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Abstract

This study examined a maker-based approach to sustainable digital education in physical
education (PE) through a laser-shooting program implemented over a three-year period
(2022-2024). While prior studies have largely focused on short-term maker-based PE in-
terventions, less is known about how such practices are refined, stabilized, and diffused
across school contexts over time. Using a qualitative case study design, data were collected
from lesson plans, instructional artifacts, implementation records, field notes, and semi-
structured interviews with five PE teachers, and analyzed using inductive thematic analysis.
The findings suggest that, according to teachers’ accounts and classroom documentation,
the program was perceived to reduce barriers to participation, diversify student roles, and
improve instructional feasibility in indoor PE settings. Over time, the program evolved into
a stable and adaptable instructional approach aligned with sustainable digital education,
integrating physical computing into embodied learning environments. Diffusion occurred
through teacher agency within informal professional networks and institutional training
contexts. These findings highlight the potential of maker-based PE as a sustainable digi-
tal education approach that may support context-responsive participation, instructional
adaptability, and professionally scalable innovation in school PE, with possible relevance
for inclusive physical education contexts.

Keywords: sustainable digital education; maker education; physical education; inclusive
physical education; teacher agency; instructional innovation

1. Introduction

School physical education (PE) is increasingly conducted under environmental and
institutional constraints that limit students’” opportunities for meaningful participation.
Environmental conditions such as fine dust, heatwaves, and extreme cold have contributed
to a growing number of indoor PE classes in many regions. In addition, spatial limitations
within school facilities often restrict the range of activities that can be implemented during
lessons. Under such conditions, PE classes may rely on a narrower set of activities, which
can reduce opportunities for student engagement and sustained participation. These
circumstances may particularly disadvantage students who feel less confident in traditional
sport-centered activities, potentially widening participation gaps within PE classes. As
the impacts of climate change continue to intensify, schools are increasingly required to
provide instructional approaches that maintain meaningful participation while adapting to
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environmental constraints [1]. In this context, there is a growing need to explore alternative
instructional approaches that support active participation and sustained engagement under
constrained instructional conditions.

One approach that has recently attracted attention in response to these challenges is
maker education. Maker education emphasizes learner autonomy;, creativity, and collabo-
rative problem-solving through iterative processes of designing, making, and improving
artifacts [2,3]. Within maker-oriented learning environments, students actively explore
problems and construct solutions through hands-on experimentation, which can enhance
engagement and motivation [4]. However, in many school contexts, maker education
has often been implemented as short-term or product-oriented activities, raising concerns
about curricular alignment and sustained instructional integration, and its application has
been concentrated primarily within STEM or STEAM subjects, with relatively few studies
examining its integration into physically active subjects such as PE [5-9].

PE offers a distinctive context for extending the potential of maker education by
combining physical engagement with hands-on design processes. Activities using simple
physical computing tools may integrate embodied participation with cognitive and creative
processes. When students design and construct the tools used in class and subsequently
apply them in game-based activities, PE can offer multiple roles and participation pathways,
thereby supporting more inclusive forms of engagement.

Such approaches may help sustain participation even under indoor instructional con-
straints while supporting collaborative learning experiences. In this respect, maker-based
PE can be understood not only as a pedagogical innovation but also as a form of sustainable
digital education. In the present study, sustainable digital education refers to a digitally
mediated instructional practice that can be maintained, adapted, and shared over time
within authentic educational constraints. This concept is reflected in three interrelated
aspects emphasized in this study: pedagogical sustainability, demonstrated through the
repeated refinement and stabilization of the program across three years; contextual sus-
tainability, reflected in its responsiveness to environmental and spatial constraints such
as indoor PE conditions; and professional sustainability, reflected in teacher-led sharing,
redesign, and diffusion through informal and institutional professional networks. This
conceptualization aligns with theoretical discussions of sustainable educational innovation
and teacher agency, which emphasize long-term adaptability, contextual responsiveness,
and practice-based scalability [10-12].

However, empirical research examining how maker-based PE programs are imple-
mented and developed through sustained classroom practice remains limited [4,13]. De-
spite growing interest in digitally mediated pedagogy, limited research has explicitly
examined how such practices become sustainable through repeated enactment, contextual
adaptation, and teacher-led diffusion in PE settings [10,12].

Existing studies have often focused on short-term interventions or exploratory appli-
cations, providing relatively little insight into how such instructional innovations evolve
through repeated implementation in authentic school contexts. In particular, there is a
lack of research examining how maker-based PE programs are refined through ongoing
classroom experience and how such practices extend beyond individual classrooms into
broader school settings.

Building on prior research on maker-based physical education, a laser shooting pro-
gram integrating physical engagement with digital making was implemented in school PE
contexts and iteratively refined through sustained classroom practice [9]. Over a three-year
period (2022-2024), teachers applied the program across diverse school contexts while
adapting instructional strategies based on practical classroom experiences. While previous
studies have examined the educational potential and participation effects of maker-based
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PE activities [9,13], the present study focuses on how the program evolved through longi-
tudinal implementation, iterative refinement, and diffusion across school contexts through
teacher-led adaptation.

Accordingly, the purpose of this study is to examine how a maker-based laser shooting
program in PE was implemented, refined, and diffused across school contexts over a three-
year period. Rather than focusing on the technical performance of equipment, this study
conceptualizes the program as a classroom-based instructional innovation and analyzes
how it was enacted, improved, and expanded within authentic environments.

To provide a clearer analytical focus, the study was guided by two explicit research
questions corresponding to the core processes of implementation/refinement and diffusion
identified in the study design.

The research questions guiding this study are as follows:

e  How was the maker-based PE program implemented and refined in school contexts?
e How did the program diffuse across school contexts?

2. Research Design and Methods
2.1. Research Design

This study employed a qualitative case study design to examine the implementa-
tion, refinement, and diffusion of a maker-based laser shooting program in physical
education. The program constituted the primary case, while multiple implementation
contexts—including the originating school and other schools where teachers adopted the
program—were examined as multiple implementation contexts. This design enabled an
in-depth investigation of how the program was enacted, modified, and stabilized within
authentic school settings, as well as how it diffused across contexts as a form of sustainable
digital education integrating physical computing into instructional practice.

The case focused on a program developed through prior research and implemented
as part of regular physical education practice over three academic years (2022-2024) in
a middle school. These activities were conducted as routine instructional practice and
were not initially designed as human subject research. The originating school provided a
longitudinal context for examining iterative refinement across different grade levels.

The present study was formally initiated in 2025 following IRB approval and consisted
of two interconnected analytical components, as illustrated in Figure 1. First, a retrospective
longitudinal analysis of program implementation and iterative refinement within the
originating school was conducted using instructional materials. Second, semi-structured
interviews were conducted with five physical education teachers who implemented the
program in their own school contexts, providing insight into program adaptation and
diffusion across educational environments. These two components were analytically linked
to examine how the program evolved over time and how it extended across school contexts
through teacher-led adaptation.

2.2. Program Framework: The Think—-Make—Apply (TMA) Model

The maker-based laser shooting program examined in this study was implemented
using the Think-Make-Apply (TMA) instructional model, which was adapted for the
physical education context from the Think—-Make-Share-Improve (TMSI) maker learning
framework proposed by Martinez and Stager [3]. In the present study, the final Apply
phase was specifically emphasized to align the maker process with movement-centered
participation and embodied gameplay in PE.
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Figure 1. Two-component qualitative research design linking longitudinal implementa-
tion/refinement analysis and teacher interview-based diffusion analysis [9].

In the Think phase, students explored gameplay problems, movement tasks, and
design ideas related to the lesson goals. In the Make phase, they constructed or modified
physical computing tools and gameplay equipment, such as sensor-based targets and
laser-shooting devices. In the Apply phase, these self-created tools were integrated into
movement-centered gameplay and performance tasks within PE lessons.

This instructional framework served as the pedagogical structure through which
the program was iteratively refined across implementation cycles and later adapted by
participating teachers in other school contexts.

2.3. Participants

The primary case involved the researcher’s own middle school physical education
classes, in which the laser shooting—-based maker program was implemented and refined
across three instructional cycles. The researcher is a middle school physical education
teacher with eighteen years of professional teaching experience. Each cycle was docu-
mented through lesson plans, observation notes, student artifacts, reflective memos, and
photographs. These materials constituted the core dataset for analyzing how the program
evolved as a form of sustainable digital education within authentic classroom settings.

Over the three-year implementation period, the program was conducted in regular
physical education classes involving two classes per year, with approximately 25 students
in each class. In total, approximately 150 students participated in the program across the
three instructional cycles. Students participated as part of routine instruction and were
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not considered research participants. The program was implemented as part of regular
physical education lessons rather than as a separate experimental or extracurricular activity,
reflecting authentic school teaching contexts.

To examine diffusion beyond the originating context, five physical education teach-
ers from middle and high schools were purposively selected. These teachers voluntarily
adopted and implemented the program in their own school settings to different extents.
Their experiences provided insights into contextual adaptation, lesson redesign, instruc-
tional challenges, and the processes through which teaching practices were shared and
disseminated within their professional networks.

All teacher interview participants were informed of the study’s aims and procedures
prior to participation. Written informed consent was obtained, participation was voluntary,
and all data were anonymized and managed in accordance with established ethical research
guidelines. To minimize potential bias, multiple data sources and triangulation procedures
were employed during analysis.

2.4. Data Collection

Data were collected from two primary sources. The first consisted of longitudinal im-
plementation records from the originating case, and the second consisted of semi-structured
interviews with participating teachers.

Implementation records were compiled over a three-year period and included les-
son plans, instructional materials, technical materials (e.g., circuit diagrams and source
code), worksheets, observation notes, photographs that did not include identifiable student
information, and reflective memos. These materials provided a longitudinal account of
instructional evolution in response to classroom constraints, observed patterns of partici-
pation, and instructional challenges. The documentation allowed for close examination
of how instructional structures were modified and how classroom practices were progres-
sively refined. These records provided contextual insights into classroom-level patterns of
student participation and engagement during the lessons.

For the first analytical stage, the longitudinal instructional documents were reviewed
with attention to changes in tool design complexity, participation role structure, lesson feasi-
bility under indoor PE constraints, and evidence of iterative instructional refinement across
implementation cycles. During the initial coding process, these materials were examined
for recurring indicators such as simplification of physical computing components, diversifi-
cation of student roles, modifications to gameplay rules, and teacher-generated adaptations
that reflected evolving classroom needs. These analytic indicators supported the identifica-
tion of developmental differences across the three-year implementation process.

Semi-structured interviews were conducted with five physical education teachers who
had implemented the program in their own schools. Interviews lasted between sixty and
ninety minutes and were conducted either face-to-face or online. All interviews were audio-
recorded with participants’ consent and transcribed verbatim. Interview questions focused
on teachers’ experiences of program implementation, strategies of lesson adaptation and
redesign, perceived student engagement, and processes of sharing and dissemination
within their professional networks. All interview data were anonymized prior to analysis.

Students were not directly included as research participants. However, during the
interviews, teachers frequently described students’ reactions, classroom interactions, and
informal conversations that occurred during the lessons. These accounts provided indirect
but contextually rich insights into students’ engagement, participation patterns, and learn-
ing experiences in PE during the program. No individual student data were collected for
research purposes. References to students emerged only through teachers’ reflections and
descriptions of classroom experiences during interviews.
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2.5. Data Analysis

Data were analyzed using inductive thematic analysis following the recursive phases
outlined by Braun and Clarke [14]. Constant comparative procedures were employed
throughout the analysis to refine emerging categories. Throughout the analysis, data
segments were continually compared within and across sources to identify recurring
patterns related to implementation, refinement, and diffusion processes, consistent with
the constant comparative method proposed in grounded theory research [15].

Initial codes were generated inductively through repeated close reading of lesson
documents, observation notes, reflective memos, and interview transcripts. Meaningful
data segments related to instructional adjustment, participation structures, technological
refinement, and diffusion practices were first labeled at a descriptive level. These initial
codes were then constantly compared across data sources and grouped into more focused
categories based on conceptual similarity. Through iterative comparison and recursive
review, broader themes were developed that captured recurring patterns in program
implementation, refinement, and diffusion across contexts.

To enhance credibility and analytic rigor, the researcher employed reflective journaling,
data triangulation across documentation and interviews, and peer debriefing.

Peer debriefing involved two rounds of analytic discussion with scholars in sport
pedagogy and experienced secondary PE teachers, during which the researcher presented
preliminary coding structures, theme boundaries, and representative excerpts. These
discussions were used to challenge interpretive assumptions, refine category distinctions,
and strengthen the analytic coherence of the final thematic structure.

The overall coding framework, including two aggregate themes with corresponding
sub-themes and representative concepts, is summarized in Table 1.

Table 1. Overview of the Coding Framework and Emergent Themes.

Theme (Aggregate)

Sub-Theme (2nd Order) Representative Concepts (1st Order)

Implementation and
Refinement of the PE
Maker Education

e  TMA-based lesson structure design
Activity-centered lesson design aligned with PE
e [terative implementation and refinement across classes

Lesson Planning and
Classroom Application

Technical Refinement e  Circuit errors and unstable code responses
through Iterative Optimization of LEDs, sensors, and coding flow
Implementation Reduction in input errors and improved reliability

Program e Integration of NeoPixel modules and Bluetooth
Technical Integration and e  Development of app-linked shooting activities
Student Engagement e  Game-based learning for enhanced engagement
e  Flexible equipment use and time allocation
e  Support for collaborative and cross-subject teaching
Informal Teacher-Led e  Emergence of teacher learning networks (SNS, YouTube)
Diffusion e  Sharing of lesson materials and troubleshooting practices
e  Peer-to-peer knowledge exchange and adaptation

Expansion and
Diffusion through the
Teacher Practice
Ecosystem

e Integration into workshops, training sessions, and teacher
learning communities
Increased confidence through hands-on training
experiences

e  Transition from learner to facilitator roles among teachers

Hybrid Institutionalization
and Professional Support

Integration into creative experiential activities and clubs
Applications in school festivals and community events
Student-led demonstrations and public engagement

Expanded Implementation
Beyond the Classroom
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2.6. Researcher Positionality and Reflexivity

The researcher held multiple roles, including program development, classroom imple-
mentation, dissemination, and research. The program was progressively refined through
repeated classroom enactment in the researcher’s own teaching context. Since 2021, the
researcher has also shared instructional materials and conducted teacher training sessions,
contributing to the program’s broader dissemination.

Given these multiple roles, the researcher acknowledged their potential influence on
data interpretation and engaged in continuous reflexive practice throughout the study.
Reflective journals were maintained during both implementation and analysis, and iterative
analytic discussions were conducted with peer reviewers to critically examine emerging
interpretations. Reflexivity was treated as an ongoing analytic process intended to ensure
transparency, credibility, and methodological integrity. These measures were intended to
minimize potential bias and strengthen analytic rigor.

2.7. Ethical Considerations

This study was conducted in accordance with institutional ethical guidelines for re-
search involving human participants. Prior to data collection, all participants were provided
with detailed information regarding the study’s purpose, procedures, data management,
and the voluntary nature of participation.

Written informed consent was obtained from all participants prior to their involvement
in the research. With participants” permission, interviews were audio-recorded to ensure
the accuracy of the collected data. All personal identifiers were removed during the
transcription process, and the data were stored securely and used exclusively for research
purposes. No identifiable data were collected from students, and all student-related
information was derived indirectly from teachers” accounts. These procedures ensured the
protection of participants’ rights, privacy, and confidentiality.

3. Results
3.1. Implementation and Refinement of the PE Maker Education Program

The PE maker education program was implemented and progressively refined within
authentic school contexts. Over a three-year period, repeated enactment of the pro-
gram led to iterative improvements in three key areas: instructional feasibility, partic-
ipation equity, and instructional integration between making activities and embodied
physical engagement.

3.1.1. Initial Implementation and Structural Alignment

The program was implemented as an eight-session instructional sequence structured
around the Think-Make-Apply (TMA) phases. The Think phase focused on orientation and
problem exploration, the Make phase involved constructing and testing learning artifacts,
and the Apply phase integrated student-created artifacts into structured physical activities.

As outlined in Table 2, the program consisted of eight sessions organized into three
phases: Think (Lesson 1), Make (Lessons 2—4), and Apply (Lessons 5-8). After acquiring
basic technical skills, students created digital artifacts using Arduino, sensors, and 3D
printers, and subsequently applied these artifacts in physical activities. This structure
provided a consistent instructional framework that enabled repeated implementation and
reflection across instructional cycles. Representative classroom scenes from the Think-
Make-Apply phases of the program implementation are shown in Figure 2.
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Table 2. Core Activities by Phase in the PE Maker Program.
Lesson Core Learning Content Tools and Technologies Evaluation and Feedback
(TMA Step) 8 Used Methods
Lesson 1 Un(.ierstandmg physmgl computing Tinkercad, LED, Switch Instructlon{al d1agno§t1c
. basics through class orientation (LED L. check, self-introduction,
(Think) L . . circuit ..
circuits, switch operation) activity agreement
Lesson 2 Assembly and testing of laser target and ~ Arduino, Laser module, Functional testing, circuit
(Make) tilt sensor Tilt sensor understanding
Lesson 3 Function refinement and game design Arduino IDE, circuit and Troubleshooting review,
(Make) (code development, scenario design) code troubleshooting functional refinement
Lesson 4 Creating personalized target design NeoPixel LED module, 3D  Individual design
(Make) (NeoPixel LED module) printing design development
Lesson 5 Designing a personal laser shooting NeoPixel LED module, Design sharing, peer
(Apply) challenge mission 3D-printed equipment feedback
Lesson 6 Shooting competition and Video Laser target, mobile Activity execution, scoring,
(Apply) recording for instructional reflection filming reflection
Lesson7-8  Integrated performance activities Arduino system Competition rules, team
(Apply) (shooting and PE games) integration formation, self-evaluation

Figure 2. Classroom scenes illustrating the Think—-Make—-Apply phases of the PE maker education
program. (a) Think phase—students explore basic concepts of physical computing and the operating
principles of the tools used in the program. (b) Make phase—students construct and test learning
artifacts using Arduino and sensor modules. (¢) Apply phase—students participate in physical
activities using the artifacts they created.

During the first year of implementation, classroom observations revealed a recurring
mismatch between planned pacing and actual classroom time use. Making tasks frequently
required more time than anticipated due to troubleshooting processes and uneven progress
among student groups. As a result, the time available for sustained participation in PE
during the Apply phase was sometimes reduced.

In several lessons, groups that completed construction earlier transitioned into
movement-based tasks while other groups continued working to resolve technical problems
in their circuits or code. This situation produced variation in students” opportunities for
participation and disrupted the rhythm of whole-class engagement.

A further issue concerned the alignment between artifact production and the embodied
goals of physical education. Although making activities generated novelty and engagement,
some students initially perceived construction as an independent technical task rather than
preparation for movement-based participation. This separation was particularly evident
when the Apply phase began with limited time for repeated attempts, tactical adjustments,
or reflection on how design decisions influenced performance during physical activities.
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Subsequent iterations therefore focused on strengthening the structural alignment
between making tasks and physical engagement. The sequencing of activities was clarified
so that each making task directly supported a specific movement-based activity in the Apply
phase. Transitions between phases were also reorganized to protect time for sustained
participation in PE. Through these adjustments, the TMA structure gradually functioned as
an effective pacing and integration framework that supported embodied learning priorities
while retaining the cognitive and creative benefits of maker-based activities.

3.1.2. Tterative Refinement Across Three Years

Analysis of the three-year implementation revealed a pattern of refinement across
three interrelated dimensions: instructional feasibility, participation equity, and learner
agency. These dimensions evolved interactively rather than independently. Improvements
in feasibility created conditions for broader participation, and strengthened participa-
tion structures enabled expanded expressions of learner agency during both making and
activity phases.

First, refinement strengthened instructional feasibility. During the first year, lessons
were occasionally disrupted by operational difficulties and uneven completion of making
tasks. Such interruptions fragmented participation and reduced opportunities for active
participation. To address this issue, instructional procedures were simplified and tech-
nical complexity was reduced. By the second year, these adjustments improved lesson
continuity and increased completion rates for construction tasks. As operational interrup-
tions decreased, more consistent patterns of student engagement were observed during
movement-based Apply activities.

Second, participation structures were redesigned to address inequities in technical
competence. Early observations indicated that students with prior technical experience
tended to dominate construction tasks, while others assumed peripheral roles. To address
this issue, explicit role assignments and rotational responsibilities were introduced so that
participation could be distributed across construction, testing, rule management, scoring,
and physical performance tasks.

“At first, a few students handled all the technical parts, and others simply watched.
After we introduced role rotation, even quieter students began participating more
actively, especially during the game phase.”

(Classroom observation notes)

These adjustments reduced passive participation and redistributed responsibility
within groups. Teachers documented increased involvement from students who had
previously been hesitant in sport-centered lessons, particularly when students could
first participate through roles such as managing scoring systems, supporting team
strategy, or organizing activity routines before shifting toward direct participation in
movement-based activities.

Third, refinement expanded opportunities for learner agency. By the third year,
operational stability allowed greater attention to student ownership and creativity. Students
were given flexibility in modifying game formats, adjusting rules, and refining artifact
features to better align with their group strategies and learning goals.

In one observed case, a student who initially hesitated to participate in competitive
movement tasks proposed a team-based scoring variation that emphasized collaboration
rather than speed. After this modification was implemented, the student appeared to partic-
ipate more actively in movement-based activities, which suggested increased engagement
and participation within the classroom context.

Over the three years, the program evolved through a progression of feasibility sta-
bilization, participation restructuring, and agency expansion. Throughout this process,
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refinement consistently prioritized active participation in PE as the central instructional

focus, rather than allowing technical production to dominate class time. Table 3 summa-

rizes the key implementation issues identified during each year and the corresponding

improvement strategies and outcomes that emerged during the refinement process.

Table 3. Implementation Issues and Improvement Strategies Across the Three-Year Program.

Y i .
(Plf:sre) Identified Issues Improvement Strategies Improvement Effects
Low task cpmpletlon rate due to Simplified to NeoPixel LED-based circuits .
Year 1 complex circuits and lack of - Increased completion rate
- . Provided pre-made example codes
(Initial Imple-  teacher guidance s Enhanced student engagement
. .. Introduced sensor-based activities for , .
mentation) Frequent code debugging issues Recovered students’ confidence
A, engagement
Low initial student engagement
Equipment defects due to
Year 2 frequent reuse Reinforced equipment durability Increased equipment reliability
(Stabiliza- Lower accuracy of tilt sensors Replaced tilt sensors with gyro sensors Improved student trust and
tion) Reduced student engagement due Added game elements to lesson structure  engagement
to repetitive tasks
Decline i i . .
ecline in concentration due to Reorganized content into team Enhanced lesson engagement
excessive competition o . 2.
. -, competition format Increased physical activity
Year 3 Limited opportunities for . o . . - I
. . . . Diversified design using 3D printing participation
(Expansion)  physical activity participation

Passive classroom participation
due to lack of novelty

Promoted sharing via Workshop-style
team exhibition and social media sharing

Promoted autonomy and
collaborative learning

3.1.3. Stabilization of Classroom Implementation

Through repeated enactment and adjustment, the program gradually stabilized as

a workable instructional model within typical school constraints. Stabilization refers to

the stage at which lessons could proceed with minimal disruption while preserving active

participation in PE, collaborative engagement, and coherent integration between making

activities and physical participation.

Evidence of stabilization included fewer whole-class interruptions, more predictable

pacing across student groups, and smoother transitions from construction to movement-

based application. As operational demands decreased, the teacher’s role shifted from

troubleshooting technical issues toward facilitating collaborative learning processes.

During earlier iterations, teacher attention was often absorbed by resolving operational

breakdowns across groups, which limited opportunities to observe participation patterns

and guide collaborative learning. After refinement, classroom time could be allocated

more consistently to supporting group coordination, encouraging repeated participation in

Apply activities, and prompting reflection on strategic decisions and design choices.

Stabilization also became visible in students’ responses to challenge and failure.

As classroom routines became more reliable, students were increasingly willing to at-

tempt tasks repeatedly, adjust strategies, and re-enter activities after errors. Immedi-

ate feedback embedded within activity structures supported repeated participation and

sustained engagement.

Importantly, stabilization did not lead to rigid standardization. The program retained

flexibility, allowing teachers to adjust activity formats, rules, and complexity levels accord-

ing to their classroom contexts. This balance between structural consistency and contextual

adaptability enabled the program to function as a transferable instructional framework

rather than a fixed technical product.

Taken together, the findings indicate that the program’s implementation and refine-

ment involved continuous instructional adjustment within authentic classroom environ-
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ments. Over three years, the program developed into an integrated PE instructional model
that improved feasibility, strengthened equitable participation, and expanded learner
agency while maintaining active participation in PE as the core of the learning experience.

3.2. Diffusion of the PE Maker Education Program Across School Contexts
3.2.1. Diffusion Initiated by Instructional Needs and Teacher Agency

The diffusion of the laser-shooting-based PE Maker Education program was initi-
ated by teachers’ recognition of persistent instructional constraints in everyday school
contexts. Across cases, teachers described a recurring sense of limitation in conventional
PE lessons, including repetitive sport-centered units, insufficient indoor alternatives when
outdoor activities were restricted, and participation gaps among students who felt uncom-
fortable in competitive sport settings. These constraints were not presented as temporary
inconveniences but as structural conditions that shaped teachers’ willingness to search for
alternative lesson formats.

Teachers noted that the laser-shooting program was perceived as an immediately
workable response to these conditions because it offered a structured indoor activity format
and introduced an alternative structure of participation that did not rely exclusively on
strength, speed, or athletic confidence. Several teachers emphasized that the lesson created
a space where attention, regulation, and repeated trial were central to success, thereby
allowing students who were typically quiet or hesitant in sport-centered activities to engage
without the fear of public failure.

“Students had already experienced many traditional sports activities, so they
wanted something new. Laser shooting was novel and exciting, and even students
who lacked confidence in physical activities could participate comfortably.”

(Teacher A)

This perception shaped not only student engagement but also teachers” motivation
to adopt the program. Participants repeatedly framed adoption as a pedagogical choice
rather than a technology-driven one. For example, teachers described that they were not
seeking “a maker program” in the abstract; instead, they were seeking an instructional
structure that could change lesson atmosphere, reduce passive participation, and provide
predictable indoor routines that could be enacted under constrained conditions.

“I wasn't originally looking for a ‘maker program.” I was looking for a way to
change the energy of my class. This lesson offered a different structure that
allowed students to focus, collaborate, and move.”

(Teacher C)

Teachers also described that the presence of immediate feedback and visible outcomes
(for example, scoring and target responses) contributed to participation by making progress
observable. Importantly, teachers reported that this feedback did not intensify athletic
hierarchy in the same way that traditional performance comparisons sometimes did. Rather,
because students could try repeatedly and improve, feedback supported a climate of
iterative participation.

In several classrooms, teachers observed that students who typically positioned them-
selves as “spectators” during sport games initially participated through peripheral yet
meaningful roles such as managing scoring routines, supporting team organization, or
suggesting rule adjustments. These entry roles enabled hesitant students to remain socially
and cognitively involved and, in some cases, to later transition into direct performance
participation. Teachers interpreted this shift as a meaningful expansion of participation
pathways in PE, which became a central reason to share the program with colleagues.
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Overall, diffusion began through teacher agency and instructional problem-solving.
Teachers adopted the program because it addressed lived classroom needs, and this align-
ment with practical constraints formed the foundation for the program’s broader diffusion
across school contexts.

3.2.2. Horizontal Circulation Through Informal Professional Networks

Following initial adoption, diffusion expanded primarily through informal teacher
networks that operated through online platforms. Teachers described how short lesson
videos, implementation tips, and classroom management strategies circulated through
YouTube, messaging platforms, and teacher community chat rooms. These spaces func-
tioned not as one-way channels of dissemination but as interactive environments where
teachers exchanged practice-based solutions and collectively reduced uncertainty.

A key feature of this stage was that diffusion occurred through modification rather
than replication. Teachers did not treat shared materials as fixed scripts. Instead, they down-
loaded example resources, implemented them, identified mismatches with their school con-
ditions, and redistributed revised versions. This created a pattern of horizontal circulation
in which the program spread through peer-to-peer adaptation and iterative improvement.

“When I saw the lesson video on YouTube and social media, I immediately
thought, ‘This is exactly what I've been looking for.”

(Teacher D)

Teachers highlighted that informal networks played a critical role in reducing per-
ceived risk. For many teachers, the primary barrier was not a lack of interest but uncertainty
regarding feasibility. Observing that other teachers had attempted the lesson and openly
discussed challenges helped normalize trial-and-error processes. This vicarious experience
was consistently described as a key source of motivation.

“Ilearned a lot from the SNS chat room. Seeing other teachers’ attempts motivated
me to try it myself. Even just observing was valuable, and practical advice from
experienced teachers was especially helpful.”

(Teacher A)

The network also supported rapid troubleshooting. Teachers described sending ques-
tions during preparation or after lessons and receiving immediate responses about common
failures and practical adjustments. These exchanges reduced the sense of working alone
and accelerated local adaptation.

“After trying the lesson once, I realized the sensor setting wasn’t suitable in my
classroom. I adjusted it and shared the updated setting in the group chat. Other
teachers tested it and gave feedback.”

(Teacher D)

Importantly, the knowledge being exchanged was not limited to “how to build” but ex-
tended to “how to teach”. Teachers discussed how to structure group work, how to allocate
time between making and participation in PE, and how to keep students engaged when
progress differed across groups. In this way, diffusion became a pedagogical conversation
rather than a technical transfer.

In several instances, teachers contributed resources that enabled further adaptation
by others. For example, some teachers redesigned durable casings for student handling
or reorganized lesson flows to fit shorter class periods. Once shared, these resources were
modified again by other teachers to align with their contexts. These examples indicate that
the program evolved through collective adaptation within the teacher community.
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Through these informal exchanges, the program became framed as accessible and fea-
sible within ordinary school constraints. These findings indicate that horizontal circulation
through informal teacher networks functioned as a key mechanism enabling the program’s
broader diffusion across school contexts.

3.2.3. Hybrid Institutionalization and Expansion of the Implementation Ecosystem

As the number of adopters increased, diffusion began to intersect with more formal
professional development structures. Teachers reported that local education offices, teacher
learning communities, and research groups incorporated the program into workshops and
hands-on training sessions. This shift did not replace informal diffusion but added an
institutional layer that provided structured entry points for teachers who were hesitant to
begin through online materials alone.

Teachers described that hands-on training was particularly influential in transforming
uncertainty into confidence. Unlike viewing a video, assembling and operating the lesson
resources within a workshop setting allowed teachers to understand underlying principles
and to feel capable of making adjustments independently.

“At first, the content felt unfamiliar and difficult, but once I tried it myself, I
realized the principles were simpler than I expected. Now I feel confident enough
to guide other teachers.”

(Teacher B)

A notable pattern in this phase was role transition. Teachers who initially joined
as learners later acted as facilitators, supporting colleagues in their schools or communi-
ties. This shift from adopter to disseminator indicates that diffusion involved leadership
development within teacher networks, not merely the spread of materials.

At the same time, implementation expanded beyond the regular curriculum into ex-
tracurricular and public contexts. Teachers integrated the program into creative experiential
activities, free-semester clubs, school festivals, and community events. These expansions
often occurred because teachers perceived the program as flexible and modular, allowing
them to reconfigure it for different time frames and participant groups.

Teachers reported that students’ roles also took on new forms in these expanded
contexts. In some school festivals, students operated experience booths and explained
how the activity worked to visitors. Teachers interpreted these moments as indicators of
ownership and pride, particularly for students who were not typically positioned as “good
at sports”.

“We completed the equipment during club sessions and ran an experiential booth
at the school festival. Students appeared to show high levels of engagement and
pride, as described by the teacher while explaining their creations to visitors.”

(Teacher D)

In community-linked events, teachers reported that students acted not only as partici-
pants but also as facilitators who guided others through the activity. This role shift broad-
ened the educational meaning of participation in PE, as students practiced communication,
organization, and collaborative responsibility alongside movement-based engagement.

In several cases, teachers also shared revised design resources (e.g., 3D printing files for
target casings and equipment components) within teacher communities. These resources
were further modified by other teachers to improve durability, simplify assembly, or adapt
the equipment to different classroom conditions. Through this iterative exchange, technical
resources and instructional practices co-evolved across participating schools.

Across these examples, diffusion increasingly operated within a hybrid ecosystem.
Informal networks continued to support rapid sharing and troubleshooting, while institu-
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tional programs offered structured onboarding and legitimacy. Meanwhile, expansion into
extracurricular spaces increased the program’s visibility and reinforced its sustainability as
a shared practice within teacher communities.

Overall, the findings indicate that diffusion evolved from informal teacher-driven
sharing toward a hybrid ecosystem that combined peer networks with institutional sup-
port structures. As teachers gained confidence through hands-on experience, they in-
creasingly assumed facilitator roles, contributing to the program’s spread and adapta-
tion across diverse contexts. The expansion of implementation into extracurricular and
community settings further enhanced the program’s visibility and sustainability, demon-
strating how diffusion was sustained and expanded through interconnected social and
organizational mechanisms.

4. Discussion
4.1. Repositioning Physical Education for Inclusive Participation in Indoor Learning Environments

This study examined how a laser-shooting-based maker education program was im-
plemented, refined, and diffused in school physical education (PE) contexts. The findings
indicate that maker-based PE can function as a viable pedagogical alternative for sustain-
ing meaningful participation in PE in indoor or environmentally constrained learning
contexts. Increasingly, PE teachers encounter limited access to outdoor spaces due to
climate-related disruptions, air quality concerns, and scheduling restrictions, which reduce
opportunities for varied participation experiences. These structural constraints intersect
with longstanding concerns that sport-dominant curricula may marginalize students who
perceive themselves as less skilled or less confident in traditional team sports [16,17].
Within this context, identifying instructional models that preserve embodied participa-
tion while expanding entry points for diverse learners has become an important task in
contemporary PE.

The present program demonstrates that digital fabrication and physical computing,
when embedded within a movement-centered framework such as the Think-Make-Apply
(TMA) model, do not necessarily diminish participation in PE. Rather, they can support
participation by structuring repeated motor execution, concentration, and feedback-driven
practice. Laser shooting activities required fine motor coordination, postural stability, and
sustained attention, which are important elements of motor learning and self-regulated
performance [18]. While the activity does not emphasize high-intensity aerobic exercise, it
supports meaningful embodied learning consistent with broader conceptions of physical
education that emphasize the integration of physical, cognitive, and affective learning
processes [19,20].

Physical education has increasingly been conceptualized as a holistic educational
domain that extends beyond physical exertion to include cognitive engagement, reflection,
and social interaction [16,21]. Recent work on meaningful physical education further em-
phasizes that students” experiences of challenge, social interaction, and personal relevance
are critical for fostering meaningful participation in PE [22]. From this perspective, maker-
based PE activities can support balanced learning across psychomotor, cognitive, and
affective domains by integrating bodily performance with problem-solving, collaboration,
and iterative design processes.

Teachers reported changes in participation patterns among students who had previ-
ously shown avoidance or passive engagement in competitive team sports. According to
teachers’ observations, the quieter and precision-oriented nature of laser shooting appeared
to reduce the psychological pressure often associated with overt athletic comparison while
maintaining challenge through repeated attempts and structured scoring systems. This
pattern aligns with Ennis [16]’s discussion of inclusive instructional environments that
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accommodate diverse learner profiles by reducing performance-based anxiety. Such activity
structures may create alternative participation pathways for students who feel less confi-
dent in traditional sport settings. Because these interpretations were derived from teacher
observations rather than direct student-reported data, these findings should be understood
as perceived pedagogical possibilities rather than demonstrated student-level outcomes.

Recent research similarly suggests that diversifying pedagogical models and activity
formats in physical education can broaden participation opportunities and support students
with varied competence profiles [23,24]. By legitimizing different forms of competence and
engagement, diversified instructional approaches can help reduce performance anxiety
and encourage sustained participation among a wider range of learners [17]. In this sense,
maker-based PE should not be understood as replacing conventional sport activities but
rather as expanding the repertoire of meaningful participation experiences available within
physical education.

In addition to its relevance for general physical education, the present findings suggest
that maker-based PE programs hold potential for application in adapted physical education
and inclusive PE contexts. The structure of the laser shooting activity, which emphasizes
precision, self-paced repetition, and immediate feedback, may reduce performance anxiety
often experienced by students with disabilities in competitive sport settings. In particular,
the integration of diverse participation roles such as equipment design, rule management,
scoring, and strategy planning provides multiple entry points that align with the principles
of Universal Design for Learning (UDL) and inclusive pedagogy [25].

From an adapted physical education perspective, such task structures may support
students with varying motor abilities, including those with limited mobility or coordination
difficulties, by allowing meaningful engagement without requiring high levels of physical
strength or speed. Furthermore, in inclusive PE environments where students with and
without disabilities participate together, the maker-based approach may contribute to re-
ducing hierarchical performance comparisons by shifting the focus from athletic dominance
to collaborative problem-solving and iterative improvement.

Therefore, rather than positioning maker-based PE solely as a technological innovation,
it can be conceptualized as a pedagogical approach that supports equitable participation
and expands instructional possibilities in inclusive and adapted physical education settings.

4.2. Iterative Design as a Mechanism for Balancing Technical Engagement and Participation in PE

A central issue that emerged during implementation was the balance between technical
fabrication time and time allocated for participation in PE. Early cycles revealed that
complex circuit assembly and debugging reduced opportunities for active participation
during gameplay, raising concerns regarding the pedagogical legitimacy of the lesson
within PE. These tensions mirror critiques in the maker education literature, which caution
that technological novelty can overshadow learning objectives when projects become overly
complex or product-focused [6,26]. In physical education contexts, this risk is particularly
salient because the subject has historically been defined through visible bodily engagement
and movement-based participation [21].

Through iterative refinement across three years, technical components were progres-
sively simplified and stabilized. Modular circuit designs, the integration of NeoPixel
components, and scaffolded coding examples significantly reduced troubleshooting time
and cognitive overload during the Make phase. As a result, the Apply phase increasingly
emphasized movement-centered gameplay that required repeated bodily execution and
sustained participation. This shift demonstrates that iterative design can function not only
as a technical improvement process but also as a pedagogical balancing mechanism that
helps align technological engagement with the embodied goals of physical education.
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Similar observations have been reported in recent research on technology-integrated
PE, which suggests that the educational value of digital tools depends largely on how they
are pedagogically structured within movement-centered learning environments [24,27].
When technological tasks are simplified and clearly connected to physical performance, they
can support rather than disrupt participation in PE lessons, while preserving opportunities
for sustained participation in PE.

Such recalibration also resonates with principles of constructionist learning theory,
which emphasize learning through designing, building, and testing meaningful arti-
facts [26,28]. Importantly, the present findings suggest that maker-based learning in PE
becomes pedagogically legitimate when technological creativity remains clearly aligned
with movement-centered learning goals. Rather than positioning digital fabrication as an
additive component, the program integrated making activities as preparatory steps that
directly enabled embodied gameplay.

In this respect, the TMA model functioned as a mediating instructional framework
that maintained coherence between technological creativity and bodily participation. By
structuring lessons so that making activities culminated in movement-based application, the
model ensured that technical engagement and physical performance operated in mutually
reinforcing ways rather than in competition. This finding highlights the importance of
pedagogically guided technological integration when incorporating digital fabrication and
physical computing into PE contexts.

4.3. Teacher Agency and the Formation of a Distributed Innovation Ecosystem in PE

Beyond classroom implementation, the diffusion of the program was driven primarily
by teacher agency rather than top-down mandates. Teachers voluntarily adapted lesson
sequences, modified circuit configurations, redesigned 3D-printed components, and inte-
grated the program into extracurricular contexts such as clubs and school festivals. This
pattern corresponds with ecological perspectives on teacher agency, which conceptualize
agency as emerging from the interplay between individual capacity, professional culture,
and structural opportunities [10]. In the present study, agency was expressed through
ongoing experimentation, collaborative redesign, and peer-supported knowledge sharing
within everyday teaching contexts.

These findings also resonate with research emphasizing teacher-led innovation in edu-
cational change. Rather than simply implementing externally designed programs, teachers
frequently reinterpret and redesign innovations in ways that fit their local classroom en-
vironments [11,12]. In this study, teachers actively modified technological components,
adapted lesson structures, and shared revised resources with colleagues, illustrating how
instructional innovation can emerge through distributed professional practices.

Informal networks, including social media groups and video-sharing platforms,
played a crucial role in lowering barriers to entry and facilitating distributed problem-
solving. These platforms enabled teachers to exchange implementation tips, troubleshoot
technical issues, and share redesigned resources such as modified code and revised design
resources (e.g., 3D printing models). Over time, these informal exchanges intersected
with formal professional development programs and teacher learning communities, grad-
ually forming a hybrid implementation ecosystem. Research on professional learning
communities suggests that sustained instructional change is more likely when teachers
collaboratively produce instructional resources, share practical artifacts, and participate
voluntarily in professional learning networks [29,30].

From an educational perspective, such ecosystems are significant because sustained
innovation in PE requires more than isolated pilot programs. When teachers internalize
design expertise and develop a sense of instructional ownership, innovative practices
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are more likely to persist and evolve across different school contexts. The accessible
nature of the maker-based laser system further supported scalability by reducing re-
liance on specialized equipment and enabling teachers to locally adapt and reproduce
the instructional approach.

Thus, diffusion in this study should not be understood merely as the replication of a
predefined instructional model. Rather, it reflects the emergence of a distributed innovation
ecosystem in which teachers collectively redesigned and extended the program through
collaborative experimentation. Taken together, the findings suggest that sustainable inno-
vation in physical education emerges not from the adoption of predefined technologies but
from teacher-led redesign processes supported by distributed professional networks [29,30].
Through this process, the program became a shared instructional resource that expanded
access to innovative participation experiences in PE across schools, contributing to the
wider adoption of practices that support sustained participation in PE across diverse
school contexts.

4.4. Expanding Physical Education in Digitally Mediated Environments for Participation

This study provides empirically grounded insights into how maker-based innovation
in physical education can emerge through teacher-led redesign and peer-supported diffu-
sion within everyday school contexts. Within this broader perspective, the integration of
physical computing into PE invites reconsideration of the subject’s educational scope in dig-
itally mediated environments. Learners today navigate environments increasingly shaped
by digital technologies, yet physical education often remains comparatively insulated from
these realities [31-33]. By enabling students to design, fabricate, and apply technological
tools within embodied gameplay, the program bridged digital literacy and participation in
PE within a coherent instructional model.

Through this process, students engaged in iterative problem-solving, collaborative
design, and public demonstration of self-created artifacts. Systematic reviews of hybrid
physical-digital learning approaches confirm that such approaches can promote devel-
opmentally relevant behaviors, including problem-solving and engagement in PE, when
designed to require active embodied participation [34]. Such experiences align with broader
educational frameworks that emphasize creativity, collaboration, and adaptive problem-
solving as essential competencies for contemporary societies [35]. Recent research has also
highlighted the growing relevance of integrating digital technologies within movement-
centered learning environments in physical education, particularly when such technologies
are instructionally aligned with embodied participation [27]. Unlike many STEM-oriented
maker initiatives that prioritize abstract design tasks, however, the present program situ-
ated digital creation within embodied participation in PE. This hybridization strengthened
the connection between technological creativity and bodily learning while expanding the in-
structional repertoire of physical education without abandoning its embodied foundations.

Furthermore, when students presented their creations during school festivals and
community events, teachers reported that students appeared to take on more active roles
as creators and facilitators rather than passive participants. These teacher-reported obser-
vations primarily indicate shifts in participation roles and classroom engagement patterns
within the learning environment.

From a broader interpretive perspective, such shifts may also have implications for
how students perceive their roles and identities in PE. Identity formation has been recog-
nized as an important factor influencing young people’s sustained engagement in PE [16,17].
In addition, research on student engagement in physical education suggests that learning
environments positioning students as active contributors may support the development
of stronger participation identities and continued engagement in PE [33]. Experiences
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that position learners as capable contributors may therefore be associated with immediate
classroom participation and, more broadly, with orientations toward participation in PE
and self-efficacy.

In this sense, maker-based PE can contribute to expanding the scope of the subject
by integrating technological creativity, collaborative design, and embodied participation
within a single learning framework. Rather than positioning digital technologies as external
additions to physical education, the findings suggest that digitally mediated activities
can be meaningfully integrated into PE when they remain anchored in movement-based
learning experiences, thereby supporting sustained participation in PE. Beyond these
classroom-level interpretations, the broader conceptual implications of the study relate to
how sustainability in digitally mediated PE should be theoretically understood.

Theoretically, this study extends the concept of sustainable digital education by show-
ing that sustainability in digitally mediated PE does not arise merely from the use of digital
tools. Rather, it emerges when instructional practices are pedagogically sustainable, contex-
tually responsive, and professionally sustained through teacher-led redesign. This suggests
that sustainability should be understood as a property of the instructional ecosystem
surrounding the technology rather than an inherent property of the technology itself.

5. Conclusions

This study examined how a maker-based laser-shooting program in physical education
(PE) was implemented, refined, and diffused across school contexts over a three-year period.
Using a qualitative case study design, the findings suggest that the program gradually
evolved from an exploratory instructional approach into a more stable and adaptable model
through repeated classroom enactment and ongoing teacher-led adjustments.

The results suggest that maker-based PE can offer a practical way to sustain student
participation under constrained conditions, particularly in indoor learning environments.
By structuring lessons through the Think—-Make-Apply (TMA) framework, the program
connected physical computing activities with movement-centered participation. Within
this structure, students were able to engage not only as performers but also as designers,
collaborators, and problem-solvers. Based on teachers’ observations and classroom docu-
mentation, these expanded roles appeared to create additional entry points for participation,
especially for students who were less engaged in traditional sport-based activities.

Another key finding concerns the role of iterative refinement in aligning technological
activities with the goals of physical education. Over time, the program was adjusted to
reduce technical complexity, improve lesson flow, and protect time for embodied partic-
ipation. This process suggests that the sustainability of digitally mediated PE practices
depends less on the technology itself and more on how it is pedagogically structured and
continuously adapted within real classroom conditions.

The study also highlights the importance of teacher agency in the diffusion of instruc-
tional innovation. Rather than spreading through formal mandates, the program expanded
through teacher-driven adaptation, peer sharing, and informal professional networks, later
supported by institutional training opportunities. This pattern indicates that sustainable
innovation in PE may emerge through a combination of local experimentation, collaborative
redesign, and practice-based knowledge exchange.

Overall, these findings help clarify how maker-based approaches can function as a
form of sustainable digital education in PE—one that is pedagogically grounded, contextu-
ally responsive, and supported through professional collaboration over time.
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5.1. Limitations of the Study

Several limitations should be considered when interpreting the findings of this study:.
First, this research was conducted as a qualitative case study focusing on a specific in-
structional program within a limited number of school contexts. As such, the findings are
intended to provide analytic insights rather than statistically generalizable conclusions.

Second, much of the data was derived from teachers’ reflections, interviews, and
implementation records. Although multiple data sources and peer debriefing were used to
enhance credibility, the possibility of positive reporting bias cannot be entirely excluded. In
particular, interpretations related to student participation and engagement are based on
teacher-reported observations rather than direct student data.

Third, the program was implemented with flexibility across different school settings,
reflecting teachers” autonomy in adapting instructional practices. While this flexibility
strengthens ecological validity, it also makes it difficult to isolate the specific effects of
individual program components.

Finally, the study was conducted within the Korean educational context, which may
shape both implementation and diffusion processes. Therefore, caution is needed when
considering the transferability of the findings to other educational systems.

5.2. Future Research Directions

Future research could build on the present findings by incorporating direct student
perspectives, including interviews, reflective accounts, and quantitative measures of par-
ticipation, motivation, and learning outcomes. Such approaches would provide a more
comprehensive understanding of how maker-based PE is experienced by learners.

In addition, comparative studies across different educational and cultural contexts
would be valuable for examining how such programs can be adapted and sustained under
varying conditions. Longitudinal and mixed-method designs may further help to explore
how participation patterns, engagement, and learning trajectories develop over time.

There is also a need for further research on the application of maker-based PE in
inclusive and adapted education settings, particularly for students with diverse physical
and learning needs, to better understand its potential for supporting equitable participation.

5.3. Recommendations

Based on the findings of this study, several practical implications can be suggested.
First, maker-based PE programs should be designed to maintain a clear balance between
technical activities and embodied physical participation. Ensuring that making activities di-
rectly support movement-based learning is critical for preserving the pedagogical integrity
of physical education.

Second, accessible instructional resources and structured teacher training oppor-
tunities are important for supporting broader implementation. In particular, hands-
on experiences with physical computing tools may help reduce uncertainty and build
teacher confidence.

Third, both informal and institutional teacher networks should be supported, as they
play a central role in enabling the sharing, adaptation, and refinement of instructional
practices. Encouraging collaborative knowledge exchange can contribute to the long-term
sustainability of innovation.

Finally, at the curriculum level, consideration should be given to how digitally medi-
ated activities can be meaningfully integrated into PE in ways that expand participation
opportunities while remaining aligned with the subject’s core educational goals.
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