but a lived environmental
reality, making contextualized instructional materials such
as ComicSIM especially well-suited to this content domain.

The PISA 2022 science framework defines scientific
literacy as the capacity to engage with science-related issues
and use scientific knowledge and reasoning to explain
phenomena, evaluate evidence, and make informed decisions
in real-world contexts (OECD, 2023). The Philippines’
2018 PISA result of 357 in Science placed it among the
lowest-scoring participants, reflecting systemic challenges
in developing the inquiry-based, evidence-evaluating
competencies that PISA measures (DepEd, 2018). Valio et
al. (2025) argued that integrating PISA-aligned assessments
into local instructional materials offers a direct mechanism
for building these competencies within the K-12 curriculum.
Instructional materials that contextualize PISA competencies
within locally relevant phenomena, such as volcanic activity in
the Philippine archipelago, address a critical pedagogical need
by linking scientific reasoning to students’ lived experience.
The PISA 2022 framework identifies real-world contexts,
including geohazard risk and environmental sustainability,
as primary assessment domains, making volcanic activity
an ecologically valid and curriculum-aligned content focus
(OECD, 2023).

Despite the documented benefits of both SIMs and
comics in Philippine science education, no study to date
has systematically combined the two within a PISA-aligned
framework for Earth science content. This study addresses
that gap by developing and validating ComicSIM, a comic-
based SIM focused on volcanic activity for Grade 9 Science,
along with an accompanying PISA-aligned assessment
tool. The study is guided by three research questions: (1)
How do expert jurors assess ComicSIM across seven sub-
criteria of instructional material quality? (2) What PISA-
aligned assessment tool can be developed from the content
of ComicSIM? (3) How reliable and valid are ComicSIM
and the PISA-aligned assessment tool as evaluated through
expert judgment and statistical analysis?

Materials and Methods

Study Participants

Five expert jurors validated both ComicSIM and the
PISA-aligned assessment tool. Jurors were identified through
purposive sampling based on three criteria: (a) a graduate
degree (master’s or doctoral level) in science education,
curriculum development, or a closely related field; (b) a
minimum of five years of professional experience in secondary
science teaching, instructional material development,
or educational assessment; and (c) familiarity with the
Philippine K-12 Science curriculum and DepEd instructional
material standards. To manage potential institutional bias,
jurors were drawn from schools and institutions external
to the researchers’ institution. No juror had prior access to
the ComicSIM drafts before the validation process. Table 1
presents a summary of juror profiles.

Table 1. Summary of Expert Juror Profiles

Juror Highest Area of Expertise Years of
Qualification Experience
J1  Doctor of Science Educationand 15
Education Curriculum
J2 Master of Arts Instructional Material 10
in Education ~ Development

J3  Doctor of
Philosophy

J4  Master of Arts
in Teaching

J5  Doctor of
Education

Educational Assessment 18
and Measurement
Secondary Science 8
Teaching (Earth Science)
Science Pedagogy and 12
Curriculum Evaluation

Study Organization

This study employed a descriptive-developmental
research design. The developmental phase involved the
systematic creation of ComicSIM, a comic-based Strategic
Intervention Material on volcanic activity for Grade 9
Science, together with a 20-item PISA-aligned assessment
tool structured across eight thematic lessons. The descriptive
phase involved expert evaluation of both instruments
through juror validation. Consistent with established
practice in instructional material development research,
expert validation constitutes the appropriate first phase
of the development cycle, generating evidence of content
validity and design quality prior to classroom deployment
(Branch & Varank, 2009; Gall et al., 1996). A classroom-
based effectiveness study involving student participants is
identified as the necessary and immediate next phase of this
programme of research.

ComicSIM was developed in comic strip format based on
the Grade 9 Science Most Essential Learning Competencies
(MELCs) related to volcanic activity. The material follows a
continuous fictional narrative set in a volcanic hazard context,
incorporating characters who navigate scientific, ethical,
and social dimensions of volcanic risk. The storyline was
designed to integrate PISA scientific competency domains,
including applying scientific knowledge to real-world issues,
distinguishing scientific evidence from personal belief, and
engaging in ethical reasoning under disaster conditions.
Eight lessons were embedded within the narrative, each
mapped to a specific PISA competency and assessed through
corresponding items in the accompanying assessment
tool. Figure 1 presents sample pages from the developed
ComicSIM.

Two validation instruments were employed. The Comics
Evaluation Rubric (CER) is a researcher-constructed
7-criterion evaluation tool developed through a review of
existing rubrics for instructional comics (Rasmet et al.,
2025; Tatalovic, 2009), SIM evaluation frameworks used
in Philippine DepEd practice (Dacumos, 2016; Lituanas
& Dela Cruz, 2024), and Mayer’s (2009) Cognitive Theory
of Multimedia Learning. The seven criteria—(a) content
accuracy and relevance, (b) clarity and readability, (c) visual
appeal and creativity, (d) interactivity and engagement,
(e) pedagogical effectiveness, (f) cultural and contextual
relevance, and (g) assessment and feedback—were selected
to capture the dual requirements of ComicSIM as both a
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In Grade 9 Science, Vokanic Activity falls under the topic “Farth
and Space: The Earth's Internal Heat™ im the K 10 12 Carricelem of
the Philippincs. The relevant Most Essential Learning Competency
(MELO) is

Fplain bow mon coents abonz (awits semerate cartbquakes and b
carthqmikes amd sokcani cruptiom are interrelated. (NS {-16)

Learnimg Objectives

By engaging with this Coma Stratepx: Istcrventson Matenal (SIM),
stwdents will be abic 1o

THE DAY FIRE RAINED

1.Understand the Science of Volasic Activity
2 Amlyzc and Interpret Sccntific Data

3 Apply Scientific Knowledge to Real- World Problems
4 Develop Scientific Litcracy aad Critical Thinking

(b)

Fig. 1. Structural components of the developed Comic Strategic Intervention Material (comicSIM) on volcanic activity: (a)
front cover page showing the Title, (b) guide card displaying the target Grade 9 Science competency and explicit learning

objectives, and (c) sample narrative comic panel integrating scientific concepts within the storyline.

ITEM #1

Based on your result, explain whether
they had enough time and how emergency

Question 1/2

Why is it important to base disaster
response decisions on scientific evidence
rather than political opinions?

A. Scientific evidence is based on
measurable  data and patterns,
making predictions more reliable.

. Political decisions are always
correct because leaders have
more experience.

. The public should always believe

government officials, even when

they ignore expert warnings.

Volcanoes erupt randomly, so

there is no way to predict

disasters using science.

w

Question 2/2

As Mount Sombra shows signs of an
impending eruption, strange events occur
in San Esperanza: wells dry up, small
carthquakes increase, and animals flee the

area.
What is the most scientific explanation for
these warning signs?

A. The volcano is consuming
underground water, causing wells
to dry up.

. Animals have a special ability to
sense future events, so they flee
before any disaster.

C. Rising magma increases pressure,
triggering  carthquakes  and
affecting groundwater.

These events are coincidences
and do not indicate any volcanic
activity.

Evaluating Scientific Evidence vs. Political

response strategies could be improved.

ITEM #7

Dr. Camila Reyes, a volcanologist, presents scientific
evidence that Mount Sombra is showing signs of an
imminent eruption. However, Mayor Esteban Cruz
refuses to order an evacuation, prioritizing tourism and
business over public safety. Despite observable waming
signs, such as animals fleeing and increasing seismic
activity, the town council is divided—some leaders
believe in science, while others dismiss it as a false
alarm.

Question 1/3

Based on the pie chart, which survival
strategy was the most effective in saving
the trapped residents?

A. Helicopter Evacuation
B. Luis' Firebreak Strategy
C. Self-Evacuation on Foot
D. Hiding in Underground Shelters

Question 2/3

Camila had to decide whether to retrieve
scientific data from Dr. Ocampo’s bunker
or immediately evacuate. If you were in
her situation, what factors should you
consider before making a decision?

A. The importance of scientific data
in  preventing future disasters
vs. the immediate danger of
staying behind.

B. The financial value of the data
compared to the town’s economic
losses.

. The possibility of the volcano

stopping the eruption suddenly.

The potential of blaming

someone else if the mission fails.

e}

o

Question 3/3

The pie chart shows different survival
methods used by trapped residents

during the volcanic eruption. If a similar
eruption occurs in the future, which
survival method should ~emergency
planners focus on improving to increase

ITEM #2

survival rates?

Question 1/2

Scientific Literacy & Critical Thinking

As Mount Sombra shows clear waming signs of an
eruption. Father Miguel urges his followers to_stay,

A. Helicopter evacuation, since it
saved a quarter of the trapped
residents.

Survival Methods Used by Trapped Residents

As Mount Sombra erupts violently, over 100 survivors
are trapped in the last evacuation zone, surrounded by
lava flows. Luis and his firefighters use controlled
detonations to create a firebreak, diverting the lava and
buying time for escape. Meanwhile, Camila risks her life
retrieving scientific data from Dr. Ocampo’s bunker,
hoping to use it to prevent future disasters. The corrupt
mayor, whose actions endangered the town, tries to flee
but is killed when the bridge collapses. In an ultimate act
of heroism, Father Miguel and a group of villagers carry
the injured through thick ash to reach the last rescue
helicopters before a massive shockwave shakes the
valley.

This pie chart represents the various survival methods
used by the trapped residents in their attempt to escape
before the final explosion.

Survival Methods Used by Trapped Residents

Hiding In U und Sheiters

Casu

P e—
onFoct
e
Frcbrest
stategy
prer Evacuat

Fig. 2. Sample assessment layout from the developed PISA-Aligned assessment tool illustrating the integration of
scientific literacy and critical thinking items: (left) multiple-choice questions evaluating conceptual understanding
of volcanic warning signs, and (right) an integrated data-analysis item requiring students to interpret graphical
evidence (pie chart) regarding disaster response strategies.

comic-format material and a structured SIM. Content
validity of the CER was established through a two-stage
process: (1) independent review of criteria and descriptors by
a measurement specialist for relevance, clarity, and construct

alignment, and (2) informal piloting with two science
educators external to the study prior to formal use. Jurors
rated each criterion on a 5-point scale (5 = Excellent, 4 =
Good, 3 = Satisfactory, 2 = Needs Improvement, 1 = Poor).

107



ISSN 2708-7581 (Online). ISSN-L 2708-7573. Journal of Learning Theory and Methodology. 2026. Volume 7, Number 2

Table 2. Matrix of Item Distribution of the Assessment Tool

Lesson Lesson Title PISA Competency No. of Items  Item Numbers
1 Volcanic Hazards and Predictions Applylp g sclentific knowledge to real- 2 1,2
world issues

» Human Responses and Scientific Evidence in  Distinguishing scientific evidence from » 34
Disaster Preparedness personal beliefs ’

3 Ethical Decision-Making and Disaster Risk Scientific reasoning with social and » 56
Reduction ethical considerations ’

4 SurV1Ya1 Skills and Risk Reduction During Explaining phenomena scientifically 3 7,8,9
Eruptions

5 Human Activities and Their Impact on Interpreting data and evidence | 10
Volcanic Systems scientifically

6 Volcanic History, Warnings, and Emergency =~ Evaluating and designing scientific 4 11.12. 13. 14
Response inquiry P
Planning for Eruptions: Survival Strategies and Analyzing data and making evidence-

7 Safety Measures based decisions 3 1516, 17

8 Geothermal Energy, Volcanic Risk, and Applying scientific principles to real- 3 18,19, 20

Sustainable Development

world situations

The PISA Science Framework Alignment Scale (PISFAS) is
a 15-item evaluation instrument whose items were derived
directly from the five core competency domains of the PISA
2022 Science Framework: Scientific Competencies, Scientific
Knowledge, Contexts, Science Identity, and Environmental
Science Competencies (OECD, 2023). Items were organized
under four constructs: (1) relevance to the PISA Science
Literacy Framework, (2) cognitive demand and inquiry-based
learning, (3) format and engagement, and (4) overall PISA
alignment. Content validity of the PISFAS was established
through review by the measurement specialist, who verified
the alignment of each item against the corresponding
PISA framework competency. Ratings used a 4-point scale
(4 = Strongly Agree, 3 = Agree, 2 = Disagree, 1 = Strongly
Disagree). Internal consistency of the PISFAS in the present
administration yielded Cronbach’s Alpha = 0.88, confirming
strong reliability for this use.

The PISA-aligned assessment tool comprises 20 items
distributed across eight thematic lessons embedded within
the ComicSIM narrative. Table 2 presents the mapping of
lessons to PISA competencies and item distribution. Each
lesson was constructed to address a distinct PISA scientific
competency, ensuring that the assessment tool evaluates
the full spectrum of scientific literacy skills outlined in the
PISA 2022 framework. Item contexts draw directly from the
ComicSIM narrative, requiring students to apply scientific
reasoning to situations, characters, and decisions depicted
in the comic (Figure 2). This contextual embedding is
intentional: assessment items anchored in a narrative stimulus
that students have already engaged with are hypothesized to
reduce construct-irrelevant variance from unfamiliar item
contexts, a recognized source of measurement error in PISA-
style assessments (OECD, 2023).

Statistical analysis

Mean and standard deviation were computed to describe
the central tendency and spread of juror ratings. Fleiss’
Kappa (Fleiss, 1971) was calculated to determine inter-rater
agreement beyond chance, interpreted using the Landis and
Koch (1977) benchmarks: 0.00 to 0.20 as slight, 0.21 to 0.40

as fair, 0.41 to 0.60 as moderate, 0.61 to 0.80 as substantial,
and 0.81 to 1.00 as almost perfect agreement. Cronbach’s
Alpha was computed to assess the internal consistency of the
jurors’ ratings on the PISA alignment evaluation sheet. All
computations were performed using Jamovi (Version 2.4; The
jamovi project, 2022).

Results

Table 3 presents the juror ratings of ComicSIM across
its seven evaluative sub-criteria. All five jurors completed
the evaluation independently, and no rating was changed
following consultation.

ComicSIM received an overall weighted mean of 4.5
(Excellent) across all seven sub-criteria, with an overall Fleiss’
Kappa of 0.70 indicating substantial agreement among the
five jurors. The highest-rated dimension was Assessment
and Feedback (M = 4.8, Excellent; x = 0.60, Moderate
agreement), reflecting strong consensus on the material’s
integration of meaningful evaluation tasks and feedback
mechanisms. Content Accuracy and Relevance, Interactivity
and Engagement, and Cultural and Contextual Relevance
each received a weighted mean of 4.6 (Excellent), confirming
that ComicSIM delivers scientifically accurate content within
an engaging and culturally situated format. Visual Appeal
and Creativity and Pedagogical Effectiveness were both rated
4.4 (Good), while Clarity and Readability received a rating of
4.0 (Good).

The pattern of Kappa values warrants careful
interpretation. The fair Kappa values observed for most sub-
criteria (k = 0.30 to 0.40), despite uniformly high means, are
consistent with a well-documented ceiling effect in expert
validation studies: when all raters cluster at the upper end
of a rating scale, chance-corrected agreement statistics such
as Kappa are mathematically suppressed even when raters
are highly consistent in their overall evaluative judgements
(Feinstein & Cicchetti, 1990; McHugh, 2012). This
phenomenon, sometimes termed the Kappa paradox, does
not indicate disagreement among jurors; rather, it reflects the
statistical consequence of near-unanimous high ratings. The
Clarity and Readability dimension illustrates this point from
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Table 3. Inter-Rater Agreement of ComicSIM Across Sub-Criteria

Criterion Weighted Mean Interpretation Fleiss’ Kappa (k)  Agreement Level
Content Accuracy and Relevance 4.6 Excellent 0.40 Fair
Clarity and Readability 4.0 Good 1.00 Almost Perfect
Visual Appeal and Creativity 4.4 Good 0.30 Fair
Interactivity and Engagement 4.6 Excellent 0.40 Fair
Pedagogical Effectiveness 4.4 Good 0.40 Fair
Cultural and Contextual Relevance 4.6 Excellent 0.40 Fair
Assessment and Feedback 4.8 Excellent 0.60 Moderate
Overall 4.5 Excellent 0.70 Substantial
Table 4. Validation of the Developed PISA-Aligned Assessment Tool

PISA Construct Items Mean Score Range Interpretation
Relevance to PISA Science Literacy Framework lto4 3.6t04.0 Strongly Agree
Cognitive Demand and Inquiry-Based Learning 5t08 3.8t04.0 Strongly Agree
Format and Engagement 9to 11 3.6 Strongly Agree
Overall Alignment with PISA 12to 15 3.8t04.0 Strongly Agree
Total (All Items) 1to 15 3.8 Strongly Agree

a different angle: its Kappa of 1.00 indicates that all five jurors
assigned exactly the same score to this criterion, resulting in
perfect agreement at a mean of 4.0. This pattern confirms that
while ComicSIM’s readability is consistently rated as Good, it
is an area where targeted revision could elevate ratings to the
Excellent range observed in other criteria.

Juror qualitative feedback reinforced these quantitative
findings. Evaluators commended the material for its scientific
accuracy, balance of scientific terminology with narrative
storytelling, and its capacity to represent diverse perspectives
including ethical and social considerations surrounding
volcanic hazards. Areas recommended for refinement
included increased localization of the narrative setting to
enhance contextual relevance for learners from provincial
Philippine communities such as Masbate, and the addition
of greater narrative tension in the pre-eruption sequence to
heighten dramatic engagement.

Table 4 presents juror ratings on the 15-item PISA
alignment evaluation instrument.

The assessment tool received an overall mean rating
of 3.8 (Strongly Agree) across all four PISA constructs,
confirming strong expert consensus on its alignment with the
PISA Science Literacy Framework. Items assessing Relevance
to PISA (items 1 and 2) and Overall Alignment with PISA
(item 12) received the highest scores (M = 4.0), reflecting
unanimous agreement on their framework fidelity. Cognitive
Demand and Inquiry-Based Learning items performed
strongly (M = 3.8 to 4.0), affirming that the tool promotes
higher-order thinking consistent with PISA’s competency

demands. Format and Engagement items received slightly
lower ratings (M = 3.6), with one juror assigning lower scores
on items 10 and 11, citing concerns about the visual layout
of contextual stimuli alongside test questions. This finding
points to a specific and addressable design issue rather than a
fundamental validity problem with the tool.

The PISA-aligned assessment tool achieved an overall
weighted mean of 4.93 (Excellent) across all five evaluative
dimensions, with overall inter-rater agreement of Kappa
= 0.87 (Almost Perfect). In contrast to the ceiling-effect
pattern observed in the ComicSIM validation, the high
Kappa values across PISA dimensions reflect genuine and
consistent consensus among jurors at near-ceiling mean
levels, indicating that the assessment tool’s PISA alignment is
clearly evidenced and uniformly recognized by independent
evaluators. The Contexts dimension received a perfect score
(M = 5.00, k = 1.00), confirming unanimous consensus
that ComicSIM’s narrative effectively embeds PISA-type
real-world contexts. Scientific Competencies, Scientific
Knowledge, and Science Identity dimensions each yielded
near-perfect scores (M = 4.93, k = 0.87). Environmental
Science Competencies produced slightly lower inter-rater
agreement (M = 4.87, k = 0.73, Substantial), suggesting
minor variability in how jurors interpreted the scope of
environmental science content within the volcanic activity
context. Cronbach’s Alpha of 0.88 confirmed strong internal
consistency among the validation instrument’s items, further
establishing the reliability of the evaluation procedure
(Table 5).

Table 5. Juror Assessment of the PISA-Aligned Assessment Tool Across Dimensions

PISA Dimension Weighted Mean  Interpretation Fleiss’ Kappa (k) Agreement Level
Scientific Competencies 4.93 Excellent 0.87 Almost Perfect
Environmental Science Competencies 4.87 Excellent 0.73 Substantial
Scientific Knowledge 4.93 Excellent 0.87 Almost Perfect
Science Identity 4.93 Excellent 0.87 Almost Perfect
Contexts 5.00 Excellent 1.00 Almost Perfect
Overall 4.93 Excellent 0.87 Almost Perfect

Note. Cronbach’s Alpha = 0.88. Kappa benchmarks follow Landis and Koch (1977).
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Discussion

The findings of this study provide expert validation
evidence for ComicSIM as a novel instructional material
for Grade 9 Science in the Philippine context. It is worthy
to emphasize that this evidence is restricted to expert
validation, no classroom-based data on student learning
outcomes were collected, and the present study does not
constitute empirical evidence of instructional effectiveness.
Within the scope of expert evaluation, the overall Excellent
rating (M = 4.5) and substantial inter-rater agreement (k =
0.70) position ComicSIM favorably alongside other expert-
validated comic-based instructional materials reported in
the literature. Fitria et al. (2023) similarly found strong expert
validity ratings for digital science comics among Indonesian
elementary students, while Samosa (2021) reported high
positive attitudes toward the CoSIM hybrid format among
Filipino Biology learners. The current study extends this
body of validation evidence by explicitly integrating PISA-
aligned competencies into the SIM structure, addressing a
gap identified across most prior SIM development studies in
the Philippines (Borabo & Dio, 2025).

The Excellent ratings received by Content Accuracy
and Relevance, Interactivity and Engagement, and Cultural
and Contextual Relevance indicate that expert evaluators
judged ComicSIM to present scientifically accurate content
within a format designed to engage learners and reflect their
sociocultural context. This finding is consistent with Hosler
and Boomer’s (2011) argument that comics provide a narrative
scaffold with potential to deepen engagement with scientific
phenomena, and with Tatalovic’s (2009) observation that
narrative structures are associated with improved acquisition
of technical vocabulary. It also aligns with constructivist
principles: the comic’s storyline is designed as a culturally
familiar zone of proximal development through which
students encounter volcanic science concepts in a supported
and relatable context (Vygotsky, 1978). The highest-rated
dimension, Assessment and Feedback (M =4.8), suggests that
embedding PISA-type questions directly within the comic
narrative may be a promising design strategy; whether this
translates into improved student metacognitive engagement
requires empirical testing (Valio et al., 2025).

The Kappa values for most ComicSIM sub-criteria ranged
from 0.30 to 0.40, which warrant careful contextualization.
As noted in the Results, these values reflect the well-
documented Kappa paradox: when expert raters consistently
award high scores, the mathematical structure of chance-
corrected agreement coefficients produces low Kappa values
even when raters are, in practical terms, highly consistent
(Feinstein & Cicchetti, 1990). This phenomenon is reported
across the instructional material validation literature and
does not indicate meaningful disagreement among the
jurors in the present study (McHugh, 2012). The Clarity
and Readability dimension, which yielded Kappa = 1.00 at a
mean of 4.0, represents a distinct and instructive case: perfect
agreement among jurors that the material is Good but not yet
Excellent in readability. This finding converges with jurors’
qualitative recommendations that dialogue and terminology
be simplified for lower-performing readers, and identifies
a specific, revision-ready improvement target for the next
iteration of ComicSIM.

The PISA-aligned assessment tool’s near-perfect inter-
rater agreement (k = 0.87) and Cronbach’s Alpha of 0.88
establish strong reliability credentials that compare favorably
with similar PISA-contextualized instruments in the literature
(Rosana et al., 2020; Valio et al., 2025). The perfect score in
the Contexts dimension (x = 1.00, M = 5.00) is particularly
noteworthy. It confirms that grounding assessment items
within the comic narrative’s volcanic hazard contexts
effectively operationalizes the real-world situatedness that
PISA designates as essential for measuring authentic scientific
literacy (OECD, 2023). This result supports the emerging
pedagogical argument that local, narrative-rich contexts
may be more effective at eliciting PISA-type reasoning
than decontextualized test items, because they reduce the
cognitive burden of interpreting an unfamiliar stimulus
while preserving the scientific reasoning demands of the task
(Fananta et al., 2019; Valio et al., 2025).

Persistent misconceptions about volcanic predictability
and risk are well documented in the geoscience education
literature (Francek, 2013; King, 2010). ComicSIM’s
narrative design, which positions student-age characters
as active reasoners within a volcanic emergency scenario,
is theoretically consistent with findings that consequential
decision-making contexts support conceptual restructuring
in science education (Renouard & Mazabraud, 2018).
Whether ComicSIM demonstrably reduces documented
misconceptions in practice is a question that expert validation
alone cannot answer; direct classroom investigation remains
essential.

The slightly lower performance of the Format and
Engagement construct in the PISA alignment instrument
(M =3.6) pointsto aspecificand addressable design issue. One
juror’s lower ratings on items 10 and 11 identified concerns
about the visual layout of contextual stimuli alongside test
questions. Assessment tools that rely on rich narrative
stimuli require careful attention to how comic panels,
text, and test questions are spatially arranged on the page:
stimulus material that competes visually with question text
can increase cognitive load and compromise measurement
validity. Revised versions should be formatted with the comic
stimulus clearly separated from and preceding each question
cluster, consistent with PISA item design conventions
(OECD, 2023).

Taken together, the validation findings support further
development and classroom testing of ComicSIM as a
supplementary instructional resource in Grade 9 Science,
particularly for volcanic activity units within the MATATAG
curriculum. The expert evaluations indicate that ComicSIM
is designed as a contextually resonant and internationally
benchmarkedinstructional resource;however,itseffectiveness
for student learning must be confirmed through classroom-
based research before recommendations for broader adoption
can be made. Jurors’ recommendation to localize narrative
settings further is actionable: future versions of ComicSIM
could incorporate local volcanoes such as Mayon or Bulusan,
and community-specific disaster risk contexts familiar to
students in volcanic hazard-prone municipalities.

Several limitations of the present study should be
acknowledged. First, and most significantly, the evidence
presented is restricted to expert validation and does not
address studentlearning outcomes; claims about instructional
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effectiveness cannot be derived from the present data. Second,
the validation panel comprised five jurors—consistent with
established practice in Philippine SIM development research
(Branch & Varank, 2009; Gall et al., 1996)—but this sample
size limits the generalizability of the evaluative findings.
Third, the CER and PISFAS are researcher-constructed
instruments whose validity in this study rests primarily on
face validity review by a measurement specialist; independent
psychometric validation of these instruments is a priority for
future research. Fourth, the study was conducted within a
specific provincial context in the Philippines, and contextual
relevance ratings may not fully generalize to learners in
other settings. Classroom-based effectiveness testing using
the validated instruments is identified as the essential and
immediate next stage of this research programme.

Conclusions

This study developed and validated ComicSIM, a comic-
based Strategic Intervention Material on volcanic activity,
alongside a PISA-aligned assessment tool for Grade 9 Science
in the Philippines. Expert juror evaluations confirmed that
ComicSIM achieved Excellent overall quality ratings with
substantial inter-rater agreement, while the PISA-aligned
assessment tool demonstrated near-perfect content validity
and strong internal consistency. These findings establish
both instruments as suitable candidates for the next phase of
development research: a classroom-based quasi-experimental
study in which student participants engage with ComicSIM
under naturalistic instructional conditions, with learning
outcomes, scientificliteracy skills, and misconception reduction
measured through pre-test and post-test administration of
the validated assessment tool. The present study provides
validation evidence only; empirical demonstration of student
learning gains awaits that subsequent phase.

The contribution of the present study to Philippine
science education is twofold: it provides the field with an
expert-validated, PISA-aligned instructional material for a
high-priority Earth science topic, and it offers preliminary
evidence that the comics-plus-SIM format is a promising
approach to developing internationally benchmarked science
learning resources within low-resource school environments.
Science teachers and curriculum developers now have access
to an expert-validated tool that requires no technology
infrastructure, aligns directly with the MATATAG
curriculum, and situates scientific reasoning within a
volcanic hazard narrative that is both locally relevant and
globally benchmarked. The present study does not, however,
provide evidence of classroom effectiveness; such evidence
must await the quasi-experimental study identified as the
next phase of this research programme.
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Po3po6neHHa Ta Banigauia KomikCIM 3 Temun BynKaHiuHoOI
AKTUBHOCTI 3 IHCTPYMEHTOM OLiHIOBaHHA, y3rogKeHum i3 MI3A

Illeitna bapasu'4*“P, Epni Kaxypao?Ac®

'InTerpoBana mkona Byencyepre

*Konemx 0OCBiTH, Hep>xaBHUIT MeMOpiaTbHUI KOMEK CITbCbKOTO TOCIO/IapCTBa

i TexHooriN iMeHi fokTopa Eminio b. Ecninocu-crapuoro

ABTOpCHKNMII BKIAJ;: A — Iu3aiiH gocmipkenHs; B — 36ip ganux; C - crataHanis; D - migroToska pykomucy; E — 36ip kowtis

Pedepar. Crarrs: 10 c., 5 Tabn., 2 puc., 38 mxeper.

Merta. HapuanbHi MaTepianm Ha OCHOBi KOMIKCiB JI€MOHCTPYIOTh BMMipIOBaHe HiIBUILEHHA 3a]y4€HOCTi y4uHIB i piBHSA
IPUPOTHNYO-HAYKOBOI IPaMOTHOCTI; IPOTe /uille B HebaraTboxX AOCII/PKeHHAX popMaT KOMIKCIB iHTerpyeTbcs 3i cTpaTerivHuMu
iHTepBeHLitHNMY MaTepianamu (SIM) Ta OLiiHIOBaHHAM, Y3rofpKkeHNM i3 PISA, y BUK/Ta/jaHHi HayK PO 3eMJII0 B CepeHIX IIKOTaX
®ininmin. Y npomy gocmimpkenHi 6ymo po3pobineno ta BamigoaHo ComicSIM — crpaTeriyHmit iHTepBeHLINIHNIT MaTepian y
¢dopmarti KoMIKCY 3 TeMu By/IKaHIYHOI aKTMBHOCTI [/Is IPUPORHIYMX HayK y 9 K/Iaci, a TaKOX y3rofpkenuit i3 PISA iHcTpymeHT
OLIiHIOBaHH, 1[0 MicTUTD 20 3aB/laHb 32 BiCbMOMa YPOKaMIA.

Marepianu Ta MeTogu. BMKOpUCTaHO OMMCOBO-PO3POOHMIIBKII JU3AMH KOCIPKeHHs. [I'SITh eKcrepTiB, sKi Manu HayKOBi
CTyIIeHi y rajTysi IpUpOZHUYO-HAYKOBOI OCBITH 200 pO3p006/IeHH HaBYa/IbHIX IIPOrPaM i LIOHATIMEHIIIe IT ATh POKiB IpodeciitHoro
TOCBify, He3a/lIeXKHO OL[iHIOBa/IN obumgsa inctpymenTt. ComicSIM ouiHOBanu 3a ciMoMa MiJKpUTepiAMU 3 BUKOPMCTAHHAM
5-6anpHOI IIKAN; Y3roJ)KeHICTb OLIIHOK eKCIIepTiB BM3Hayaayu 3a gomnomoror Kanmmu Preiica. IHCTpyMeHT onjiHIOBaHHA,
ysromkennii i3 PISA, oniHioBanu 3a 15-ITyHKTOBUM iHCTPYMEHTOM BifJIIOBiTHOCTI 3 BUKOPUCTaHHAM 4-6a/IbHOI IIIKa/IV; BHY TPILIHIO
Y3TO/PKEHICTb BU3HAYA/IN 3a JorioMoromw anb¢u Kponbaxa.

PesynbraTin. ComicSIM oTpuMaB cepeHbO3BaXXEHY OLIHKY 4,5 («BimMiHHO») Ta 3HaueHHA Kammm Preiica 0,70 (cyrTeBa
Y3TOfKEHICTh). IHCTpyMeHT OIiHIOBaHHs, y3romkeHuit i3 PISA, MaB cepefHI0 OI[iHKY BifmoOBifHOCTI 3,8 («IIOBHICTIO 3rofieH»),
CepeJHIo OL[iHKY 3a BuMipamu 4,93 («BigMiHHO») Ta 3HaueHH: Karmu 0,87 (Maiie TOBHa Y3roKeHicTh). 3HaueHHA anbdu Kponbaxa
0,88 migTBEpAMIO BMCOKY BHYTPIIIHIO Y3TOKEHICTb.

BucHoBku. O6ujBa iHCTPYMEHTH IIPOVIIIIN eKCIIepTHY Bajifaliio, € HafillHUMM Ta HPUAATHUMU )11 BUKOPUCTAHHS 3
METOI0 PO3BUTKY IIPMPOJHIYO-HAYKOBOI IPAaMOTHOCTI, y3rofpkeHoi 3 PISA, y BuK/IaflaHHi NpMPOAHMYNX HAYK Y CEPEIHIX IIKOIAX
®ininmin; BogHOYAC IXHA e(PeKTUBHICTD Y K1aci moTpedye MiATBep/KeHHs TOAA/TbIINMI eMIIIPUYHUMI TOCTIKEHHAMI.

Knrouosi cnoa: ComicSIM, cTpaTeriunmii inTepBeHLiliHnit Matepian, PISA, Byn1kaHiuHa aKTMBHICTb, IPUPOSHUYI HAYKM Y 9
KTaci.
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Abstract

Objectives. This study examined the levels of data literacy (DL) and computational thinking (CT) skills among
secondary science teachers, the extent of their integration into science instruction, and the relationships between these

competencies and instructional integration.

Materials and Methods. Using a descriptive-correlational design, 53 secondary science teachers in Masbate,
Philippines, completed three researcher-developed Likert-type instruments measuring DL, CT, and DL-CT integration
into science instruction. Data were analyzed using means and standard deviations, the Wilcoxon Signed-Rank Test,

and Spearman rank-order correlation.

Results. Teachers rated themselves Proficient in both DL (M =

3.92,SD =0.63) and CT (M = 3.84, SD = 0.64), with a

statistically significant difference between the two, W = 288.00, p = .040, r = .28. Teachers reported a Highly Integrated
level of DL-CT instructional integration (M = 3.90, SD = 0.82). Spearman correlations revealed strong positive
associations of both DL (rs = .740) and CT (rs = .757) with integration, both p <.001, with algorithmic thinking

emerging as the single strongest correlate (rs = .785).

Conclusion. Secondary science teachers demonstrated proficient but uneven data literacy and computational thinking
skills, with abstraction and access to computational tools emerging as relative weaknesses. Both competencies
played a substantial and complementary role in supporting integrated science instruction, and targeted professional

development addressing these weaker areas is recommended.

Keywords: data literacy, computational thinking, science education, instructional integration, secondary teachers.

Introduction

The 21 century has transformed the learning
competencies that students must possess to thrive in an
era defined by data and technology. Among the most
consequential of these competencies are data literacy and
computational thinking, two interconnected skill sets that
have gained substantial recognition in educational policy,
curriculum reform and pedagogical scholarship worldwide.
In the domain of science education, these competencies are
not merely supplementary skills but fundamental epistemic
tools that align directly with the nature of scientific inquiry,
which is inherently quantitative, data intensive and systematic
(National Research Council, 2012; Weintrop et al., 2016).

Ridsdale et al. (2015) defined data literacy as the ability
to collect, manage, evaluate and apply data in a critical
and meaningful manner. It is increasingly recognized as a

© Mortel, J. C., & Cajurao, E., 2026.
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foundational competency for informed citizenship and
scientific participation. In the science classroom, students
who are data literate can engage meaningfully with empirical
evidence, interpret graphs and tables, evaluate the validity
and reliability of scientific claims and draw evidence-based
conclusions (Kjelvik & Schultheis, 2019). These capabilities
mirror the authentic practices of scientists and are central to
the scientific inquiry standards embedded in contemporary
science curriculum frameworks (NGSS Lead States, 2013).
Meanwhile, computational thinking (CT), as articulated
by Wing (2006) in her landmark formulation, refers to the
cognitive processesinvolvedin formulating problemsand their
solutions in ways that can be carried out by an information-
processing agent. CT encompasses decomposition (breaking
complex real-world problems into manageable parts),
pattern recognition (identifying regularities and trends),
abstraction (filtering relevant from irrelevant information)
and algorithmic thinking (designing step-by-step solutions).
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Broadly speaking, computational thinking entails
mathematical reasoning, design-based thinking and the
ability to reason at several levels of abstraction (Kramer, 2007;
Wing, 2008). Additionally, it involves applying these types
of reasoning to contextual problem solving (Guzdial, 2008;
Wing, 2008). In science education, CT provides students
with powerful strategies for modeling natural phenomena,
analyzing large datasets, simulating complex systems and
designing controlled experiments (Grover & Pea, 2013;
Weintrop et al., 2016).

The integration of data literacy and computational
thinking into science instruction has received significant
impetus from several influential policy documents and
curriculum frameworks. The Next Generation Science
Standards (NGSS) in the United States explicitly position
data analysis, mathematical and computational thinking
and the use of models as core scientific and engineering
practices (NGSS Lead States, 2013). Similarly, the National
Research Council’s Framework for K-12 Science Education
identifies computational tools as essential instruments for
contemporary scientific practice. These frameworks reflect
a broader recognition that science education in the 21st
century must prepare students not only to understand
scientific content but to engage in the processes and practices
that constitute authentic scientific work.

Despite this growing attention, empirical evidence
suggests a significant gap between the theoretical articulation
of these competencies in curriculum documents and their
actual realization in classroom practice. Barr and Stephenson
(2011) documented widespread unpreparedness among
teachers to integrate computational thinking into their
instructional practice, indicating that most K-12 teachers had
received little or no professional preparation in this area. Lee
(2025) stressed that teachers often recognize and appreciate
the value of data but remain uncertain due to low self-
efficacy in independently analyzing data or using complex
computational tools. Similarly, Carlson et al. (2011) found
that even in higher education, students’ data information
literacy skills were frequently insufficient for the demands of
research and evidence-based learning.

Inthe Philippines, the Kto 12 Basic Education Curriculum
reform, implemented by the Department of Education
(DepEd) beginning in 2012, explicitly articulates the goal of
developing scientifically, technologically and mathematically
literate Filipinos who are capable of critical thinking and
problem solving (Department of Education, 2016). The Senior
High School Science curriculum includes components that
implicitly demand data literacy and computational thinking,
such as research-based learning, data-driven argumentation
and laboratory investigations requiring quantitative analysis.
However, the extent to which Filipino science teachers are
equipped to facilitate the development of these competencies
in their students, and the degree to which these competencies
are systematically addressed in science instruction, remain
empirically underexplored.

This study therefore seeks to provide empirical evidence
on the self-assessed level of data literacy and computational
thinking skills among science teachers, the extent of their
integration into science instruction and the relationship
between these two core competencies in the context of
Philippine secondary science education. By employing a

quantitative, descriptive-correlational research design, this
study aims to generate data that are both statistically rigorous
and practically actionable for curriculum developers, school
administrators and science educators and replicable of future
researchers.

Specifically, the study sought to determine the level
of data literacy of secondary science teachers along the
dimensions of data collection and management, data analysis
and interpretation, data visualization and data-based decision
making; the level of their computational thinking skills along
the dimensions of decomposition, pattern recognition,
abstraction and algorithmic thinking; whether a statistically
significant difference exists between their self-assessed data
literacy and computational thinking skills; the extent to which
data literacy and computational thinking skills are integrated
into science instruction; and the correlation between this
instructional integration and each of the two competencies.

Review of Related Literature

Data Literacy in Science Education

The concept of data literacy has evolved substantially
over the past two decades. Ridsdale et al. (2015) proposed
a comprehensive data literacy framework identifying core
competencies, namely data collection, data management,
data evaluation, data analysis, data visualization and data-
based decision making. This multidimensional view
positioned data literacy not as a single homogeneous skill
but as a complex competency that develops progressively
and must be supported by intentional instructional and
institutional conditions. Calzada Prado and Marzal (2013)
offered a complementary perspective from the information
literacy tradition, emphasizing the critical and evaluative
dimensions of data literacy, particularly the capacity to assess
the quality, reliability and limitations of data.

In the context of teacher professional development,
Pastore et al. (2025) conducted a scoping review of teacher
data literacy research published between 2020 and 2024
and found that most studies reported moderate to high
data literacy levels among in-service teachers who had
received structured professional development. Mandinach
and Schildkamp (2021) further argued that when teachers
view data as actionable evidence for improving instruction,
decision-making naturally becomes the most strongly
developed data literacy dimension. However, Sandoval-Rios
et al. (2025) noted a persistent skills gap in data literacy
training within teacher education programs, particularly in
developing-country contexts where statistical and data skills
are often excluded from pre-service curricula.

Within data literacy, visualization has been identified
as a particularly challenging dimension. Laramee (2023)
emphasized that visualization remains cognitively complex,
requiring learners to simultaneously navigate statistical,
contextual and communicative layers of meaning. Fernandez
Nieto et al. (2022) similarly noted that data visualization tasks
can exceed the professional skill set of educators without
strong analytical foundations. Wilkerson et al. (2025) found
that teachers with higher visualization literacy were more
effective in facilitating student-centered data visualization
discussions in science classrooms.
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Computational Thinking in Science Education

Wing’s (2006) seminal framework conceptualized
computational thinking as a universally applicable cognitive
process extending across all disciplines. She argued that CT
involves formulating problems and their solutions in ways
that make them tractable for computational processing,
emphasizing that decomposition, pattern recognition,
abstraction and algorithm design are fundamental intellectual
tools. Grover and Pea (2013) subsequently elaborated this
framework for K-12 contexts, while Weintrop et al. (2016)
further operationalized CT practices for STEM education,
namely data practices, modeling and simulation practices,
computational problem-solving practices and systems-
thinking practices.

Research has consistently identified abstraction as the
most challenging CT dimension. Oser et al. (2025), in a
systematic review, concluded that abstraction remains the
least proficiently developed CT skill in K-12 education,
noting significant inconsistencies in how it is conceptualized
and taught. Asif et al. (2024) observed that while teachers
can engage in surface-level abstraction, deeper forms remain
challenging without dedicated professional learning. Asifetal.
(2023) further found that teachers often simplify abstraction
to merely ignoring details, missing its full computational
meaning as level-switching and information suppression.

Mertens and Colunga (2025) identified decomposition
as the most cognitively accessible CT component, as it
maps naturally onto scientific problem-solving processes
such as experimental design. In contrast, Kong et al. (2020)
and Rich et al. (2021) reported that even after targeted
professional development, many K-12 teachers continued to
demonstrate inconsistent CT proficiency. Hsu et al. (2024),
in their systematic review, documented that despite growing
momentum in CT professional development, there remains
a notable absence of consensus on how to assess and build
teachers’ CT knowledge.

Integration of Data Literacy and Computational
Thinking into Instruction

Coenraad et al. (2022) analyzed CT integration
in elementary science lesson plans and found that the
most successful integration sites were those connected to
authentic data analysis tasks embedded in real-world science
contexts. Moon et al. (2023) observed that teachers who
integrated CT through contextual, problem-based science
tasks demonstrated stronger instructional coherence than
those who taught CT as a standalone activity. However,
the UNESCO Global Education Monitoring Report (2023)
documented that digital tool use in science classrooms
remains limited even in high-income countries, with
simulation and modeling software available to fewer than
one-third of students in many contexts.

Angeli et al. (2016) cautioned that the pedagogical
integration of computational tools requires dedicated
institutional support, including infrastructure provisioning,
technical assistance and subject-specific training. Kadioglu-
Akbulut et al. (2023) highlighted similar concerns in their
study of science teachers’ TPACK (Technological Pedagogical
Content Knowledge) levels. Lim et al. (2023) found that
even when teachers held strong CT beliefs and pedagogical

knowledge, technology-tool integration lagged behind due
to insufficient discipline-specific training. Cui and Zhang
(2022) argued that teacher data competencies must be
integrated with pedagogical content knowledge rather than
treated as standalone technical skills, a position supported
by the broader TPACK-integrated data literacy framework.

Theoretical Framework

This study is grounded in the convergence of three
theoretical foundations, namely Constructivism, Wing’s
Computational Thinking Framework and the Data Literacy
Framework.

Constructivism, as elaborated in the foundational works
of Piaget (1952) and Vygotsky (1978), posits that learners
actively construct knowledge through their interactions
with the environment and with other learners, rather than
passively receiving information transmitted by teachers.
Piaget’s theory emphasizes the role of active engagement,
assimilation and accommodation in building increasingly
sophisticated cognitive schemas. Vygotsky’s sociocultural
constructivism extends this view by highlighting the
central role of social interaction, language and cultural
tools, including computational and data tools, in mediating
higher-order cognitive development. In the context of
science education, constructivism provides the theoretical
basis for viewing data literacy and computational thinking
not as isolated technical skills to be taught demonstratively,
but as higher-order cognitive capacities developed through
active, inquiry-based engagement with authentic data and
computational problems. Vygotsky’s Zone of Proximal
Development is particularly relevant, as it underscores the
importance of teachers’ own competence in scaffolding
students’ development of these complex skills.

Wing’s (2006) computational thinking framework and
its subsequent elaborations by Grover and Pea (2013) and
Weintrop et al. (2016) provide the conceptual structure for
the CT construct in this study. These operationalizations
directly inform the measurement of decomposition, pattern
recognition, abstraction and algorithmic thinking as applied
to science education contexts.

The data literacy framework articulated by Ridsdale et al.
(2015), complemented by Calzada Prado and Marzal’s (2013)
emphasis on the evaluative dimensions of data literacy,
provides the conceptual foundation for the DL construct
measured in this study. Together, these three frameworks
generate the expectation that teachers who possess stronger
data literacy and computational thinking skills will be better
equipped to design, implement and sustain instruction that
integrates these competencies authentically into science
learning.

Materials and Methods

Study Participants

This study utilized purposive sampling (Etikan et al.,
2016) to select respondents based on criteria directly aligned
with the research objectives. A total of 53 secondary science
teachers from selected high schools in Masbate, Philippines
participated in the study. All respondents were currently
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teaching science subjects in Grades 7 to 12 under the K to 12
curriculum and were assigned to teach Earth Science, Biology,
Chemistry, Physics or Integrated Science. All were employed
by the Department of Education (DepEd) in the province
of Masbate during the data gathering period. Teachers were
included regardless of their years in the teaching profession,
which allowed the sample to represent a wide range of
teaching experience rather than a single career stage. It should
be acknowledged that the use of purposive sampling with a
modest sample size (n = 53) limits the generalizability of
the findings to the broader population of Filipino secondary
science teachers, and the findings are therefore intended to be
suggestive of patterns warranting further investigation with
larger, probability-based samples from multiple provinces
and regions.

Study Organization

This study employed a descriptive-correlational
research design, appropriate when a study seeks to measure
and describe existing phenomena and examine statistical
relationships among variables without manipulation or
intervention (Creswell, 2014). The study utilized three
researcher-developed instruments, namely the Data Literacy
Scale (DLS), the Computational Thinking Skills Scale
(CTSS) and the Data Literacy and Computational Thinking
Skills Integration in Science Instruction Scale (DLCTSIS),
developed based on the Data Literacy Framework (Calzada
Prado & Marzal, 2013; Ridsdale et al.,, 2015) and the
Computational Thinking Framework (Weintrop et al., 2016;
Wing, 2006). All three instruments were subjected to content
validation by a panel of science education experts and pilot
tested with 20 science teachers who were not included in the
actual study sample. The DLS is a 16-item Likert-type scale
measuring data collection and management, data analysis
and interpretation, data visualization and data-based decision
making, with items rated from 5 (Expert) to 1 (Novice) and a
pilot Cronbach’s alpha of 0.93. The CTSS is a 16-item Likert-
type scale measuring decomposition, pattern recognition,
abstraction and algorithmic thinking, rated on the same
scale, with a pilot Cronbach’s alpha of 0.93. The DLCTSIS
is a 10-item Likert-type scale with indicators adapted from
the DL framework, the CT framework, the Next Generation
Science Standards (NGSS Lead States, 2013) and the statistical
thinking framework of Wild and Pfannkuch (1999), rated
from 5 (Fully Integrated) to 1 (Not Integrated At All), with
a pilot Cronbach’s alpha of 0.91 (all interpreted as Excellent
per George & Mallery, 2019). Data collection proceeded as
follows. An official letter of permission was first secured from
the DepEd Masbate Division Office. Survey questionnaires,
together with a Participant Information Sheet and a consent
form, were then distributed to all qualified respondents
through Google Forms, and completed questionnaires were
gathered within one week of distribution. All respondents
were informed of the purpose of the study, the nature of the
data collected, the voluntary nature of participation, their
right to withdraw at any time and the confidentiality and
data protection measures in place, and the survey proceeded
only upon affirmative consent. Participation was entirely
voluntary, with no incentive, coercion or pressure applied,
and all data were stored on an access-controlled server to be

deleted following the prescribed retention period. This study
was conducted in compliance with Republic Act No. 10173,
the Data Privacy Act of 2012 of the Philippines. Finally,
all valid responses were encoded into a statistical analysis
software database for analysis.

Statistical Analysis

The data analysis procedure utilized both descriptive
and inferential statistics. The Shapiro-Wilk test was used to
assess the normality of data distributions, which informed
the selection of parametric or non-parametric procedures.
To address the levels of data literacy, computational thinking
skills and their integration into science instruction, means,
standard deviations and verbal interpretations were
computed. To analyze whether a significant difference exists
between data literacy and computational thinking skills, the
Wilcoxon Signed-Rank Test was employed as the appropriate
non-parametric alternative to the paired t-test, given that both
variables violated the normality assumption. To determine
the correlations between data literacy, computational
thinking skills and their integration into science instruction,
Spearman’s rank-order correlation (rs) was used given the
non-normal distributions. The following interpretation
thresholds were applied. Values from 0.00 to 0.19 indicate
negligible correlation, 0.20 to 0.39 weak correlation, 0.40 to
0.69 moderate correlation, 0.70 to 0.89 strong correlation and
0.90 to 1.00 very strong correlation.

Results

Level of Data Literacy of Secondary Science Teachers

Table 1 and Figure 1(a) present the domain-level means
and standard deviations for all 53 respondents across the
four data literacy dimensions. All four dimensions were
rated at the Proficient level (M range = 3.89 to 3.99). Data-
based decision making received the highest mean (M = 3.99,
SD = 0.60), followed by data collection and management
(M = 3.92, SD = 0.71), data analysis and interpretation
(M = 3.89, SD = 0.60) and data visualization (M = 3.89,
SD =0.76). The overall data literacy mean of 3.92 (SD = 0.63)
falls within the Proficient range (3.41 to 4.20).

Table 1. Level of Data Literacy of Secondary Science
Teachers

Domain n M SD Level
Data Collection and Management 53 3.92 0.71  Proficient
Data Analysis and Interpretation 53 3.89 0.60  Proficient
Data Visualization 53 3.89 0.76 Proficient
Data-based Decision Making 53 3.99 0.60 Proficient
Overall Data Literacy 53 3.92 0.63 Proficient

Level of Computational Thinking Skills
of Secondary Science Teachers

Table 2 and Figure 1(b) present the domain-level means
and standard deviations for computational thinking skills
across all 53 respondents. All four dimensions were rated at
the Proficient level. Decomposition registered the highest
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(a) Data Literacy

(b) Computational Thinking
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Note. Dashed line marks the lower bound of the Proficient range (M = 3.41). Error bars represent SD.

Fig. 1. Domain-Level Means for (a) Data Literacy and (b) Computational Thinking Skills

mean (M = 3.92, SD = 0.73), followed by pattern recognition
(M = 3.89, SD = 0.65), algorithmic thinking (M = 3.81,
SD =0.71) and abstraction (M = 3.75, SD = 0.70). The overall
computational thinking skills mean (M = 3.84, SD = 0.64)
places respondents within the Proficient level.

Table 2. Level of Computational Thinking Skills of
Secondary Science Teachers

level. The highest-rated item was integrating science data
analysis with real-world issues (M = 4.00, SD = 0.92), while
the lowest-rated item was the use of computational tools such
as spreadsheets, graphing software and simulations in science
lessons (M = 3.64, SD = 0.98).

Table 4. Level of Data Literacy and Computational Thinking
Skills Integration into Science Instruction

Domain n M SD Level Indicator M  SD Interpretation

Decomposition 53 392 0.73 Proficient Design lessons requiring data
Pattern Recognition 53 3.89 0.65 Proficient  collection, organization, and 3.96 0.78 Highly Integrated
Abstraction 53 3.75 0.70 Proficient analysis
Algorithmic Thinking 53 3.81 0.71 Proficient .Intcorpor'ilte da1.ta-dr1.vertl m‘i}my 391 0.84 Highly Integrated
Overall Computational Thinking 53 3.84 0.64 Proficient 1o reguiar science mstruction

Use computational tools

(spreadsheets, graphing software, 3.64 0.98 Highly Integrated
Difference Between Data Literacy and simulations)
Computational Thinking Skills : .

Dej‘gr%aslfifsmems requiring DL 3 69 .87 Highly Integrated

The Shapiro-Wilk test of normality was conducted for " SKILS .
all variables given the sample size (n = 53). Both variables ~ Use S't(‘;dents fdat.a anall)’SIS outputs 4 o3 .89 Highly Integrated
violated the normality assumption, with data literacy S cvidenceobscience learning
showing W = 0.943, p = .014 and computational thinking  Integrate science data analysis 4.00 0.92 Highly Integrated
skills showing W = 0.926, p = .003. Given these violations, the ~ With real-world issues
Wilcoxon Signed-Rank Test was employefl as the appropriate ~ Create opportunities for students ;oo o Highly Integrated
non-parametric alternative. As shown in Table 3, the test  to design own investigations
revealed a st.atistically significant differencg betwee.n 'Fhe Facilitate student reflection on 396 0.90 Highly Integrated
overall data literacy (M = 3.92) and computational thinking  data quality and limitations
skills (M = 3.84) scores, W = 288.00, p = .040, r = 0.28. Con.ne.:ct DL ar.ld QT S.k1HS. 392 0.94 Highly Integrated
. . . explicitly to scientific inquiry
Table 3. Wilcoxon Signed-Rank Test Comparing Data llab ith coll P
Literacy and Computational Thinking Skills Collaborate with colleagues for 5 5, =, o7 Highly Integrated
4 P 5 interdisciplinary DL-CT lessons ' ‘
Comparison  Wilcoxon W p-value Effect Size (r) Overall DL-CT Integrated Science .

DL vs. CT 288.00 040 028 (Small)  Instruction 390 0.82 Highly Integrated

Level of Data Literacy and Computational Thinking
Skills Integration into Science Instruction

Table 4 and Figure 2 present item-level means for the DL-
CT Integrated Science Instruction scale. The overall mean
was M = 3.90 (SD = 0.82), placing it at the Highly Integrated

Correlation Between Data Literacy and
Integrated Science Instruction

Spearman rank-order correlations were computed between
all DL domains and the DL-CT integration score, given the
violation of normality. As shown in Table 5, all four DL domains
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Item-Level Means for DL-CT Integrated Science Instruction

i
Design lessons requiring data collection, 3.96
organization, and analysis
Incorporate data-driven inquiry into 391
regular science instruction
Use computational tools (spreadsheets, 3.64
graphing software, simulations)
Design assessments requiring 3.89
DL and CT skills
Use students' data analysis outputs 3.83
as evidence of science learning
Integrate science data analysis 4.00
with real-world issues
Create opportunities for students to 3.98
design own investigations
Facilitate student reflection on 3.96
data quality and limitations
Connect DL and CT skills explicitly 3.92
to scientific inquiry
Collaborate with colleagues for 391
interdisciplinary DL-CT lessons
Overall DL-CT Integrated 3.90
Science Instruction
T T T T T T
0 1 2 3 4 5

Mean level of integration

Note. Dashed line marks the lower bound of the Highly Integrated range (M = 3.41). Error bars represent SD.

Fig. 2. Item-Level Means for DL-CT Integrated Science Instruction
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Note. Dashed line marks the lower bound of a strong correlation (rs = .70). All correlations significant at p < .001.

Fig. 3. Spearman Correlations Between (a) Data Literacy Domains and (b) Computational Thinking Domains With DL-CT
Integrated Science Instruction

showed statistically significant strong positive correlations with
DL-CT integrated instruction. The overall correlation between
data literacy and integration was rs = .740 (p < .001). At the
domain level, data analysis and interpretation emerged as the
strongest correlate (rs = .729), followed by data visualization
(rs = .694), data-based decision making (rs = .672) and data
collection and management (rs = .629).

Correlation Between Computational Thinking
Skills and Integrated Science Instruction

As shown in Table 6 and Figure 3, all four CT domains
showed statistically significant strong positive correlations
with DL-CT integrated science instruction. Algorithmic
thinking was the strongest correlate (rs = .785), followed
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by abstraction (rs = .735), pattern recognition (rs = .697)
and decomposition (rs = .642). The overall CT-integration
correlation was rs =.757 (p < .001).

Table 5. Spearman Correlation Between Data Literacy and
DL-CT Integrated Science Instruction

DL Domain Spearmanrs p-value Interpretation
Data Collection and .629 <.001 Moderate
Management
Data Analysis and 729 <.001 Strong
Interpretation
Data Visualization .694 <.001 Moderate
Data-based Decision 672 <.001 Moderate
Making
Overall Data Literacy .740 <.001 Strong

Table 6. Spearman Correlation Between Computational
Thinking Skills and DL-CT Integrated Science Instruction

CT Domain Spearmanrs p-value Interpretation
Decomposition .642 <.001 Moderate
Pattern Recognition .697 <.001 Moderate
Abstraction 735 <.001 Strong
Algorithmic Thinking .785 <.001 Strong
Overall CT Skills 757 <.001 Strong
Discussion

The overall pattern of findings is broadly consistent with
the study’s guiding expectation, grounded in Constructivist
theory and the Data Literacy and Computational Thinking
frameworks, that secondary science teachers who possess
stronger data literacy and computational thinking skills
would also report stronger integration of these competencies
into science instruction. The following sections discuss
each set of findings in relation to prior research, consider
their practical implications for science teaching and outline
directions for further inquiry.

Data Literacy of Secondary Science Teachers

The finding that secondary science teachers demonstrated
an overall self-assessed Proficient level of data literacy is
broadly consistent with a growing body of literature. Pastore
et al. (2025) found that most studies reported moderate to
high data literacy levels among in-service teachers who had
received structured professional development, a finding
that aligns with the present results. Data-based decision
making emerged as the highest-rated domain (M = 3.986),
resonating with Mandinach and Schildkamp (2021), who
argued that when teachers view data as actionable evidence
for improving instruction, decision-making naturally
becomes their most developed data literacy dimension. This
is further supported by Sandoval-Rios et al. (2025), who
highlighted that structured training models emphasizing
decision-making significantly produced teachers with the
highest proficiency in translating data into instructional
choices. In the context of science teaching, where teachers
routinely interpret experimental results and student outputs,
data-based decision making is arguably the most practiced
competency (Amini & Sinaga, 2021).

Data visualization, however, registered the lowest
mean (M = 3.887, SD = 0.757). This finding is consistent
with Laramee (2023), who emphasized that visualization
remains a cognitively complex and pedagogically challenging
dimension. Fernandez Nieto et al. (2022) similarly noted that
data visualization tasks can exceed the professional skill set
of some educators. The relatively higher standard deviation
for this domain further suggests greater variability in teacher
competency, indicating uneven readiness across the sample.

However, the present results should be interpreted
cautiously in light of the self-report methodology. Earlier
studies employing performance-based measures have
documented lower levels of data literacy among public school
science teachers. Sandoval-Rios et al. (2025) noted a persistent
skills gap in data literacy training, particularly in developing-
country contexts. The discrepancy between the present self-
assessed proficiency and findings from performance-based
studies may be attributable to social desirability bias inherent
in self-report instruments, the professional development
background of the participants or the institutional context
within which the respondents operate. Future studies should
incorporate objective, performance-based assessments to
triangulate self-report findings.

From an implications standpoint, schools and teacher
development programs should invest in visualization-specific
professional development, particularly in graph literacy,
infographic creation and the use of digital tools, to elevate
this relatively weaker sub-domain (Wilkerson et al., 2025).

Computational Thinking Skills of Secondary Science Teachers

This finding is notable given the relatively recent
introduction of CT into K-12 science education curricula
and teacher professional development. The result is broadly
supportive of emerging literature showing that teachers who
have participated in CT-oriented professional development
can reach proficiency across CT dimensions (Mumcu et
al., 2023; Yadav et al., 2014). Decomposition registered the
highest mean, suggesting that secondary science teachers
are most adept at breaking complex science problems into
manageable components, a finding that aligns with Mertens
and Colunga (2025), who identified decomposition as the
most cognitively accessible CT component for novice-to-
intermediate learners.

Abstraction yielded the lowest mean (M = 3.745), a
finding consistent with a substantial body of literature. Oser
et al. (2025) concluded that abstraction remains the least
proficiently developed CT skill in K-12 education. Asif et
al. (2024) observed that deeper forms of abstraction remain
challenging without dedicated professional learning, and Asif
et al. (2023) found that teachers often simplify abstraction to
merely ignoring details. Rodrigues et al. (2024) corroborated
this by finding that abstraction sub-skills showed non-
significant improvement in a semester-long CT intervention.

However, these findings partially contrast with Kong
et al. (2020) and Rich et al. (2021), who reported that
even after targeted professional development, many K-12
teachers continued to demonstrate inconsistent CT levels.
The relatively higher self-assessed proficiency in the present
study may reflect the specialized science background of
the respondents, whose training in scientific modeling and
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systematic investigation provides a foundation overlapping
with several CT dimensions. It is also possible that self-report
inflation accounts for part of this discrepancy.

Abstraction and algorithmic thinking, as the lowest-
scoring CT dimensions, should be the focus of targeted
professional development. Abstraction benefits from
structured, problem-based learning contexts where teachers
are prompted to identify what is essential and what can be
omitted in complex science scenarios. Algorithmic thinking
development can be advanced through unplugged activities,
flowcharting and lesson-plan design that requires teachers
to sequence instructional steps explicitly (Tariq et al., 2025).

Difference Between Data Literacy and
Computational Thinking Skills

The effect size (r = 0.28) falls within the small range
according to Cohen’s (1988) benchmarks (small = 0.10,
medium = 0.30, large = 0.50), indicating that while the
difference is statistically significant, its practical magnitude
is modest. It should be noted that comparing means across
two different constructs measured by different instruments
carries inherent conceptual limitations. Data literacy and
computational thinking are distinct constructs, and a mean
difference does not necessarily indicate that teachers are
more capable in one than the other in an absolute sense. The
comparison is meaningful primarily as a relative indicator
of perceived proficiency and as a guide for prioritizing
professional development resources.

This finding reflects an asymmetry in the depth of
secondary science teachers’ professional preparation.
Science teachers’ professional formation has historically
embedded data collection, analysis and interpretation as core
competencies within laboratory practices, scientific inquiry
cycles and assessment literacy frameworks. Computational
thinking, by contrast, is a comparatively newer curricular
expectation, and its formal integration into teacher education
programs and K-12 science curricula is still emergent
(Bocconi et al., 2022; Yadav et al., 2014). This finding is
supported by Hsu et al. (2024), who documented that despite
growing momentum, there remains a notable absence of
consensus on how to assess and build teachers’ CT knowledge.
The Philippine context, where CT integration into science
education is still at an early curriculum stage, may explain
the observed gap. This has direct policy implications, as the
K-12 curriculum framework in the Philippines could benefit
from a more explicit articulation of CT expectations within
science learning competencies, supported by targeted CT
professional development for in-service teachers.

Integration of Data Literacy and Computational
Thinking Skills into Instruction

The finding that secondary science teachers rated their
DL-CT integrated science instruction at a Highly Integrated
level suggests that these teachers perceive themselves ashaving
moved beyond surface-level familiarity with both skill sets
and as embedding both meaningfully into their instructional
practice. Their highest-rated capability, integrating science
data analysis with real-world issues, reflects a pedagogical
orientation aligned with authentic and context-driven

science learning. This result is consistent with Coenraad et al.
(2022), who found that the most successful integration sites
were those connected to authentic data analysis tasks in real-
world contexts, and with Moon et al. (2023), who observed
stronger instructional coherence among teachers integrating
CT through problem-based science tasks.

However, the lowest-rated item, the use of computational
tools, warrants careful attention. This result echoes the
UNESCO Global Education Monitoring Report (2023), which
documented limited digital tool use in science classrooms
even in high-income countries. In the Philippine secondary
school setting, limited access to computers, software licenses
and reliable internet connectivity may constitute structural
barriers to computational tool use, a concern highlighted by
Kadioglu-Akbulut et al. (2023). Angeli et al. (2016) cautioned
that pedagogical integration of computational tools requires
dedicated institutional support, including infrastructure
provisioning, technical assistance and subject-specific
training. The gap between conceptual and tool-mediated
integration reinforces Lim et al. (2023), who found that
technology-tool integration lagged behind despite strong CT
beliefs and pedagogical knowledge.

School administrators and curriculum planners should
therefore distinguish between conceptual DL-CT integration,
where teachers show strong self-assessed performance,
and technology-tool-mediated CT integration, where a
meaningful gap persists. Resource allocation, laboratory
provisioning and professional development should prioritize
the latter.

Relationships Between Competencies
and Integrated Instruction

This affirms the theoretical proposition that data
literacy is a foundational component of integrated science
instruction. This finding is strongly supported by Mandinach
and Schildkamp (2021), who argued that data-literate
teachers are significantly more likely to design, implement
and assess inquiry-based lessons. This pattern is consistent
with research on teachers’ instructional data use, which has
consistently identified analytical and interpretative skills,
rather than data collection skills, as the critical bridge between
data literacy and instructional action (Filderman et al., 2022;
Pastore et al., 2025). The moderate-to-strong correlation for
data visualization is consistent with Wilkerson et al. (2025),
who found that teachers with higher visualization literacy
were more effective in facilitating student-centered data
visualization discussions. These findings extend the TPACK-
integrated data literacy framework of Cui and Zhang (2022),
providing empirical support for the proposition that data
literacy is not merely an administrative competency but a
pedagogically active one that shapes instructional design.

The overall CT-integration correlation (rs = .757) was
marginally higher than the DL-integration correlation
(rs =.740). However, it is important to note that the difference
of .017 is small, and a formal test for comparing dependent
correlations, such as Steiger’s Z-test, was not conducted.
Therefore, it cannot be concluded with statistical confidence
that computational thinking is a significantly stronger
correlate of integration than data literacy. The pattern is
nonetheless suggestive in nature and warrants further
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investigation. This observation is broadly consistent with
Yadav et al. (2014), who argued that CT, when appropriately
adapted for science classrooms, provides the procedural and
structural scaffolding through which data literacy practices
are operationalized in instruction.

Algorithmic thinking emerged as the single strongest
correlate among all CT and DL domains (rs = .785).
Algorithmic thinking, defined as the ability to design
logical and sequential procedures for solving complex
problems, maps directly onto lesson planning, procedural
scaffolding and scientific inquiry design. Teachers who think
algorithmically may be more inclined to design structured
investigations, explicit data analysis protocols and scaffolded
argumentation sequences, all of which are hallmarks of
integrated DL-CT science instruction (Mumcu et al., 2023).

These results are broadly consistent with the integrated
STEM-CT literature reviewed by Tariq et al. (2025), which
emphasized that CT integration in science teaching is most
successful when teachers deploy all four CT domains in
concert rather than in isolation. It should be emphasized,
however, that correlation does not establish causation.
Future studies employing regression analysis or structural
equation modeling would be needed to determine whether
computational thinking skills, data literacy or their
combination serve as significant predictors of instructional
integration.

A further methodological consideration is the potential
for common method variance, given that all three variables
were assessed through self-report instruments completed by
the same respondents at the same time. This shared method
may artificially inflate the observed correlations. Future
research should employ multi-method designs, such as
combining self-report surveys with classroom observation
protocols or performance-based assessments, to mitigate this
threat.

Conclusions

Secondary science teachers demonstrated self-assessed
Proficient levels in both data literacy and computational
thinking skills, with all sub-domains falling within the same
proficiency band. A statistically significant difference was
found between the two skill sets, indicating that teachers
perceive data literacy as a slightly stronger area of competence
than computational thinking, a pattern reflecting the longer
curricular history of data practices in science education
relative to the more recently introduced CT competencies.
Within data literacy, data-based decision making was the
strongest domain, while data visualization was the weakest,
with thelatter showing greater variability in teachers’ graphical
and visual data representation skills. Within computational
thinking, decomposition was the highest-rated dimension,
while abstraction was the lowest, consistent with literature
identifying abstraction as the most cognitively demanding
and least developed CT skill among K-12 educators. Teachers
rated their DL-CT integrated science instruction at a Highly
Integrated level, with real-world data contextualization
rated highest and use of computational tools rated lowest,
pointing to a structural gap between conceptual integration
and technology-mediated instruction. Both data literacy and
computational thinking showed strong positive correlations

with integrated instruction. Algorithmic thinking emerged
as the single strongest correlate across all domains. While
the CT-integration correlation was marginally higher than
the DL-integration correlation, this difference was small and
was not formally tested for statistical significance. Both skill
sets appear to play substantial and complementary roles in
supporting integrated instructional practice.

Limitations

Several limitations of this study should be acknowledged.
First, the reliance on self-report instruments introduces the
possibility of social desirability bias and response inflation,
meaning that teachers may perceive and report higher
competence than what objective, performance-based
measures would reveal. Second, the modest sample size
(n = 53) drawn from a single province through purposive
sampling limits the generalizability of the findings. Third,
the cross-sectional design precludes causal inference; the
observed correlations cannot be interpreted as evidence of
causal relationships.

Recommendations

Based on the findings and limitations of this study, the
following recommendations are offered. Schools and teacher
development programs should design targeted interventions
addressing the two weakest sub-domains identified, namely
abstraction within computational thinking and data
visualization within data literacy. For abstraction, structured
problem-based tasks that require teachers to identify essential
features, suppress irrelevant detail and build generalizable
models should be incorporated into professional learning.
For data visualization, training focused on graph literacy,
infographic creation and the pedagogical use of digital
visualization tools should be embedded into science-specific
professional development.

Given the lowest integration rating for computational
tool use, school administrators should differentiate between
conceptual DL-CT integration, where teachers demonstrate
strong self-assessed performance, and technology-tool-
mediated CT integration, where a meaningful gap persists.
Resource allocation should prioritize hardware provisioning,
software licensing and subject-specific training to ensure
that science teachers can confidently deploy spreadsheets,
graphing software and simulations as computational tools in
inquiry-based lessons.

Curriculum planners and teacher educators should treat
computational thinking as a co-equal priority alongside
data literacy. The Philippine K-12 science curriculum
framework should articulate explicit, progressive CT
learning competencies covering all four dimensions across
grade levels. Pre-service science education programs should
incorporate both data literacy and computational thinking as
core, assessable content in science methods courses.

Given the strong correlation between algorithmic
thinking and integrated science instruction, professional
development that builds teachers’ capacity to sequence
instruction explicitly, design structured investigations and
scaffold data analysis is recommended. Unplugged activities,
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flowcharting and explicit lesson-design training aligned with
scientific inquiry processes are suggested entry points.

Finally, future research should address the limitations
identified in this study. Longitudinal or experimental
designs should be employed to test whether targeted DL
and CT professional development produces measurable
improvements in instructional quality. Performance-based
measures, classroom observation protocols and student
outcome data should be incorporated to complement self-
report findings. Factor analytic studies of the instruments
are recommended to establish construct validity. Larger,
probability-based samples from multiple provinces should be
used to enhance generalizability. Additionally, regression or
structural equation modeling approaches should be employed
to determine whether data literacy and computational
thinking serve as significant predictors of instructional
integration.
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MpamoTHicTb Y po60Ti 3 AaHMMM Ta 06uUnCNOBanbHe
MWNCNEHHA BUMTENiB NPUPOAHNUYNX ANCLUMJIIH
cepeaHbOI WKOMN: KiNbKiCHe foCNiA)KeHHSA PiBHIB,
BiAMIHHOCTEN Ta iHTerpauii y HaB4anbHUN npouec

I>xon Kapno Mopten'**“P, Epni Kaxypao?Ac®

'"MemopianbHa cepenns mkona iveni Oenepiko A. Ecrinoxu

*TlepgaroriaHuit KonemK, MeMopianbHMit iep>KaBHUIT KOTEIHK CITbCHKOTO

rOCIIO/IapCTBa i TeXHONOTiN iMeHi fokTopa Eminio b. Ecniinocn-crapmoro

ABTOpCHKUI BKIaJ: A — qu3aiid gociimkedss; B — 36ip panux; C — cratananis; D — migroroska pykomnucy; E — 36ip komris
p p py Y p

Pegepar. Crarsa: 12 c., 6 Tab11., 3 puc., 38 mxepen

Merta. ¥V pociimKeHHi BUBYeHO piBHI rpaMOTHOCTI ¥ po6oTi 3 sanumu (DL) ta HaBuuok o6uncmoBanpaoro mucinenns (CT)
cepefi yYUTeNliB MPUPOSHNYINX JAUCHUIIIIH CepeHbOI IIKOIM, CTYIiHb iX iHTerpanii y BUK/IaJaHHA NPUPOSHNYINX JAUCHUIIIIH, a
TaKOXX B3aEMO3B I3KM MDXK LM KOMIIETEHTHOCTSIMIU Ta iX iHTerpali€io y HaB4aIbHUIT IPOLiec.

Marepianu Ta MeTOgM. Y TOCTIPKEHHI ONMCOBO-KOPE/IALIIHOTO AU3aliHy B3s/IM yYacTh 53 y4UTeNi IPUPOSHUYMX JUCHUIIIH
cepenHix wKia mposiHuii Mac6are, ®ininminy. Y4acHUKY 3alOBHWIN TPY PO3POOIIEHi aBTOpaMu iIHCTPYMEHTH THUITY IIKA/IN
Jlatikepra pns onintosansa DL, CT Ta interpanii DL-CT y Bux/1afgaHH:A NpUpOAHNYMX AUCUMIUTIH. [JaHi aHa/i3yBam 3a JOIIOMOT 010
cepenHiX 3Ha4YeHb i CTAaHJAPTHUX BiXM/IeHb, KPUTEPil0 3HAKOBMX paHTiB BinkokcoHa Ta panrosoi kopeanii CripmeHa.

PesynbraTu. YuuTtesi oniHnim cBiii piBeHs sk KomnereHTHuII oo DL (M = 3,92; SD = 0,63) i CT (M = 3,84; SD = 0,64);
pisHMIIA MDK IIMM NTOKa3HMKaMu Oy/Ia cTaTMCTUYHO 3Hauymono (W = 288,00; p = 0,040; r = 0,28). Yuuteni nosifoMum npo
Bucokmit piBeHs inTerpanii DL-CT y maBuanpamit mporec (M = 3,90; SD = 0,82). Kopenaniitauii ananis CriipMeHa BUABNMB CUIBHI
MMO3UTMBHI 3B s13KM iHTerpariii sk i3 DL (rs = 0,740), tak i 3 CT (rs = 0,757), B 060x Bumagkax p < 0,001. AqroputmiuHe MUCTEHHs
MaJIo HalICWIBHIIINIT OKpeMMII 3B’ 130K 3 iHTerpamniero (rs = 0,785).

BucHoBKM. YunTeni npUPOAHNYMX AUCLUATIIIH CEPEIHbOI IIKO/IM TPOJIEMOHCTPYBa/I KOMIIE TEH THMIA, a/1e HEOJHOPiHMI piBeHb
IPaMOTHOCTi y poOOTi 3 JaHMMU Ta 06UMCITIOBA/IBHOTO MUC/IEHHS, IPY LIbOMY BiTHOCHO C/1abummy acrieKtamu Oy abcTparyBaHHs
Ta JOCTYI [0 0OYMCIIOBANbHMX iHCTPyMeHTiB. OOM/IBI KOMIIETEHTHOCT] BilirpaloTh CyTTEBY Ta B3a€EMOJOIIOBHIOBAIbHY PO/Ib B
iHTerpoBaHOMY BMK/IaJIaHHI IIPMPOJIHUYNX AMUCUUIUIIH. PekoMeHIOBaHO IIiboBe IpodeciiiHe BJOCKOHATEHHA, CIIPAMOBaHe Ha
PO3BUTOK BUSIBIEHMX C/IAOIINX aCIIEKTiB.

KirouoBi cmoBa: rpaMOTHICTD Y po60Ti 3 aHNMMM, 004NC/TIOBaIbHE MUCTICHH, IPUPOSHNYA OCBiTa, IHTeTpallisd y HaB4aIbHMIT
IIPOLIEC, YYNTENI CEPeSHbOI KON,
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Abstract

Background. Generative artificial intelligence (GenAl) tools are increasingly integrated into higher education, yet the
factors driving their adoption among pre-service teachers remain underexplored in Southeast Asian contexts.
Objectives. This study investigated predictors of generative Al use among 118 pre-service science teachers at a state
college in Masbate, Philippines. Drawing on the Technology Acceptance Model, the Unified Theory of Acceptance and
Use of Technology, and the Theory of Planned Behavior, five constructs were examined: Perceived Usefulness, Attitude
Toward Al Effort Expectancy, Facilitating Conditions, and Subjective Norms.

Materials and Method. A quantitative descriptive-predictive design with stratified random sampling was used. Data
were collected using a validated 32-item instrument and analyzed using four multiple linear regression models.
Results. Generative Al use was rated high (M = 3.67, SD = 0.72). Perceived Usefulness (M = 3.79), Attitude Toward Al
(M =3.71), and Effort Expectancy (M = 3.75) were rated high, while Facilitating Conditions (M = 3.44) and Subjective
Norms (M = 3.35) were rated moderate. Across all four models (F = 50.47 to 67.14, p < .001), Perceived Usefulness
was the sole predictor consistently significant at p <.001 (p = 0.443 to 0.479), explaining 63.9 to 64.6% of the variance
(R? = 0.639 to 0.646). Attitude Toward Al and Effort Expectancy reached significance in selected model configurations.
Multicollinearity was within acceptable limits (VIF = 1.40 to 4.76).

Conclusion. These correlational findings, drawn from a single institutional sample, point to the primacy of perceived
usefulness in technology adoption. As a hypothesis for future confirmation, teacher education programs may benefit
from demonstrating the practical value of generative Al in science instruction.

Keywords: generative artificial intelligence, perceived usefulness, pre-service science teachers, science education,

technology acceptance.

Introduction

Artificial intelligence has begun reshaping educational
systems at a rate that few observers anticipated even a decade
ago. Recent bibliometric and narrative reviews confirm the
accelerating pace of this integration across educational levels
and disciplines (Limna et al,, 2022; Zhang & Aslan, 2021).
The emergence of generative Al tools, defined broadly as
systems capable of producing original text, images, code and
other content in response to user prompts, has introduced
a new category of cognitive technology into the learning
environment (Crompton & Burke, 2023; UNESCO, 2023).
Unlike earlier AI applications that functioned primarily
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as passive recommenders or adaptive content distributors,
generative Al enables learners and instructors to engage in
open-ended, conversational interactions that can support
writing, reasoning, research synthesis and problem-solving at
scale (Su & Yang, 2023; Zhao et al., 2026). Empirical evidence
for these instructional benefits has begun to accumulate:
Al-enabled personalized recommendations have improved
learner engagement and performance in flipped-classroom
settings (Huang et al., 2023), and adaptive natural-language-
processing tools have improved the quality of student
argumentative writing (Wambsganss et al., 2020). The rapid
adoption of platforms such as ChatGPT has placed a central
question at the forefront of educational research, specifically
what determines whether a learner chooses to use these tools,
and how consistently.
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Pre-service teachers occupy a particularly consequential
position in this context. As individuals who are simultaneously
learners in higher education and future professionals who
will shape how the next generation relates to technology,
their dispositions toward AI carry implications that extend
well beyond their own academic performance. A pre-service
teacher who understands and actively uses generative Al is
far more likely to integrate it meaningfully into classroom
practice after graduation than one who merely encounters it
as a peripheral option (Mishra & Koehler, 2006; Sun et al.,
2025; Wang et al., 2025). This upstream influence extends to
ethical and literacy dimensions as well: interventions that build
ethics-aware Al literacy during teacher preparation may shape
how future K-12 students themselves come to use these tools
responsibly (Zhang et al., 2023). This upstream influence on
educational technology integration makes pre-service teacher
populations a high-value subject group for adoption research.

Within the science education context, generative Al
presents both distinctive opportunities and genuine tensions.
Science inquiry depends on evidence evaluation, claim-
warrantreasoning, and iterative model revision, competencies
that can in principle be scaffolded by conversational Al yet
also potentially short-circuited by it if students accept Al-
generated explanations uncritically (Holmes et al., 2019;
Luan et al., 2020; Ouyang & Jiao, 2021). Realizing the benefits
of generative AI without inviting this risk depends on
students and instructors developing the digital competencies
needed to use these tools critically and effectively (Kohnke
et al., 2023). Understanding what drives science pre-service
teachers to use or avoid these tools is therefore not simply a
question of technology access or preference; it is a curricular
and professional development concern with long-term
consequences for science teaching quality.

Despite growing interest in Al adoption among university
students broadly, empirical studies focused specifically on
pre-service science teachers in the Philippines remain scarce.
The country presents a context of particular interest because
it combines high rates of smartphone penetration and social
media engagement with persistent infrastructure disparities
in internet reliability, especially in rural and island provinces
(Ittefaq et al., 2025; Maheshwari, 2024; He & Ren, 2025).
Pre-service teachers trained in state universities in these
regions may encounter generative Al through mobile-first
access patterns that differ substantially from those observed
in studies conducted in urban or high-income settings.
Theories developed and tested primarily in North American,
East Asian, or Western European contexts may not transfer
directly to this population without empirical verification.

The present study is grounded in three established
frameworks for understanding technology adoption. The
Technology Acceptance Model, first articulated by Davis
(1989), identifies Perceived Usefulness and perceived ease of
use as the two primary determinants of individual technology
acceptance. Perceived Usefulness captures the degree to
which a person believes that using a particular system will
enhance their performance, and it has consistently emerged
as the stronger of the two predictors across prior empirical
tests (Haq et al., 2025; Venkatesh et al., 2003). The Unified
Theory of Acceptance and Use of Technology, proposed
by Venkatesh et al. (2003), extended this framework by
incorporating social and organizational variables, including

Subjective Norms, Facilitating Conditions, and Effort
Expectancy, the latter conceptually aligned with perceived
ease of use. The Theory of Planned Behavior (Ajzen, 1991;
Fishbein & Ajzen, 1975) complements both models: it holds
that behavioral intentions are jointly shaped by attitudes,
subjective social norms, and perceived behavioral control.
This tripartite structure aligns well with the multi-construct
approach adopted in the present study.

The Diftusion of Innovations framework (Rogers, 2003)
adds a further theoretical lens: it positions technology adoption
as a social process in which the perceived relative advantage
of an innovation, an analog of Perceived Usefulness, is among
the strongest predictors of adoption speed and breadth. From
a pedagogical standpoint, the Technological Pedagogical
Content Knowledge framework (Mishra & Koehler, 2006)
draws attention to the integrative competency teachers must
develop to use technology not merely as a convenience but as a
purposeful instructional resource. Together, these frameworks
motivate the five-predictor model tested in this study.
Acceptance constructs such as Perceived Usefulness capture a
learner’s subjective judgment about a tool, not a direct measure
of instructional benefit. This study therefore also draws on
Cognitive Load Theory (Sweller, 1988) and self-regulated
learning frameworks (Zimmerman, 2002) to interpret what a
high usefulness rating plausibly reflects about how generative
Al is used in practice, for example as a means of oftloading
extraneous cognitive demand or supporting planning and self-
monitoring during science coursework. This learning-theoretic
lens is intended to complement rather than substitute for the
acceptance-theoretic model that anchors the present analysis;
its implications are established further in the Discussion.

Despite the theoretical richness of this literature, several
empirical gaps remain. This pattern echoes a broader gap
identified across the AIEd literature, where technological
application has often outpaced integration with educational
theory (Chen et al., 2020). First, most studies examining Al
adoption among pre-service teachers have treated technology
acceptance as a unidimensional or bivariate outcome, rarely
comparing the relative predictive strength of multiple
constructs across competing regression models (Suson, 2025;
Wu et al.,, 2025). Second, the specific role of social influence
through Subjective Norms in collectivist educational cultures
such as the Philippines has received limited attention in the
generative Al literature. Third, infrastructure constraints
such as internet reliability and device type, which may
moderate the relationship between facilitating conditions and
actual use, have seldom been reported alongside behavioral
outcome data (Hagq et al., 2025; He & Ren, 2025).

A further complication in the Philippine context is
the uneven distribution of digital literacy competencies
across teacher education programs. Students entering pre-
service programs from diverse socioeconomic backgrounds
may have encountered technology-mediated instruction
at dramatically different rates in secondary school,
producing cohorts with varying degrees of prior exposure
to digital tools. Prior exposure has been shown to moderate
technology acceptance in prior studies by shaping baseline
Perceived Usefulness and ease-of-use expectations before
formal instruction begins (Bandura, 1977; Rogers, 2003).
Understanding whether and how this heterogeneous prior
exposure interacts with in-program AI experiences is a
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question that cannot be answered without first establishing
the baseline predictors of current use behavior.

The present study also responds to a methodological gap
in the existing literature. Most single-study examinations of
AT adoption predictors test one or two constructs rather than
systematically comparing multiple predictor combinations
within the same sample. This study instead estimates four
competing multiple regression models that vary in their
inclusion of the five predictor variables. This model-comparison
approach identifies which predictors are significant in isolation
and whether that significance holds when competing variables
are partialled out. The within-sample comparison reduces the
risk of over-attributing predictive power to any single construct
and provides a more conservative test of theoretical claims.

This study addresses these gaps by examining five predictor
variables across four competing multiple regression models in a
sample of 118 pre-service science teachers drawn from a rural
Philippine state university. The research questions guiding this
inquiry are as follows. First, what is the technology profile of
pre-service science teachers in terms of internet reliability,
devices used, and generative Al tools used? Second, how do
pre-service science teachers rate the five predictor variables and
their generative AI use? Third, which predictors significantly
explain variance in generative Al use behavior?

The contribution of this study is best understood as a
boundary-condition test rather than the introduction of a new
predictor construct or theoretical model. TAM, UTAUT and
TPB relationships have been established predominantly in
North American, East Asian and urban high-income settings.
This study examines whether those relationships hold, weaken
or fail in a population and infrastructure context where they
have rarely been tested jointly: mobile-first, connectivity-
constrained pre-service science teachers in a rural Philippine
state college. Culture and infrastructure have previously been
identified as boundary conditions that can alter which UTAUT
constructs retain predictive power (Bayaga & du Plessis, 2024;
Venkatesh & Zhang, 2010), and the present multi-model
comparative design extends this boundary-condition logic
to generative Al specifically. As detailed in the Discussion,
Facilitating Conditions and Subjective Norms failed to
predict use in any of the four models, despite the Philippines’
collectivist social structure and the theoretical importance
ordinarily attributed to these constructs. This null result is itself
a substantive empirical contribution: it suggests that in mobile-
first, infrastructure-constrained contexts, individual utility
judgments may outweigh social and institutional influences
to a degree not anticipated by UTAUT’s original specification.
The finding qualifies established technology acceptance theory
rather than simply confirming it.

Materials and Methods

Research Design

This study employed a quantitative descriptive-predictive
design. The descriptive component characterized the technology
profile and mean scores of study variables, while the predictive
component used multiple linear regression to identify the
constructs that significantly explained variance in generative Al
use. This design is consistent with recent technology adoption
research in higher education settings (Haq et al., 2025; Suson,

2025; Wu et al., 2025) and was selected because it enables
systematic comparison of competing predictor models without
requiring experimental manipulation.

Participants and Sampling

The population consisted of all pre-service science
teachers enrolled at a state college in the Philippines
during the academic year 2024 to 2025. A total of n = 118
participants were recruited using stratified random sampling,
with year level serving as the stratification variable. This
approach ensured proportional representation across all
four undergraduate year levels. Inclusion criteria required
that participants (a) were officially enrolled in the Bachelor
of Secondary Education major in Science program, (b) had
prior experience using at least one digital device for academic
purposes, and (c) provided informed consent. Participation
was voluntary and no incentives were offered.

Instrument

The survey instrument contained 32 items distributed
across six constructs, namely Generative Al Use (dependent
variable), Perceived Usefulness, Attitude Toward Al, Subjective
Norms, Facilitating Conditions, and Effort Expectancy. Items
were rated on a five-point Likert scale ranging from 1 (Strongly
Disagree) to 5 (Strongly Agree). The instrument was adapted
from validated scales used in prior technology acceptance
research (Cabero-Almenara et al., 2024; Venkatesh et al., 2003)
and underwent content validation by a panel of five experts with
backgrounds in educational technology and science education.
Internal consistency for the full instrument was Cronbach alpha
=0.797, which falls within the acceptable range for social science
research.

Mean scores were interpreted using a five-level rubric
in which 4.21 to 5.00 was classified as Very High, 3.51
to 4.20 as High, 2.51 to 3.50 as Moderate, 1.81 to 2.50 as
Low, and 1.00 to 1.80 as Very Low. This descriptive scale,
commonly applied in Philippine higher education research,
provided a standardized and interpretively consistent basis
for comparing mean scores across constructs and relating
them to prior work that used similar scales.

Data Collection

Data were collected through a self-administered Google
Form distributed to participants during scheduled class
sessions in February to March 2025. Section one gathered
technology profile information including internet reliability,
primary device type, and generative Al tools used. Section
two contained the 32 Likert-scale items. Completion
required approximately 15 to 20 minutes. All responses were
anonymized before analysis.

Data Analysis

Descriptive statistics including means, standard
deviations, and frequency distributions were computed for
all variables. Four multiple linear regression models were
estimated to examine different predictor combinations and
assess the robustness of each variable’s contribution. Model
1 included PU, ATT, FC and EE. Model 2 included PU, ATT,
SN and FC. Model 3 included PU, ATT, SN and EE. Model 4
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included PU, ATT and EE. This model comparison approach
allowed the identification of which predictors retained
significance when competing variables were held constant.

Regression assumptions were tested prior to
interpretation. Normality of residuals was assessed using the
Shapiro-Wilk test (W =0.980, p =.076), and homoscedasticity
was confirmed via the Breusch-Pagan test (BP = 1.910,
df = 2, p = .385). Multicollinearity was evaluated using
Variance Inflation Factor values and tolerance statistics. All
analyses were conducted using R 4.3 and SPSS 26. Statistical
significance was set at alpha = .05.

Results

Technology Profile of Respondents

In terms of internet reliability, approximately half of the
respondents (51.7%) rated their connection as moderate,
while 40.7% reported good reliability. Very poor and very
good ratings were minimal (0.0% and 1.7%, respectively), and
only 5.9% reported poor connectivity. These data suggest that
most respondents operate within a connectivity environment
that is functional but not uniformly robust.

With respect to primary devices, the overwhelming
majority of respondents (88.1%) used smartphones as their
main access point for digital academic activities, compared
to only 11.9% who relied on laptops or desktop computers.
This mobile-first profile is consistent with patterns observed
in other low-to-middle income country settings and has
implications for how generative Al tools must function to
be practically usable by this population. Table 1 details the
technology profile of the respondents.

Regarding generative Al tool use, ChatGPT was by far
the most frequently used platform (86.4%), followed by
Gemini (38.1%), Meta AI (32.2%), QuillBot (28.0%) and
Grammarly (26.3%). The dominance of ChatGPT mirrors
findings in broader Southeast Asian student populations and
reflects the platform’s early market saturation and interface
familiarity (Maheshwari, 2024).

Descriptive statistics of study variables

Table 2 presents the mean scores and standard deviations
for all six study variables. Perceived Usefulness obtained the

5 -

Mean Score (1-5 Likert scale)

Attitude
Toward Al

Perceived
Usefulness

Generative Al Use

3.469 3.188 37410 3.146
3.447 3.444 oeratel
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Table 1. Technology Profile of Pre-Service Science Teachers
(n=118)

Variable Category n %

Internet Reliability Very Poor 0 0.0
Poor 7 59

Moderate 61 51.7

Good 48 40.7

Very Good 2 1.7

Primary Device Used Smartphone 104 88.1
Laptop/Desktop 14 11.9

Generative Al Tools Used ChatGPT 102 86.4
(Multiple Response) Gemini 45 38.1
Meta Al 38 32.2

QuillBot 33 28.0

Grammarly 31 26.3

highest mean score (M =3.788,SD =0.702), followed by Effort
Expectancy (M =3.746, SD = 0.636), Attitude Toward AI (M =
3.710, SD = 0.654), and Generative AI Use itself (M = 3.669,
SD = 0.717). All four of these variables fell within the High
interpretation range (3.51 to 4.20). Facilitating Conditions
(M = 3.444, SD = 0.635) and Subjective Norms (M = 3.347,
SD = 0.492) were rated in the Moderate range, indicating that
peer and institutional influences were perceived less strongly
than internal utility and ease evaluations. Figure 1 illustrates
the mean scores and variability across all six constructs.

Table 2. Descriptive Statistics of Study Variables (n = 118)

Variable Mean SD  Interpretation
Generative Al Use 3.669 0.717 High
Perceived Usefulness (PU) 3.788 0.702 High
Attitude Toward AI (ATT) 3.710 0.654 High
Subjective Norms (SN) 3.347 0.492 Moderate
Facilitating Conditions (FC) 3.444 0.635 Moderate
Effort Expectancy (EE) 3.746 0.636 High

Multiple linear regression results

Table 3 presents the standardized regression coeflicients
across four models. Perceived Usefulness consistently
emerged as the only predictor significant at p < .001 in
every model, with beta coefficients ranging from 0.443 in

I Dependent Variable
Il Predictor Variable
High/Very High

Effort
Expectancy

Facilitating

Norms Conditions

Fig. 1. Mean scores and standard deviations of study variables.
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Fig. 2. Forest plot of standardized regression coefficients (f3).
Table 3. Standardized Regression Coefficients Across Four Models (n = 118)
) Model 1 Model 2 Model 3 Model 4
Predictor
B P B P B P B P
PU 0.4650 <.001 0.4571 <.001 0.4431 <.001 0.4789 <.001
ATT 0.2240 .058 0.1925 119 0.2075 .085 0.2684 .019
SN — — 0.1137 192 0.1285 133 — —
FC 0.1061 161 0.1199 11 — — — —
EE 0.1134 .090 — — 0.1304 .045 0.1361 .037
R2 0.645 0.641 0.646 0.639
Adjusted R2 0.632 0.628 0.633 0.629
F 51.29 <.001 50.47 <.001 51.50 <.001 67.14 <.001

Note: Dashes indicate that the predictor was not included in that model. PU = Perceived Usefulness; ATT = Attitude Toward AL; SN =
Subjective Norms; FC = Facilitating Conditions; EE = Effort Expectancy.

Model 3 to 0.479 in Model 4. The total variance explained
by the models was similar, with R-squared values of 0.645,
0.641, 0.646, and 0.639 for Models 1 through 4, respectively,
indicating that each model accounted for approximately 64
percent of variance in generative Al use.

Attitude Toward Al produced positive beta coeflicients
across all models, ranging from 0.193 to 0.268, reaching
statistical significance in Model 4 (f = 0.268, p =.019). Effort
Expectancy achieved statistical significance in Model 3 (f =
0.130, p = .045) and Model 4 ( = 0.136, p = .037), while its
coeflicients in Models 1 and 2 fell short of the significance
threshold. Subjective Norms (Models 2 and 3) and Facilitating
Conditions (Models 1 and 2) were non-significant in all
configurations in which they were included.

Figure 2 presents a forest plot of the standardized
regression coefficients with 95% confidence intervals for each
predictor, plotted separately for all four models. The dashed
vertical reference line at zero represents the null hypothesis of
no effect. Filled-border markers denote statistically significant
estimates (p < .05). The confidence intervals for Perceived
Usefulness do not cross zero in any model, confirming the

reliability and precision of its effect. By contrast, the intervals
for Attitude Toward AI, Subjective Norms, Facilitating
Conditions, and Effort Expectancy all straddle zero or rest
near it, indicating that their apparent positive effects carry
substantial uncertainty. The forest plot makes the contrast
in estimation precision visually explicit and reinforces the
conclusion that the PU effect is qualitatively different in
nature from the effects of the other four predictors.

Regression assumption diagnostics

Table 4 presents multicollinearity diagnostics. Tolerance
valuesranged from 0.210 (Attitude Toward AI) to 0.713 (Effort
Expectancy), and VIF values ranged from 1.40 to 4.76, all well
below the conventional cutoffs of 0.10 and 10.0 respectively.
The highest VIF was observed for Attitude Toward AI (4.76),
reflecting its strong theoretical and empirical overlap with
Perceived Usefulness (r = 0.864). Perceived Usefulness
itself had a VIF of 4.21. Nevertheless, all values remained
within acceptable bounds and do not indicate problematic
multicollinearity.
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Table 4. Multicollinearity Diagnostics Across Predictor
Variables

Predictor Tolerance VIF Min VIF Max VIF
Perceived Usefulness (PU) 0.237  4.21
Attitude Toward AI (ATT) 0.210 4.76
Subjective Norms (SN) 0.423 2.36
Facilitating Conditions (FC) ~ 0.539 1.85
Effort Expectancy (EE) 0.713  1.40

Range across models 1.40 4.76

Note: VIF = Variance Inflation Factor. All VIF values are below the
conventional threshold of 10.0, and all tolerance values are above 0.10.

Residual normality was confirmed by the Shapiro-
Wilk test (W = 0.980, p = .076), and homoscedasticity was
supported by the Breusch-Pagan test (BP = 1.910, df = 2,
p = .385). These diagnostics collectively indicate that the
regression models meet standard assumptions and that the
coefficient estimates are reliable.

Discussion

Technology Access and Tool Preferences

The finding that nearly nine in ten respondents relied
primarily on smartphones to access digital tools reflects the
broader mobile-first orientation of students in provincial
Philippine higher education. While smartphone ownership
is widespread in this context, the moderate internet reliability
ratings reported by more than half of the respondents
introduce practical constraints on tool use. Generative Al
applications, particularly text-based interfaces like ChatGPT,
are lightweight in bandwidth requirements compared with
video- or image-heavy platforms. This may explain why
these students were still able to adopt and use such tools
regularly despite connectivity limitations. This observation is
consistent with Maheshwari (2024), who noted that Southeast
Asian students adapt their technology use pragmatically to
available infrastructure conditions.

The dominance of ChatGPT (86.4%) over other platforms
points to the role of early adoption network effects and
platform visibility. Students who begin using a tool because
peers or instructors mention it are likely to recommend it
in turn, creating a cascade that concentrates use around
one or two dominant platforms even when alternatives
exist. Grammarly (26.3%) and QuillBot (28.0%) saw lower
uptake. Both function primarily as writing-assistance tools
rather than conversational AI systems, which suggests that
respondents prioritized interactive reasoning support over
grammar correction when choosing among generative Al
platforms.

Perceived Usefulness and Favorable Attitudes

The high mean scores for Perceived Usefulness
(M = 3.788) and Attitude Toward AI (M = 3.710) suggest
that the respondents entered the study with broadly positive
dispositions toward generative Al. These findings extend a
pattern observed in comparable studies. Haq et al. (2025)
found that university students in higher education settings

across multiple countries similarly rated AI usefulness
positively, while Cabero-Almenara et al. (2024) reported
favorable AI acceptance scores among Spanish-speaking
university students using the AI4U scale. Maheshwari (2024)
identified positive attitudes as a significant antecedent to
ChatGPT behavioral intention among Vietnamese students,
reinforcing the cross-contextual generalizability of this
finding within Southeast Asia.

The alignment between high usefulness perceptions
and high use behavior in the present sample supports the
core prediction of the Technology Acceptance Model (Davis,
1989), that individuals adopt technologies they perceive as
useful for their work or learning. For pre-service science
teachers specifically, usefulness is likely tied to concrete
applications such as simplifying complex scientific concepts
for lesson planning, generating practice problems, drafting
explanatory texts for diverse learners, and supporting
research writing. These are all high-frequency tasks in
teacher education programs that generative Al can plausibly
reduce the cognitive load of completing. Recognizing this,
teacher educators who explicitly frame AT tools around these
discipline-specific applications may find that usefulness
perceptions, and with them adoption rates, respond favorably.

What the present data cannot resolve is whether the high
PU scores in this sample reflect well-calibrated perceptions
grounded in actual productive use, or optimistic anticipatory
beliefs that have not yet been tested against the real
limitations of generative Al in science educational contexts.
Distinguishing calibrated from aspirational usefulness
perceptions would require a longitudinal design that tracks
PU scores alongside objective indicators of Al-assisted task
quality over an academic term. This distinction matters
because interventions designed to sustain rather than merely
initiate adoption would differ, and would need to ensure that
early enthusiasm is supported by structured experiences in
which Al tools demonstrably deliver on the usefulness they
are perceived to offer. An unmet usefulness expectation, if
it accumulates, could depress PU scores and adoption rates
in later cohorts, creating a trough in the adoption curve
following the initial enthusiasm wave characteristic of
emerging technology diffusion (Rogers, 2003).

Moderate Social Influence and Institutional Support

The moderate ratings for Facilitating Conditions
(M =3.444) and Subjective Norms (M = 3.347) deserve careful
interpretation. In collectivist societies such as the Philippines,
group conformity and social referents typically exert strong
behavioral influence (Ajzen, 1991). Here, however, peer
and institutional normative pressure yielded only moderate
scores. This suggests that the social milieu around generative
AT at this institution has not yet crystallized into a clear
descriptive norm. Peer use of Al tools may not yet be visible
enough, or sufficiently encouraged by faculty, to register as a
potent social force. This interpretation is consistent with He
and Ren (2025), who found that social influence on Al tool
adoption among university students was weaker in samples
characterized by lower institutional Al policy clarity.

The moderate Facilitating Conditions score likewise
points to infrastructural and institutional gaps. The
respondents could access generative Al tools on their
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smartphones, but the absence of formal training programs,
institutional guidelines on academic integrity in Al use,
guidelines that would ideally be grounded in established
ethical frameworks for AIED (Nguyen et al., 2023), and
faculty-modeled integration of Al into science pedagogy
likely constrained their sense that conditions were fully in
place to support that use. Selwyn (2022) cautioned that access
alone does not generate productive use and that students need
scaffolded environments that show how Al tools connect to
learning goals. The present data suggest that the institution,
like many regional state universities, has yet to fully provide
that scaffolding at the institutional level.

Perceived Usefulness as the Dominant Predictor

The most important finding of this study is the consistent
significance of Perceived Usefulness across all four regression
models at p <.001. With beta coefficients ranging from 0.443
to 0.479 and significance sustained regardless of which
competing variables were included, PU demonstrated a
degree of predictive robustness that was not matched by any
other variable. Attitude Toward AI and Effort Expectancy
achieved significance in select model configurations,
suggesting secondary roles that are condition-dependent
rather than universal. This pattern is theoretically coherent
and carries direct practical implications.

Theoretically, the finding replicates and extends the
central prediction of Davis (1989) into a generative Al context.
Earlier TAM applications in education already established
that usefulness perceptions predict adoption more reliably
than ease of use, social norms, or individual attitudes in
isolation (Venkatesh et al., 2003). The present study extends
this evidence to a new technology category, generative Al,
and to a population that has not been extensively studied:
Filipino pre-service science teachers. The present findings
also converge with recent work. Haq et al. (2025) identified
PU as the strongest TAM predictor in a multi-country
generative Al adoption study, and Wu et al. (2025) found
PU dominant over social norms and facilitating conditions
in a pre-service teacher sample in China. Together, these
findings suggest that the primacy of usefulness is a cross-
cultural and cross-technology phenomenon. The secondary
significance of Attitude Toward AI in Model 4 ( = 0.268,
p = .019) is consistent with TPB formulations that grant
attitude an independent role in behavioral outcomes when
social influence constructs are absent from the model.

This pattern is consistent with a straightforward reading
of TAM: usefulness perceptions and use behavior covary
closely, while favorable attitudes, peer support or easy access
do not appear to compensate for low perceived usefulness in
this sample. Because the design is cross-sectional and both
PU and use were measured concurrently via self-report,
this association should not be read as evidence that raising
PU perceptions would causally increase use. It is equally
consistent with reverse or reciprocal influence, in which
repeated use of generative Al tools shapes how useful students
subsequently judge them to be. With that caveat, the pattern
suggests that interventions aiming to increase generative
AT adoption might usefully prioritize demonstrating utility
rather than focusing on access alone. Hands-on workshops
that show pre-service science teachers how ChatGPT or

Gemini can improve lesson plan quality, simplify abstract
concepts or generate differentiated practice materials would
be a reasonable hypothesis for future intervention research
to test, rather than a validated recommendation at this stage.

The robustness of PU across four different model
specifications further supports its theoretical standing.
In each model, between two and four other theoretically
grounded predictors were present and competing for
predictive variance. None of them absorbed or substantially
diminished the PU effect. This suggests that the relationship
between usefulness perception and use behavior in this
sample is not an artifact of model misspecification or
omitted variable bias attributable to the specific predictors
included. The PU-use relationship appears to be a genuine,
direct relationship that persists regardless of the social and
contextual variables alongside which it is estimated. From a
theory-testing standpoint, this is notable because it suggests
that TAM’s core mechanism retains explanatory power even
when embedded within more socially complex frameworks
such as UTAUT and TPB.

Thepracticalmagnitude of the PU effectisalso substantial.
In Model 4, where EE and ATT appear alongside PU, the
PU beta coefficient of 0.479 indicates that a one-standard-
deviation increase in usefulness perception is associated with
approximately 0.48 standard deviation increase in generative
AT use. In the context of a behavioral use scale, this is a
sizeable and practically meaningful effect. It signals that even
modest shifts in how strongly students perceive these tools
as useful could produce meaningful differences in adoption
rates at the program or cohort level.

Wang et al. (2024) argued that the educational value
of generative Al is most clearly perceived when students
encounter it in discipline-specific rather than generic
contexts. This suggestion is directly applicable to science
teacher education. Rather than introducing AI tools in
orientation programs that treat them as general productivity
aids, teacher educators should embed them in subject
methods courses where the connection between Al capability
and science pedagogical need is explicit and immediately
actionable. Su and Yang (2023) made a similar argument
for framework-guided Al integration, noting that perceived
value increases when students see tools applied to authentic
professional tasks.

Pedagogical Mechanisms Underlying Perceived Usefulness

The statistical dominance of Perceived Usefulness
raises the question of what a high usefulness rating might
mechanistically represent in terms of learning theory rather
than adoption theory alone. One plausible account draws
on Cognitive Load Theory (Sweller, 1988), which holds that
learning is constrained by the limited capacity of working
memory. Instructional tools that reduce extraneous cognitive
load, the effort spent on task features that are not intrinsic
to the learning goal, free capacity for germane processing of
the material itself. Generative Al tools that draft explanatory
text, generate practice items or restructure complex scientific
content may function for pre-service teachers as a means
of offloading extraneous cognitive demand during lesson
preparation, a mechanism directly documented in recent
mobile-context studies of ChatGPT use (Patac & Patac,
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2025; Sharma & Khadka, 2026). If this account holds, high
PU scores in the present sample would reflect an implicit
judgment that generative Al reduces the cognitive burden of
specific academic tasks, not simply a favorable opinion of the
technology.

A second, complementary account draws on self-
regulated learning theory (Zimmerman, 2002), which frames
effective learning as a cycle of forethought, performance
monitoring and self-reflection that learners actively manage.
Generative Al tools can support this cycle, for instance by
helping learners plan a task or check their understanding.
They can also short-circuit it if learners depend on Al output
without engaging their own monitoring and evaluation
processes, a risk documented in recent generative-AI and
self-regulated-learning research (Xu et al., 2025). Science-
specific evidence suggests generative Al tools can be designed
to support rather than replace self-regulation. Ng et al.
(2024) found that a generative Al chatbot improved science
knowledge, behavioral engagement and self-regulated
learning among secondary science students when the tool
was structured to prompt planning and reflection rather
than simply supply answers. Whether this sample’s pre-
service science teachers are using generative Al in ways that
support or substitute for their own self-regulatory processes
cannot be determined from the present cross-sectional, self-
reported data; this is an important open question for future
observational or experimental work that directly measures
how Al-assisted tasks are completed, not merely how useful
they are perceived to be.

The Secondary Role of Effort Expectancy

The significance of Effort Expectancy in Models 3
(B =0.130, p = .045) and 4 (p = 0.136, p = .037) warrants
attention, as it suggests that perceived ease of use contributes
to adoption beyond usefulness perceptions in certain model
configurations. EE captures the perceived ease of using a
technology and corresponds conceptually to Daviss (1989)
perceived ease of use construct. The fact that EE achieves
significance only when specific combinations of other
predictors are present, while remaining non-significant in
Models 1 and 2, suggests that its contribution is modulated by
the competing variance attributable to Subjective Norms and
Facilitating Conditions. When social influence constructs
are absent, ease perceptions explain a small but statistically
detectable share of use variance. The high EE mean score
(M = 3.746) suggests a relative ceiling, limiting its range and
predictive power, which may explain why significance is
marginal rather than strong.

The specific model configuration in which EE achieved
significance is worth noting: Model 3 included PU, ATT, SN,
and EE, but excluded FC. In that specification, the removal of
Facilitating Conditions may have freed up variance that EE
was then able to capture. FC and EE share some theoretical
overlap, since both represent the resource conditions that
support technology use. This confounding of FC and EE is a
recognized issue in UTAUT research and suggests that these
constructs should not be treated as fully independent in
applied settings. Future studies using latent variable modeling
through structural equation modeling, rather than observed-
variable regression, would be better positioned to partition

the shared and unique variance between these constructs and
to provide a cleaner estimate of each construct’s direct effect
on use behavior.

Implications for Teacher Education and Practice

These findings point to several practical implications
worth testing in future work, though the data alone cannot
establish them. First, teacher education programs might
consider designing explicit Al integration modules for science
methods courses, with activities that illustrate how generative
AT tools can support the planning and delivery of science
instruction. The present correlational data cannot confirm that
such modules would shift adoption behavior, but the consistent
primacy of Perceived Usefulness across models makes this a
reasonable hypothesis for future intervention studies to test.

Second, institutions may wish to consider developing
clearer policies around AI use in academic work, since
the moderate Facilitating Conditions scores suggest that
respondents were uncertain about what institutional
support is available and whether use is formally sanctioned.
Facilitating Conditions was not itself a significant predictor
of use in this sample, so this suggestion is grounded more
directly in the descriptive data than in the regression results,
and its practical value would need to be tested rather than
assumed (Crompton & Burke, 2023; UNESCO, 2023).

Third, faculty who serve as social referents for pre-
service teachers might benefit from support in developing
their own Al literacy and modeled use of generative Al tools
in instruction, since the moderate Subjective Norms scores
suggest that peer and institutional influence toward Al use
is not currently strong in this sample. As with Facilitating
Conditions, Subjective Norms did not predict use in the
regression models, so this suggestion should be treated as a
plausible avenue for future intervention research rather than
a direct implication of the predictive findings.

Fourth, the mobile-first access profile of this population
should inform how AI tools are introduced and practiced.
Instructors and workshop facilitators should assume
smartphone use as the default access mode and demonstrate
generative AI workflows that function effectively on
small screens with moderate bandwidth. Desktop-centric
demonstrations that assume stable high-speed connections
will not reflect the reality of most students in this context.

Fifth, the study findings raise questions relevant to how
pre-service science teachers are assessed during their teacher
education program. If generative Al tools are perceived
as useful for producing academic outputs, as the high PU
scores in this sample suggest, then traditional assessment
formats that rely on individual unaided writing may need to
be reconsidered, though the present study did not directly
examine assessment practices or outcomes. Rubrics that
emphasize disciplinary reasoning, evidence evaluation and
critical synthesis rather than production fluency alone are
one option programs might consider piloting, consistent with
calls from Rudolph et al. (2023) and Saunders and Ellison
(2026) for assessment reform in the context of generative Al
and with UNESCO’s (2023) broader guidance on human-
centered Al integration in education.

Finally, the pattern of findings across this study invites
reflection on what teacher readiness for Alintegration actually
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requires. If pre-service teachers are already using generative Al
tools at moderately high rates and perceive them as useful, the
more pressing competency gap may lie not in motivating initial
adoption but in developing the critical evaluation skills needed
to use Al-generated content responsibly. TPACK (Mishra &
Koehler, 2006) predicts that meaningful technology integration
requires not just tool access and motivation but a sophisticated
integration of content knowledge, pedagogical repertoire,
and technological understanding. Preparing science pre-
service teachers to evaluate Al-generated explanations against
disciplinary standards, identify errors or misconceptions in Al
outputs, and design learning tasks where Al augments rather
than replaces student reasoning are competencies that current
teacher education curricula have only begun to address. The
present findings suggest that the adoption threshold has
largely been crossed; the more challenging work of quality
integration remains. Framed this way, the contribution of
this study extends beyond technology acceptance research.
It suggests that pre-service science teacher education should
treat Al evaluation literacy, rather than adoption promotion,
as the primary learning-theoretic challenge going forward, a
reframing consistent with TPACK (Mishra & Koehler, 2006)
and with the cognitive-load and self-regulation mechanisms
discussed above.

Limitations

Several limitations qualify how these findings should
be interpreted. First, the cross-sectional design means that
Perceived Usefulness, Attitude Toward AI and Generative
AT Use were all measured at a single point in time using
self-report instruments. The regression models therefore
establish association, not causal direction. Reverse or
reciprocal relationships, for example that habitual use shapes
subsequent usefulness judgments rather than the other
way around, remain equally plausible interpretations of the
data. Longitudinal or experimental designs that manipulate
exposure to generative Al tools and track usefulness
perceptions and use behavior over time would be required to
test causal claims directly. Second, all data were self-reported,
which introduces the possibility of common method bias and
social desirability effects, particularly given that generative Al
use intersects with ongoing debates about academic integrity
in this population. Third, the sample was drawn from a single
rural state college in the Philippines using stratified random
sampling within that institution; while this design supports
internal validity for the sample studied, it does not support
generalization to pre-service teachers in other regions,
disciplines or institutional types without further replication.
The practical implications and curriculum recommendations
discussed above should accordingly be read as hypotheses
derived from this single-institution sample rather than
as validated, broadly generalizable prescriptions. Multi-
institutional and longitudinal replication, of the kind called
for in the Conclusion, is needed before these implications
can be extended with confidence beyond the studied context.

Conclusions

This study examined the predictors of generative Al use
among pre-service science teachers at a rural state college in the

Philippines. Perceived Usefulness emerged as the dominantand
most consistent statistical predictor across all four regression
models, with Attitude Toward Aland Effort Expectancyreaching
significance in more parsimonious specifications; Subjective
Norms and Facilitating Conditions did not predict use under
any model configuration. Rather than simply reaffirming
the Technology Acceptance Model, this pattern functions as
a boundary-condition test. In a mobile-first, infrastructure-
limited, collectivist educational context where social and
institutional constructs would ordinarily be expected to matter
a great deal, individual utility judgments appear to outweigh
them. This is a qualification of UTAUT’s assumed universality,
and it extends technology acceptance theory to a population
and setting that remains underrepresented in the literature.
Read alongside Cognitive Load Theory (Sweller, 1988) and
self-regulated learning frameworks (Zimmerman, 2002), the
dominance of Perceived Usefulness is also consistent with
the possibility that generative Al is valued in this population
chiefly for its capacity to reduce the cognitive burden of routine
academic tasks. This study’s cross-sectional, self-reported
design cannot establish this mechanism directly. The single-
institution, cross-sectional design and self-reported use data
limit both causal interpretation and generalizability beyond
the studied context; the curriculum and policy suggestions
discussed above are accordingly offered as hypotheses for
future confirmation rather than validated recommendations.
Multi-institutional longitudinal studies across comparable
regional universities in Southeast Asia that track actual AI use
behavior and directly measure the cognitive and self-regulatory
mechanisms proposed here would be the most productive next
step.
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Konun KopncHicTb nepeBa)a€ HOpMU: NPeaNKTOPU
BUKOPVCTaHHA FreHEePaTUBHOIO LWUTYYHOrO iHTENEeKTY
B KOHTEKCTi MO6GiNnbHO-Opi€eHTOBaHOI NeaaroriyHoi OCBiTH

PII Pin Akocta'*®cP, JTisa Enmxen Anpmansop'45°P, Aitpim Ciepto'4P<P,

Apica Meii Tonego'4*“P, Epni Kaxypao'4¢P?

' Konemxk ocsitu, [lep>kaBHUIT KOTEPK CiTbCHKOTO TOCTIOAPCTBA i
TEXHOJIOTii iMeHi gokTopa Eminio b. Ecninocu-crapmoro

ABTopcbknmii BKIaJ;: A — nusaiis gocnimpkeHHs; B — 36ip ganux; C - crataHanis; D - migrotoska pykomucy; E — 36ip komris

Pedepar. Crarrsi: 12 c., 4 Tabi., 2 puc., 43 mxeperna.

ITepegymoBu. IHCTpyMeHTI reHepaTUBHOrO ITy4HOrO iHTenekTy (GenAl) femasti mupiie iHTETPYOThCA y BUILY OCBITY, IIpoTe
YYMHHUKY, [0 BUSHAYAIOTH IX IPUITHATTS MatOy THIMY BUMTE/IAMM, 3a/IMIIAIOTHCS HETOCTATHBO HOCTIIKEHNMI B KOHTEKCT] KpaiH

[TliBpenno-CximHO1 A3il.

Merta. Y gocnmifkeHHI BUBYaIM IPEAUKTOPY BUKOPUCTAHHS FeHEPaTMBHOIO LITYYHOTO iHTeNeKTy cepen 118 maibyTHix
y4InTesiB IPUPOFHIYNX HAYK Aep>KaBHOTO Ko/elky B Mac6are, ®ininminn. Ha ocnosi Mmozeni npuitusarta rexnonoriii (Technology
Acceptance Model), ynicdikoBanoi Teopii mpuitHATTA Ta BukopucTanHA TexHosnoriit (Unified Theory of Acceptance and Use of
Technology) i Teopii 3ammanosanoi nosexinku (Theory of Planned Behavior) 6ymo mocmimkeHO I'siThb KOHCTPYKTIB: CIpUITHATA
KOPMCHICTD, CTaB/ICHH JIO IITYYHOTO iHTeJIEKTY, O4iKyBaHa JIETKICTb BUKOPMCTAHHS, CIPUATINBI YMOBU Ta Cy0 €KTUBHI HOPMIL.

Marepiamu ta MeTonu. BukopucraHo KiJIbKiCHMII OIMMCOBO-IPOrHOCTUYHUI AM3aiiH 31 cTpaTnikoBaHOW BUINALKOBOIO
Bubipkoro. Jlani 361pan 3a JOIOMOrO0 Ba/liJOBAHOTO iHCTPYMEHTY 3 32 IYHKTIB Ta aHA/Ii3yBalu 3 BUKOPUCTAHHAM YOTHPbHOX

Mojiefiell MHOKMHHOI TiHiJTHOI perpecii.
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PesynbraTi. PiBeHb BMKOpPMCTaHHA I€HEPATMBHOTO LITYYHOIO iHTENEKTY oliiHeHO AK Bucokuit (M = 3,67; SD = 0,72).
CnpuitHara kopucHicTb (M = 3,79), cTaBleHHA [jo MTy4YHOro iHTenmekty (M = 3,71) Ta odikyBaHa JIeTKiCTb BUKOpUCTaHHA (M
= 3,75) Manu BUCOKMIT piBeHb, TOAi AK cupuATiusi ymou (M = 3,44) i cy6’exTusHi HopMu (M = 3,35) — momipumit. ¥ Bcix
qoTupbox Mopensx (F = 50,47-67,14; p < 0,001) cripuitHsaTa KOPUCHICTD Oy/Ia €[VHUM IIPEJUKTOPOM, SIKUIT CTaOLIBHO 3a/IMIIABCS
CTATUCTUYHO 3HauywuM mpu p < 0,001 (B = 0,443-0,479), nosicurooun 63,9-64,6% pucrepcii (R* = 0,639-0,646). Crasienus
IO IITYYHOTO iHTENEKTY Ta OYiKyBaHa JIETKiCTb BUKOPMCTAHHSA JOCATAIN CTATMCTUYHOI 3HAYYIOCTI B OKpeMUX KOH}irypariax
Mogeneit. MynbTukonineapHicTs nepedysaina B gonycrumux Mexax (VIF = 1,40-4,76).

BucHoBku. OTpyMaHi KOpeALiliHI pe3y/IbTaTi, 110 IPYHTYIOTbCA Ha BUOIPIIi 3 OJHOTO 3aK/Ia/ly OCBiTH, BKa3yIOTh Ha IPOBiIHY
POJIb CIPUITHATOI KOPUCHOCTI y IPUITHATTI TeXHONOTII. fIK rinoresy A1 mofanbuIoi epeBipKy MOKHA IPUITYCTUTH, L0 IPOrpaMu
HiArOTOBKYM BYMTENiB MOKYTb OyTy eeKTHBHIIIMMM 32 YMOBY JIeMOHCTpALil IPaKTMYHOI L[iHHOCTi reHepaTMBHOIO MITYYHOIO
iHTE/IEKTY y BUK/Ia/JaHHi IPMPOJHIYNX HayK.

KiiouoBi c/1oBa: TeHepaTMBHUI LITYYHMIT iHTENEKT, CIPUIHATA KOPUCHICTb, MailOyTHI BYMTeNi NMPUPOAHUYMX HAYK,
NIPUPOHMYA OCBiTa, IPUITHATTS TEXHOJIOTII.
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Abstract

Background. The sustainable development of university sports facilities is crucial for athletic performance, student
engagement, and long-term institutional sustainability. In Ethiopian universities, this development is hindered by
inadequate infrastructure and maintenance, weak policy implementation, limited financial resources, low leisure
participation, and insufficient leadership and management capacity.

Objectives. The purpose of this study was to examine the key factors affecting the sustainable development of
university sports facilities in Ethiopia, focusing on infrastructure, policy and governance, leadership and management
capacity, financial sustainability, and leisure activity participation.

Materials and Methods. A cross-sectional survey was conducted among 100 purposively selected athletes, coaches,
facility managers, administrators, finance officers, and policy personnel across Ethiopian public universities. Data were
collected using a validated 42-item questionnaire covering six variables. Exploratory factor analysis (EFA) confirmed
construct validity (KMO = 0.812, 68.4% of variance explained), and scale reliability was high (overall a = 0.819).
Statistical power was verified using G*Power (1 — p > 0.99). Descriptive statistics, Pearson correlation, and multiple
linear regression with regression diagnostics (VIF and residual analysis) were performed.

Results. Mean scores revealed low to moderate performance across facility infrastructure (M = 2.74), leisure
participation (M = 2.69), policy and governance (M = 2.62), leadership capacity (M = 2.61), sustainable facility
development (M = 2.56), and financial sustainability (M = 2.50). Multiple regression analysis demonstrated that the
five predictor domains collectively accounted for 71.0% of the variance in sustainable facility development (R* = 0.710,
F 4 =46.01,p< 0.001). Facility infrastructure (f = 0.712, p < 0.001) and financial sustainability ( = 0.653, p < 0.001)
emerged as the strongest predictors, followed by leadership capacity (f = 0.387, p = 0.003), policy and governance

(B =0.312, p < 0.001), and leisure participation ( = 0.298, p = 0.001).

Conclusion. These results demonstrate that Ethiopian university sports facilities face substantial structural and
systemic challenges. Achieving long-term facility sustainability requires an integrated approach: enhancing
infrastructure quality, securing diversified funding, strengthening leadership capacity, enforcing governance policies,
and promoting student leisure engagement. Addressing these key areas together is essential for establishing resilient,
well-maintained sports facilities across higher education institutions.

Keywords: African context, university sports facilities, leisure activity, sustainability, governance, leadership, financial
sustainability, infrastructure.

Introduction Sustainable Development Goals (SDGs) through their
roles in teaching, research, governance, and the creation
of environments that promote student well-being, social
cohesion, and environmental sustainability (Shih et al.,

Higher education institutions are increasingly
recognized as key contributors to the achievement of the

© Mola, D. W, Uvinha, R. R, Taye, A. G., Mekesa, A. B., & 2025). Within university ecosystems, sports and recreational
Koc, M. C., 2026. facilities, including stadiums, gymnasiums, fitness centres,
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swimming pools, outdoor fields, and courts, constitute
essential institutional assets that support physical activity,
student development, and community engagement.
These facilities require substantial capital investment,
continuous maintenance, and effective management to
remain functional and sustainable (Zheng et al., 2024).
Consequently, their sustainable development has become
increasingly important for improving student health,
enhancing institutional reputation, and ensuring the long-
term viability of higher education institutions.

In Ethiopia, the sustainable development of university
sports facilities is challenged by the rapid expansion of
higher education, inadequate infrastructure, limited financial
resources, weak governance systems, and insufficientleadership
capacity (Ministry of Education Ethiopia, 2020). Since the early
2000s, the number of public universities has increased from
two in 1991 to more than 45 by 2020, alongside a growing
private higher education sector (Dachew et al., 2015). Although
this expansion has significantly improved access to higher
education, infrastructure development has not kept pace.
Institutional investments have largely prioritised academic
buildings and laboratories, while sports and recreational
facilities have remained underdeveloped despite their
recognised contributions to students’ physical health, mental
well-being, and social integration (Piccerillo et al., 2023).

Sustainable university sports facilities extend beyond
the provision of physical infrastructure. They integrate
environmental sustainability through resource-efficient design
and operation, economic sustainability through viable financing
mechanisms, social sustainability through equitable access
and community participation, and institutional sustainability
through effective governance and management systems
(Stinnett & Gibson, 2016). Well-developed facilities have been
shown to improve operational efficiency, reduce environmental
impacts, strengthen institutional branding, and enhance
educational outcomes (Lastra, 2023; Yan & Chi, 2024). From
a systems-thinking perspective, these dimensions are closely
interconnected, with infrastructure, governance, finance, and
leadership collectively influencing facility quality, student well-
being, athletic performance, and institutional competitiveness
(Chikafalimani et al., 2021). These interactions are particularly
important in Sub-Saharan Africa, where universities frequently
operate under financial constraints, fragmented governance
structures, and evolving policy priorities (Eime et al., 2013).

Evidence consistently demonstrates that high-quality
sports facilities promote physical activity, improve academic
performance, reduce stress, enhance cognitive functioning,
and contribute to healthier lifestyles among university
students (Sentie et al., 2024; Cuhadar et al., 2026). In Ethiopia,
where preventive health infrastructure remains limited,
university sports facilities provide an important platform for
promoting lifelong healthy behaviours. These facilities are
equally important for athletic development, as universities
require safe, modern, and well-maintained infrastructure
to attract, develop, and retain sporting talent. Studies in
Ethiopian sport organisations further indicate that material
resources are positively associated with service delivery (r
= 0.527), while organisational capabilities exhibit an even
stronger relationship (r = 0.701), jointly explaining 70.7%
of the variation in sports service quality (McCullough et al.,
2020). These findings demonstrate that sustainable facility

development depends not only on physical infrastructure but
also on effective organisational leadership and management.

Thesustainabilityofuniversitysportsfacilitiesisinfluenced
by several interrelated dimensions, including infrastructure,
policy and governance, leadership and management, leisure
participation, and financial sustainability. Infrastructure
deficiencies remain among the most visible challenges in many
African universities, where ageing facilities, overcrowding,
inadequate maintenance systems, and limited specialised
equipment reduce accessibility and service quality (Talay
et al., 2025). Ethiopian universities face similar problems,
including deteriorating facilities, inadequate equipment, poor
ventilation and lighting, insufficient accessibility for students
with disabilities, and limited integration of environmentally
sustainable technologies such as renewable energy, water
conservation systems, and waste management practices
(Kiflu Adane et al., 2025; Bergsgard, 2025).

Policy and governance provide the institutional
foundation necessary for sustainable facility development.
Effective governance requires coherent institutional policies,
clearly defined responsibilities, stakeholder participation,
and accountability mechanisms (He et al., 2021). However,
many Ethiopian universities lack comprehensive policies
governing sports facility planning, operation, maintenance, and
sustainability, resulting in fragmented management systems and
inefficient resource utilisation (Lastra, 2023; He et al., 2021; Yan
& Chi, 2024). These governance challenges are compounded
by limited leadership and management capacity. Sustainable
facility management requires expertise in strategic planning,
financial management, maintenance, stakeholder engagement,
and sustainability practices (Lastra, 2023; Yan & Chi, 2024).
Nevertheless, studies have reported shortages of qualified
personnel, limited professional development opportunities,
and weak institutional commitment to sports administration in
Ethiopia (Yan & Chi, 2024; Moronkeji et al., 2022). Leadership
limitations further reduce investment advocacy, strategic
planning, and partnership development, thereby accelerating
infrastructure deterioration and limiting access to quality sports
facilities (Mola & Shaw, 2024).

Leisure participation represents another essential
dimensionofsustainableuniversitysportsfacilitydevelopment
because it reflects the extent to which sports infrastructure
tulfils its intended educational, health, and social functions.
Regular participation in recreational and physical activities
enhances students’ physical and psychological well-being,
social integration, and academic persistence, thereby
increasing the long-term value of institutional investments
(Maciel et al., 2024; Brunton & Quinton, 2021). Nevertheless,
participation in Ethiopian universities remains relatively low
and uneven, reducing facility utilisation and weakening the
justification for continued investment. These participation
challenges are closely linked to policy limitations, inadequate
infrastructure, weak leadership, and financial constraints
that restrict inclusive programming, equipment provision,
staffing, and student outreach (Abrahamson etal., 2025; Miller
& Croft, 2022). Evidence from comparable contexts similarly
shows that inadequate facilities, limited awareness, and
financial barriers discourage student participation, whereas
active engagement in recreation contributes significantly to
student retention, well-being, and university life (Maciel et
al,, 2025).
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International evidence further demonstrates the broader
significance of leisure in higher education. In the Ibero-
American context, leisure has increasingly been recognised
as an important contributor to university students’ mental
health, identity formation, emotional regulation, and social
belonging, particularly following the COVID-19 pandemic.
Changes in leisure patterns, including greater reliance on
self-directed and digital leisure, have highlighted the need
for universities to recognise leisure as an integral component
of student development and well-being (Freitas et al.,
2020). Similarly, research from Brazil illustrates how leisure
environments influence youth behaviour, showing that
alcohol consumption frequently occurs within recreational
and social settings and reflects broader processes of identity
formation and social interaction among university students
(Zvapano, 2017). Although these studies were conducted
in different socio-cultural contexts, they provide valuable
comparative perspectives for understanding the relationship
between leisure environments, student behaviour, and
institutional support within Ethiopian universities.

Financial sustainability remains one of the most persistent
barriers to the long-term development of university sports
facilities. Existing funding models, which depend largely on
government allocations and student fees, are often insufficient
to support facility construction, maintenance, equipment
replacement, and operational management under conditions
of increasing fiscal pressure (Lastra, 2023; Theanacho, 2013).
Alternative financing mechanisms, including public-private
partnerships, alumni contributions, corporate sponsorships,
and revenue generated through facility utilisation, remain
underdeveloped in many universities (Zvapano, 2017;
Creswell, 2014; Covell & Walker, 2013; Goslin et al.,
2015). Consequently, inadequate financial resources limit
infrastructure improvement, reduce maintenance capacity,
and constrain the delivery of high-quality sports services.

Collectively, the literature suggests that sustainable
university sports facilities require the integration of
environmental,economic,social,andinstitutional dimensions
through coordinated governance, competent leadership,
diversified financing, and continuous infrastructure
development (Stinnett & Gibson, 2016; Theanacho et al.,
2013). Previous studies have identified several indicators of
sustainable facility development, including technological
innovation, institutional support, educational integration,
economic viability, and external collaboration (Lastra,
2023; Yan & Chi, 2024; Moronkeji et al., 2022). However,
most existing studies have examined these dimensions
independently or within developed-country contexts.
Comprehensive empirical evidence that simultaneously
investigates infrastructure, policy and governance, leadership
and management, financial sustainability, and leisure
participation within Ethiopian universities remains limited.
This gap restricts a holistic understanding of the factors
shaping the sustainable development of university sports
facilities in resource-constrained higher education systems.

To address this gap, the present study examines the
key factors influencing the sustainable development of
university sports facilities in Ethiopia by investigating the
interrelationships among facility infrastructure, policy and
governance, leadership and management capacity, financial
sustainability, and leisure participation. The study adopts a

systems-thinking perspective integrated with the Sustainable
System Development (SSD) framework, institutional
theory, and resource-based perspectives to explain how
these dimensions collectively influence sustainable facility
development (Stinnett & Gibson, 2016). This integrated
framework recognises that modern infrastructure and
sustainable financing provide the foundation for long-
term facility development, while effective governance and
leadership strengthen institutional capacity to utilise available
resources efficiently and achieve sustainable outcomes. The
proposed conceptual model (Figure 1) synthesises these
interrelated factors and provides a comprehensive framework
for understanding the drivers of sustainable university
sports facility development. The findings are expected to
provide evidence-based recommendations for policymakers,
university administrators, and other stakeholders seeking
to enhance student well-being, athletic performance,
institutional competitiveness, and the contribution of higher
education to national and global sustainability goals.

O R S s
i Financial Sustainability |
! & Resource Mobilization |
[RSSEOSS Xotia ae Dt RUCH R PR St B, 2o |

Leisure Activities
Participation | L |

Sustainable Development of .
University Sports Facilities !

Fig. 1. Conceptual model of the study

Material and Methods

Research Design and Participants

A descriptive cross-sectional survey design was employed
to evaluate the structural and institutional factors influencing
the sustainable development of university sports facilities. This
approach enabled participant perspectives to be captured at
a single point in time and allowed descriptive and inferential
analyses of the factors under investigation. Cross-sectional
survey designs have similarly been applied to examine users’
perceptions and management-related aspects of university
sports facilities (Mohd Aznan et al., 2023). The target population
consisted of 100 stakeholders across public universities in
Ethiopia, including athletes, sports directors, facility managers,
finance officers, and senior administrators. Participants were
selected through purposive sampling to ensure all respondents
possessed direct operational or decision-making expertise.

Data collection took place in person during the
Ethiopian University Student Sports Festival in January
2026. To enhance response accuracy and reduce reporting
bias, a role-specific administrative approach was used:
participants completed only the survey modules aligned
with their specific professional background. Coaches and
sports directors assessed leisure activity participation and
facility usage; facility managers evaluated infrastructure
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and operational maintenance; finance officers addressed
financial sustainability; and policy administrators focused on
governance and institutional regulations. Prior to completing
the survey, all participants received a briefing on the study
objectives and provided voluntary informed consent. Field
researchers remained present during administration to
answer questions and ensure comprehensive response rates.

Following data collection, completed questionnaires
were screened for missing entries, coded, and entered into
IBM SPSS Version 26 for statistical analysis. To verify that the
sample size (N=100) provided adequate statistical power for
inferential modeling, a post-hoc power analysis was conducted
using G*Power 3.1. For a multiple linear regression model
involving six predictor variables, an alpha level of a = 0.05, and
an observed coefficient of determination of R?> = 0.710 (effect
size f* = 2.45), the calculated statistical power (0.99) exceeded.
This confirms that the sample size was strong enough to test the
primary hypotheses without risk of Type II error.

Instrument Design and Domains

Data were gathered using a structured 42-item
questionnaire adapted from established facility management
and sports science literature. All items were scored on a 5-point
Likert scale ranging from 1 (Strongly Disagree) to 5 (Strongly
Agree). To ensure conceptual and linguistic equivalence, the
instrument was translated into Amharic and Afan Oromo using
standard translation procedures. The survey covered six core
domains: Facility Infrastructure and Sustainability Challenges
(FISG; 8 items), Policy and Governance Challenges (PGG; 8
items), Leadership and Management Capacity (LMC; 7 items),
Financial Sustainability and Resource Mobilization (FSRMC; 7
items; Amireault & Godin, 2015), Leisure Activity Participation
(LAP; 8 items; Burkhardt & Schupp, 2019), and Sustainable
Development of University Sports Facilities (SDUSEF; 4 items).

Validity and Reliability of Instrument

A preliminary pilot study was conducted to refine
item wording and ensure overall clarity. Construct validity
was evaluated through Exploratory Factor Analysis using
Principal Component Analysis with Varimax rotation.
Sampling adequacy was supported by a Kaiser-Meyer-Olkin
value of 0.812 and a significant Bartlett’s Test of Sphericity
(X = 2145.32, p < 0.001). The six factors accounted
for 68.4% of total variance, with factor loadings spanning
from 0.58 to 0.86. Internal consistency was strong across
all subscales FISC (a = 0.812), PGG (a = 0.784), LMC (a =
0.833), FSRMC (a = 0.853), LAP (a = 0.753), and SDUSF (a
= 0.814)—vyielding an overall scale reliability of .

Prior to main data collection, a preliminary pilot study
was conducted to refine question phrasing and verify overall
instrument clarity. Construct validity was established
through Exploratory Factor Analysis (EFA) using Principal
Component Analysis with Varimax rotation. Sampling
adequacy was supported by a Kaiser-Meyer-Olkin (KMO)
value of 0.812 and a statistically significant Bartlett’s Test
of Sphericity ()’ 4, = 2145.32, p < 0.001). The six extracted
factors accounted for 68.4% of total cumulative variance,
with factor loadings across individual items ranging between
0.58 and 0.86. Internal consistency was evaluated using

Cronbach’s alpha (a) coeflicients. Subscale reliability ranged
from a = 0.753 I'm a = 0.853, with an overall scale reliability
of a = 0.819. Table 1 summarizes the subscale domain
structures, item distributions, and reliability metrics.

Table 1. Instrument Reliability and Scale Structure (N = 100)

Variable Cronbach’s a Items

Facility Infrastructure and Operational 0.812 8
Sustainability (FISC) ’

Policy and Governance Challenges (PGG) 0.784 8
Leadership and Management Capacity

(LMC) 0.833 7
Financial Sustainability and Resource 0.853 -
Mobilization (FSRMC) ’

Leisure Activity Participation (LAP) 0.753 8
Sustainable Development of University 0.814 4
Sports Facilities (SDUSF) ’

Overall 0.819 42

Source: Own survey result (2025)

Statistical Analysis

Data were analyzed using IBM SPSS Statistics v26.
Descriptive statistics (means, standard deviations)
summarized domain performance. Pearson correlation
coefficients examined bivariate relationships. Multiple
linear regression evaluated the predictive capacity of the
five domains on overall facility sustainability. Regression
diagnostics were strictly evaluated: (a) Multicollinearity
was tested using Tolerance and Variance Inflation Factor
(VIF); (b) Normality of standardized residuals was verified
via Kolmogorov-Smirnov test and Normal P-P plots; (c)
Homoscedasticity was assessed via residual scatterplots; and
(d) 95% Confidence Intervals (CI) were calculated for all
unstandardized regression coefficients.

Results

Table 2. Demographic Characteristics of Respondents (n = 100)

Frequency Percent

Variable Category

(f) (%)
Male 75 75.0
Sex
Female 25 25.0
Under 25 62 62.0
Age 25-35 28 28.0
Above 35 10 10.0
Sports facility managers 35 35.0
Professional Coaches and trainers 27 27.0
Role University sports administrators 23 23.0
Policy or planning officers 15 15.0
Diploma 18 14.0
Educational Bachelor’s degree 48 48.0
Qualification Master’s degree 30 30.0
PhD 4 8.0
Total 100 100.0

Source: Own survey result (2025)
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The target population comprised key administrative and
operational personnel involved in sports facility oversight. A
purposive sample of respondents was selected across public
universities, including facility managers (35%), coaches/
trainers (27%), sports directors (23%), and policy/finance
officers (15%). Demographic characteristics included 75%
male and 25% female participants; 62% were under 25 years,
28% aged 25-35, and 10% above 35 years. Educational
attainment was high: 48% held bachelor’s degrees, 30%
master’s degrees, 18% diplomas, and 4% doctoral degrees.

Table 3. Means and Standard Deviations of Facility
Infrastructure & Sustainability Challenges (FISC

Facility Infrastructure & Sustainability Mean

B D
Al Challenges (FISC) E
The sports facilities in my university are
1 sufficient to meet students’ and athletes’ 278 112
needs.
The current condition of the sports facilities
2 . . . 2.65 1.08
is satisfactory for safe and effective use.
Maintenance of sports facilities is conducted
3 . 2.52 1.15
regularly and systematically.
Facility managers have adequate technical
4 . . . 2.61 1.14
skills for sports infrastructure maintenance.
Sports facilities incorporate sustainability
5 principles such as energy efficiency and 244 110
waste reduction.
There are adequate facilities for students with
6 o . . e 2.36 1.05
disabilities and inclusive participation.
Facility deterioration is primarily due
7 to poor maintenance planning and 315 1.08
underfunding.
Environmental sustainability (e.g., use of
8 green materials, renewable energy) is not 3.02 112
integrated into facility design or renovation.
Overall 274 110

Source: Own survey result (2025)

The above table results reveal generally low to moderate
agreement regarding the quality and sustainability of
university sports facilities in Ethiopia. Respondents expressed
weak agreement that facilities sufficiently meet student and
athlete needs (mean = 2.78, SD = 1.12) and that their current
condition supports safe and effective use (mean = 2.65, SD
= 1.08). Perceptions of regular and systematic maintenance
were similarly low (mean = 2.52, SD = 1.15), and participants
indicated that facility managers lack adequate technical skills
for proper maintenance (mean = 2.61, SD = 1.14). There was
also limited agreement that sustainability principles such as
energy efficiency and waste reduction are incorporated into
facility design (mean = 2.44, SD = 1.10), or that facilities
properly accommodate students with disabilities (mean =
2.36, SD = 1.05). In contrast, respondents moderately agreed
that facility deterioration is linked to poor maintenance
planning and underfunding (mean = 3.15, SD = 1.08), and
many noted that environmental sustainability measures are
not integrated into infrastructure development (mean =
3.02, SD = 1.12). Overall, the mean score (2.74, SD = 1.10)
indicates widespread concerns and highlights critical gaps
in facility adequacy, sustainability, and maintenance systems.

Table 4. Means and Standard Deviations of Policy &
Governance Challenges (PGG)

NB Policy & Governance Challenges (PGG) Mean SD
The university has a clear and enforced
9 policy for sustainable sports facility 2,69  1.06
management.
10 Na?onal guidelin.es exist for uniyersity SPOItS  ,ox 08
facility construction and operation.
Coordination between the Ministry of
11 Education and the university is effective in 247 111
facility governance.
Decision-making processes regarding sports
12 . . . 2.55 1.07
infrastructure are transparent and inclusive.
Procurement procedures for sports facilities
13 are efficient and free from unnecessary 248  1.09
bureaucracy.
There is accountability for mismanagement
14 or neglect of sports facility funds and 260 112
maintenance.
Sports facilities are adequately represented
15 in the university’s strategic or sustainability 251 1.06
plans.
Implementation of facility policies often fails
16 due to lack of monitoring and follow-up 3.12 1.10
mechanisms.
Overall 2,62 1.08

Source: Own survey result (2025)

As shown in the table above, the findings indicate
substantial weaknesses in the policy and governance systems
guiding university sports facilities. Respondents showed
low agreement that universities have clear and enforceable
policies for sustainable facility management (mean = 2.69, SD
= 1.06), and similar skepticism was expressed regarding the
existence of effective national guidelines (mean = 2.53, SD =
1.08). Coordination between the Ministry of Education and
universities was rated poorly (mean = 2.47, SD = 1.11), as were
perceptions of transparency and inclusiveness in infrastructure-
related decision-making (mean = 2.55, SD = 1.07). Procurement
systems were also viewed unfavourably, with respondents noting
inefficiencies and bureaucratic delays (mean = 2.48, SD = 1.09).
Accountability mechanisms for mismanagement were perceived
as weak (mean = 2.60, SD = 1.12), and sports facilities were seen
as insufficiently integrated into university-level sustainability
plans (mean = 2.51, SD = 1.06). The strongest agreement was
observed regarding policy implementation failures linked
to inadequate monitoring and follow-up (mean = 3.12, SD =
1.10). The overall score (2.62, SD = 1.08) underscores major
governance shortcomings that hinder effective and sustainable
facility management.

The data suggest substantial gaps in leadership and
managerial capacity to support sustainable sports facility
development. Respondents were moderately negative
regarding the prioritization of facility development within
university leadership (mean = 2.71, SD = 1.09). Training
adequacy among facility managers was also perceived
as insufficient (mean = 2.56, SD = 1.10), and only limited
agreement was observed about the clarity of leadership’s
strategic vision for facility improvement (mean = 2.60, SD =
1.08). Coordination across university departments involved
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Table 5. Means and Standard Deviations of Leadership &
Management Capacity

Leadership & Management Capacity

NB (LMC) Mean SD

University leaders prioritize sports facility

17 development as part of institutional 2.71 1.09
sustainability.
Facility management staff are adequately

18 trained in sustainability and operations 256 1.10
management.

19 Leadership communicates a clear strategic 260 1.08

vision for sports facility improvement.
There is effective coordination between

20 departments involved in facility planning 248  1.07
and management.

Performance evaluation systems exist for

21 facility staff and administrators. 242 105
Leaders actively benchmark global best
22 practices for sp)(l)rts facility stitainability. 239 106
Lack of leadership commitment is a major
23 barrier to maintaining sports facilities 320 1.09
effectively.
Overall 2.61 1.08

Source: Own survey result (2025)

in facility planning was rated poorly (mean = 2.48, SD = 1.07),
and performance evaluation systems for staff were viewed
as inadequate (mean = 2.42, SD = 1.05). Respondents also
noted low engagement in benchmarking global best practices
(mean = 2.39, SD = 1.06). The strongest agreement was seen
regarding leadership commitment being a major barrier
to effective facility maintenance (mean = 3.20, SD = 1.09).
In summary, the overall mean (2.61, SD = 1.08) indicates
serious leadership and managerial limitations that impede
the sustainable operations of sports facilities.

Table 6. Means and Standard Deviations of Financial
Sustainability & Resource Mobilization Challenges

Financial Sustainability & Resource Mobi-

AL lization Challenges (FSRMC) b EID

24 The unlve'r§1ty alloca.tes sufﬁc1th budget for 233 1.07
sports facility operation and maintenance.

25 Thg Fgrrént fun(.llng m.()del for sports 229 1.06
facilities is sustainable in the long term.

2 F1nanc1.al reporting on sports facility 241 1.08
expenditures is transparent and accountable.

27 Public-private partnerships are effect.nfe.ly 229 1.05
used to finance or upgrade sports facilities.
The university actively mobilizes funds from

28 alumni, sponsors, or donors for facility 2.18  1.04
development.
Sports facilities generate revenue

29 through rentals, events, or cost-recovery 225  1.06

mechanisms.
Financial constraints are the main reason for

30 poor maintenance and underdevelopment of 3.35  1.12
sports facilities.

Overall

2.50 1.07

Source: Own survey result (2025)

Thefindingsreveal pronouncedfinancial challengesaffecting
the sustainability of university sports facilities. Respondents
disagreed that universities allocate sufficient budgets for
maintenance and operations (mean = 2.33, SD = 1.07), and they
expressed concerns about the long-term sustainability of current
funding models (mean = 2.29, SD = 1.06). Financial reporting
transparency was also rated low (mean = 2.41, SD = 1.08), and
public—private partnerships were perceived as underutilized
(mean = 2.22, SD = 1.05). Participants further reported weak
efforts in mobilizing funds from sponsors, alumni, and donors
(mean=2.18,SD = 1.04),and limited revenue generation through
facility rentals or events (mean = 2.25, SD = 1.06). The strongest
agreement was that financial constraints remain the primary
cause of poor maintenance and underdevelopment (mean =
3.35, SD = 1.12). The overall mean (2.50, SD = 1.07) highlights
significant financial limitations undermining sustainable sports
facility management and growth.

Table 7. Means and Standard Deviations of Leisure Activity
Participation

NB Leisure Activity Participation (LAP) Mean SD

31 I regulz.irly parti.cinite in leisurff or 310 1.10
recreational activities at the university.
I have adequate opportunities to use campus

32 sports and recreational facilities for leisure 325 1.12
activities.

33 I participate in leisure activities because they 345 108
help me relax and reduce stress.
The university provides a supportive

34 environment that encourages participationin 3.00 1.05
leisure activities.

35 I am motivated t(? engage 1n ?eisure act'ivities 320 1.07
whenever recreational facilities are available.
Lack of ti t fi ticipati

36 Lackof time prevents me from participating .
in leisure or recreational activities
Limited t iate faciliti

37 Limited access to appropriate facilities 280  1.09

reduces my participation in leisure activities.
I participate in leisure activities frequently

38 enough to maintain my physical and mental ~ 3.15  1.06
well-being.

Overall 312 1.09

Source: Own survey result (2025)

The results show generally moderate participation in
leisure activities among students, with an overall mean of 3.12
and a relatively high standard deviation of 1.09, indicating
considerable variability in engagement. Students report the
highest participation for stress relief (M = 3.45, SD = 1.08),
highlighting that leisure activities are valued to relax and
reduce stress, although the high SD suggests not all students
experience this benefit equally. Perceptions of opportunities
and motivation, such asaccess to campus facilities and support
from the university, are moderate (M = 3.00-3.25) with SDs
above 1, reflecting mixed responses. Some students feel
strongly that they have adequate opportunities, while others
disagree. Time constraints remain a significant barrier to
participation (M = 2.50, SD = 1.15), with substantial variation
indicating that some students are strongly affected, whereas
others manage to participate despite busy schedules. Overall,
the high standard deviations across all items demonstrate
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considerable differences in leisure activity participation,
suggesting a need for more flexible, inclusive, and accessible
programs to engage the entire student population.

Table 8. Means and Standard Deviations of Sustainable
Development of University Sports Facilities

Sustainable Development of University Mean

NB Sports Facilities (SDUSF) S
Sports facilities in the university are

39 managed in a way that ensures long-term 259 1.07
sustainability.

40 The university’s qurts f.a?lhty operations 253 1.08
meet modern sustainability standards.

Al The overall developr'nen.t of'sports facilities 261 109
supports long-term institutional goals.

1 The sp'orts fac111t1es_ are env1r9nmentally, 249 107
financially, and socially sustainable.

Overall 256  1.08

Source: Own survey result (2025)

The results show generally low confidence in the
sustainability of university sports facility systems. Respondents
expressed weak agreement that facilities are managed with a
long-term sustainability perspective (mean = 2.59, SD = 1.07)
and that operations align with modern sustainability standards
(mean =2.53,SD = 1.08). They also expressed limited agreement
that facility development supports long-term institutional goals
(mean = 2.61, SD = 1.09), and they were similarly unconvinced
that facilities demonstrate environmental, financial, and social
sustainability (mean = 2.49, SD = 1.07). The overall score (2.56,
SD = 1.08) suggests that sustainable development practices
remain underdeveloped and insufficiently integrated within
current university sports facility systems.

Table 9. Pearson Correlations Among University Sports
Facility Domains

Correlations
FISC  Pearson Correlation 1
PGG  Pearson Correlation 612 1
LMC  Pearson Correlation .587 554 1
LAP Pearson Correlation .589 523 .639 1
FSRMC Pearson Correlation .639 .603 571 1
SDUSFE Pearson Correlation 721 .693 .668 .745

FISC: Facility Infrastructure and Sustainability Challenges, PGG:
Policy and Governance Gaps, LMC: Leadership and Management
Capacity, FSRMC: Financial Sustainability and Resource
Mobilization Challenges. LAP: Leisure Activity Participation.

Source: Own survey result (2025)

Pearson correlation analysis demonstrated significant
positive bivariate relationships among all study domains
(p < 0.05). Facility Infrastructure correlated strongly with
Governance (r = 0.612), Leadership (r = 0.587), Finance (r
= 0.639), and Leisure Participation (r = 0.589). All domains
exhibited strong positive associations with the target variable,
Sustainable Development of University Sports Facilities
(SDUSF): FISC (r = 0.721), FSRMC (r = 0.745), LMC (r =
0.668), PGG (r = 0.693), and LAP (r = 0.745).

A multiple linear regression analysis was conducted with
SDUSEF as the dependent variable and the five subdomains
as independent predictors. The overall regression model was
statistically significant (F(5,94) =46.01, p < 0.001), explaining
71.0% of the variance in sustainable facility development (R*
= 0.710, Adjusted R* = 0.697). Multicollinearity diagnostics
confirmed that Tolerance values ranged from 0.485 to 0.621
(all > 0.10) and VIF values ranged from 1.61 to 2.06 (all < 5.0),
confirming the absence of multicollinearity. Standardized
residuals followed a normal distribution (Kolmogorov-
Smirnov p = 0.200), and homoscedasticity assumptions were
met. The verified regression parameters are presented in
Table 10.

Table 11. Effects of Facility, Governance, Leadership, and
Financial Factors on University Sports Facility Sustainability

Model Summary®

Std. Error
2 3 2
Model R R Adjusted R of the Estimate
1 0.843*  0.710 0.697 1.623

*Predictors: Constant, FISC, PGG, LMC, ESRMC, LAP
*Dependent Variable (DV): SDUSF

Source: Own survey result (2025)

Table 12. ANOVA for Regression Model

ANOVA*?
Model SS:ll:;r(;fs Df Mean Square F Sig.
Regression  338.471 4 84.618 42.317 0.000
1 Residual 189.533 95 1.996
Total 528.004 99

Dependent Variable: SDUSF
Predictors: (Constant), (FISC), (PGG), (LMC, (FSRMC) &LAP

Source: Own survey result (2025)

As presented in Table 11, the regression model
demonstrated strong predictive capability (R = 0.843).

Table 10. Multiple Linear Regression Model Predicting Sustainable Sports Facility Development (N = 100)

Predictor Domain B SE B t p 95% CI Tol VIF
(Constant) 0874 0421 — 2.076 0.041 [-1.71, -0.04] — —
Facility Infrastructure (FISC) 0.562 0.057 0.712 9.812 <0.001 [0.45, 0.68] 0.512 1.953
Financial Sustainability (FSRMC) 0.523 0.064 0.653 8.217 <0.001 [0.40, 0.65] 0.485 2.062
Leadership Capacity (LMC) 0.374 0.091 0.387 4.112 0.003 [0.19, 0.56] 0.621 1.610
Policy & Governance (PGG) 0.298 0.087 0.312 3.426 <0.001 [0.13, 0.47] 0.598 1.672
Leisure Participation (LAP) 0.318 0.096 0.298 3.312 0.001 [0.13,0.51] 0.544 1.838

Note: Dependent Variable: SDUSE. Model Summary: R = 0.843, R> = 0.710, Adjusted R* = 0.697, F(5,94) = 46.01, p < 0.001. CI = Confi-

dence Interval; Tol = Tolerance; VIF = Variance Inflation Factor.

144



Mola, D. W,, Uvinha, R. R, Taye, A. G., Mekesa, A. B., & Koc, M. C. (2026). Critical Challenges to the Sustainable Development
of University Sports Facilities in the African Context: Leisure, Policy, Infrastructure, and Leadership

‘ DOMAIN PREDICTORS TARGET OUTCOME
Facility Infrastructure and
TN
\¥/

Financial Sustainability and

Resource Mobilization (FSRMC) e

Sustainable
Development of

> University Sports

» | facilities (SDUSF)
v

Sustainability (FISC) T~

B=0.294

Leadership and Management
Capacity (LMC)

i R*=0.710
Policy and Governance (PGG) - /// (Adiveted R~ 0.697)
leisure activity participation -

(LAP)

Fig. 2. Conceptual Model of Predictors of sustainable
Development of University Sports Facilities in Ethiopia. Note.
Standardized regression coeflicients (p) are presented for

each predictor. All direct effects were statistically significant
(p < 0.05). The overall regression model demonstrated a
good fit (F = 45.82, p < 0.001), explaining 71.0% of the
variance in the sustainable development of university sports
facilities (R* = 0.710; Adjusted R* = 0.697).

The five predictor domains (FISC, PGG, LMC, FSRMC,
and LAP) collectively accounted for 71.0% of the variance
in sports facility sustainability (R* = 0.710, Adjusted
R? = 0.697). The remaining 29% of variation was attributable
to unmeasured factors. Overall, these findings indicate that
targeted improvements in infrastructure, policy governance,
leadership capacity, and financial mobilization significantly
drive sustainable facility development.

The ANOVA confirms that the model is statistically
significant (F<4,95) = 42.317, p < 0.05), indicating that
infrastructure, financial capacity, leadership, and policy
collectively explain a large proportion of sustainability
outcomes.

Discussion

The purpose of this study was to examine the critical
factors affecting the sustainable development of university
sports facilities in Ethiopia, focusing on five key domains:
facility infrastructure and operational sustainability,
policy and governance, leadership and management
capacity, financial sustainability and resource mobilization,
leisure activities participation, and the overall sustainable
development of university sports facilities.

Demographic Profile of Respondents

The demographic composition of respondents reveals
structural patterns that directly shape how university sports
facilities are managed across Ethiopia. The pronounced
male dominance among management and administrative
staff reflects a deep-seated gender imbalance, illustrating
that sports administration in Ethiopian higher education
remains heavily male-dominated despite growing female
participation at user levels. This imbalance aligns with
global findings regarding female underrepresentation in
executive sports roles (Piggott & Pike, 2020), but extends this
knowledge by showing that in Sub-Saharan African contexts,

gender disparities are compounded by broader institutional
constraints in career progression and leadership pipeline
access.

Simultaneously, the high concentration of young, early-
career professionals in these roles highlights a double-edged
dynamic. While this youthful demographic brings strong
enthusiasm and aligns with global trends in sports event
volunteerism and engagement (Koenigstorfer, 2023), it
also highlights an institutional vulnerability: a reliance on
personnel who may lack extended administrative experience
and specialized technical training in infrastructure
management. Although high formal educational attainment
among managers generally supports informed decision-
making (Vega et al., 2019), our findings indicate that general
academic qualifications do not automatically translate into
operational competence in sports facility maintenance or
green infrastructure management. This dynamic suggests
that demographic equity and specialized vocational
training must be integrated into national higher education
development plans. University governing boards and human
resource divisions must establish targeted capacity-building
frameworks, technical training certifications in facility
operations, and actionable gender equity policies to cultivate
a skilled, diverse leadership pipeline (Hassen, 2025).

Facility Infrastructure and Sustainability Challenges

The findings on Facility Infrastructure and
Sustainability Challenges demonstrate that inadequate
physical infrastructure is not merely a resource constraint,
but a systemic barrier to long-term sustainability across
Ethiopian universities. Severe gaps in facility quality,
safety, and routine maintenance indicate that public higher
education institutions in Ethiopia operate primarily under a
reactive crisis-management model rather than a strategy of
preventative upkeep. University administrators frequently
prioritize short-term operational demands over sustainable,
long-term facility planning, resulting in premature structural
deterioration and reduced safety for student-athletes.

These infrastructure challenges confirm previous studies
on facility decay in developing contexts (Talay et al., 2025;
Rahman, 2021; Bergsgard, 2025; Naseri et al., 2025), yet
extend this literature by proving that infrastructure deficits
do not exist in isolation, they operate within a reinforcing
loop alongside managerial and financial constraints.
Furthermore, the low adoption of green building standards
and energy-efficient design reflects a broader African higher
education reality: environmental sustainability is often
treated as a secondary luxury rather than a core infrastructure
requirement (Eime et al., 2013). Facility managers and
campus master planners must move away from ad-hoc repairs
and adopt standardized, proactive maintenance protocols
alongside clear environmental compliance benchmarks for
all new and renovated sports venues.

Policy and Governance Framework Gaps

Weak policy frameworks and governance gaps represent a
major organizational bottleneck impeding sustainable facility
management in Ethiopian universities. The absence of clear,
enforceable policies, weak national guidelines, and minimal
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integration into broader university strategic plans indicate
that sports infrastructure is treated as an auxiliary service
rather than an institutional asset. Poor interdepartmental
coordination and missing accountability mechanisms
mean that mismanaged funds or deferred maintenance
frequently go uncorrected. While previous research has
highlighted broad governance gaps in facility management
(Appleby, 2018; Buys & Tonono, 2007; Elmualim et al.,
2009; De Aldama et al., 2024), this study advances existing
knowledge by demonstrating that governance failure directly
undermines financial resource mobilization and operational
leadership in public universities. The disconnect between
institutional leadership and national regulatory bodies,
such as the Ministry of Education, creates an environment
where policies exist on paper but fail completely during
field implementation (Ministry of Education, Ethiopia,
2020). Higher education policymakers and ministry officials
must establish transparent governance structures, enforce
standardized procurement rules, and embed sports facility
sustainability metrics directly into university institutional
accountability frameworks.

Leadership and Management Capacity

The findings regarding Leadership and Management
Capacity Deficits reveal that leadership capacity deficits
severely limit the strategic direction and daily operational
quality of university sports facilities. Low prioritization
by senior university executives, absent performance
evaluation systems, and a lack of clear strategic vision lead
to administrative inertia. In many Ethiopian universities,
campus sports facility management suffers from a lack of
executive commitment, leaving facility managers without
the administrative authority or strategic clarity required
to drive institutional improvement. These results validate
prior literature on municipal and public sports services that
links weak leadership and lack of formal qualifications to
operational inefficiency (Liang, 2023; Mola & Shaw, 2024).
However, our study extends these insights into the African
university context by showing that leadership deficits cripple
the adoption of global best practices, leaving institutions
disconnected from contemporary management approaches.
Without committed leadership, even well-intentioned
strategic plans fail to deliver tangible operational progress.
University executive leadership must formally integrate
sports facility sustainability into institutional strategic plans,
establish key performance indicators (KPIs) for managers,
and provide executive mentorship in strategic resource
management.

Financial Sustainability and Resource

Financial limitations represent the single most acute
bottleneck affecting university sports facility sustainability
in Ethiopia. Reliance on static, insufficient institutional
budget allocations leave facilities vulnerable to inflation,
operational shortfalls, and severe maintenance backlogs.
The underutilization of alternative financial mechanisms,
such as public private partnerships, facility rental income,
alumni sponsorship, and corporate sponsorships, highlights
a widespread lack of entrepreneurial resource mobilization

across Ethiopian higher education. These findings
confirm existing studies identifying single-source funding
dependence as the primary threat to facility survival (Ngcobo
et al., 2024; Asrifan et al., 2025; Rahman, 2021). Our study
enriches this debate by proving that in developing nations,
financial starvation is both a cause and a consequence of poor
governance and administrative weakness; institutions with
weak management systems fail to attract private investment,
which further deepens financial dependency (Opoku & Lee,
2022). University finance directors and facility administrators
must actively diversify revenue streams by developing
commercial facility leasing frameworks, pursuing corporate
partnerships, and establishing dedicated facility maintenance
funds.

Sustainable Development of University Sports Facilities

Theunderdeveloped status of overall facility sustainability
across Ethiopian universities underscores a systemic failure to
balance the social, environmental, and financial dimensions
of facility operations. University sports facilities are rarely
managed with long-term strategic lifecycle considerations,
limiting their ability to support institutional goals or meet
modern sustainability benchmarks. This finding aligns with
broader facility management literature calling for holistic,
triple-bottom-line integration (Okoro, 2023; Mejia-Manzano
et al., 2023; Katsaprakakis et al., 2023). However, our analysis
provides new contextual clarity for African higher education:
sporadic, isolated green projects (such as simple lighting
retrofits) fail to achieve lasting impact unless embedded
within a comprehensive institutional strategy (Da Silva et
al., 2023; Taye et al., 2025). Sustainable facility development
can only occur when physical, administrative, and financial
dimensions are unified into a single operational framework.

Leisure Activities Participation Challenges

The study’s findings regarding Leisure Activities
Participation Challenges demonstrate that the significant
connection between facility, quality and student participation in
leisure activities (LAP) directly influences student well-being and
campus life. While students rely heavily on sports participation
for stress relief and mental resilience, inconsistent facility access,
safety concerns, and time constraints create substantial barriers
to widespread, equitable participation. These results extend
prior work on campus recreation access (Gongalves Maciel,
et al., 2026; Maciel et al., 2025; Abrahamson et al., 2025) by
establishing that user participation is a primary indicator of
institutional sustainability in African higher education. When
facilities deteriorate, student engagement drops, diminishing the
social value of the infrastructure and weakening the institutional
justification for future budget allocations. Furthermore, active
stakeholder collaboration, involving coaches, facility managers,
and student groups, is essential for building inclusive sports
environments that support health and social cohesion across
diverse student bodies (Filho et al., 2020; Kaur, 2025).

Empirical Synthesis and Integrative Model

The multiple linear regression model provides robust
empirical evidence that maintaining university sports
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facilities for long-term viability cannot be achieved through
fragmented, ad-hoc interventions in Ethiopian higher
education. Physical infrastructure (B = 0.712, p < 0.001) and
financial sustainability (B = 0.653, p < 0.001) emerged as the
primary determinants, establishing that well-maintained
physical assets and diversified, reliable funding streams
constitute the fundamental pillars of operational success.
However, these two pillars do not function in isolation; they
are supported by critical organizational drivers, including
leadership capacity (p = 0.387, p = 0.003), enforceable policy
and governance structures ( = 0.312, p < 0.001), and active
student leisure participation (B = 0.298, p = 0.001).

Together, these five domains account for 71.0% of the
variance in sustainable facility development (R2 = 0.710,
Adjusted R2 = 0.697, F(5,94) = 46.1, p < 0.001). Standard
diagnostic tests confirmed the statistical validity of the model,
demonstrating an absence of multicollinearity (Tolerance:
0.485-0.621; VIF: 1.610-2.062), normally distributed
residuals (Kolmogorov-Smirnov p = 0.200), and compliance
with homoscedasticity assumptions.

Evaluating these empirical patterns corroborates and
extends prior research (Varmus et al., 2023; Chapleo, 2010;
Uvinya et al,, 2025; Vega et al, 2019) by establishing an
integrated framework tailored to higher education institutions
in Sub-Saharan Africa. The data demonstrates that physical
facilities, institutional management, and user engagement
are deeply interdependent. Capital investments in sports
infrastructure deteriorate rapidly in the absence of clear policy
enforcement and sustainable revenue streams. Conversely,
strategic leadership vision remains unfulfilled if facilities remain
underfunded or physically inaccessible to the student body.
Crucially, active student recreation (LAP) serves as an essential
operational feedback loop for the entire system: consistent user
engagement reinforces the institutional value of these facilities,
maintains institutional momentum, and justifies sustained
capital investment over time.

Future Research and Practical Implications

Future studies should extend the model by examining
environmental efficiency, stakeholder partnerships, and
technology integration in sports facility management. Since
infrastructure was the strongest predictor of sustainability,
research should explore cost-effective renovation strategies,
innovative designs, and sustainable financing approaches,
including sponsorships, public-private partnerships,
commercialisation, and sport-tourism linkages. Longitudinal,
cross-country, and qualitative studies involving managers,
administrators, coaches, and students are recommended to
improve understanding and generalisability. Universities should
strengthen preventive maintenance systems, adopt green facility
standards, and establish professional sports facility management
units. Higher education leaders should diversify funding
through partnerships, facility revenue generation, sponsorships,
and alumni support while improving policy implementation
and staft capacity development.

Study Limitations

This study has several limitations. First, the cross-sectional
design limits causal conclusions; therefore, the findings should

be interpreted as predictive rather than causal. Second, the
study relied on self-reported survey data, which may not fully
represent actual facility conditions, financial resources, or policy
implementation. Future research should integrate objective
facility audits, financial records, policy documents, longitudinal
designs, and cross-country comparisons to improve the validity
and generalisability of the findings.

Conclusion

The sustainable development of university sports facilities
in Ethiopia depends on strong physical infrastructure,
effective financial resource mobilisation, capable leadership,
sound governance, and active student leisure participation.
Universities should prioritise sustainable facility development,
strengthen management systems, diversify funding sources,
and encourage student engagement. Long-term sustainability
requires an integrated approach combining infrastructure
investment, governance improvement, innovative financing,
and proactive participation strategies.
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KpuTuyHi npo6nemn cranoro po3sBuTKy CnOpTUBHOI
iHppacTPpyKTypun yHiBepcuTeTiB B apprnKaHCbKOMY KOHTEKCTI:
AO3BiNNA, NoNiTMKa, iHppacTpykrypa Ta nigepcreo
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Pedepar. Crarrs: 13 c., 12 tabi., 2 puc., 57 mxeper.

IlepemymoBu. Cramnil pO3BUTOK CIIOPTUBHOI iHPACTPYKTYpy YHiBepcUTeTiB Mae BupilllajbHe 3HAYeHHs /I CIIOPTUBHUX
pe3y/IbrariB, 3a/Iy4eHHsI CTY/IeHTIB i JOBrOCTPOKOBOI iIHCTUTYLiITHOI cTanocTi. B yHiBepcuteTax Ediormii et po3BUTOK CTPUMYETHCS
HeHa/IeKHOIO IHPPacTPyKTypoIo Ta ii TeXHIYHIM 00CTyrOByBaHHM, C1abKOI0 peastisaliielo oM THKL, o6MexxeHnMy hiHaHCOBUMM
pecypcamu, HU3bKMM PiBHEM y4acTi B JO3Bi/IIEBiN IiA/IbHOCTI Ta HEIOCTATHIM IIOTEHIIia/IoM KEPiBHMITBA Ji YIPAB/IiHHA.

Merta gocmimxkeHHsA. MeTOI 11bOro AOCIIPKeHHs Oy/I0 BUBYMTY K/IIOYOBI YMHHMKIY, 11O BIUIMBAIOTbh HA CTAIUIT PO3BUTOK
CIIopTUBHOI iHppacTpykTypn yHiBepcuteTiB Ediomii, 3ocepennim yary Ha iHppacTpyKTypi, momiTuIi Ta BpsAAyBaHHi, ITOTeHIiai
KepiBHUIITBA i yIIpaB/IiHHA, GiHAHCOBIN CTIMIKOCTI Ta y4acTi B HO3Bi/IEBII TiATBHOCTI.

Marepianu ta Meropu. IIpoBeneHo Kpoc-cexuiiiHe onutyBaHHs 100 IjiecripsMOBaHO BifjibpaHuX CIIOPTCMEHIB, TPeHePiB,
MeHef>KepiB CHOPTUBHUX O00’€KTIiB, afMiHicTpaTOpiB, QiHaHCOBMX MpaliBHMKIB i ¢axiBIiB i3 NUTaHb MOMITUKU HEP>KaBHUX
yHiBepcureris Ediomnii. [lani 361panu 3a OOMOTOI0 Ba/lifIoBAHOTO ONUTYBaIbHMKA 3 42 IYHKTIB, 110 OXOIIIOBAB IIiCTh 3MiHHX.
Excrinoparopunit gaxropunit ananis (EFA) migrBepius KoHcTpykTHY Bamignicte (KMO = 0,812; mosicheHo 68,4% nucrepcii), a
HaJiiiHicTh mKamu Oyna BUCOKoIo (3arambHumii o = 0,819). CTaTHCTUYHY HOTYXXHICTD TepeBipeHo 3a pomomoroo G*Power (1 - f
> 0,99). 3acTOCOBAHO OMUCOBY CTATUCTUKY, Kopesrlio IlipcoHa Ta MHOXKMHHMII JIHIHNIT perpeciiiHnii aHasIi3 i3 AiarTHOCTUKOO
perpeciitnoi mogeni (VIF Ta anasnmi3 sanuukis).

Pesynbratu. CepenHi 3Ha4eHHA 3aCBiT4MIN HU3bKMIT 200 MOMIpHMIT piBeHb 3a MOKa3HMKaMy iHPPaCTPYyKTypyu CIOPTUBHUX
06’exTiB (M = 2,74), y4acri B fo3Bi/IIeBiit gisipHOCTI (M = 2,69), momnituku ta BpsigyBaHus (M = 2,62), yIpaB/iHCbKOTO IOTEHIIaTy
(M = 2,61), crasoro po3BUTKy CHOpTUBHIMX 00 ekTiB (M = 2,56) Ta dinancosoi crifikocti (M = 2,50). MHOXMHHMIT perpeciitHuii
aHaJIi3 oKasas, IO I ATb IPeAMKTOPHUX JOMEHIB CYKYIIHO osACHI0Bamu 71,0% aucrepcii cTaoro po3BUTKY CIIOPTUBHUX 00 €KTIB
(R*=0,710, F(5, 94) = 46,01, p < 0,001). Iudpacrpykrypa cnoprusaux 06’extis (B = 0,712, p < 0,001) Ta pinancosa criiikicTs (f =
0,653, p < 0,001) O6yu HaMICUIBHIIIMMY IPEAMKTOPAMY, 32 HUMM JILLIN YIpaBIiHChkuii moteHuian (B = 0,387, p = 0,003), momituka
ta BpsagysanHs (B = 0,312, p < 0,001) i yuacTs y fo3Binnesii gisuiprocri (f = 0,298, p = 0,001).

BucnoBku. Pesynbratu cBifuaTb, 1[0 CIIOPTMBHA iHppacTpykrypa yHiBepcureriB Ediomii cTuxaerbcsa i3 cyrreBumu
CTPYKTYPHUMM Ta CUCTeMHUMU IpobOnemMamu. JJocsarHeHHs ii HOBroCTPOKOBOI CTAIOCTI MOTpebye KOMIUIEKCHOTO IIi/IXOAY:
Ii/{BUIIEHHS IKOCTI iHpacTpyKTYpy, 3abe3nedeHH: nuBepcrdikoBaHOro hiHAHCYBAHHS, TOCUIEHHS YIIPAB/IIHCHKOTO OTEHIIIaTy,
edeKTMBHOI peanisalii MOMITUKN BPAJYBAaHHA Ta CIPUAHHSA 3aJy4eHHIO CTYJEHTIB /10 03BinneBoi fisnbHocTi. KoMmnekcHe
BUPpIIIEHHs [VUX KIIYOBMX NNMTAHb € HEOOXIZHUM IJIsi CTBOPEHHS CTIilIKOI Ta Ha/leXHMM YMHOM yTPMMYBAHOI CIIOPTUBHOI
indpacTpykTypu B 3aK/1ajax BUILIOL OCBITH.

KirouoBi crmoBa: adpuKaHCHKMIT KOHTEKCT, CIIOPTUBHA iHPPACTPYKTypa YHIBEPCUTETIB, HO3BI/IEBA HisNMbHICTD, CTAMICTB,
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