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Abstract

The increasing integration of artificial intelligence (Al) in education highlights the need
for teacher preparation programs to support pre-service teachers in developing peda-
gogically grounded and ethically responsible AI competencies. This study designed and
preliminarily examined an Experiential Design Learning model within a Digital Learning
Ecosystem (EDL-DLE) to support the development of Al competencies and instructional
innovation in pre-service science teacher education. A four-phase research and develop-
ment framework was employed, including conceptual synthesis, model design and expert
validation, implementation, and evaluation. Participants were 19 second-year pre-service
science teachers from a university in Bangkok. Research instruments included a 40-item Al
competency assessment and an instructional innovation evaluation rubric. Paired-sample
t-test results indicated statistically significant pre—post difference across all Al competency
dimensions, with large effect sizes (Cohen’s d = 0.82-1.59), reflecting notable within-group
changes observed within the EDL-DLE learning context. The instructional innovation
lesson plans were evaluated as generally strong across multiple dimensions, particularly
in learner-centered pedagogy, creativity, and collaboration, while relatively lower perfor-
mance was observed in appropriate Al technology selection and ethical use. Overall, the
findings provide preliminary evidence supporting the feasibility of the EDL-DLE model as
an exploratory instructional approach for fostering foundational Al-related pedagogical
competencies in pre-service science teacher education.

Keywords: Al competencies; digital learning ecosystem; experiential design learning;
instructional innovation; pre-service science teachers

1. Introduction

The rapid expansion of artificial intelligence (AI) and digital technologies has reshaped
educational practices in ways that extend beyond technical convenience. These develop-
ments increasingly influence how learners construct knowledge, interact with learning
resources, and participate in classroom communities (UNESCO, 2024; Rojas & Chiappe,
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2024). For teachers, Al has become embedded in everyday instructional routines, sup-
porting learning analytics, adaptive feedback, and lesson design. Consequently, teacher
education programs are now expected to prepare pre-service teachers who understand
the principles underlying Al and can integrate Al tools responsibly and meaningfully into
future classroom practice (Ng et al., 2021; G.-G. Lee & Zhai, 2024).

At the same time, emerging evidence consistently points to a persistent field-specific
problem in science teacher education: pre-service science teachers often experience dif-
ficulties in translating Al-related knowledge into pedagogically grounded instructional
practice. While many teacher candidates demonstrate general awareness of Al tools,
they frequently struggle with aligning Al use to learning objectives, justifying technology
selection, and operationalizing ethical considerations within concrete science learning
activities (G.-G. Lee & Zhai, 2024). Empirical studies further indicate that, even when
pre-service teachers are introduced to Al tools, their use of Al often remains technically
oriented rather than pedagogically grounded, with limited emphasis on aligning Al ap-
plications to learning objectives, instructional strategies, and learners’ cognitive processes
(Navio-Inglés et al., 2025).

In response to these evolving expectations, pedagogical approaches that promote
active engagement, reflective inquiry, and creative problem-solving have become central
in contemporary teacher education. Experiential Learning emphasizes learning through
direct engagement, reflection, and the transformation of experience into new understanding
(Kolb, 2015). Design Thinking complements this process by guiding learners to explore
problems empathetically, generate ideas, construct prototypes, and iteratively refine instruc-
tional solutions (IDEO, 2015; Morris, 2020). Taken together, these perspectives form the
foundation of Experiential Design Learning (EDL), which encourages pre-service teachers
to investigate authentic educational challenges and develop innovative, learner-centered
instructional designs.

At the environmental level, learning increasingly unfolds within a broader Digital
Learning Ecosystem (DLE). Rather than treating digital tools as isolated supports, DLE
frameworks conceptualize learning as emerging from interactions among people, technolo-
gies, data, and sociocultural contexts (Thorneycroft, 2022; Nguyen & Tuamsuk, 2022). When
digital infrastructure, collaborative learning communities, and adaptive pedagogical tools
function in concert, they can enhance personalized learning and strengthen evidence-based
instructional decision-making (Lane & Goode, 2021; Martelo Gémez et al., 2024).

Although research on EDL, DLEs, and Al competencies has expanded in recent years,
these strands of scholarship often remain insufficiently integrated, particularly in empir-
ical studies situated within pre-service science teacher education. Studies on experien-
tial learning and design thinking tend to emphasize learner engagement, creativity, and
problem-solving processes, but frequently provide limited guidance on how such peda-
gogical mechanisms can be systematically supported by digital ecosystem infrastructures
(Thorneycroft, 2022). Conversely, research on DLEs commonly focuses on technological
architecture, platform integration, and system-level affordances, with less attention to
how these environments interact with experiential and design-oriented pedagogies to
shape teachers’ instructional decision-making (Nguyen et al., 2023; UNESCO, 2024). As
a result, many DLE frameworks remain largely conceptual and lack empirical validation
in authentic teacher education contexts (Nguyen et al., 2023; UNESCO, 2024). This frag-
mentation highlights a critical research gap: the absence of empirically grounded models
that explicitly connect experiential design learning processes with DLE structures to sup-
port pre-service science teachers in translating Al-related knowledge into pedagogically
sound, ethically responsible, and contextually meaningful instructional innovations within
inquiry-oriented science learning activities. Recent PRISMA-guided reviews and bibliomet-
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ric analyses further confirm this fragmentation, indicating that while experiential learning,
design thinking, and DLEs are increasingly discussed in science teacher education, their
integration as a coherent, empirically validated pedagogical model—particularly for Al
competency development—remains limited (Techakosit et al., 2025).

Accordingly, this study was guided by the following research questions: (RQ1) what
experiential design learning processes can be synthesized to enhance Al competencies and
instructional innovation among pre-service science teachers; (RQ2) how can an EDL-DLE
be designed and developed to support Al competency development and instructional
innovation in pre-service science teacher education; (RQ3) to what extent do pre-service
science teachers” Al competency levels change before and after participation in the EDL—
DLE model; and (RQ4) what is the quality of instructional innovations produced by
pre-service science teachers after participating in the EDL-DLE model.

Based on these research questions, the study pursued the following objectives: (1) to
synthesize experiential design learning processes that enhance Al competencies and in-
structional innovation; (2) to design and develop an EDL-DLE; (3) to examine changes
in pre-service teachers” Al competency levels before and after participating in the model;
and (4) to evaluate the quality of instructional innovations they produce. Through these
objectives, the study proposes and validates a model intended to support the preparation
of Al-competent and innovation-oriented science teachers in a rapidly evolving digital era.

2. Literature Review
2.1. Experiential Design Learning

Experiential Design Learning (EDL) synthesizes two widely used approaches in
teacher education: Experiential Learning (EL) and Design Thinking (DT). EL conceptualizes
learning as a cyclical process in which individuals engage with concrete experiences, reflect
on those experiences, form new conceptual understandings, and apply those insights in
new contexts (Kolb, 2015; Villarroel et al., 2020). DT provides a complementary orientation
by guiding learners to interpret problems empathetically, generate and test ideas, and
revise solutions based on feedback (IDEO, 2015; Morris, 2020).

When integrated, these two approaches form the foundation of EDL, where experience-
driven sense-making supports the design of creative and context-appropriate solutions. The
EDL process encourages learners to investigate authentic educational problems, develop
emerging insights, and construct prototype solutions that can be iteratively refined (Butler
et al., 2019; Ajani, 2023). Within pre-service science teacher education, EDL has been shown
to foster inquiry, creativity, and instructional adaptability—competencies increasingly
required in digitally mediated learning environments. However, while EDL has been
explored in various instructional design contexts, its use in Al-supported teaching and
learning has only recently begun to receive attention. Prior research has indicated that
experiential and design-oriented learning processes—characterized by problem exploration,
iterative design, and reflective refinement—can promote learner agency and higher-order
competencies within digital learning contexts (Techakosit et al., 2025).

2.2. Digital Learning Ecosystem

The Digital Learning Ecosystem (DLE) provides a broader lens for understanding
how learning unfolds within technology-rich environments. Rather than focusing solely
on digital tools, DLE frameworks conceptualize learning as emerging from dynamic inter-
actions among people, technologies, data, and sociocultural contexts (Thorneycroft, 2022;
Rojas & Chiappe, 2024). Across the literature, key components include digital infrastruc-
ture, collaborative learning communities, adaptive pedagogical design, and Al-enabled
personalization (Nguyen & Tuamsuk, 2022; Martelo Gémez et al., 2024).
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A well-structured DLE supports teachers and learners through seamless platforms,
real-time data, and networked learning resources that enhance interaction, feedback, and
reflective sense-making. Such ecosystem conditions are especially valuable in teacher
education, where pre-service teachers benefit from spaces that support inquiry, prototyping,
and iterative refinement in digitally mediated contexts (Lane & Goode, 2021). While
DLE frameworks offer a useful conceptual foundation, ongoing research has increasingly
emphasized the importance of examining how such ecosystems can be enacted in practice,
particularly in relation to experiential and design-based learning processes that support
Al-related learning.

Empirical studies have demonstrated that well-designed DLEs can support learner-
centered and constructionist learning activities by integrating technological tools, collab-
orative spaces, and reflective learning processes. For example, research has shown that
learning activities situated within a DLE can enhance students’ self-directed learning skills
and learning achievement, highlighting the potential of ecosystem-based environments to
support higher-order learning outcomes (Techakosit & Rukngam, 2024).

2.3. Al Competencies

Al competencies refer to the knowledge, skills, and dispositions required to under-
stand, apply, and critically evaluate artificial intelligence in educational settings (Ng et al.,
2021; UNESCO, 2024). Recent frameworks converge on four major areas: foundational Al
knowledge, practical application, ethical and responsible use, and collaboration with Al
systems and other learners (Chiu et al., 2024; Annapureddy et al., 2025). These dimensions
are increasingly relevant to future science teachers, who now rely on Al to support lesson
design, learner analytics, instructional decision-making, and content creation.

Current research suggests that experiential and design-oriented learning can promote
deeper Al competency development by placing learners in authentic problem scenarios
where Al tools serve meaningful instructional purposes (Filo et al., 2024; Annapureddy
et al., 2025). However, such learning must occur within environments that support experi-
mentation, feedback, and ethical reflection—conditions closely aligned with the principles
of the DLE. While these frameworks provide valuable guidance, recent discussions have in-
creasingly emphasized the importance of examining how experiential and design-oriented
learning can be supported by ecosystem-level conditions in the development of Al compe-
tencies for teacher education. In teacher education, AI competency is increasingly viewed
as a professional capability that supports instructional design, assessment, and feedback
rather than as a replacement for teachers’ pedagogical roles. Studies in educational contexts
suggest that Al can function as a complementary tool that enhances teaching practices
while preserving teachers” agency and professional judgment (Navio-Inglés et al., 2025).

2.4. Instructional Innovation

Instructional innovation refers to the design of learner-centered and pedagogically
sound learning experiences that enhance learning effectiveness and student satisfaction
(Y.-]. Lee, 2011). The TPACK framework (Mishra & Koehler, 2006) provides a foundational
perspective for examining instructional innovation by emphasizing the dynamic integration
of content, pedagogy, and technology. Within this framework, instructional innovation is
shaped not only by teachers’ technological pedagogical content knowledge but also by their
pedagogical beliefs and instructional design decisions (Almunawaroh & Steklacs, 2025). In
science education, TPACK has been shown to support inquiry-oriented learning through
technology-enhanced environments such as simulations and computer-based laboratories
(Srisawasdi, 2012).
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In this study, instructional innovation is conceptualized as the intentional design and
implementation of novel or refined instructional approaches that enhance teaching and
learning processes through learner-centered pedagogy and the meaningful integration of
digital and Al-supported tools. Instructional practice is defined as the set of pedagogical
strategies, methods, and decision-making processes enacted by teachers in the design and
facilitation of learning activities. Learning is understood as the process through which
learners acquire and transform knowledge, skills, and attitudes through active engagement,
reflection, and interaction within instructional contexts. This conceptualization aligns with
constructivist-oriented views of instructional design and professional learning in teacher
education, which emphasize active engagement, reflection, and the meaningful integration
of technology into pedagogical practice (e.g., Mishra & Koehler, 2006; Redecker, 2017).

The growing presence of artificial intelligence has further expanded opportunities
for instructional innovation, while raising concerns related to responsible use (G.-G. Lee
& Zhai, 2024). In pre-service teacher education, recent studies suggest that generative Al
can function as a complementary tool that supports feedback, reflection, and instructional
design without replacing teachers’ professional judgment (Navio-Inglés et al., 2025). This
highlights the need for structured learning processes that foster both creative instructional
design and the development of Al competencies.

Across prior studies, there is broad agreement that experiential learning and design
thinking approaches can foster creativity, reflection, and problem-solving skills among
pre-service teachers. However, these studies often focus primarily on pedagogical pro-
cesses, with limited attention to how digital learning ecosystem (DLE) infrastructures
systematically support such experiential design mechanisms (e.g., Thorneycroft, 2022). By
comparison, research on DLEs emphasizes technological integration and system-level af-
fordances, but frequently underexplores how these environments interact with experiential
and design-oriented pedagogies to shape instructional decision-making (Nguyen et al.,
2023; UNESCO, 2024).

Taken together, research on experiential design learning (EDL), digital learning ecosys-
tems, and Al competencies points to a clear intersection. EDL emphasizes experiential and
design-oriented processes that promote inquiry, creativity, and iterative problem solving
(Techakosit et al., 2025), while DLEs provide the technological and collaborative conditions
that sustain these processes. Empirical evidence further indicates that ecosystem-based,
learner-centered learning activities can enhance self-directed learning and learning achieve-
ment, forming a foundation for more advanced competency development (Techakosit &
Rukngam, 2024). However, existing instructional models have only begun to explore how
experiential design processes, digital ecosystem structures, and Al competency develop-
ment can be coherently integrated, particularly in authentic pre-service science teacher
education contexts. This gap underscores the need for an evidence-based instructional
model that explicitly connects these elements.

3. Materials and Methods
3.1. Research Design

This study employed a Research and Development (R&D) design to construct and
validate the EDL-DLE model aimed at enhancing Al competencies and instructional
innovation among pre-service science teachers. The R&D design was selected because
it supports a systematic progression from conceptual synthesis to model development,
validation, and refinement—an approach widely recommended in educational innovation
research (Borg & Gall, 1989; Afriani et al., 2025).

The research procedure consisted of four phases: (1) synthesizing key concepts related
to EDL, DLE, and AI competencies; (2) designing and developing the EDL-DLE model;
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(8) comparing pre- and post-learning Al competency levels of pre-service science teachers;
and (4) evaluating the quality of instructional innovations produced through the model.

In addition to quantitative data collected during the implementation phase, the in-
structional innovation evaluation rubric included open-ended items that allowed the
researcher-instructor to document observational notes during the assessment of pre-service
science teachers’ instructional innovations. These researcher-recorded observations were
used to support interpretive discussion of the evaluation results and to provide contextual
clarification, rather than as a formal qualitative research component.

3.2. Participants

Participants in this study were 19 second-year pre-service science teachers enrolled
in the course Science Extracurricular Activities at a faculty of education in a university
located in Bangkok, Thailand. Initially, 20 students volunteered to participate; however, one
participant was excluded from the final analysis due to incomplete responses, in accordance
with the predetermined exclusion criterion. As second-year students, the participants were
at an early stage of their teacher education training, with most having completed primarily
science-major coursework during their first year and having limited prior experience in
instructional design or classroom management. This context aligned with the aims of the
study, which sought to develop foundational competencies in design-oriented thinking
and engagement with DLEs among early-stage pre-service teachers.

The participants constituted an intact class for which the researcher served as the
course instructor; therefore, random sampling procedures were not employed. All partic-
ipants were over 18 years of age and provided informed consent prior to taking part in
the study.

3.3. Instruments

The research instruments were organized according to the four phases of the study to
ensure alignment between the research objectives and the data collection process.

3.3.1. Instruments for Phase 1: Conceptual Synthesis

Phase 1 employed two instruments to systematically analyze and synthesize the core
concepts related to EL, DT, DLE, Al competencies, and instructional innovation:

e  Document Analysis Record Form
This form was used to extract relevant information from relevant books, schol-
arly articles, and research reports. It facilitated a systematic review of definitions,
key ideas, conceptual components, and procedural structures associated with each
theoretical domain.

o  Concept Synthesis Matrix
The matrix was developed to compare and synthesize insights from the document
analysis. It highlighted converging and diverging perspectives across scholars and
served as a foundational tool for identifying shared structures that informed the
conceptual framework of the EDL-DLE learning model.

3.3.2. Instruments for Phase 2: Model Design and Development
Phase 2 utilized two instruments to design and refine the EDL-DLE model.

e EDL-DLE Learning Model
The initial version of the learning model was developed based on the conceptual
synthesis from Phase 1. The model integrates three key elements into a single frame-
work: (1) the experiential and design-oriented processes from the EDL cycle, (2) the
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structural and functional components of the DLE, and (3) the four dimensions of
Al competencies.

e  Expert Evaluation Form
A five-point Likert-scale instrument was developed to evaluate the appropriateness
of the model. The form included four sections assessing: (1) the clarity and rele-
vance of the EDL process, (2) the adequacy of DLE components, (3) the suitability
of the Al competency dimensions, and (4) the alignment among the three integrated
components. Five experts reviewed the model and provided quantitative ratings as
well as qualitative suggestions, which were used to refine and strengthen the model
before implementation.

3.3.3. Instruments for Phase 3: Implementation of the Learning Model

Phase 3 employed two instruments to implement the EDL-DLE model and assess
changes in pre-service teachers” Al competencies:

e  Lesson Plan (Supplementary Materials): “Designing Science Extracurricular Activities”
A lesson plan was developed based on the EDL-DLE model and aligned with the five
stages of the EDL cycle. Digital tools and Al applications were embedded throughout
the activities to ensure coherence with experiential, design-oriented, and digitally
supported learning. To establish instructional quality, the lesson plan was reviewed
by three experts, all of whom held doctoral degrees and had substantial experience in
evaluating lesson plans and instructional design. Using a five-point Likert-scale form,
the experts rated the lesson plan as excellent (Mean = 5.00, S.D. = 0.00), confirming its
suitability for implementation in this phase.

o Al Competency Assessment (Supplementary Materials) for Pre-Service Science Teachers
The AI competency assessment comprised 40 situational self-assessment items across
four dimensions, rated on a six-point behavioral scale ranging from “no prior experi-
ence” to “able to lead and guide others.” The six performance levels were intentionally
designed as developmental behavioral anchors rather than Likert-scale agreement
statements, to capture progressive levels of Al competency development among pre-
service science teachers. Five experts, all holding doctoral degrees with substantial
experience in integrating Al tools into university-level teaching, examined the content
validity of the instrument using the Index of Item-Objective Congruence (I0C). All
items achieved IOC values between 0.80 and 1.00. After revisions, the instrument
was pilot-tested with 30 third- and fourth-year pre-service science teachers outside
the study sample. Reliability analysis yielded a Cronbach’s alpha coefficient of 0.935,
indicating excellent internal consistency and supporting its use in the main study.

3.3.4. Instruments for Phase 4: Evaluation of Instructional Innovation

Phase 4 employed an instrument to evaluate the quality of instructional innovation
products developed by pre-service science teachers following participation in the EDL-
DLE learning model. In this study, instructional innovation was conceptualized as a
pedagogically grounded process of lesson design, emphasizing how teachers adapt, design,
and enact curriculum materials rather than merely adopting digital tools.

Consistent with constructivist-oriented curriculum material use frameworks, instruc-
tional innovation was operationalized through the quality of lesson plans produced, reflect-
ing teachers’ instructional decision-making, pedagogical beliefs, and their integration of
technology within curriculum materials (Almunawaroh & Steklécs, 2025). Accordingly, the
Instructional Innovation Evaluation Rubric was designed to capture observable indicators
of innovation across aligned dimensions of curriculum objectives, learning activities, as-
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sessment practices, and technology integration, allowing systematic evaluation of teachers’
constructivist and transmissive design orientations. The instrument is described below.

e Instructional Innovation Evaluation Rubric

The Instructional Innovation Evaluation Rubric was constructed to assess the quality of
instructional products created by pre-service science teachers following their engage-
ment in the EDL-DLE learning model. The rubric was developed based on a synthesis
of relevant literature, which informed six key dimensions: curriculum alignment,
learning activity design, integration of digital and Al technologies, creativity, collabo-
rative learning, and ethical technology use. To validate these dimensions, a five-point
Likert-scale evaluation form was reviewed by three experts, all of whom held doctoral
degrees and had extensive experience evaluating lesson plans and instructional design
in higher education. The experts rated the criteria as highly appropriate (Mean = 4.83,
S.D. =0.46), and their feedback was used to refine and finalize the rubric as a four-level
performance measure (“Needs Improvement” to “Excellent”) comprising ten core
criteria. To examine the clarity and consistency of rubric application, three additional
experts—each with a master’s degree or higher and substantial experience in assessing
lesson plans—applied the rubric to a sample lesson plan. Inter-rater agreement, ana-
lyzed using Kendall’s Coefficient of Concordance, indicated substantial consistency
among raters (W = 0.70, x2(9) = 18.91, p = 0.026). These results confirm that the rubric
is clear, appropriate, and ready for use in evaluating instructional innovation products
in the main study. In addition to numerical performance ratings, the rubric included
open-ended comment sections that allowed evaluators to record assessment-related
observations during the evaluation of instructional innovation artifacts. These ob-
servations were used to support interpretive discussion of the rubric results and to
provide contextual clarification of quantitative scores.

All research instruments, including assessment tools and evaluation forms, are avail-
able from the corresponding author upon reasonable request.

3.4. Procedures and Data Collection

The research procedures and data collection were carried out across the four phases
of the R&D process. Each phase employed methods consistent with its specific research
objectives, ensuring coherence and methodological rigor in developing the EDL-DLE
model aimed at enhancing Al competencies and instructional innovation among pre-service
science teachers.

3.4.1. Phase 1: Literature and Document Synthesis

Phase 1 focused on synthesizing the theoretical foundations of the EDL-DLE model
through a systematic review and thematic analysis across five key domains: EL, DT, DLE,
Al competencies, and instructional innovation. The process involved identifying recurring
concepts, shared structures, and analytical themes that informed the subsequent stages of
model development.

For EL, major works by Diem (2001), Biswal (2015), Kolb (2015), Matriano (2020),
Morris (2020), Villarroel et al. (2020), and Ajani (2023) were reviewed to extract core experi-
ential processes that support deep engagement, reflective thinking, and transformation of
experience into actionable knowledge.

For DT, prominent frameworks from the Design Council (2025), IDEO (2015), Hasso
Plattner Institute of Design at Stanford (2015), PBS LearningMedia (2017), and IBM (2025)
were examined to identify themes related to creative problem-solving, learner-centered
inquiry, iterative prototyping, and solution refinement.
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Insights from EL and DT were integrated through thematic synthesis to construct
the EDL process, positioning experiential engagement as the foundation for creative,
problem-oriented design. This synthesis resulted in a coherent five-step process that
combines experiential and design-oriented learning, forming the pedagogical core of the
EDL-DLE model.

For the DLE component, studies by Beggan (2020), Nguyen and Tuamsuk (2022),
Thorneycroft (2022), Rojas and Chiappe (2024), and Martelo Gémez et al. (2024) were
reviewed to identify sub-components of DLEs. Thematic analysis produced several key
elements, including digital infrastructure, learning communities, sociocultural context,
adaptive pedagogy, and Al-supported personalization.

A similar analytical process was applied to literature on Al competencies (Ng et al.,
2021; Annapureddy et al., 2025; Chiu et al., 2024; Filo et al., 2024; UNESCO, 2024). This
synthesis yielded sub-dimensions relevant to pre-service science teachers, such as foun-
dational Al knowledge, pedagogical application, ethical and responsible Al use, and
human-AI collaboration.

Finally, research on instructional innovation (Harris et al., 2010; Howland et al., 2012;
Rosenberg et al., 2015; Koh, 2013; G.-G. Lee & Zhai, 2024) was synthesized to derive criteria
for evaluating technology-enhanced instructional design and innovation.

The results from these syntheses were comparatively analyzed to identify shared
structures, conceptual linkages, and potential points of integration across the five domains.
These insights collectively informed the design of the EDL-DLE learning model in Phase 2.

3.4.2. Phase 2: Model Development and Expert Evaluation

In Phase 2, insights from the conceptual synthesis were used to construct the EDL-DLE
model. The model integrates three core components: (1) the EDL process, (2) key elements
of the DLE, and (3) dimensions of Al competency. These components were systematically
organized to reflect the interrelationships among experiential learning processes, digital
learning environments, and Al-related competencies, forming a coherent framework to
guide pre-service science teachers’ engagement with Al-supported instructional design.

The resulting model was reviewed by experts in educational technology and in-
structional design. All experts held doctoral degrees and had substantial experience in
curriculum development, instructional design, and evaluating Al-enhanced learning mod-
els in higher education. The Expert Evaluation Form assessed four domains: (1) clarity
and relevance of the EDL process, (2) adequacy of the DLE components, (3) appropriate-
ness of the Al competency dimensions, and (4) internal alignment among the integrated
components. The instrument employed a five-point Likert scale and provided space for
qualitative comments intended to strengthen the model. Quantitative data from the expert
evaluations were analyzed using mean and standard deviation to describe overall trends in
expert ratings. In addition, the degree of agreement among experts was examined using
Kendall’s coefficient of concordance (W). The analysis indicated a low and non-significant
level of inter-expert (W = 0.1846, x%(25) = 23.08, p = 0.5731), suggesting variability in expert
judgments across evaluation dimensions. This result should be interpreted in light of the
evaluation purpose, which emphasized content validity, conceptual clarity, and theoretical
alignment rather than comparative ranking or decision-making. Accordingly, variability in
ratings reflects differences in expert perspectives rather than inconsistency in judgment. To
address this, qualitative feedback from experts was systematically incorporated alongside
quantitative ratings to refine and strengthen the proposed model prior to implementation.
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3.4.3. Phase 3: Implementation of the Learning Model

In Phase 3, the EDL-DLE model was implemented to examine changes in pre-service
science teachers” Al competencies. Participants first completed the Al Competencies
Assessment for Pre-Service Science Teachers as a pre-test. Prior to the intervention, the
distribution of pre-test scores was assessed using the Shapiro-Wilk test. All p-values
exceeded 0.05 across the four Al competency dimensions, indicating that the data met the
normality assumption required for parametric analysis.

The instructional intervention was delivered through the lesson plan “Designing
Science Extracurricular Activities,” which was developed in alignment with the EDL-
DLE framework. Teaching sessions were conducted over five weeks in a blended format
that combined face-to-face instruction with activities on the university’s digital learning
management system. After the intervention, participants completed the same assessment
as a post-test to measure changes in Al competency levels.

Given the relatively small sample size (n = 19), normality of the difference scores
was examined using the Shapiro-Wilk test, which indicated no significant deviations from
normality. Accordingly, pre- and post-test scores were analyzed using paired-sample t-tests.
Effect sizes (Cohen’s d) were calculated to indicate the magnitude of observed effects and
support the interpretation of practical significance in a small-sample pre—post design.

3.4.4. Phase 4: Evaluation of Instructional Innovation

In the final phase, participants produced an instructional innovation project in the form
of a lesson plan for a science extracurricular activity. In the main study, the instructional
innovation products were evaluated by the researcher-instructor using the validated rubric,
following clearly defined scoring criteria and performance descriptors. This approach
supported consistent application of evaluation criteria, informed by direct engagement
with the instructional context and learning activities. The instructional innovation products
were assessed using the Instructional Evaluation Rubric, which had undergone expert
validation to ensure clarity, relevance, and consistency of its criteria. The rubric was
previously reviewed by three experts with doctoral degrees and extensive experience
evaluating lesson plans, and its application was further examined through inter-rater
testing by three additional experts with master’s degrees or higher and practical experience
in assessing instructional design.

Scores across the rubric dimensions were analyzed using descriptive statistics (mean
and standard deviation) to determine the overall quality of participants’ instructional inno-
vations. These results provided key evidence of the extent to which the EDL-DLE model
supported pre-service science teachers in designing pedagogically sound and technology-
enhanced instructional innovations.

In addition to quantitative rubric scores, the Instructional Innovation Evaluation
Rubric (Supplementary Materials) included open-ended comment sections that allowed the
researcher—instructor to document assessment-related observations during Phase 4. These
observations were recorded alongside the evaluation of instructional innovation artifacts
and focused on aspects such as pedagogical alignment, instructional design decisions, and
the use of digital technologies in lesson plans. The recorded observations were used to
support the interpretation of quantitative rubric scores by providing contextual clarification
of observed patterns, rather than serving as a formal qualitative data source.

4. Results

The results are organized according to the four research objectives, reflecting the
sequential phases of the R&D process. This section presents findings from the conceptual
synthesis and model development phases, followed by the assessment of pre-service
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teachers” Al competencies and the instructional innovations produced through the EDL-
DLE model.

4.1. Phase 1 Results: Synthesis of the EDL Process Within a Digital Learning Ecosystem

To address Objective 1, a structured synthesis of literature related to EDL, DLE, and
Al competencies was conducted. The synthesis identified key conceptual components that
informed the development of an EDL process situated within a DLE.

The results revealed a set of recurring themes that shaped the conceptual foundation
of the model. For the EDL component, the literature consistently emphasized experiential
engagement, reflective inquiry, creative problem-solving, and iterative design. In parallel,
the synthesis of DLE frameworks highlighted key ecosystem elements, including digital
infrastructure, learning communities, sociocultural context, adaptive pedagogy, and Al-
supported personalization. The review of Al competency frameworks further converged
on four core dimensions: Al knowledge, Al application, ethical and responsible use, and
human—AI collaboration. Together, these findings established the conceptual structure
guiding the development of the EDL-DLE model.

4.1.1. Synthesis of EL and DT into the EDL Process

The synthesis of EL and DT resulted in a unified experiential-design learning process
that serves as the core mechanism of the EDL-DLE model. Across the reviewed literature,
EL was characterized by cycles of concrete experience, reflection, conceptual understanding,
and active experimentation, while DT emphasized empathy-driven problem exploration,
idea generation, prototyping, and iterative refinement.

The integration of these principles led to an experiential-design cycle that supports
inquiry, creativity, and continuous improvement, providing a pedagogical foundation
for engaging pre-service science teachers in authentic problem solving within digitally
mediated learning environments.

Building on this thematic synthesis, the five-step EDL process was structured as a
coherent experiential-design cycle. Table 1 presents the conceptual alignment between EL
and DT, while Figure 1 visualizes how these integrated principles unfold as a continuous
process, from empathic exploration to iterative testing. Together, the table and figure con-
solidated the EDL process as a unified pedagogical structure that serves as the foundation
for the subsequent development of the EDL-DLE learning framework.

Table 1. Thematic Synthesis of EL and DT Leading to the EDL Process.

Synthesized EDL Step

Insights from EL Insights from DT Thematic Focus

Empathic Exploration
Understanding learners
and contexts through
experiential inquiry and
empathetic engagement.

EL emphasizes experiential
engagement as a foundation for DT highlights empathy as a
understanding learners’ needs  starting point for identifying

and contextual learning user needs through Understanding .

o . T . learner and learning
conditions, supporting observation, interviews, and context
learner-centered inquiry and contextual inquiry
problem identification (IDEO, 2015).

(Kolb, 2015)

Reflective Framing
Interpreting experiences to
articulate problem
statements.

Reflective observation enables
learners to analyze experiences,
identify patterns and construct

Problem framing organizes
insights into clearly defined = Making sense of

meanineful interpretations that and actionable design experiences and
inform fguture ac tIi)on (Villarroel challenges (Design Council,  defining problem
2025).

et al., 2020).
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Table 1. Cont.

Synthesized EDL Step

Insights from EL Insights from DT Thematic Focus

Creative Ideation
Developing diverse
solution pathways through
imaginative and
collaborative processes.

Divergent thinking,
brainstorming, and creative
exploration stimulate idea
generation and innovation
(Morris, 2020; PBS
LearningMedia, 2017).

Abstract conceptualization
supports the ideas informed by
experience and reflective insight
(Kolb, 2015).

Generating ideas
and possibilities

Applied Prototyping
Constructing preliminary

Prototyping translates

Active experimentation abstract ideas into testable

emphasizes applying ideas to Acting on ideas

. . forms and supports iterative  through
solutions to explore test assumptions and explore . : .
feasibilit solution feasibility (Kolb, 2015) refinement (IDEO, 2015; experimentation

Y- ty (Rolb, 2015)- 1501, 2025).
Iterative Testing Refining s . Iterative testing cycles gather
solutions through repeated Rev1s1.t1ng and reflecting on feedback and strengthen Continuous
. experiences deepens . . .
testing, feedback, and . . solution quality through refinement and
. understanding and improves . ; .
evidence-based continuous refinement improvement

adjustments.

subsequent actions (Kolb, 2015). (Design Council, 2025)

A stage of testing prototypes with real
users, collecting feedback, and making
continuous improvement.
: Test prototypes with real users, use
analytics or Al feedback to evaluate
and refine work.

: Facilitate testing, observe behaviors,
b . X
provide personalized feedback, and
encourage reflection.

A stage of transforming ideas
into tangible prototypes to test
the feasibility of proposed

solutions.

: Use digital or Al tools to
create lesson prototypes.

: Provide technical guidance, 7 >

ensure appropriateness, and
support digital experimentation.

The learning begins with fostering
empathy through real or simulated
experiences to gain a deep understanding
of users or learners.

: Observe, interview, and
collect data to understand
user context and needs.

: Guide inquiry methods and
questioning; facilitate
reflection and discussion.

Experiential
Design ”
Learning

A stage of analyzing experiential
data to clearly define problems and
formulate a design framework.

: Analyze data, summarize
key issues, create concept

maps, and pose design
A stage that encourages learners to use | questions.
imagination and creativity to design ; Guide analytical thinking,
diverse solution. use digital tools, and

: Brainstorm using digital or Al tools to

expand

O solutions.
: Foster an open, safe environment for
idea exchange and provide creative

promote logical reasoning.

means Teacher

ideas and explore new

means Learners

guidance.

Figure 1. The five-stage EDL process illustrating iterative learning cycles and complementary learner—
teacher roles.

Figure 1 illustrates the five-stage EDL cycle, showing how experiential engagement
and design-oriented inquiry unfold as a continuous and iterative learning process. Each
stage serves a distinct pedagogical function, together forming the experiential-design core
of the EDL-DLE model.
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4.1.2. Conceptual Integration of DLE Components

This study further synthesized key constructs of the DLE to identify the technological,
pedagogical, and sociocultural conditions that support the EDL process. Across existing
DLE frameworks, recurring emphases were identified in digital infrastructure, collaborative
learning communities, sociocultural context, adaptive pedagogy, and Al-supported per-
sonalization. A thematic comparison of these frameworks revealed convergent ecosystem
functions, which were consolidated into a coherent set of components explaining how
digital environments support and shape experiential, design-oriented learning within the
EDL-DLE model.

This synthesis organizes the DLE components into a coherent structure that underpins
and strengthens the EDL process. Table 2 presents the core components and subcomponents,
while Figure 2 illustrates their interaction as a dynamic digital ecosystem supporting learner
engagement and Al-enhanced personalization, which together form the digital foundation

of the EDL-DLE model.

Table 2. Synthesis of DLE Components.

DLE Component Key Ideas from Literature Thematic Focus Subcomponents
Digital networks, LMS
Platforms, sy?,tem e Infrastructure that (A) Learning Platforms &
interoperability, accessibility, .
and security from the provides stable Tools
Digital . connectivity, integrated (B) Data Integration
technological backbone that
Infrastructure . data systems, and (C) Digital Networks
enable seamless and sustainable 4 . .
learning environments (Beggan accessible technologies to (D) Technical Support
& s8atl support EDL processes. (E) Security & Accessibility
2020; Thorneycroft, 2022;
Martelo Gémez et al., 2024).
Learning communities,
collaborative interaction, peer
support, and sociocultural Human-centered (F) Learner Engagement
Human dimensions collectively foster participation that cultivates  (G) Collaborative Learning
Encacement active participation, shared collaboration, reflection, (H) Learning Community
538 meaning-making and and community-driven (I) Exchange & Reflection
knowledge exchange (Nguyen  learning within the DLE. (J) Positive Learning Culture
& Tuamsuk, 2022; Rojas &
Chiappe, 2024).
Al analytics, adaptive feedback, (K) AI Recommendation
and recommendation systems Data-driven Systems
Al provide individualized learning personalization that adapts (L) Personalized Learning
Personalization experiences aligned with content, feedback, and (M) Learning Analytics
learners’ needs (Beggan, 2020; learning paths to optimize  (N) Adaptive Feedback
Rojas & Chiappe, 2024; learner development. (O) Real-Time Progress
Thorneycroft, 2022). Tracking
Flexible, learner-centered, and  Pedagogical flexibility (P) Learner-Centered
inquiry-based digital learning enabling tailored, Pedagogy
Adaptive designs that blend online and engaging, and interactive  (Q) Inquiry-Based Design
Pedagogy onsite modes (Nguyen et al., learning aligned with (R) Adaptive Content

2023; Martelo Gémez et al.,
2024).

curriculum and
learner needs.

(S) Hybrid /Blended Learning
(T) Digital Pedagogical Design

Figure 2 illustrates the core components of the DLE and shows how technological,

pedagogical, and sociocultural elements interact to form an integrated environment that
supports each stage of the EDL process. Collectively, these components create the digital,
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collaborative, and adaptive conditions necessary to foster learner-centered innovation,
providing the ecosystemic foundation of the EDL-DLE model.

[0 Learning Platforms & Tools ]

(¢ Al Recommendation Systems

[Q Data Integration | ‘

I} Personalized Learning

[e Digital Networks ]

DTechnical Support

[G Security & Accessibility ]

Digijal AI. . B 140 Learning Analytics
Infrastructure Personalization
[} Adaptive Feedback
=y
Digital 0) Real-Time Progress Tracking
Learning
Ecosystem
(DLE)  Learner-Centered Pedagogy

/i) Learner Engagement

¢} Collaborative Learning

) Inquiry-Based Design

Human Adaptive
Engagement Pedagogy .
51 Learning Community ¢ Adaptive Content
[ Exchange & Reﬂection.l °) Hybrid/Blended Learning

| ) Positive Learning Culture

I Digital Pedagogical Design

Figure 2. The DLE: four interconnected components—Digital Infrastructure, Human Engagement, Al-
Enhanced Personalization, and Adaptive Pedagogical Design—each comprising five subcomponents.

4.1.3. Conceptual Integration of Al Competency Dimensions

This analysis synthesized established Al competency frameworks to identify the core
knowledge, skills, ethical awareness, and collaborative capacities required of pre-service
science teachers. Through thematic integration, these elements were consolidated into
a coherent set of Al competency dimensions that are developmentally aligned with the
experiential-design orientation of the EDL-DLE model.

This synthesis organizes the four Al competency dimensions into a coherent and
process-aligned structure that reflects how Al knowledge, application, ethics, and collabo-
ration are progressively developed across the EDL stages. Table 3 presents the conceptual
foundations and sub-dimensions of each competency, while Figure 3 visualizes their in-
tegration within the EDL-DLE model, illustrating how Al-related learning outcomes are
scaffolded through experiential and design-oriented learning activities.

Table 3. Synthesis of Al competency dimensions.

AI Competency

Key Ideas from Literature

Synthesis Focus

Sub-Dimensions

Dimension
Understanding core Al concepts and
mechanisms—such as machine
learning, neural networks, and
natural langua, I ing—and
Al Knowledge guage processing

recognizing their roles in everyday
and educational contexts (Ng et al.,
2021; UNESCO, 2024; Chiu et al.,
2024).

Foundational and reflective
understanding of Al concepts,
system operations, limitations,
and societal roles that support
informed and critical
engagement with Al across
learning contexts.

(a) Understand core AI concepts
(b) Explain how AI works

(c) Identify the limits and potential
of Al

(d) Acknowledge AI’s role in
learning and society.
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Table 3. Cont.

AID(i;)nIEE:it;I:Cy Key Ideas from Literature Synthesis Focus Sub-Dimensions
Emphasizes computational thinking  Progressive development of
and the ability to apply Al tools, practical and strategic Al use, Efe)) g::i Al :;i:?fi?&ﬁgimth Al
automation, and data-driven moving from basic (2) Evalg:la te Al data accuracy and
Al Application systems to solve problems and problem-solving toward rilevance Y
design innovations in authentic context-sensitive design, (h) Adapt AT use to context and
contexts (Annapureddy et al., 2025;  evaluation, and refinement of learnin p oals
Filo et al., 2024; Chiu et al., 2024). Al-supported tasks. &8
Highlights ethical awareness, Development of ethical . .
fairness, transparency, and respect judgment and responsible Al EI) IEJ n(t:lerstand Al (?ltatlucil n
for privacy when using Al, with practices through reflection on (]12) 8::2? ri?zg?s; treans C;e::;e
Al Ethics attention to the broader social data use, transparency, and accourll)tabl P y
consequences of Al deployment (Ng  accountability, and societal (I) Consider imyacts on data
et al., 2021; Filo et al., 2024; impact within authentic . d p. t ’
UNESCO, 2024). learning activities. privacy, and equity
Focuses on productive collaboration Human—AI collaborative (m) Support collaboration through
with Al systems and other people itv that evolves from Al
through communication, cAaIpaaty that evolv (n) Use Al to enhance
. cooperation, and shared reflection to -supported t eamwork communication and collaboration
Al Collaboration toward reflective knowledge

support knowledge co-creation and
innovation (UNESCO, 2024;
Annapureddy et al., 2025; Chiu et al.,
2024).

sharing and the development
of trustful human-AlI
relationships.

(0) Reflect on and share knowledge
derived from Al use

(p) Build trustful human-AlI
relationships

Support collaborative
learning through Al

[ Use Al to enhance communication

and collaboration

Understand Al
ethics

Foster a responsible
Al culture

\

Al Ethics

Use Al transparently
and accountably

Consider impacts on dat:
privacy, and equity

aO]_

[ Use Al to solve problems o

AT Application

Reflect on and share knowledge
derived from Al use

Build trustful human-AlI
relationships

o OUnderstand core
| Al concepts

AI Knowledge

Explain how
Al'works

Identify the limits
and potential of Al

[

Acknowledge Al’s role
in learning and society

Evaluate Al data accuracy
and relevance.

Adapt Al use to context

[Design tasks or activities with Al o [ and learning goals ]

Figure 3. The Al competencies Framework for pre-service science teachers: four dimensions—AI
Knowledge, Al Application, Al Ethics, and Al Collaboration—each comprising four indicators.

Figure 3 illustrates how the integration of EDL and a DLE supports the development
of comprehensive Al competencies. EDL provides experiential and inquiry-driven learning
cycles that facilitate meaningful sense-making, while the DLE offers adaptive, data-rich,
and technologically mediated conditions for authentic engagement with Al systems. When
combined, these frameworks form a complementary learning environment that supports
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the conceptual, practical, ethical, and collaborative dimensions of Al competency develop-
ment (Kolb, 2015; Redecker, 2017; Arias Ortiz et al., 2025).

4.2. Phase 2 Results: Development of the EDL-DLE Model

To address Objective 2, the EDL-DLE model was developed based on the conceptual
synthesis established in Phase 1. This phase focused on integrating the core elements of
EDL, DLE, and Al competencies into a unified instructional framework. The resulting
model was subsequently evaluated by experts to examine its appropriateness, clarity, and
structural coherence.

4.2.1. Integration of Core Components in the EDL-DLE Model

To illustrate how EDL and the DLE interact within the proposed model, their relation-
ships were systematically mapped across the five stages of the EDL process. This mapping
demonstrates how each stage is supported by specific DLE components and aligned with
corresponding Al competency dimensions. As summarized in Table 4, the alignment
among EDL stages, enabling DLE components, and Al competency dimensions illustrates
how the integrated model supports conceptual understanding, practical application, ethical
awareness, and collaborative engagement.

Table 4. Mapping of EDL Stages, DLE Components, and AI Competencies.

Key DLE Components Enabling

Functional Integration

EDL Stage the Stage AI Competency Dimensions Involved Summary
igital Infrastructure owledge . .
Al Kooweds Leamers ngsge 1, e
(B) data integration (a) understand core Al concept ox ef‘iencgs that activate prior
Empathic (C) digital networks (b) explain how Al works knlg wledee. contextualiz ep
. uman Engagement ication
P H Engag AI Applicati &
Exploration Al-related concepts, and
(F) learner engagement (e) use Al to solve problems e s . oo
. . . initiate inquiry within a
(G) collaborative learning Al Collaboration technoloev-supported
earning communities m) support collaboration throu .
Bl ing it PP tlab . hrough Al env1ronr§a}3]nt o
Al Personalization Al Knowledge
(K) Al recommendation systems (c) identify the hmlt,s and potentla} of AI  Digital toc?ls facﬂltat.e
(M) learning analytics (d) acknowledge Al’s role in learning collaborative analysis, need
Reflective Adaptive Pedagogy Al Application identification, and systematic
Framing (P) learner-centered pedagogy ® de51.gn tasks or activities with Al problem fra.lmm.g, enzjlbhng
(Q) inquiry-based design Al Ethics structured inquiry aligned
T digqital};)e dagogicalgdesign (1) consider the impacts on data, privacy, ~ with design thinking.
and equity
Human Eneagement Al Application Learners generate ideas and
(I) exchan ‘E &% reflection (g) evaluate Al data accuracy and construct prototypes using
. 1ang ; relevance generative Al, digital
Creative () positive learning culture (h) adapt Al use to context and learnin, modeling tools, and
Ideation Al Personalization P & & :
(K) Al recommendation systems goals collaborative platforms,
(N) adaptive feedback y Al Collaboration responsible Al-integrated
P (m) support collaboration through Al design.
Digital Infrastructure s
(A) learning platforms & tools AI Application E;O;fe Zg:; zfvzisojiig;ilgltal
technical support e) use Al to solve problems .
(D) technical supp (e) Al lve probl ’
. . s . e . where analytics and feedback
Applied (E) security & accessibility (f) design tasks or activities with Al loops subport iterative
Prototyping Adaptive Pedagogy Al Collaboration ps subp

(R) adaptive content
(S) hybrid /blended learning
(T) digital pedagogical design

(n) use Al to enhance communication and
collaboration

improvement and.
evidence-based decision
making.
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Table 4. Cont.

Key DLE Components Enabling Functional Integration

EDL Stage the Stage AI Competency Dimensions Involved Summary
Al Ethics
(i) understand Al ethics
Human Engagement (j) fostering a responsible Al culture Learners reflect on outcomes,
(H) learning community (k) use Al practices transparently and evaluate solution quality, and
(I) exchange & reflection accountably articulate insights using
Iterative Al Personalization (1) consider the impacts on data, privacy, = Al-supported reflection
Testing (N) adaptive feedback and equity prompts and peer feedback
(O) real-time progress tracking Al Collaboration processes, consolidating
Adaptive Pedagogy (o) reflect on and share knowledge conceptual, ethical, and
(P) learner-centered pedagogy. derived from Al use collaborative competencies.
(p) build trustful human-AI
relationships.

Building on the integrative mapping presented in Table 4, the developed model is
further visualized in Figure 4. This figure illustrates how the EDL process, enabling DLE
components, and the four Al competency dimensions function as an interconnected system
supporting Al competencies development in pre-service science teachers.

Figure 4. The integrated EDL within a DLE, showing the interconnection among teacher-learner
collaboration, the five EDL stages (1 = Empathic Exploration; 2 = Reflective Framing; 3 = Creative
Ideation; 4 = Applied Prototyping; 5 = Iterative Testing), the supporting DLE components, and the
resulting Al competencies.
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Together, the model highlights the integrated roles of EDL and DLE support in shaping
Al-related pedagogical competencies.

4.2.2. Validation of the EDL-DLE Model

Following the development of the EDL-DLE model, five experts in educational tech-
nology and instructional design were invited to evaluate its appropriateness using a Model
Evaluation Form. The evaluation focused on four key domains: (1) the clarity and coher-
ence of the EDL process, (2) the adequacy of the DLE components, (3) the relevance and
completeness of the AI competency dimensions, and (4) the overall alignment among the
integrated components within the proposed model.

As shown in Table 5, experts rated all five stages of the EDL process as extremely
appropriate (Overall Mean = 4.96, S.D. = 0.20). The consistently high ratings indicate
strong agreement regarding the conceptual clarity, pedagogical relevance, and structural
coherence of each stage, particularly in supporting experiential, design-oriented learning
and the development of Al competencies.

Table 5. Results of Expert Evaluation on the Appropriateness of EDL Stages.

Experts’ Ratings (n = 5)

EDL Stage Interpretation
Mean S.D.
Stage 1 Empathic Exploration 5.00 0.00 extremely appropriate
Stage 2 Reflective Framing 5.00 0.00 extremely appropriate
Stage 3 Creative Ideation 4.80 0.45 extremely appropriate
Stage 4 Applied Prototyping 5.00 0.00 extremely appropriate
Stage 5 Iterative Testing 5.00 0.00 extremely appropriate
Overall Mean 4.96 0.20 extremely appropriate

As shown in Table 6, all four DLE components—Human Engagement, Digital Infras-
tructure, Al Personalization, and Adaptive Pedagogy—were rated at the highest level of
appropriateness by the experts (Overall Mean = 5.00, S.D. = 0.00). These results indicate a
high level of expert agreement regarding the relevance, clarity, and completeness of the
proposed model in supporting technology-enhanced, learner-centered instructional design
with the EDL-DLE model.

Table 6. Results of Expert Evaluation on the Appropriateness of the DLE Components.

Experts’ Ratings (n = 5)

DLE Component Interpretation
Mean S.D.
Component 1: Human Engagement 5.00 0.00 extremely appropriate
Component 2: Digital Infrastructure 5.00 0.00 extremely appropriate
Component 3: Al Personalization 5.00 0.00 extremely appropriate
Component 4: Adaptive Pedagogy 5.00 0.00 extremely appropriate
Overall Mean 5.00 0.00 extremely appropriate

As shown in Table 7, experts rated all four Al competency dimensions—AI Knowl-
edge, Al Application, Al Ethics, and Al Collaboration—as highly appropriate (Overall
Mean = 4.95, S.D. = 0.22). These results indicate that the proposed Al competency frame-
work is conceptually sound, educationally relevant, and well aligned with the professional
expectations of pre-service science teacher education.
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Table 7. Results of Expert Evaluation on the Appropriateness of AI Competency Dimensions.

Experts’ Ratings (n = 5)

AI Competency Dimension Interpretation
Mean S.D.
Dimension 1: Al Knowledge 5.00 0.00 extremely appropriate
Dimension 2: Al Application 4.80 0.45 extremely appropriate
Dimension 3: Al Ethics 5.00 0.00 extremely appropriate
Dimension 4: Al Collaboration 5.00 0.00 extremely appropriate
Overall Mean 495 0.22 extremely appropriate

As presented in Table 8, the integrated EDL-DLE model for promoting Al competencies
was evaluated as highly appropriate (Overall Mean = 4.94, S.D. = 0.24). The results indicate
strong expert agreement regarding the model’s internal coherence, clear role alignment, and
complementarity across the EDL process, DLE components, and Al competency dimensions.

Table 8. Results of Expert Evaluation on the Appropriateness of the EDL Process within the DLE for
Promoting AI Competencies.

EDL Process Within the DLE for AI Competency Experts’ Ratings (n = 5) .
Interpretation
Development Mean S.D.

1. Completeness of the EDL, DLE, and Al competency 500 0.00 extremely appropriate

components

2. Clarity of the sequence of EDL learning stages 5.00 0.00 extremely appropriate

3. Clarity and appropriateness of DLE components linked to .

each EDL stage 5.00 0.00 extremely appropriate

4. Logical coherence of identified DLE subcomponents 5.00 0.00 extremely appropriate

5. Clarity of teacher and learner roles integrated with the DLE 5.00 0.00 extremely appropriate

6. Consistency of each EDL stage with the core DLE components 5.00 0.00 extremely appropriate

7. Reflection of DLE utilization within each EDL stage 5.00 0.00 extremely appropriate

8. Alignment between EDL-DLE integration and the principles .

of experiential and design thinking learning 500 0.00 extremely appropriate

9. Clarity of rglat10n§h1ps between each EDL stage and Al 480 0.45 extremely appropriate

competency dimensions

10. Effectiveness of each EDL stage in fostering Al competencies 4.80 0.45 extremely appropriate

11. Systemic interconnection and complementarity among EDL, .

DLE, and Al competencies 4.80 0.45 extremely appropriate

12. Integration and applicability of the synthesized EDL-DLE

process as a conceptual framework for future model 4.80 0.45 extremely appropriate

development

13. Overall completeness and consistency of the synthesis with .

the research objectives 5.00 0.00 extremely appropriate
Overall Mean 494 0.24 extremely appropriate

Although the model received extremely high ratings, experts suggested minor refine-
ments, including (1) making the links between DLE subcomponents and individual EDL
stages more explicit and (2) developing clearer stage-level implementation guidelines to
support consistent application in teacher education contexts.
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4.3. Phase 3 Results: Implementation of the EDL-DLE Model

To examine the effects of the EDL-DLE model on pre-service science teachers” Al
competencies, participants completed the Al Competencies Assessment before and after
the instructional intervention. The assessment covered four dimensions: Al Knowledge,
Al Application, Al Ethics, and Al Collaboration. Preliminary analysis confirmed that
the pre-test and post-test scores satisfied the normality assumption, as indicated by the
Shapiro-Wilk test (p > 0.05 across all dimensions). Accordingly, paired-sample t-tests
were conducted to compare pre-intervention and post-intervention scores for each Al
competency dimension.

The results presented in Table 9 indicate statistically significant improvements across
all four Al competency dimensions following participation in the EDL-DLE model (all
p <0.001). Significant gains were observed in Al Knowledge, AI Application, Al Ethics, and
Al Collaboration, reflecting enhanced conceptual understanding, practical Al use, ethical
awareness, and collaborative engagement. Overall, these findings provide strong empirical
support for the effectiveness of the EDL-DLE model in strengthening Al competencies
among pre-service science teachers.

Table 9. Comparison of Pre-test and Post-test Scores of AI Competencies Using Paired-Sample t-tests.

Al Competency Dimension Mean S.D. t df p Cohen’s d

Pre-test 40.74 7.19

Al Knowledge 5.57 18 p <0.001 1.28
Post-test 49.11 6.17
o Pre-test 37.63 9.63

Al Application 5.38 18 p <0.001 1.23
Post-test 45.74 9.77
Pre-test 41.00 7.75

Al Ethics 3.58 18 p <0.001 0.82
Post-test 46.26 6.70
Pre-test 37.68 11.02

Al Collaboration 4.99 18 p <0.001 1.14
Post-test 47.53 8.48
Pre-test 157.05 31.99

Overall 6.95 18 p <0.001 1.59
Post-test 188.63 27.85

All comparisons were statistically significant at « = 0.05.

In addition to statistical significance, large effect sizes were observed across all Al
competency dimensions as well as for overall Al competency (Cohen’s d = 0.82-1.59),
indicating substantial and practically meaningful within-group differences between pre-
test and post-test scores (Cohen, 1988; Lakens, 2013; Tomczak & Tomczak, 2014). Although
effect sizes (Cohen’s d) were calculated to provide an indication of the magnitude of change
in Al competency scores, these values should be interpreted with caution. Given the pre—
post single-group design and the absence of a comparison group, the reported effect sizes
reflect the strength of observed score differences within the group rather than definitive
causal effects attributable to the EDL-DLE model.

4.4. Phase 4 Results: Evaluation of Instructional Innovation Outputs

Phase 4 focused on evaluating the quality of instructional innovations produced by pre-
service science teachers following completion of the EDL-DLE process. The instructional
outputs were evaluated by the researcher using a previously validated 10-item rubric. The
scores reported in this phase reflect the mean values derived from the assessment of all
instructional innovation lesson plans developed by the participants.
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The results presented in Table 10 indicate that the overall quality of the instructional
innovations produced by the pre-service science teachers achieved a mean score of 3.59
(S.D. = 0.60), corresponding to the excellent quality level. The reported values represent the
average scores across all instructional innovation lesson plans developed by the participants
and evaluated using the validated rubric.

Table 10. Evaluation of Instructional Innovation Lesson Plans Developed through the EDL-
DLE Model.

Quality Evaluation Dimension Mean S.D. Quality Level

1. Alignment with curriculum goals and technology objectives ~ 3.84 0.37 Excellent
2. Technology-integrated instructional strategies 3.74 0.65 Excellent
3. Appropriate selection of technology (e.g., Gen-AI) 274  0.65 Good
4. Coherence with TPACK components 3.84 0.37 Excellent
5. Promotion of student creativity 4.00 0.00 Excellent
6. Facilitation of student collaboration 4.00 0.00 Excellent
7. Clarity of learning objectives 4.00 0.00 Excellent
8. Use of effective feedback strategies 3.84 0.37 Excellent
9. Encouragement of learner autonomy 3.00 0.00 Good
10. Ethical use of technology 2.89 0.32 Good

Overall instructional innovation quality ~ 3.59 0.60 Excellent

All scores represent the mean ratings across all instructional innovation lesson plans developed by the pre-service
science teachers.

As shown in Table 10, the instructional innovation lesson plans demonstrated consis-
tently high quality across most evaluation dimensions. In particular, dimensions related
to learner-centered pedagogy—such as promotion of student creativity, facilitation of col-
laboration, and clarity of learning objectives—achieved the highest performance levels. In
contrast, comparatively lower mean scores were observed in the dimensions of appropriate
technology selection, including the use of generative Al, and ethical use of technology.
Although these dimensions remained at a good quality level, the variation across criteria
indicates differential levels of instructional design sophistication, which warrants further
interpretive discussion.

Qualitative observations derived from open-ended rubric comments, while not sub-
jected to formal qualitative analysis, indicated that digital technologies were generally
incorporated across lesson plans. However, Al tools were frequently positioned as sup-
plementary resources rather than as integral components of instructional activities. For
example, in higher-scoring lesson plans, Al tools were selected with explicit pedagogical
justification, clearly aligned with learning objectives, and accompanied by articulated
ethical considerations such as data privacy, transparency, and student agency. In contrast,
lower-scoring lesson plans tended to incorporate Al tools in a more instrumental manner,
with limited explanation of why specific tools were chosen and minimal integration of
ethical considerations into learning activities or assessment design.

5. Discussion

This study explored how an EDL model situated within a DLE relates to the de-
velopment of Al competencies and instructional innovation among pre-service science
teachers. Accordingly, the present study should be interpreted as an exploratory pilot
investigation aimed at examining the feasibility of implementing an Experiential Design
Learning model within a Digital Learning Ecosystem, as well as providing preliminary
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indications of potential effects on AI competency development and instructional innovation
among pre-service science teachers. Overall, the findings reveal a pattern of meaningful
improvement in Al competency alongside generally high-quality instructional innovation
outcomes, particularly in learner-centered pedagogical design. At the same time, variation
across specific competency dimensions—most notably in ethical Al use and technology
selection—highlights important developmental differences within the learning process.
Rather than viewing these patterns as uniform effects, the discussion that follows interprets
the findings in relation to the EDL-DLE learning context, examines the sources of differen-
tial performance across Al competency dimensions, and considers their implications for
instructional innovation and pre-service science teacher education.

5.1. Interpretation of Al Competency Development Through the EDL-DLE Model

The development of Al competencies observed in this study can be interpreted as
emerging from the integration of Al use within experiential and design-oriented instruc-
tional activities, rather than from exposure to Al tools alone. This interpretation aligns
with experiential learning theory, which emphasizes that professional competencies are
constructed through cycles of concrete experience, reflective observation, and active experi-
mentation (Kolb, 2015). Within the EDL-DLE learning context, pre-service science teachers
engaged in authentic instructional problem-solving tasks that required them to negotiate
pedagogical goals, learner needs, and contextual constraints while designing lesson plans.
In this process, Al functioned as a pedagogical resource that supported reasoning, reflection,
and iterative refinement, rather than as a standalone technological skill.

A key interpretive mechanism underlying this pattern lies in the interaction between
the EDL process and the supporting digital learning ecosystem. EDL frameworks highlight
the importance of iterative design cycles that foster inquiry, experimentation, and reflective
refinement of instructional ideas (Hasso Plattner Institute of Design at Stanford, 2015;
Beggan, 2020). At the same time, research on DLEs suggests that access to integrated digital
tools, collaborative spaces, and feedback mechanisms plays a critical role in sustaining
learner engagement and supporting contextually meaningful application of digital tech-
nologies (Nguyen et al., 2023; Ning et al., 2024). In the present study, the DLE appeared to
provide ecosystem-level affordances that supported pre-service teachers to engage with Al
across multiple design iterations, thereby contributing to deeper pedagogical consideration
of how Al could be aligned with instructional objectives and learner-centered practices.

Importantly, this interpretation suggests that AI competency development within the
EDL-DLE model is closely associated with the quality of instructional design engagement
rather than with the mere presence of Al technologies. Prior studies in teacher education
have similarly emphasized that digital and Al competencies develop more meaningfully
when technological tools are embedded within pedagogically meaningful design tasks
and disciplinary contexts, rather than introduced as isolated technical content (Ng et al.,
2021; G.-G. Lee & Zhai, 2024). From this perspective, the observed improvements in Al
competency can be understood as partly reflecting the situated and design-based nature of
the learning process, in which Al-related knowledge, skills, and attitudes were developed
through pedagogically grounded, reflective, and context-sensitive instructional design
practices supported by the digital learning ecosystem.

Overall, the findings suggest that participation in the EDL-DLE learning model was
associated with positive changes in pre-service science teachers” Al competencies and
instructional innovation outputs. These results align with the design-based rationale of the
model, which emphasizes experiential engagement, reflective design, and supported use of
digital technologies.

https:/ /doi.org/10.3390/educscil6020314


https://doi.org/10.3390/educsci16020314

Educ. Sci. 2026, 16, 314

23 of 29

However, the effect size estimates reported in this study should be interpreted with
caution. Given the pre—post single-group design and the absence of a comparison group,
the observed effect sizes represent preliminary indicators of within-group change rather
than definitive causal effects. Alternative explanations, such as maturation or concurrent
coursework experiences, cannot be excluded and warrant future investigation through
controlled or comparative research designs.

5.2. Explaining Differential Performance in Al Ethics and Technology Selection

The comparatively lower performance observed in the dimensions of Al ethics and
appropriate technology selection can be interpreted as reflecting the developmental com-
plexity of these competencies within pre-service science teacher education. While partici-
pants demonstrated the ability to incorporate digital technologies and generative Al tools
into their instructional designs, articulating explicit ethical reasoning and pedagogically
justified technology choices appeared to require more advanced forms of professional
judgment than other Al-related competencies.

Ethical use of Al in educational contexts extends beyond conceptual awareness to
include situated decision-making related to data privacy, transparency, learner agency,
and the broader implications of Al-supported instructional practices. Frameworks for
digital and AI competence development emphasize that ethical reasoning represents a
higher-order professional capability that typically emerges through sustained practice,
reflective engagement, and repeated exposure to authentic dilemmas rather than through
short-term instructional interventions (Redecker, 2017; UNESCO, 2024). For pre-service
teachers, translating abstract ethical principles into concrete instructional strategies and
assessment decisions may therefore remain emergent, particularly within the constraints of
a time-limited experiential design process.

Similarly, effective technology selection involves more than functional familiarity
with digital tools or generative Al systems. Research on digital competence development
suggests that novice teachers often prioritize accessibility, novelty, or perceived usefulness
of tools over explicit pedagogical alignment, resulting in technology being positioned as a
supplementary resource rather than as an integral component of instructional design (Ng
etal.,, 2021; Chiu et al., 2024). This tendency aligns with patterns observed in rubric-based
evaluations and researcher-recorded observations in the present study, in which Al tools
were frequently included without fully articulated rationales linking tool choice to learning
objectives, learner needs, and ethical considerations.

From an instructional design perspective, these findings suggest that while the EDL-
DLE context supported foundational Al-related pedagogical competencies, additional and
more explicit scaffolding may be required to foster higher-order competencies related to
ethical Al use and strategic technology integration. Prior studies in experiential and design-
based teacher education have noted that ethical reasoning and technology justification
develop progressively as learners engage in extended design cycles, receive targeted
feedback, and reflect on the consequences of instructional decisions in practice (Villarroel
et al.,, 2020; Lane & Goode, 2021). In this light, the differential performance across Al
competency dimensions observed in this study can be understood not as a limitation of
the EDL-DLE model itself, but as indicative of the developmental trajectory of complex
professional competencies that require sustained and iterative learning experiences.

5.3. Instructional Innovation as an Outcome of EDL

The instructional innovation outcomes observed in this study can be interpreted as
emerging from engagement in experiential, design-oriented learning processes rather than
as the result of introducing novel technologies alone. Within the EDL-DLE learning context,
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instructional innovation was manifested primarily through the development of lesson
plans that emphasized learner-centered pedagogical principles, including the promotion of
student creativity, facilitation of collaboration, and alignment between learning objectives,
activities, and assessment strategies.

From a design-based learning perspective, instructional innovation emerges when
teachers are required to iteratively frame problems, generate and test instructional ideas,
and refine solutions based on reflection and feedback (Hasso Plattner Institute of Design
at Stanford, 2015; Beggan, 2020). The EDL process embedded in this study positioned
pre-service teachers as instructional designers who actively constructed and revised lesson
plans in response to authentic teaching challenges. This design orientation appears to
have facilitated the translation of experiential learning into concrete instructional prac-
tices, resulting in lesson plans that reflected coherence, pedagogical intentionality, and
responsiveness to learner needs.

The role of the DLE further contextualizes these innovation outcomes. DLE research
emphasizes that instructional innovation is supported not only by individual teacher
capability but also by access to integrated digital resources, collaborative spaces, and
feedback mechanisms that provide opportunities for experimentation and refinement of
instructional practices (Nguyen et al., 2023; Ning et al., 2024). In the present study, the
DLE provided structural support for iterative lesson design, peer interaction, and reflective
engagement, which may help explain the consistently high quality observed across most
instructional innovation dimensions.

Importantly, the instructional innovations developed in this study through the EDL-
DLE context should be understood as pedagogical innovations, rather than as innovations
driven solely by the introduction of new technologies. Consistent with prior research,
effective instructional innovation in teacher education involves the meaningful integration
of pedagogy, content, and technology, with technology serving as a mediating resource
rather than the focal point of innovation (Mishra & Koehler, 2006; Villarroel et al., 2020).
From this perspective, the findings suggest that the EDL approach supported pre-service
science teachers in developing innovative instructional practices by foregrounding peda-
gogical reasoning and design coherence, while digital and Al tools functioned as supportive
elements within the broader instructional design process.

Taken together, these findings indicate that instructional innovation can be under-
stood as an outcome of sustained engagement in experiential design learning within a
supportive digital ecosystem. Rather than making causal claims about the EDL-DLE Model,
the findings highlight how design-oriented learning contexts may create conditions that
support the development of pedagogically grounded and context-sensitive instructional
innovations aligned with contemporary expectations in science education.

5.4. Implications for Pre-Service Science Teacher Education

The findings of this study offer several implications for the design and implementation
of pre-service science teacher education programs in the context of increasing integration
of Al and digital technologies. First, the results suggest that AI competency development
may be better supported when Al use is embedded within experiential, design-oriented
learning activities rather than addressed as isolated technical content. This implies that
teacher education programs should move beyond stand-alone Al or technology-focused
courses and instead integrate Al-related learning objectives within instructional design,
pedagogy, and subject-specific methods courses.

Second, the observed strengths in learner-centered instructional innovation highlight
the value of engaging pre-service teachers as instructional designers who actively construct,
test, and refine lesson plans through iterative design cycles. Embedding EDL approaches
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within teacher education curricula may help pre-service science teachers develop peda-
gogical coherence, creativity, and responsiveness to learner needs—competencies that are
increasingly emphasized in contemporary science education reform. This aligns with prior
work suggesting that design-based and experiential approaches support deeper pedagogi-
cal understanding and professional skill development among novice teachers (Kolb, 2015;
Hasso Plattner Institute of Design at Stanford, 2015; Villarroel et al., 2020).

At the same time, the comparatively lower performance in Al ethics and technology
selection points to the need for more explicit and sustained instructional support in these
areas. Pre-service teacher education programs may benefit from incorporating structured
ethical reflection activities, case-based discussions, and design tasks that foreground ethical
dilemmas and decision-making related to Al use in educational contexts. Frameworks for
digital and AI competence development emphasize that ethical reasoning and responsible
technology use are advanced professional competencies that require repeated engagement
and contextualized practice over time (Redecker, 2017; UNESCO, 2024). Designing learning
experiences that deliberately surface ethical considerations may therefore support deeper
integration of ethical principles into instructional practice.

Finally, the findings underscore the importance of providing a coherent digital learn-
ing ecosystem to support EDL in teacher education. Access to integrated digital tools,
collaborative platforms, and feedback mechanisms appears to play a critical role in en-
abling iterative instructional design and reflective engagement with Al-supported teaching
practices. For pre-service science teacher education, this suggests that institutional support
for digital learning ecosystems—rather than reliance on individual instructors or isolated
technologies—may be an important condition for fostering sustainable development of Al
competencies and instructional innovation.

5.5. Limitations and Directions for Future Research

Several limitations of this study should be acknowledged when interpreting the
findings. First, although statistically significant pre—post differences in Al competencies
were observed, the study employed a one-group pre-test—post-test design without a control
or comparison group. Consequently, the observed improvements cannot be definitively
attributed to the EDL-DLE context alone. Alternative explanations—such as maturation
effects, testing effects, concurrent coursework, or instructor influence—cannot be fully
ruled out and should therefore be considered when interpreting the results.

Taken together, the statistical findings and the research design considerations reinforce
the interpretation of this study as an exploratory pilot investigation, providing preliminary
evidence of feasibility and potential impact rather than confirmatory evidence of effective-
ness. Future studies should therefore employ experimental or quasi-experimental designs
with appropriate comparison groups to enable stronger causal inferences regarding the
relationships between experiential design learning, digital learning ecosystems, and Al
competency development.

Second, the sample size was relatively small and drawn from a single cohort of pre-
service science teachers within one institutional context. While this is appropriate for
an exploratory, design-oriented study, it nevertheless limits the generalizability of the
findings. Replication studies involving larger and more diverse samples across multiple
institutions and subject areas would help clarify the robustness and transferability of the
observed patterns.

Third, instructional innovation outcomes in this study were primarily evaluated
through rubric-based assessment conducted by the researcher-instructor. Although the
evaluation rubric underwent expert validation, the use of a single rater introduces the
possibility of systematic bias. Future research should consider incorporating multiple
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independent raters and reporting inter-rater reliability statistics or employing mixed evalu-
ation approaches that combine rubric-based assessment with external review or classroom
implementation data.

In addition, while this study incorporated embedded qualitative observations derived
from rubric comments, it did not employ a fully developed qualitative or mixed-methods
design. Future research could strengthen explanatory depth by integrating systematic
qualitative data sources, such as interviews, reflective journals, or in-depth lesson plan anal-
yses, to further illuminate how pre-service teachers develop ethical reasoning, technology
selection skills, and instructional innovation through experiential design learning.

Finally, the relatively short duration of the intervention may have limited opportu-
nities for the development of higher-order competencies, particularly in areas such as
ethical Al use and strategic technology integration. Future longitudinal research could
examine extended or repeated EDL-DLE cycles conducted over multiple semesters or
across extended instructional contexts following coursework completion.

6. Conclusions

This study addressed the growing need for pedagogically grounded approaches to
developing Al competencies and instructional innovation in pre-service science teacher
education through the design and evaluation of an Experiential Design Learning model
situated within a Digital Learning Ecosystem (EDL-DLE). Guided by a research and
development framework, the study integrated theoretical perspectives on experiential
learning, design thinking, digital learning ecosystems, and Al competency to inform the
conceptual foundation and instructional design of the proposed model. Expert evaluation
indicated strong conceptual clarity and internal coherence, supporting the suitability of the
EDL-DLE model for implementation in teacher preparation contexts.

Empirical findings revealed statistically significant within-group improvements across
all Al competency dimensions following participation in EDL-DLE learning activities,
accompanied by large effect sizes. In addition, the instructional innovations produced by
participants demonstrated generally high quality, particularly in learner-centered pedagog-
ical dimensions such as creativity, collaboration, and clarity of learning objectives. At the
same time, comparatively lower performance in ethical Al use and strategic technology
selection highlighted the developmental complexity of advanced Al-related competencies,
which may require extended time, repeated practice, and sustained professional judgment
beyond short-term instructional interventions.

From a mechanistic perspective, the findings suggest that the EDL-DLE model op-
erates by embedding Al competency development within iterative experiential design
processes supported by a coherent digital learning ecosystem. Through cycles of prob-
lem framing, instructional design, enactment, and reflection, pre-service science teachers
engaged with Al not as isolated tools but as pedagogical resources integrated into instruc-
tional decision-making. Structural supports provided by the digital learning ecosystem—
such as access to digital tools, collaborative spaces, and feedback mechanisms—enabled
sustained engagement with these processes. Taken together, this mechanism-oriented
interpretation positions the present study as an exploratory pilot investigation, offering
preliminary insights into how experiential design learning within a digital ecosystem
may support Al competency development over time, rather than as evidence of definitive
instructional effectiveness.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/educscil6020314/s1, The AI Competency Assessment Form, the
EDL-DLE-based instructional lesson plan implemented in this study, and the Instructional Innovation
Evaluation Rubric are provided in the Supplementary Materials.
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