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About the Book
Innovative Practices in STEM Education: Emerging Technologies, Pedagogies 

and Learning Models provides a comprehensive examination of contemporary 
approaches that are reshaping STEM teaching and learning across diverse 
educational contexts. The book brings together theory-driven perspectives, 
empirical research, and practice-based illustrations to demonstrate how 
innovative pedagogies and technologies can be effectively integrated into 
sustainable and equitable STEM education.

The volume explores a wide range of instructional models, including 
problem-based and inquiry-based learning, project-based and design-based 
pedagogy, mathematical modelling, gamification, game-based learning, and 
computational thinking. These approaches are examined through robust 
theoretical lenses and supported by international examples, large-scale 
research analyses, and programmatic case studies. Particular emphasis is 
placed on bridging theory and practice, with concrete illustrations drawn 
from initiatives such as PLTW, NGSS-aligned curricula, PISA frameworks, 
and the Foundations in Science and Mathematics (FSM) program.

Emerging technologies constitute a central focus of the book. Chapters 
investigate the pedagogical potential of augmented and virtual reality, 
metaverse environments, open-source platforms, and online learning 
ecosystems in enhancing engagement, collaboration, assessment, and learning 
analytics. At the same time, the book critically addresses implementation 
challenges related to infrastructure, teacher preparation, equity, privacy, and 
sustainability—highlighting the need for systemic and policy-level support.

Extending beyond classroom instruction, the book also examines 
interdisciplinary expansions of STEM education through STEAM integration, 
entrepreneurship (E-STEM), community-based enrichment models, and 
rural STEM research initiatives. These chapters foreground creativity, 
innovation, identity development, and social relevance, positioning STEM 
education as a powerful vehicle for both individual empowerment and 
societal advancement.

Designed for researchers, graduate students, teacher educators, 
practitioners, and policymakers, this book offers a forward-looking and 
practice-oriented resource for those seeking to understand and implement 
innovative STEM education models. By synthesising emerging technologies, 
pedagogical innovation, and inclusive learning designs, the volume 
contributes to a more coherent and future-ready vision of STEM education.
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Foreword
Innovative practices in STEM education have become essential in 

addressing the complex educational, technological, and societal challenges 
of the 21st century. As scientific knowledge expands and digital technologies 
reshape how learning occurs, educators are increasingly called upon to design 
learning environments that are learner-centred, equitable, technology-
enhanced, and grounded in strong theoretical foundations. This edited 
volume responds to that call by presenting a comprehensive exploration 
of how emerging pedagogies, technologies, and learning models can be 
translated from theory into meaningful and sustainable STEM practice.

The chapters in this book collectively demonstrate that innovation in 
STEM education is not driven by technology alone, but by the thoughtful 
integration of pedagogy, curriculum design, assessment, and contextual 
responsiveness. Drawing on diverse theoretical frameworks—including 
integrative STEM education, inquiry- and problem-based learning, variation 
theory, computational thinking, gamification, and TPACK—the volume 
illustrates how research-informed approaches can support deep conceptual 
understanding, creativity, collaboration, and critical thinking across STEM 
disciplines. Mathematics is positioned as a unifying and generative discipline, 
bridging science, technology, and engineering through modelling, problem 
solving, and abstraction.

A distinctive contribution of this book lies in its strong emphasis on 
implementation and equity. Through international examples, program-based 
case studies, and large-scale research syntheses, the chapters illuminate how 
innovative STEM practices are enacted across face-to-face, hybrid, and virtual 
learning environments. Special attention is given to inclusive pedagogies 
that address disparities related to access, geography, socioeconomic status, 
and digital infrastructure—particularly in rural, underserved, and post-
pandemic contexts.

The volume also captures the evolving landscape of STEM education by 
engaging with emerging technologies such as augmented reality, virtual 
environments, metaverse applications, open-source platforms, and game-
based learning. Rather than treating these tools as ends in themselves, the 
contributors critically examine their pedagogical affordances, assessment 
implications, ethical considerations, and sustainability. Complementing 
this technological focus, chapters on STEAM integration, entrepreneurship 
(E-STEM), and community-based enrichment programs broaden the scope 
of STEM education to include creativity, innovation, leadership, and real-
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world relevance.

Taken together, this book offers a timely and evidence-informed 
contribution to the field of STEM education. It speaks to researchers, 
teacher educators, practitioners, and policymakers seeking to move beyond 
fragmented innovations toward coherent, scalable, and equitable STEM 
learning ecosystems. By bridging theory and practice, the volume advances 
a vision of STEM education that is adaptive, inclusive, and responsive to the 
needs of learners and societies alike.

  
December 2025

Dr. Mustafa Tevfik Hebebci
Necmettin Erbakan University, Türkiye
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Teaching Methods and Applications in STEM 
Education: From Theory to Practice

Selim Yavuz1, Mustafa Tevfik Hebebci2

1Indiana University Bloomington, USA
2Necmettin Erbakan University, Turkiye

Chapter Highlights
This section outlines how theory-driven and innovative pedagogical 

approaches can be translated into sustainable STEM classroom practices, 
positioning mathematics as a unifying discipline across science, technology, 
and engineering.

•	 Theoretical Frameworks Bridging Theory and Practice – Draws 
on Integrative STEM Education, Variation Theory, Inquiry- and 
Context-Based Learning, and the TPACK model to demonstrate how 
educational theory informs effective STEM instruction.

•	 Innovative and Diverse Pedagogical Approaches – Examines 
methods such as project-based learning, inquiry-based learning, 
mathematical modelling, design-based pedagogy, variation theory-
based instruction, and computational thinking, highlighting their 
roles in supporting conceptual understanding, creativity, and 
collaboration.

•	 International and Program-Based Illustrations – Presents examples 
from PLTW, NGSS, PISA, and case studies from the Foundations in 
Science and Mathematics (FSM) program at Indiana University, 
illustrating implementation across face-to-face and hybrid learning 
environments.

To Cite This Chapter:
Yavuz, S., & Hebebci, M. T. (2025). Teaching methods and applications in STEM 
education: From theory to practice. In M. T. Hebebci (Ed.), Innovative Practices in 
STEM Education: Emerging Technologies, Pedagogies and Learning Models (1-30). 
ISRES Publishing

Chapter 1
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Introduction
STEM education has become one of the most influential educational 

reform movements of the past two decades. Its growth reflects a global 
recognition that economic competitiveness, technological advancement, and 
social well-being depend on nurturing students’ ability to think critically 
and creatively across disciplines (National Research Council, 2011; Sanders, 
2012). At its core, STEM education aims to connect the traditionally separate 
domains of science, technology, engineering, and mathematics through 
meaningful, authentic learning experiences that reflect real-world practices. 
Yet, while the term “STEM” has become nearly universal, scholars caution 
that its meaning is often ambiguous and that technology and engineering are 
easily overshadowed unless integration is purposefully designed (Sanders, 
2012). For this reason, the notion of integrative STEM education anchored 
in design-based, problem-solving pedagogy has emerged as a best-practice 
model aligned with principles of the learning sciences (Bransford et al., 
2000; Sanders, 2012).

Within this integrated framework, mathematics occupies a distinctive 
position. Beyond serving as one of the four domains, mathematics functions 
as a universal language for modeling, representing, and solving problems 
across scientific and engineering contexts (English, 2016; Tasarib et al., 
2025). Recent bibliometric analyses confirm the increasing global interest 
in mathematical modeling as a central connector within STEM education, 
emphasizing its authenticity, problem-solving potential, and the challenges 
it poses for teacher preparation (Fajri et al., 2025; Tasarib et al., 2025). 
From elementary school projects linking modeling to mathematical literacy 
and creativity (Fajri et al., 2025) to advanced investigations incorporating 
computational thinking and simulation (Tasarib et al., 2025), modeling has 
become an indispensable bridge between abstract mathematical concepts 
and applied STEM practices.

At the same time, an expanding body of research identifies innovative 
pedagogical approaches that enhance conceptual understanding in 
mathematics and STEM. Variation Theory (Marton & Pang, 2006) has been 
successfully adapted into structured STEM teaching frameworks (Hasan 
et al., 2024), enabling students to discern critical features of concepts 
through systematic variation and invariance. Similarly, context-based inquiry 
models, grounded in Science–Technology–Society (STS) perspectives and 
the Engineering Design Process (EDP), embed STEM learning in authentic 
societal problems (Sutaphan & Yuenyong, 2019). Together, these frameworks 
show how deliberate instructional design can foster both disciplinary depth 
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and interdisciplinary application.

The effectiveness of STEM education, however, depends fundamentally 
on teachers. Despite major investments in policy and curriculum reform, 
many initiatives fall short because teachers are not sufficiently prepared to 
enact integrated pedagogies or to translate research-based strategies into 
classroom practice (Milner-Bolotin, 2018). Consequently, teacher education 
and professional development (PD) must go beyond transmitting content 
knowledge. They should also model innovative STEM instruction, cultivate 
reflective habits, and foster evidence-based decision-making and growth 
mindsets (Shulman, 1986; Mishra & Koehler, 2006; Milner-Bolotin, 2018). 
Recent international efforts, such as certificate programs in Ukraine, illustrate 
how interdisciplinary collaboration, project-based learning, and digital tools 
including augmented and virtual reality can strengthen teachers’ readiness 
for contemporary STEM classrooms (Velychko et al., 2022).

The post-pandemic context has further heightened the urgency of these 
reforms. The COVID-19 crisis magnified existing inequities in access to quality 
STEM education and accelerated the integration of digital technologies 
into teaching (World Bank, 2021). Teachers were suddenly required to 
navigate remote and hybrid environments, adapt curricula, and sustain 
student engagement under unprecedented conditions. These experiences 
underscored the need for flexible, technology-supported, and student-
centered instructional models (Velychko et al., 2022). Programs such as the 
Foundations in Science and Mathematics (FSM) summer program at Indiana 
University illustrate how graduate-student-led initiatives can function as 
dynamic laboratories for testing new STEM pedagogies across in-person, 
hybrid, and online formats providing valuable insight into the future of 
teacher education and practice.

The purpose of this chapter is to examine and illustrate innovative 
and inclusive approaches to STEM teaching, with particular attention to 
mathematics education and the implications of post-pandemic learning 
environments. Drawing upon theoretical frameworks, recent empirical 
research, and real-world examples, the chapter aims to provide educators 
and researchers with a comprehensive understanding of how mathematics 
can act as a bridge among STEM disciplines. It also explores the evolving 
professional development needs of teachers and highlights outreach 
initiatives such as the FSM program that can inform future practice and policy.

This chapter contributes to the broader volume Innovative Approaches in 
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STEM Education: Methods, Practices, and Impacts by emphasizing the often-
underrepresented role of mathematics in STEM integration, situating STEM 
pedagogy within the realities of post-pandemic education, and illustrating 
how evidence-based strategies can advance both classroom instruction 
and teacher preparation. By combining global perspectives with localized 
examples, it underscores the dual necessity of theoretical clarity and practical 
implementation for fostering equitable and sustainable STEM education.

To guide the discussion, the central research question addressed in this 
chapter is:

How can mathematics education be leveraged as a bridge for meaningful 
STEM integration in innovative and inclusive ways, particularly considering 
post-pandemic teaching and learning contexts?

Theoretical Foundations of STEM Education
STEM education is grounded in a set of interrelated theoretical 

perspectives that emphasize integration, constructivist learning, and the 
centrality of teacher knowledge. One of the earliest and most influential 
frameworks is integrative STEM education, which Sanders (2012) defines 
as technological or engineering design-based learning that intentionally 
connects concepts and practices from science and mathematics with those 
of technology and engineering. This approach positions design not as an 
optional activity but as the pedagogical core that binds disciplines together. 
It aligns with the principles of the learning sciences, which highlight that 
meaningful learning emerges when students activate prior knowledge, 
engage in authentic problems, receive feedback through extended practice, 
and collaborate productively (Bransford et al., 2000). In this view, integrative 
STEM is not merely a curricular structure, but a learning philosophy grounded 
in design-based pedagogy.

Building on this foundation, Kelley and Knowles (2016) proposed a 
widely cited framework that identifies mathematics and science as anchor 
disciplines and positions engineering design as the “glue” connecting them. 
Their model emphasizes three essential components: disciplinary grounding, 
meaningful integration through authentic problems, and the cultivation of 
21st-century skills such as collaboration and problem-solving. This framing 
reinforces the pivotal role of mathematics, not only as a discipline in its 
own right but also as a language and toolset for modeling, representing, 
and reasoning across STEM domains. Recent bibliometric analyses support 
this view, revealing that mathematical modelling has become a dominant 
theme in global STEM scholarship and is increasingly recognized as a bridge 
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between abstract mathematics and real-world application (Tasarib et al., 
2025; Fajri et al., 2025).

Theories of learning further shape how STEM teaching methods are 
designed and implemented. Variation Theory, developed by Marton and Pang 
(2006), offers a lens for understanding how learners discern critical aspects 
of a concept through experiences of variation and invariance. Hasan et al. 
(2024) extended this framework into a practical guide for STEM educators, 
demonstrating how patterns of contrast, separation, generalization, and 
fusion can be structured to deepen students’ awareness of complex ideas. 
In mathematics classrooms, this approach provides a powerful means to 
make abstract relationships such as the interplay of slope and curvature 
in graphs visible and comprehensible to learners.

Another important theoretical strand comes from context-based 
inquiry models, particularly those influenced by Science–Technology–
Society (STS) perspectives and the Engineering Design Process (EDP). 
Sutaphan and Yuenyong (2019) proposed a seven-stage model beginning 
with the identification of social issues and progressing through solution 
development, knowledge acquisition, prototyping, testing, and socialization. 
This structure demonstrates how societal relevance, design practices, and 
disciplinary knowledge can be interwoven into a coherent inquiry cycle. 
For mathematics educators, such models encourage embedding concepts 
in authentic contexts such as using functions to model pollution levels 
or geometry to optimize packaging design thereby enhancing relevance, 
motivation, and transfer of learning.

While these frameworks describe how students learn in integrated 
STEM environments, their success ultimately depends on teachers’ 
professional knowledge. Shulman’s (1986) concept of Pedagogical Content 
Knowledge (PCK) introduced the idea that teaching requires a unique 
form of expertise combining content and pedagogy. Mishra and Koehler 
(2006) later extended this to include technology through the Technological 
Pedagogical Content Knowledge (TPACK) framework. Both underscore 
that effective teaching involves not only knowing subject matter but also 
anticipating misconceptions, designing representations, and leveraging 
appropriate tools for learning. Milner-Bolotin (2018) stresses that evidence-
based teacher education must bridge research and classroom practice by 
modeling innovative pedagogy, fostering reflection, and cultivating growth 
mindsets. Similarly, Velychkoet al. (2022) demonstrate how certificate 
training programs can prepare in-service teachers for interdisciplinary 
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collaboration, project-based learning, and the integration of emerging 
technologies such as augmented and virtual reality.

Taken together, these theoretical perspectives demonstrate that 
STEM education is not defined by a single model but by a constellation 
of complementary frameworks. Integrative STEM emphasizes design-
based connections across disciplines (Sanders, 2012); the Kelley and 
Knowles (2016) framework situates mathematics as a foundational anchor; 
Variation Theory (Hasan et al., 2024) offers a structured approach to concept 
development; and context-based inquiry (Sutaphan & Yuenyong, 2019) 
situates learning within authentic, socially relevant problems. Underpinning 
all of these is the recognition that teacher knowledge, preparation, and 
ongoing professional development are indispensable for meaningful and 
sustainable implementation (Milner-Bolotin, 2018; Velychko et al., 2022). 
Collectively, these foundations form the conceptual scaffolding for the 
innovative teaching methods and classroom applications explored in the 
following section.

Core STEM Teaching Methods
STEM education is implemented through a variety of teaching methods 

that translate theoretical foundations into classroom practice. These 
approaches share a common emphasis on inquiry, problem-solving, and 
interdisciplinarity, yet each provides a unique pathway for engaging students 
with mathematics and STEM concepts. This section discusses the major 
methods that have gained prominence in recent years, examining their 
theoretical underpinnings, practical applications, and significance across 
STEM disciplines.

The figure 1 illustrates the key instructional approaches explored in the 
chapter, showing how inquiry, modeling, design, variation, and technology 
integration intersect under the framework of Core STEM Methods.
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Figure 1. Core STEM Teaching Methods Examined in This Chapter

Project-Based Learning
Project-Based Learning (PBL) has long been recognized as a central 

approach for promoting authentic engagement in STEM education. In 
PBL environments, students explore complex, open-ended questions 
or challenges that require sustained inquiry, critical thinking, and the 
integration of multiple disciplines. This approach mirrors the problem-
solving processes of scientists, engineers, and mathematicians in the real 
world. Research consistently shows that PBL enhances motivation, deepens 
conceptual understanding, and fosters collaboration among students (Krajcik 
& Blumenfeld, 2006).

Within mathematics education, PBL often takes the form of applied 
projects that situate mathematical concepts in meaningful contexts. Examples 
include analyzing the trajectory of a basketball shot through quadratic 
functions, designing packaging that minimizes material waste using surface 
area and volume calculations, or constructing statistical models to interpret 
community survey data. In science, projects may involve investigating 
renewable energy sources or testing water quality in local rivers, while in 
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engineering and technology, students frequently engage in prototyping, 
iteration, and optimization tasks. These experiences encourage students 
to apply disciplinary knowledge while developing creativity, persistence, 
and collaboration.

Kelley and Knowles (2016) argue that PBL functions as a mechanism for 
achieving integrative STEM, positioning mathematics and science as anchor 
disciplines while using engineering design to structure inquiry. Through this 
design-oriented framework, students learn not only what to apply but also 
how knowledge from different fields can be combined to solve authentic 
problems. However, the effectiveness of PBL depends heavily on teacher 
scaffolding and design. Without careful planning, projects risk emphasizing 
superficial engagement over substantive learning. Therefore, professional 
development initiatives frequently highlight strategies for balancing open-
ended exploration with explicit attention to disciplinary learning goals. 
Teachers are encouraged to integrate formative assessments, reflection 
checkpoints, and explicit discussion of mathematical and scientific principles 
throughout project cycles to ensure both rigor and relevance.

Inquiry-Based Learning
Inquiry-Based Learning (IBL) emphasizes the process of questioning, 

investigating, and constructing explanations, closely mirroring the authentic 
practices of scientists, engineers, and mathematicians. At its core, IBL 
engages students in evidence-based reasoning encouraging them to explore 
phenomena, collect data, and develop conceptual understanding through 
iterative inquiry cycles. Meta-analyses indicate that inquiry approaches 
significantly improve students’ conceptual understanding, especially when 
supported with structured scaffolds such as guiding questions, explicit 
learning goals, and formative assessments (Furtak et al., 2012).

Sutaphan and Yuenyong (2019) expanded the inquiry tradition through 
their context-based STEM teaching model, a seven-stage process that begins 
with identifying a social or environmental issue and culminates in the 
communication of a proposed solution. For example, students might examine 
local air pollution, study relevant physics and chemistry principles, apply 
mathematical functions to model emission patterns, and then design and 
present a prototype of an air filtration system. This form of inquiry connects 
disciplinary content with real-world relevance, helping students see how 
abstract knowledge can be used to address authentic societal problems. 
As a result, learners often exhibit higher engagement, persistence, and 
ownership of learning.
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In mathematics, inquiry-based instruction frequently involves exploring 
conjectures, testing hypotheses, and constructing multiple strategies for 
problem solving. For instance, students may investigate whether the area 
of all parallelograms can be derived from the same reasoning used for 
rectangles, thereby uncovering generalizations through exploration and 
reasoning. In science, inquiry manifests through experimental investigation, 
while in engineering, it takes the form of design and optimization challenges 
that demand iterative testing and revision. Across all STEM domains, IBL 
encourages curiosity and deep reasoning, but its success depends on careful 
instructional design. Effective inquiry requires teachers to balance openness 
with structure offering enough freedom for discovery while ensuring that 
core disciplinary ideas remain explicit and central to the learning process.

Modeling-Based Instruction
Mathematical modeling has become a cornerstone of integrated STEM 

education, serving as both a cognitive process and a pedagogical bridge 
across disciplines. Sanders (2012) and Kelley and Knowles (2016) emphasize 
that mathematics functions as the connective tissue of STEM, and modeling 
is the practice that makes this integration visible and actionable. Through 
modeling, students move fluidly between abstract representations and 
real-world phenomena, translating lived experiences into quantifiable 
relationships and testable predictions. Bibliometric studies confirm a 
significant rise in global research on modeling since 2015, underscoring 
its growing importance in STEM education and its potential to promote 
authentic learning (Tasarib et al., 2025; Fajri et al, 2025).

Classroom applications of modeling span all educational levels and 
disciplines. In elementary settings, students may use manipulatives to 
represent fractions through familiar contexts, such as dividing food items or 
allocating resources, or they may develop simple models related to financial 
literacy, such as budgeting or pricing scenarios. At the secondary level, 
modeling becomes increasingly analytical: learners can apply systems of 
equations to optimize production costs, employ quadratic and exponential 
functions to predict motion or growth, or use statistical modeling to interpret 
data from community-based research. In university contexts, modeling 
often involves computational simulations and interdisciplinary problem 
solving, such as developing algorithms for disease spread, fluid dynamics, 
or environmental forecasting. Across all levels, modeling tasks cultivate 
students’ ability to connect mathematics with practical inquiry and to 
recognize the iterative nature of problem solving.
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While modeling is valuable in every STEM domain, its epistemic 
function in mathematics is particularly significant because it links symbolic 
reasoning with contextualized understanding. Through the modeling process 
formulating a problem, mathematically representing it, analyzing and 
solving it, validating results, and interpreting findings students learn to see 
mathematics not merely as a set of procedures but as a dynamic language 
for sense-making. This iterative cycle allows learners to test the boundaries 
of abstraction and adjust their representations in light of evidence, fostering 
both creativity and rigor.

Despite its potential, effective implementation of modeling remains 
a challenge. Many teachers report limited preparation in facilitating the 
modeling cycle or in designing open-ended modeling tasks that extend 
beyond textbook-style word problems. Without sufficient support, modeling 
can be reduced to mechanical computation rather than authentic inquiry. 
Therefore, teacher professional development (PD) and curriculum design 
must provide structured frameworks, task exemplars, and classroom-based 
case studies that illustrate how modeling supports learning across STEM 
subjects. Future research should continue to examine how modeling can 
be integrated in ways that maintain mathematical depth while promoting 
interdisciplinary relevance. When approached as a tool for exploration and 
reasoning rather than routine problem solving, modeling-based instruction 
embodies the spirit of integrated STEM bridging abstract theory with the 
complexity of the real world.

Variation Theory-Based Teaching
Variation Theory provides a structured and evidence-informed approach 

to designing lessons that make the critical features of concepts visible to 
learners. According to Marton and Pang (2006), learning takes place when 
students discern what varies and what remains constant within a set of 
examples or experiences. This process enables learners to identify essential 
attributes of a concept rather than focusing on superficial details. Building 
on this foundation, Hasan et al (2024) proposed a seven-step framework for 
applying variation theory to STEM teaching, emphasizing systematic contrast, 
sequencing, and integration to guide students’ conceptual understanding.

In mathematics education, variation theory can be operationalized 
through deliberate changes in task design. For instance, teachers may ask 
students to compare linear and quadratic functions that share the same 
slope (contrast), modify slope and intercept independently to explore their 
distinct effects on graphs (separation), generalize emerging patterns across 
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different families of functions (generalization), and finally synthesize these 
insights to develop a comprehensive view of relationships among parameters 
(fusion). Through such carefully orchestrated variation, students move 
beyond memorization and begin to recognize mathematical structure and 
interconnectedness.

The same principle can extend across other STEM disciplines. In science, 
lessons might vary one environmental condition such as temperature or 
light intensity while holding others constant to reveal causal relationships. 
In engineering and technology, variation can be embedded in design cycles 
where a single parameter of a prototype (e.g., material type, gear ratio, or 
angle) is systematically modified to test its impact on performance. These 
examples demonstrate how variation theory provides a cross-disciplinary 
design principle that emphasizes conceptual contrast and precision.

What makes variation theory particularly powerful is its ability to support 
the discernment of abstract ideas a challenge frequently encountered in 
mathematics and related fields. By intentionally structuring experiences 
that reveal patterns and boundaries, teachers help students grasp the 
essence of complex concepts that might otherwise remain opaque. In this 
sense, variation theory serves not only as a pedagogical model but also 
as a bridge between theory and classroom practice, promoting deeper 
understanding through thoughtfully designed opportunities to notice what 
truly matters in learning.

Context-Based and STS Inquiry
Context-based inquiry methods build upon the traditions of Science–

Technology–Society (STS) education and the Engineering Design Process 
(EDP) to embed STEM learning in authentic, socially meaningful contexts. 
Sutaphan and Yuenyong’s (2019) seven-stage model begins with the 
identification of a real-world problem and progresses through solution 
generation, knowledge acquisition, prototyping, testing, and communication. 
This cyclical structure mirrors the way scientists and engineers approach real 
problems iteratively refining ideas through evidence, design, and reflection.

This model is particularly well suited to STEM education because it 
situates disciplinary content in contexts that are both culturally and socially 
relevant. Rather than treating mathematics, science, and engineering as 
isolated subjects, context-based inquiry allows students to explore how 
knowledge from multiple domains converges to address complex societal 
needs. For instance, students might design cost-effective food packaging 
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that requires geometric reasoning and materials science, optimize local 
energy use through mathematical modeling and physics principles, or 
develop safety devices that combine statistical analysis, data visualization, 
and engineering design. These types of projects demonstrate how STEM 
learning can be both technically rigorous and socially meaningful, promoting 
civic engagement alongside academic growth.

Mathematics benefits directly from this approach, as it consistently 
serves as the analytical and justificatory tool within the inquiry cycle. 
Students use mathematical reasoning to quantify relationships, evaluate 
design trade-offs, and validate proposed solutions. In engineering and 
technology, the same framework aligns naturally with prototyping and 
iterative improvement, emphasizing the process of testing and refining 
ideas based on measurable data. In science, it supports inquiry through 
hypothesis formation, experimentation, and communication of findings. 
Thus, context-based inquiry provides a versatile structure for integrating 
STEM disciplines around problems that matter to students’ lives.

However, successful implementation depends on teachers’ ability to 
select and adapt contexts that are genuinely relevant and developmentally 
appropriate for their learners. When the chosen contexts resonate with 
students’ experiences and communities, engagement deepens, and abstract 
concepts become more tangible. In this sense, context-based and STS inquiry 
not only enhance content mastery but also position STEM education as a 
vehicle for social awareness and purposeful problem-solving connecting 
classroom learning to the broader human and environmental challenges 
of the twenty-first century.

Integrative and Design-Based Pedagogy
Integrative STEM education, as articulated by Sanders (2012), places 

technological and engineering design at the heart of the learning process. 
In this model, learning unfolds through the act of designing, constructing, 
testing, and refining solutions to complex, real-world problems, with 
mathematics and science serving as essential tools throughout the process. 
Design becomes both a method of inquiry and a context for application 
connecting theoretical understanding with tangible outcomes and authentic 
decision-making.

Classroom examples illustrate the versatility of this approach. Students 
may construct geometric models to explore algebraic relationships, design 
and test bridges to apply geometric and physical principles, or program 
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robots to integrate coding, measurement, and design logic. Through such 
experiences, learners engage simultaneously in mathematical reasoning, 
scientific experimentation, and technological creativity. Outreach programs 
such as the Foundations in Science and Mathematics (FSM) initiative at 
Indiana University demonstrate how graduate instructors employ design-
based projects to help younger learners bridge mathematics and scientific 
inquiry. These projects not only enhance understanding but also build 
confidence, collaboration, and persistence skills essential for success in 
STEM fields.

Design-based pedagogy is particularly well suited for interdisciplinary 
learning because it mirrors how professionals in STEM disciplines tackle real-
world challenges. It promotes innovation, collaboration, and systems thinking 
by encouraging students to apply multiple perspectives toward a shared 
goal. However, its successful implementation depends on several factors: 
adequate resources (materials, equipment, and lab space), teacher expertise 
in managing open-ended design processes, and curricular alignment that 
connects design tasks to core disciplinary standards. While its emphasis on 
authentic problem-solving makes it highly motivating, there is a risk that 
essential mathematics or science content may be overshadowed if design 
tasks are not carefully scaffolded. For this reason, teacher professional 
development (PD) plays a crucial role in ensuring that design-based learning 
maintains a balance between creative exploration and disciplinary rigor.

When thoughtfully supported, integrative and design-based pedagogy 
exemplifies the spirit of STEM education bridging theory with practice, 
fostering curiosity, and empowering students to become innovators and 
problem solvers in both academic and real-world contexts.

Computational Thinking and Technology Integration
The rapid expansion of digital technologies has profoundly transformed 

STEM pedagogy. Computational thinking (CT) the ability to formulate and 
represent problems in ways that can be solved by computers has been 
described as a new literacy for the 21st century (Wing, 2006). Coding, 
robotics, and simulations not only enhance problem-solving but also offer 
concrete ways for students to connect mathematics with engineering, science, 
and technology (Tasarib et al., 2025). Through these tools, learners begin 
to view computation not as a separate discipline but as an essential lens 
for modeling, analyzing, and creating within STEM contexts.

Classroom applications of computational thinking are wide-ranging. 
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Students might use programming to model geometric transformations, 
simulate ecosystems, or automate aspects of the engineering design process. 
In mathematics, CT fosters algorithmic reasoning and recursive thinking; 
in science, it enables the analysis of large datasets and the visualization of 
experimental outcomes; in engineering, it supports prototyping, simulation, 
and systems optimization; and in technology, it drives innovation through 
automation, coding, and design. Across these domains, computational 
thinking cultivates logical reasoning, precision, and creativity core habits 
of mind in STEM.

However, effective technology integration is not achieved simply by 
introducing new tools into classrooms. The Technological Pedagogical 
Content Knowledge (TPACK) framework, developed by Mishra and Koehler 
(2006), offers a comprehensive model for understanding the interplay among 
teachers’ knowledge of content, pedagogy, and technology. It builds upon 
Shulman’s (1986) concept of Pedagogical Content Knowledge (PCK) and 
expands it to include technological fluency as a critical dimension of teaching 
expertise. The framework’s key components can be summarized as follows:

Content Knowledge (CK): Understanding the subject matter itself (e.g., 
mathematical functions, scientific concepts, or engineering principles).

Pedagogical Knowledge (PK): Knowledge of teaching methods, learning 
processes, assessment, and classroom management.

Technological Knowledge (TK): Understanding digital tools and their 
affordances, ranging from graphing software and coding platforms to AR/
VR environments and simulations.

At the intersections of these domains, additional composite forms of 
knowledge emerge:

PCK (Pedagogical Content Knowledge): Knowing how to represent 
disciplinary ideas in ways that are understandable and accessible to learners 
(Shulman, 1986).

TCK (Technological Content Knowledge): Understanding how technology 
reshapes or extends disciplinary understanding for instance, using dynamic 
graphing tools to visualize families of mathematical functions.

TPK (Technological Pedagogical Knowledge): Recognizing how technology 
can modify instructional strategies, such as employing simulations to scaffold 
inquiry or using digital platforms for formative assessment.

TPACK (Full Integration): The convergence of content, pedagogy, and 
technology into balanced, student-centered learning experiences that 
promote deep understanding and engagement.

In practice, TPACK implies that teachers must move beyond using 
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digital tools for novelty or engagement alone. Instead, technologies should 
be strategically aligned with learning objectives to enhance disciplinary 
understanding. For example, a simulation of projectile motion should not 
merely entertain students but should help them connect quadratic functions 
with physics principles within an inquiry cycle. Likewise, programming a 
robot to follow a path is most effective when embedded in lessons about 
geometric reasoning, measurement, and iterative design. These purposeful 
alignments transform technology from a passive medium into an active 
scaffold for conceptual development.

Professional development programs increasingly emphasize TPACK as a 
guiding framework for lesson design and reflection. Velychko et al.  (2022) 
reported certificate programs that trained educators in AR/VR, robotics, 
and simulation-based teaching, highlighting how such technologies can 
support not replace conceptual learning. This emphasis has become even 
more critical in post-pandemic education, where teachers must integrate 
digital and face-to-face modalities fluidly while maintaining pedagogical 
coherence.

Ultimately, computational thinking and technology integration illustrate 
that innovation in STEM education is not merely about adopting the newest 
tools but about cultivating teacher expertise at the intersection of what to 
teach (content), how to teach it (pedagogy), and which tools best support 
learning (technology). The TPACK framework provides a practical and 
conceptual roadmap for navigating this intersection, ensuring that technology 
enriches rather than distracts from meaningful and equitable STEM learning.

Summary and Synthesis of Core Methods
Together, these methods, Project-Based Learning (PBL), Inquiry-Based 

Learning (IBL), Mathematical Modelling, Variation Theory, Context-Based 
Inquiry, Design-Based Pedagogy, and Computational Thinking form the 
practical repertoire of innovative STEM instruction. Each method brings 
distinct strengths: PBL and inquiry promote student-driven exploration 
and autonomy; modelling and variation theory strengthen conceptual 
understanding and mathematical reasoning; context-based and design-based 
approaches connect learning to social relevance and authentic problem-
solving; and computational thinking expands the technological and analytical 
dimensions of STEM learning.

In classroom practice, these methods have been implemented across 
diverse educational systems and levels. Project-Based Learning (PBL) has 
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been widely adopted in U.S. middle and high schools through initiatives 
such as Project Lead the Way (PLTW), where students engage in engineering 
and biomedical design projects requiring the application of mathematics 
and science concepts. In mathematics classrooms, PBL tasks often include 
designing a school garden to optimize area and perimeter or analyzing 
sports statistics to build predictive models activities that connect abstract 
knowledge with concrete experiences.

Inquiry-Based Learning (IBL) underpins many modern science curricula, 
including the Next Generation Science Standards (NGSS) in the United States, 
which emphasize practices of questioning, investigating, and reasoning 
from evidence. Mathematics educators have adapted inquiry principles by 
encouraging students to generate conjectures and test them for instance, 
exploring patterns in number theory or using dynamic software to examine 
properties of geometric figures.

Modelling-based instruction has become a global standard, with 
international assessments such as PISA defining mathematical literacy 
in terms of students’ ability to formulate, employ, and interpret models 
in real-world contexts. Many European countries, including Germany and 
the Netherlands, have embedded modelling tasks into secondary curricula, 
challenging students to apply mathematics to authentic scenarios such as 
traffic flow, environmental sustainability, or population growth.

Variation Theory has had influence in East Asian contexts. In Hong Kong 
and mainland China, lesson study traditions often draw on variation theory 
principles, with teachers designing sequences of tasks that emphasize key 
contrasts and invariants (Marton & Pang, 2006). Such designs have been 
shown to deepen understanding by making subtle conceptual differences 
visible for example, varying coefficients and constants in algebraic equations 
to clarify their respective roles.

Context-based and STS inquiry approaches have shaped curriculum 
reforms in countries such as Thailand and Singapore, where STEM lessons 
are explicitly tied to cultural and societal issues (Sutaphan & Yuenyong, 
2019). Students may design energy-saving devices for their communities 
or explore the chemistry of local foods, integrating disciplinary knowledge 
with everyday life and community impact. These approaches highlight how 
STEM education can foster both intellectual growth and civic responsibility.

Integrative and design-based pedagogy is central to engineering-focused 
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curricula such as PLTW and the Engineering by Design framework of ITEEA. 
Students learn by designing, constructing, and evaluating prototypes that 
require the coordination of mathematical, scientific, and technical reasoning. 
In mathematics classrooms, design-based tasks may include constructing 
physical models to explore geometric properties or using 3D printing to 
visualize algebraic functions as tangible forms. Such tasks embody the 
creative synthesis of theory and practice.

Finally, Computational Thinking (CT) has emerged as a cross-disciplinary 
competency. Initiatives such as the U.S. Computer Science for All program 
and similar reforms across Europe and Asia integrate CT throughout K–12 
education not only in computer science, but also in mathematics and 
science classes. Students might write code to simulate projectile motion, 
use spreadsheets to analyze statistical data, or program robots that apply 
measurement and proportional reasoning. These activities cultivate 
algorithmic thinking, precision, and creativity while expanding students’ 
capacity to connect computation with conceptual reasoning.

Although each method contributes uniquely to STEM education, their 
impact varies by discipline. Modelling and variation theory are particularly 
powerful for mathematics; design-based pedagogy thrives in engineering 
and technology-rich environments; inquiry-based learning is central to 
science; and computational thinking cuts across all fields. Importantly, 
the most effective curricula integrate multiple approaches rather than 
relying on a single method. Programs such as NGSS, PLTW, and PISA all 
demonstrate that blended models where inquiry, modelling, design, and 
technology intersect are most effective for preparing students to navigate 
complex, interdisciplinary problems. The task for educators, therefore, is 
not to select one method over another but to orchestrate these approaches 
into coherent, balanced learning experiences that sustain engagement while 
maintaining disciplinary depth and rigor.

Classroom Applications and Case Studies
The practical value of STEM education becomes most visible in the 

classroom, where abstract frameworks are transformed into student-
centered, inquiry-driven learning experiences. Across diverse educational 
contexts, teachers and program designers have adapted innovative 
approaches such as inquiry, modelling, and design-based pedagogy into 
projects that nurture both disciplinary depth and interdisciplinary thinking. 
These applications reveal how theory can be meaningfully translated into 
practice to engage learners in authentic, problem-solving environments.
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A widely documented example is the use of context-based inquiry 
cycles in science and mathematics classes. Sutaphan and Yuenyong (2019) 
demonstrated how secondary students in Thailand engaged with local 
cultural and environmental issues through a seven-stage STEM framework. 
Projects included designing communication devices for space exploration 
and creating technological models based on electromagnetism. In each 
case, students drew upon mathematics and science knowledge to refine 
prototypes, test solutions, and communicate results. These examples 
illustrate how embedding mathematics within socially meaningful contexts 
can enhance relevance, promote critical thinking, and strengthen students’ 
sense of purpose in learning.

Variation theory-based lesson designs also highlight the adaptability of 
innovative teaching methods. Hasan, Khan, and Ahmed (2024) described 
how systematically varying mathematical features such as comparing 
linear and quadratic functions or manipulating slope and intercept in 
targeted sequences helped students discern key conceptual differences. 
In classroom studies, students who experienced variation-based lessons 
consistently outperformed those in traditional settings, suggesting that 
careful orchestration of contrast, separation, and generalization can 
significantly deepen conceptual understanding.

Mathematical modelling projects offer another powerful vehicle for 
integrating STEM disciplines. Bibliometric research shows that modelling has 
been increasingly implemented across educational levels, from elementary 
tasks involving fractions and proportional reasoning to advanced simulations 
in physics and biology (Tasarib et al., 2025; Fajri et al., 2025). For example, 
elementary students have explored financial literacy and ethnomathematical 
contexts to reason proportionally, while secondary students have applied 
calculus to epidemic modelling and data-based prediction. These activities 
position mathematics not as a set of abstract computations but as a dynamic 
tool for interpreting and solving real-world problems.

Teacher professional development (PD) programs also illustrate how 
innovative pedagogies can be translated into classroom-ready practices. In 
Ukraine, Velychko et al. (2022) documented certificate courses that trained 
teachers to design interdisciplinary projects using digital platforms such as 
PhET simulations, Minecraft Education Edition, and robotics kits. Classroom 
applications included integrating geometry and physics through architectural 
design or combining algebra and art in explorations of quadrilaterals. These 
experiences demonstrate how STEM instruction can cross disciplinary 
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boundaries while maintaining mathematical rigor and creativity.

The Foundations in Science and Mathematics (FSM) summer program 
provides another illustrative case of how graduate-student-led initiatives can 
adapt innovative pedagogies to flexible and inclusive learning environments. 
Courses within FSM emphasize problem-based projects, inquiry-oriented 
instruction, and digital tool integration. For example, in mathematics courses, 
students explore geometric transformations using dynamic software, analyze 
statistical data from real-world sources, and simulate projectile motion 
as part of physics mathematics integration tasks. During the COVID-19 
pandemic, FSM successfully transitioned these projects to online and hybrid 
formats, showcasing how design-based pedagogy and modelling approaches 
can thrive even under disrupted conditions.

Taken together, these classroom cases underscore the adaptability and 
transformative potential of STEM teaching methods across grade levels, 
cultural contexts, and instructional modalities. Whether through inquiry 
projects rooted in community issues, variation-based mathematics lessons, 
modelling tasks that link classroom learning to authentic applications, or 
interdisciplinary designs enhanced by technology, innovative pedagogies 
provide multiple pathways to make STEM learning meaningful, equitable, 
and inclusive.

Challenges and Barriers in Implementing STEM 
Teaching

While innovative methods in STEM education offer tremendous 
promise, their classroom implementation continues to face a range of 
persistent challenges. These difficulties extend across curricular integration, 
assessment, teacher preparation, equity, and student motivation, and must 
be addressed if STEM reforms are to achieve lasting impact and scale.

A primary challenge lies in the integration of disciplines. Although 
frameworks such as integrative STEM and context-based inquiry provide 
conceptual guidance, many teachers struggle to weave mathematics, 
science, engineering, and technology into coherent, mutually reinforcing 
lessons (Sanders, 2012; Sutaphan & Yuenyong, 2019). School curricula 
are typically organized by rigid subject boundaries, leaving little flexibility 
for interdisciplinary projects or cross-department collaboration. Teachers 
often face a tension between covering mandated content and fostering 
authentic, inquiry-driven learning experiences. This structural constraint 
can limit innovation, even among educators who are enthusiastic about 



Yavuz, Hebebci 20

Innovative Practices in STEM Education: 
Emerging Technologies, Pedagogies and Learning Models

STEM integration.
A second and closely related challenge concerns assessment and 

evaluation. Project-based and inquiry-oriented tasks generate rich 
learning opportunities, but they do not lend themselves easily to traditional 
testing formats. Teachers must develop rubrics that capture a range of 
competencies content mastery, collaboration, creativity, reasoning, and 
problem-solving. Hasan et al. (2024) observed that variation theory-based 
instruction enhances conceptual understanding, yet measuring such depth 
requires nuanced assessment tools that go beyond rote recall. Likewise, 
mathematical modelling tasks provide authentic reasoning opportunities 
but are notoriously difficult to evaluate consistently (Tasarib et al., 2025). 
Without supportive and flexible assessment frameworks, teachers may 
hesitate to adopt or sustain these pedagogical innovations.

Teacher preparation and professional development represent another 
major barrier. As Milner-Bolotin (2018) emphasizes, many reform efforts 
falter because teachers are insufficiently prepared to implement evidence-
based approaches or to connect research with day-to-day practice. Velychko et 
al. (2022) further note that many teachers lack interdisciplinary fluency and 
hands-on experience with digital tools, highlighting the need for systematic 
professional learning programs that integrate theory with design-based 
application. Without adequate preparation and ongoing support, even 
motivated teachers may revert to familiar, lecture-centered practices.

Equity and access also remain pressing concerns. The COVID-19 pandemic 
made visible the deep disparities in digital infrastructure, teacher capacity, 
and student resources (World Bank, 2021). Schools in rural or under-
resourced areas often face greater challenges in implementing technology-rich 
approaches such as computational thinking, coding, or virtual simulations. 
These inequities risk creating a two-tiered educational system in which some 
learners gain access to integrated, technology-enhanced STEM experiences 
while others remain confined to traditional instruction. Achieving equity 
therefore requires not only investment in hardware and connectivity but 
also culturally relevant curriculum design and sustained policy commitment 
to ensure that all students can participate meaningfully in STEM learning.

Finally, maintaining student motivation and engagement is an enduring 
challenge. Although inquiry and design projects often inspire enthusiasm, 
they also demand persistence, collaboration, and critical reflection skills 
that not all students possess or develop easily. Teachers must find a delicate 
balance between providing structure and allowing autonomy so that learners 
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remain productively engaged without becoming overwhelmed. This balance 
is especially important in mathematics, where anxiety and disengagement are 
well-documented obstacles to learning (English, 2016). Without intentional 
scaffolding, students may view STEM projects as overly complex rather than 
empowering opportunities for exploration.

In summary, the challenges of implementing STEM teaching underscore 
the complexity of educational change. Integration across disciplines, 
assessment innovation, teacher development, equity, and motivation are 
interdependent dimensions that require coordinated action at policy, 
institutional, and classroom levels. Acknowledging these challenges does 
not diminish the promise of STEM innovation; rather, it highlights the urgent 
need for systemic supports that make ambitious pedagogies both feasible 
and sustainable in real-world classrooms.

Post-Pandemic Transformations and Lessons Learned
The COVID-19 pandemic disrupted education on a global scale, forcing 

an unprecedented and rapid shift to online and hybrid teaching formats. 
For STEM education, this transformation brought both profound challenges 
and unexpected opportunities. Although widespread learning losses were 
reported particularly in mathematics (World Bank, 2021) the crisis also 
accelerated the adoption of digital tools and revealed the potential of 
technology to reshape teaching and learning practices.

One of the most significant changes was the expansion of online and 
hybrid learning environments. Teachers who had little prior experience with 
virtual instruction suddenly had to master videoconferencing platforms, 
digital whiteboards, and online assessment tools. While this transition was 
often uneven, it demonstrated that STEM pedagogy could adapt to multiple 
modalities. Velychko et al. (2022) observed that professional development 
programs began to incorporate online simulations, robotics kits, and virtual 
reality applications, offering teachers new strategies for project-based and 
inquiry-driven learning. These tools not only supported instruction during 
school closures but continue to enhance in-person classrooms by providing 
flexible, interactive ways to explore mathematical and scientific ideas.

The pandemic also redefined teachers’ professional roles. No longer 
serving merely as content deliverers, teachers became facilitators, technology 
navigators, and community connectors. Milner-Bolotin (2018) underscored 
the importance of cultivating reflective and research-informed practices in 
teacher education; the pandemic brought this to life by demanding resilience, 
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creativity, and adaptability from educators in real time. In mathematics 
classrooms, for instance, teachers leveraged dynamic graphing tools, coding 
environments, and collaborative problem-solving platforms to sustain 
engagement despite physical distance.

At the same time, the crisis amplified existing inequities in STEM education. 
Students from under-resourced schools often lacked reliable internet access 
or personal devices, severely limiting their ability to participate in remote 
learning (World Bank, 2021). These disparities mirrored and, in some cases, 
widened long-standing achievement gaps. Addressing these inequities 
requires not only systemic investment in digital infrastructure but also a 
commitment to developing inclusive and culturally responsive curricula 
that remain accessible across diverse contexts.

Programs such as the Foundations in Science and Mathematics (FSM) 
summer program exemplify how STEM initiatives can adapt to these new 
realities. During the pandemic, FSM transitioned its mathematics and science 
courses into hybrid and fully online formats. Instructors integrated digital 
simulations, collaborative virtual projects, and discussion-based sessions, 
turning challenges into opportunities for innovation. For example, FSM 
mathematics students used platforms such as Desmos and GeoGebra to 
investigate geometric transformations and modelling tasks, enabling real-
time visualization and interaction. These adaptations demonstrated that 
project-based and inquiry-driven approaches can thrive in virtual settings 
when instruction is carefully scaffolded and intentionally designed.

Looking ahead, the post-pandemic landscape underscores that flexibility 
and technological fluency will remain essential features of effective STEM 
teaching. Hybrid models that blend face-to-face collaboration with digital 
learning environments are likely to become a permanent fixture in education. 
Consequently, teacher preparation and professional development must 
emphasize not only disciplinary integration but also the purposeful use of 
technology. As Mishra and Koehler’s (2006) TPACK framework reminds us, 
meaningful integration occurs at the intersection of content, pedagogy, and 
technology. The pandemic experience made this intersection unavoidable 
reinforcing that future STEM instruction must prepare students to navigate 
both digital and physical problem-solving spaces.

Future Directions and Recommendations
The expanding body of STEM education research shows that its success 

depends not only on creating innovative methods but also on building the 
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systems that sustain them. Looking ahead, several key directions can guide 
the next phase of progress in both research and practice.

A priority is the central role of mathematics and modelling in integrative 
STEM. Bibliometric studies confirm that mathematical modelling increasingly 
serves as the connective practice linking abstract reasoning to authentic 
problem-solving (Tasarib et al., 2025; Fajri et al., 2025). Future curricula 
should highlight modelling cycles that invite students to move fluidly between 
conceptual understanding, symbolic representation, and applied contexts. 
When designed this way, modelling strengthens mathematical literacy while 
also cultivating creativity, logical reasoning, and critical thinking.

A second direction concerns the integration of emerging technologies. 
Computational thinking, coding, robotics, and simulations are already 
reshaping STEM classrooms, yet the next wave of innovation will involve 
artificial intelligence, data science, and immersive environments such as 
augmented and virtual reality. These tools extend the range of problems 
students can explore and mirror the technologies transforming modern 
research and industry (Wing, 2006; Velychko et al., 2022). To use them 
effectively, teacher education programs must ensure that educators apply 
digital tools purposefully aligning them with pedagogy and learning outcomes 
rather than treating them as add-ons.

The future of STEM reform also relies on a deeper commitment to 
teacher education and professional learning. Milner-Bolotin (2018) noted 
that reforms often falter when teachers are not equipped to translate 
evidence-based pedagogy into classroom practice. Expanding certificate 
programs, collaborative learning networks, and practice-based professional 
development (PD) is therefore essential. Effective PD should model 
innovative teaching approaches, provide hands-on opportunities for 
designing interdisciplinary lessons, and encourage reflective habits that 
sustain lifelong learning. Supporting teachers also means valuing their time, 
providing resources, and creating professional communities that empower 
experimentation and growth.

Equity and inclusivity must remain guiding principles for all future work. 
The pandemic exposed deep disparities in digital access and instructional 
support (World Bank, 2021). Future STEM initiatives must not only ensure 
equitable infrastructure but also promote culturally relevant and inclusive 
pedagogies. This involves designing modelling and inquiry tasks that 
connect with students’ lived experiences, integrating ethnomathematical 
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perspectives, and ensuring that underrepresented groups see themselves 
represented in STEM disciplines. Addressing gender equity, rural–urban 
divides, and linguistic diversity will be crucial if STEM education is to 
prepare all learners for participation in a global, knowledge-based society.

Finally, community-based programs such as the Foundations in Science 
and Mathematics (FSM) demonstrate how flexible, university–school 
partnerships can foster innovation. FSM’s model built on graduate instructors, 
problem-based learning, and hybrid delivery provides a blueprint for scaling 
STEM opportunities while maintaining contextual relevance. Expanding 
such partnerships across local and national contexts could help bridge the 
gap between research, teacher preparation, and classroom practice.

In light of these trends, one overarching recommendation stands 
out: STEM education must evolve from isolated innovations to systemic, 
sustainable integration that connects pedagogy, technology, and teacher 
development. Future research should continue to investigate how specific 
methods such as variation theory, context-based inquiry, modelling, 
and design-based pedagogy enhance learning across diverse contexts. 
Policymakers must invest in teacher professional growth and equitable 
infrastructure, while educators cultivate reflective and adaptive classroom 
practices. Through coordinated efforts across these levels, STEM education 
can equip future generations with the knowledge and creativity to address 
the complex challenges of an interconnected world.

Conclusion
This chapter has explored the theoretical foundations, core teaching 

methods, classroom applications, and challenges of STEM education, with 
particular attention to mathematics and the evolving realities of post-
pandemic teaching. Across the literature, a clear and consistent message 
emerges innovative pedagogical approaches such as variation theory, 
context-based inquiry, project-based learning, and mathematical modelling 
have the potential to transform classrooms by making learning more 
authentic, inclusive, and engaging. When these methods are integrated 
with computational thinking and design-based pedagogy, students are better 
able to connect disciplinary knowledge to real-world contexts, deepening 
their understanding and fostering the critical thinking, creativity, and 
collaboration skills essential for the 21st century.

A central theme throughout this discussion is the unique role of 
mathematics as a bridge across STEM disciplines. From early activities 
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that develop modelling and problem-solving competencies to advanced 
projects involving functions, simulations, and data analysis, mathematics 
serves as the language that unites science, engineering, and technology. 
Recent bibliometric evidence confirms the global expansion of mathematical 
modelling in STEM education (Tasarib et al., 2025; Fajri et al., 2025), 
underscoring both the promise of this approach and the need for deeper 
teacher preparation. Positioning mathematics at the core of integrative 
STEM ensures that learners go beyond procedural proficiency to develop the 
capacity to represent, analyze, and solve complex, interdisciplinary problems.

The chapter has also emphasized the pivotal role of teacher preparation 
and professional development. Research consistently shows that STEM 
reforms struggle when teachers are not equipped with the necessary 
knowledge, resources, and confidence to implement innovative pedagogy 
(Milner-Bolotin, 2018; Velychko et al., 2022). Sustained professional 
development that blends theoretical insight with hands-on design work, 
collaborative reflection, and purposeful technology use is therefore essential. 
Programs such as the Foundations in Science and Mathematics (FSM) offer 
valuable models, demonstrating how graduate instructors and schools 
can collaborate to create flexible, project-based learning environments. 
FSM’s adaptation during the COVID-19 pandemic further illustrates that 
innovation can thrive even under challenging circumstances when guided 
by thoughtful pedagogy.

The challenges of implementation including curricular integration, 
assessment, equity, and student motivation remain significant, yet they 
also present opportunities for growth. The difficulty of assessing inquiry 
and modelling tasks invites the development of evaluation frameworks that 
capture conceptual understanding and creativity. The inequities exposed 
during the pandemic highlight the urgency of equitable infrastructure and 
culturally responsive teaching. Similarly, the struggle to sustain student 
motivation calls for a balance between guidance and autonomy so that 
projects remain engaging without overwhelming learners.

Looking to the future, systemic integration will be key to sustaining 
progress. Policymakers, researchers, and practitioners must work together 
to align curriculum, assessment, teacher education, and technology. Artificial 
intelligence, data science, and immersive technologies such as augmented 
and virtual reality will continue to broaden the landscape of STEM learning, 
but their potential will only be realized when teachers are empowered to 
use them purposefully. At the same time, inclusivity and equity must remain 
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guiding principles to ensure that innovation benefits all learners, not just 
those with access to resources.

In summary, STEM education stands at a critical moment. The theoretical 
and practical advances of the past decade accelerated by the disruptions of the 
pandemic have laid the groundwork for more integrative, inquiry-driven, and 
technology-rich pedagogy. The challenge now is to scale these innovations 
in ways that are sustainable, equitable, and grounded in evidence-based 
practice. By leveraging mathematics as a unifying discipline, empowering 
teachers as reflective practitioners, and embracing the opportunities afforded 
by emerging technologies, STEM education can prepare students not only 
for academic success but also for active participation in an increasingly 
complex, interconnected world.
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Chapter Highlights
Effective STEM education requires equipping learners with the necessary 

skills to navigate the increasingly complex and technology-driven world. 
Among many promising pedagogical approaches, problem-based learning 
(PBL) and inquiry-based learning (IBL) stand as particularly promising due 
to their unique characteristics: Both approaches prioritize the learner being 
at the center of the learning process. Learners actively participate in the 
learning process by employing critical thinking skills through investigation. 
Consequently, both methods foster critical thinking skills, collaboration, 
and active participation of learners in authentic learning contexts, which 
are also essential skills for effective STEM education. 

•	 Key Components of Problem-based Learning – The foundation of 
problem-based learning, characteristics, teacher roles and student 
benefits.

•	 Problem-based STEM Education– The intersection of problem-based 
learning and STEM, affordances of problem-based STEM education 
and different approaches for problem-based STEM teaching.

•	 Key Components of Inquiry-based Learning – The foundation of 
inquiry-based learning, characteristics. 

•	 Inquiry-based STEM Education – The intersection of inquiry-based 
learning and STEM, affordances of inquiry-based STEM education 
and different approaches for inquiry-based STEM teaching.
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Introduction
Problem-based learning (PBL) is grounded in the principles of 

constructivism. (El Sayary et al., 2015; Mabley et al., 2020; Hmelo-Silver, 
2004; Thibaut et al., 2018). Constructivism is predicated on the notion 
that learners should be encouraged to construct their own understanding 
and establish meaningful connections between new concepts and prior 
experiences. In this sense, the PBL approach aligns with constructivist 
learning theories (Thibaut et al., 2018; Woods-McConney et al., 2020). PBL 
involves students to collaborate in small groups and acquire the necessary 
knowledge to resolve a problem (Hmelo-Silver, 2004). Originated in medical 
education, PBL was pioneered in the School of Medicine at McMaster in 
the 1960s (de Graaff & Kolmos, 2003; Mabley et al., 2020; Servant-Miklos, 
2018). Smith et al. (2022) characterized four principles of PBL as:

Problems embed in rich and relevant learning contexts;
active and strategic metacognitive reasoning; 
collaboration based on intrinsic motivation; 
problems embedded in real and rich contexts.

The effectiveness of PBL depends on the problems being placed in rich, 
relevant and authentic settings that allow students to grow in their ability 
to apply resources, knowledge, and skills both inside and outside of their 
discipline (Smith et al., 2022). Moreover, the problems need to be complex 
and ill-structured that are moderately scaffolded and situated in authentic 
contexts, as such problems both engage and challenge learners while enabling 
them to connect prior knowledge with cognitive development (Jonassen 
& Hung, 2008). In this manner, students’ active involvement in the process 
of problem solving become central. Thus, PBL approach is accepted as 
student-centered pedagogy (El Sayary et al., 2015). 

Recognized as a student-centered pedagogy, the effective implementation 
of the PBL approach in classroom contexts carries significant importance. 
Several models describing its application are discussed in the literature, 
one notable example being the seven-step model proposed by de Graaff and 
Kolmos (2003) (see Figure 1). This model starts with clarifying concepts 
being addressed during PBL process and finishes with testing and reporting 
the solution step.
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Figure 1. Seven-step model for using PBL in the classrooms (Adapted 
from de Graaff & Kolmos, 2003)

Teachers’ role in PBL
While students actively involved in solving real world problems (Hung 

et al., 2008), teachers’ roles are suited in being a guide and facilitator for 
students to develop appropriate problem-solving skills (de Graaff & Kolmos, 
2003; El Sayary et al., 2015; Smith, 2022). It is important to maintain 
a careful balance in the level of guidance provided. While they provide 
required support for students to solve problems by acquiring new knowledge 
and skills, they also need to provide space for their student to become 
independent learners (Slough & Milam, 2013).

Affordances of PBL
PBL approach is implemented across diverse educational settings, ranging 

from primary to undergraduate education (Hung et al., 2008; El-Sayary et 
al., 2015; Taylor & Mifflin, 2008; Rehmat & Hartley, 2020; Yew & Goh, 2016). 
It has positive outcomes on developing skills including problem-solving, 
critical thinking, higher order thinking, collaborative learning, research 
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and negotiation skills as well as communication and teamworking skills. In 
addition, the approach nurtures learners’ self-confidence and motivation. 
Lastly, there has been significant improvements in students’ performances 
in various tasks significantly (de Graaff & Kolmos, 2003; Hung et al., 2008; 
Kilroy, 2004; Warnock & Mohammadi-Aragh, 2015; Wood, 2004; Yew & 
Goh, 2016). Consequently, PBL is associated with three types of learning: 
cognitive, content and collaborative learning (de Graaff & Kolmos, 2003).

Problem-based STEM Education

PBL approach is usually associated with interdisciplinarity (Sayary, 2006). 
Interdisciplinarity, which entails the integration of knowledge, skills, and 
perspectives from two or more disciplines to generate products, account for 
phenomena, or address problems in ways unattainable within the boundaries 
of a single discipline (Boix Mansilla, 2010), the PBL approach offers a rich 
and meaningful context for exploring the interdisciplinary nature of STEM. 
By engaging learners in authentic, ill-structured problems that demand 
cross-disciplinary reasoning, PBL creates opportunities for students to 
transcend disciplinary silos, synthesize diverse forms of knowledge, and 
cultivate practices of inquiry that mirror those employed in real-world 
scientific and technological endeavors. Thus, the PBL framework highlights 
the potential of STEM education to advance both theoretical understandings 
of interdisciplinarity and its practical realization in classroom settings. 
Indeed, Asghar et al. (2012) identified PBL as the best strategy to teach STEM.

El Sayary et al. (2015) explained how PBL’s three types of knowledge 
(content, collaborative and cognitive) which led to higher order thinking 
skills are situated in problem-based STEM education (see, Figure 2). Through 
problem-based STEM education, students could develop higher order 
thinking skills. 
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Figure 2. Problem-based STEM education (Adapted from El Sayary et al., 
2015)

Affordances of problem-based STEM education
The literature increasingly documents positive outcomes associated 

with problem-based STEM education. Figure 2 illustrates how problem-
based STEM education can be a valuable approach to enhance students’ 
multiple skills development, including higher order thinking skills, 21st 
century skills (problem solving, collaboration, technology use, productivity, 
STEM awareness), as well as improving performances in STEM subjects 
and inspiring interest in STEM careers. Boosting students’ motivation, 
engagement, enthusiasm and encouraging team work and communication 
were other benefits reported in the literature (Anazifa & Djukri, 2017; Beier 
et al., 2018; Coufal, 2022; de Graaff & Kolmos, 2003; Karamustafaoglu & 
Pektas, 2023; Rehmat & Hartley, 2020; Smith et al., 2022; Thibaut et al., 2018).

Approaches for problem-based STEM teaching sequences
While PBL approach is frequently adopted in educational settings, 

problem-based STEM applications are relatively new (Cebesoy, 2023). As 
there are many benefits that are associated with using problem-based STEM 
education, researchers used various methods to integrate PBL to STEM (e.g., 
Abbott, 2016; Karamustafaoglu & Pektas, 2023; Sarı et al., 2018; Rahmat 
& Hartley, 2020). For instance, Sari and colleagues (2018) used a five-step 
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model to integrate PBL into STEM (Figure 3). In their model, teaching 
sequence started with identifying the problem to be addressed (step 1). 
The students, then, collected information and resources required to solve 
the problem (Step 2). In step 3, students formed hypothesis and suggested 
solutions to the problem being addressed. The students discussed possible 
solutions and selected the one among the suggested solutions by considering 
limitations and materials (step 4). In this step, they used engineering design. 
The last step includes student groups to present their designs and propose 
improvements/redesign elements for their designs. 

Figure 2. Benefits of Problem-based STEM education

The concept of “design” serves as a means of integrating engineering 
and technology with other STEM disciplines (Özkızılcık & Cebesoy, 2024). 
Within this framework, engineering design relies on iterative processes to 
address problems under specific conditions (Kelly & Sung, 2017). Similar 
to the teaching sequence proposed by Sari et al. (2018), Abbott (2016) 
incorporated engineering design into her six-step problem-based STEM 
teaching sequence (Figure 4). In this sequence, students were first introduced 
to an authentic problem—disposing of excess dyes directly into water 
sources. In the second step, they examined the issue from the perspective 
of scientists and engineers. The third step involved the use of a learning 
board, which included four guiding questions: (a) What do we know about 
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the problem?, (b) What do we need to find out?, (c) How will we find our 
answers?, and (d) What is our action plan? The learning board was designed 
to foster curiosity and sustain students’ interest.

Figure 3. Five-step problem-based STEM teaching sequence (adapted 
from Sari et al., 2018)

In the fourth step, students conducted research using online resources 
and reference materials. The fifth step introduced the engineering design 
process (EDP) cycle (Figure 5), during which students revisited the original 
problem and attempted to construct a prototype solution—specifically, a 
filter for removing dyes. Through iterative trials, students refined their 
designs until they developed a functioning prototype. Finally, in the sixth 
step, literacy skills were integrated into the process as students documented 
their learning through journal writing and portfolio preparation.

Figure 4. Six-step problem-based STEM teaching sequence (adapted by 
Abbott, 2016).
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Figure 5. Engineering design cycle

Given that teachers are positioned as facilitators in PBL, this role similarly 
extends to problem-based STEM instruction. Consequently, scholars have 
emphasized the need for additional professional development to support 
teachers in this area (e.g., El Sayary et al., 2015). Nevertheless, studies 
reveal several persistent challenges, including the absence of well-defined 
integration models, limited teacher experience, administrative barriers, 
and insufficient resources (Sahito & Wassan, 2024; Smith et al., 2022). 
In particular, El Sayary et al. (2015) identified professional development 
as a critical component for ensuring effective problem-based STEM 
teaching practices, while Smith et al. (2022) underscored the importance 
of establishing a shared understanding of problem-based STEM instruction 
among educators. To address these challenges, ‘collective sensemaking 
through professional dialog’ among educators has been proposed (Holmlund 
et al., 2018, p.17). In this regard, problem-based STEM teaching practices 
play a crucial role in establishing a shared foundation for the effective 
implementation of STEM education.

Inquiry-based Learning (IBL)
Like PBL approach, inquiry-based learning is widely recognized as an 

innovative approach in STEM education shifting the focus from passive 
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knowledge acquisition to active and student-centered learning. Inquiry and 
therefore inquiry-based learning (IBL) has been a central theme in science 
education (Strat et al., 2024; Zhong et al. 2022). Within the framework of PBL, 
students take an active role in learning by employing critical thinking skills—
asking questions, planning and conducting investigations, interpreting data 
as evidence, constructing arguments, developing models, and communicating 
findings—to deepen their understanding (Anderson, 2002; Crawford, 2014). 

Foundation of inquiry-based learning 

IBL is rooted in Dewey’s (1938) work as which established inquiry in 
experience (cited in Seland Strat et al., 2024). John Dewey’s ideas on inquiry 
have influenced subsequent work, and various learning cycles such as famous 
5E (Engagement, Exploration, Explanation, Elaboration, and Evaluation) 
adopting inquiry-based learning (IBL) have since been introduced (Oguz 
Unver & Arabacioglu, 2011). A classic IBL process starts with a question. 
Students, then, start looking for potential answers and investigate possible 
solutions. After creating new information chunks, students talk about their 
findings, experiences and reflect on new piece of information (Savery, 2006). 
National Research Council (NRC, 2006) identifies five essential characteristics 
of IBL (see, Figure 6). IBL process begins with engaging students in real-
world problem. Students collect relevant data and based on evidences; they 
formulate hypothesis/explanations. They, then, evaluate explanations and 
finally, share and define their findings (NRC, 2006). 

 
Figure 6. Five essential characteristics of IBL
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Types of Inquiry
There is a wide range of inquiry-based learning activities ranging from 

student-directed open inquiry to teacher-directed organized and guided 
inquiry (NRC, 2020; Martin- Hansen, 2002): 

Structured-inquiry: Students follow a predetermined process to 
search answers to a question that the teacher has established. Every step 
is structured and students get comprehensive instructions that culminate 
in a predetermined discovery.

Guided-inquiry: Students explore teacher-formulated questions and 
procedures in this type of inquiry. The questions are determined by the 
teacher who already know possible answers for the problem.

Coupled-inquiry: This kind of inquiry is situated between guided and 
open inquiry. The teacher lets the students choose an inquiry question 
from a database of preset queries. However, students are not involved in 
creating the inquiry question.

Open-inquiry: This kind of inquiry is assumed to be most sophisticated 
type of inquiry where students create a broad range of inquiry questions 
while the teacher establishes the knowledge foundation. Students use 
student-designed or student-selected processes to research topic-related 
questions during open inquiry. Every step of the open inquiry method 
involves the students making their own choices (Sadeh & Zion, 2012).

Inquiry-based learning in STEM education
IBL is considered a signature pedagogy of STEM learning (Crippen & 

Archambault, 2012). The nature, principles, and core concepts of STEM 
disciplines can be systematically examined and fostered through the 
application of inquiry-based learning in STEM education (Ješková et al., 
2024; Thibaut et al., 2018; Woods-McConney et al., 2020). Inquiry-based 
learning in STEM is built on active, student-centered approaches in which 
students work in groups, conduct experiments to build knowledge, and 
investigate real-world issues (Ješková et al., 2024; Thibaut et al., 2018; 
Woods-McConney et al., 2020). In this manner, students are expected to pose 
questions, carry out investigations to make their own discoveries, expected 
to solve inquiry-based challenges, create knowledge, and collaborate and 
communicate with others (Zhong et al, 2022)

Affordances inquiry-based STEM education
The literature has documented numerous beneficial outcomes of inquiry-

based STEM teaching for students including (a) enhanced cognitive outcomes 
(Donnelly et al., 2014; Li et al., 2010); (b) greater motivation (Aditomo & 
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Klieme, 2020; Crawford, 2014; Dilek et al., 2020; Li et al., 2010; Lord & 
Orkwiszewski, 2006; Sarı et al., 2020); (c) increased flexibility and creativity 
in addressing problem-solving tasks (Lord & Orkwiszewski, 2006; Sarı et 
al., 2020; Seland Strat et al., 2024); (d) the enrichment of 21st-century skills 
(e.g., collaboration, critical thinking, creativity, accountability, persistence, 
and leadership) (Ješková et al., 2024); (e) improved self-efficacy and self-
confidence (Sahito & Wassan, 2024; Strat et al., 2024); (f) the facilitation of 
integration across disciplines (Rúa Martínez et al., 2024) the development 
of science process skills (Dilek et al., 2020; Sarı et al., 2020); (g) enhanced 
awareness of STEM disciplines (Karamustafaoğlu & Pektaş, 2024; Li et al., 
2010; Sarı et al., 2020;) and (h) demonstrated higher preferences for future 
STEM careers (Wang et al., 2021).

Teacher roles 
Teachers act as guides and experts who support inquiry through 

scaffolding, formative assessment, and creating/structuring inquiry-rich 
learning environments (Nadelson et al., 2013; Roehrig & Luft, 2004). Teacher 
training is essential for effective inquiry-based STEM. Systematic reviews 
highlight the need for explicit teacher preparation and ongoing support 
(Seland Strat et al., 2024; Rúa Martínez et al., 2024).

Approaches for inquiry-based STEM education 
Literature illustrates different teaching approaches that could be used for 

inquiry-based STEM education. These approaches are presented in Figure 7. 
IBL, PBL, and project-based learning (PjBL) share common characteristics, 
including their student-centered orientation and emphasis on active learner 
participation. Accordingly, various instructional models can be employed 
to support the integration of STEM. One such model is Bybee et al.’s (2006) 
5E framework—engage, explore, explain, elaborate, and evaluate—which 
has been adapted for STEM education (Bybee, 2014). While this model 
begins with an engaging, essential problem, problem-based STEM activities 
extend the approach by involving students in solving authentic, real-world 
problems. When the process additionally entails constructing tangible 
solutions, such as prototypes or products developed through systematic 
investigations, it constitutes a specific form of project-based STEM activity. 
Another possibility involves technology-supported inquiry, which leverages 
advanced tools such as simulations, animations, and virtual or augmented 
reality environments.
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Figure 7. Different approaches for inquiry-based STEM education

To better illustrate how IBL adapted into STEM teaching, Sarı and his 
colleagues (2020) used a five-step inquiry-based STEM teaching strategy 
to teach simulation-based physics concepts (see, Figure 8). The adapted 
Lim (2004)’s five-step inquiry-based learning cycle into an engineering 
design-based STEM activity using simulations. The first step involved 
identifying the problem by considering the limitations and constraints. They 
collected necessary information to solve the problem in planning stage. In 
third stage, they established hypothesis, designed virtual experiments to 
test their hypothesis. In construct stage, students chose one of the most 
suitable solutions, tested, evaluated and developed a prototype. In last stage 
(reflect), they evaluated their engineering design products and search ways 
for improvement. In another model, Barry (2014) and Chang and Yang (2014) 
adopted 5E model into a 6E model for inquiry-based STEM teaching. Their 
model included (1) engaging, (2) exploring, (3) explaining, (4) engineering 
(elaborating), (5) enriching, and (6) evaluating steps.
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Figure 8. Steps of inquiry-based STEM teaching (adapted from Sarı et al., 
2020)

Conclusion 
Both problem-based learning (PBL) and inquiry-based learning (IBL) are 

student-centered approaches that emphasize learners’ active engagement 
in the learning process. In this regard, both approaches can be considered 
as rooted in constructivist theory which emphasizes the co-construction 
of meaning through experience and reflection. Since STEM education also 
prioritizes students’ active role in constructing knowledge, PBL and IBL offer 
a meaningful pedagogical context for teaching STEM. The literature reviewed 
in this chapter provides valuable insights into how problem-based and 
inquiry-based STEM teaching methods foster students’ learning, motivation, 
and skills such as critical thinking, creative thinking, and problem solving. 
Moreover, these approaches have been shown to positively influence students’ 
career aspirations toward STEM fields. This is particularly significant given 
that numerous national policy documents highlight both the shortage of 
professionals in STEM disciplines and the declining interest among students 
in pursuing STEM-related careers.

This chapter also underscores the importance of integrating 
complementary approaches—such as the 5E instructional model, 
project-based learning, or the engineering design process (EDP)—into 
problem-based and inquiry-based STEM education. Such integrations 
can strengthen the effectiveness of these methods by enhancing learning 
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outcomes. Enriching problem-based and inquiry-based STEM practices with 
additional frameworks may support the development of more meaningful and 
structured learning environments for students. In this sense, instructional 
steps should be clearly articulated and provide sufficient guidance for 
teachers who intend to implement these integrated models.

The nature of engineering and design processes likewise offers students 
an authentic context for understanding how engineers work and how 
products or technologies are created through the engineering design process. 
Integrating such approaches enables students to experience the practices of 
engineering and to connect abstract concepts with real-world applications.

Equally important is the role of teachers as facilitators and mentors in 
problem-based and inquiry-based STEM teaching. Teachers’ guidance is 
essential for navigating the complexities of these pedagogical approaches. 
However, existing research documents several challenges, including teachers’ 
limited preparation for effectively enacting these roles. Therefore, it is crucial 
to provide ongoing professional development opportunities to enhance 
teachers’ knowledge, skills, and competencies. Furthermore, teacher 
education programs should be designed to better prepare future teachers 
to confidently and effectively implement problem-based and inquiry-based 
STEM methodologies.

Recommendations
Problem-based and inquiry-based STEM education approaches require 

careful instructional design and curriculum-level support to realize their 
full potential. From a constructivist perspective, students must be provided 
with opportunities to activate and connect their prior knowledge to new 
conceptual understandings, while also engaging in authentic practices that 
reflect the epistemic and methodological work of scientists and engineers. 
Both approaches inherently foster such epistemic agency by situating 
learners in contexts where knowledge is co-constructed through inquiry, 
problem solving, and reflection. When STEM curricula systematically embed 
these pedagogical orientations, students are more likely to experience 
cognitive, motivational, and aspirational benefits.

However, the effectiveness of these approaches depends heavily on 
teachers’ capacity to scaffold learning, orchestrate inquiry processes, and 
mediate the complexities of open-ended problem solving. This underscores 
the need for robust teacher preparation and sustained professional 
development. Professional learning opportunities should not only provide 
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teachers with practical strategies but also cultivate their pedagogical 
content knowledge, design thinking, and capacity for reflective practice. 
Furthermore, the implementation of problem-based and inquiry-based 
STEM teaching should be conceived as an iterative process, informed by 
continuous monitoring, feedback, and refinement. Such an approach ensures 
not only fidelity of implementation but also adaptability to diverse classroom 
contexts, thereby strengthening the sustainability and scalability of these 
innovative pedagogies.
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Chapter Highlights
This chapter examines gamification as an instructional approach in 

STEM education, focusing on its potential to enhance student engagement, 
motivation, and learning outcomes. By drawing on theoretical frameworks 
and empirical findings, it explores how gamified learning environments 
can address diverse learner needs while also considering implementation 
challenges and future research directions.

•	 Role of Gamification in STEM – Examines how gamification enhances 
student engagement and learning outcomes across STEM disciplines.

•	 Theoretical Foundations – Discusses key frameworks such as intrinsic 
motivation theory and flow theory to explain the effectiveness of 
gamified learning.

•	 Instructional Strategies – Explores a range of gamification techniques 
applied in different STEM contexts and subject areas.

•	 Student Outcomes and Diversity – Analyzes the impact of gamified 
learning on students from diverse backgrounds, including motivation, 
achievement, and satisfaction.

•	 Challenges and Limitations – Identifies critical issues such as 
demographic differences, implementation difficulties, and limited 
long-term empirical evidence.
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Introduction 
STEM education, which combines science, technology, engineering, and 

mathematics, is very important in helping students to develop skills of critical 
thinking, creativity, and solving problems. This kind of interdisciplinary 
approach prepares learners to face the fast changes of modern technology 
and society (Jindal et al., 2023). In current practice, STEM teaching often 
uses methods such as problem-based, inquiry-based, project-based, and 
cooperative learning. These strategies give students chance to work together 
on interdisciplinary tasks, so they can strengthen their ability in problem 
solving and critical thinking (Ravi et al., 2023). Recently, teachers also try to 
use more personalized methods, so that learning can be adjusted to the needs 
of each student and give better results (Bontchev et al., 2024). Gamification 
in the classroom means using game elements in situations outside of real 
games, with the purpose to increase motivation and engagement of students 
(Palomino et al., 2023; Vrcelj et al., 2023). It usually includes points, badges, 
leaderboards, and other rewards to make lessons more interactive and 
enjoyable (Al-Hafdi & Alhalafawy, 2024). This technique is useful especially 
for subjects that sometimes look difficult or boring, because it offers another 
way to attract student attention (De Sousa Borges et al., 2014). By making 
lessons more enjoyable, gamification can support students to achieve 
learning goals in more effective way (Feng et al., 2024).

One of the common problems in STEM education is low motivation and 
lack of interest from students. Gamification can help to solve this issue by 
creating learning activities that are more engaging and exciting (Dicheva 
et al., 2023). Studies also show that when digital rewards such as badges 
or points are used, students show better performance and interest in 
learning, for example in physics lessons (Andrade et al., 2020). At the same 
time, gamification helps students to adapt to new learning situations and 
reduce negative feeling about competition (Funa et al., 2021). However, it is 
necessary that gamification is designed carefully, so it can fit both individual 
and group learning processes (Borges et al., 2016). By using gamification 
in STEM education gives strong potential to improve student motivation 
and engagement. If teachers combine it with innovative teaching methods 
and personalized learning, the classroom can become more effective and 
also more enjoyable for students (Klock et al., 2018; Sawarkar et al., 2024).

Theoretical Foundations of Gamification in STEM 
Education

Gamification in STEM education is the use of game design elements to make 
students more engaged, motivated, and able to remember what they learn. 



55 Kamaruzaman, Osman, Arsad

Gamification Strategies in STEM Education

The main theories that explain gamification are Constructivism, Behaviorism, 
Self-Determination Theory (SDT), and Flow Theory. Constructivism says 
students learn better when they create knowledge from their own experience, 
and this matches with gamification because it is interactive in nature 
(Rukadikar & Khandelwal, 2025; Daungtod & Chaijareon, 2019). Behaviorism 
talks about reinforcement and conditioning, and in gamification this can be 
seen in the use of points or badges that reward positive actions (Landers et 
al., 2015). SDT focuses on the human need for competence, autonomy, and 
relation with others. In gamification, this theory is important because it 
gives internal motivation when students get choices and social connection 
(Schaper et al., 2022; Sangroya & Kabra, 2023). Flow Theory explains the 
condition where students are fully concentrated and enjoy the task, and 
gamification can create this situation when the task is difficult but still 
possible, and feedback is given quickly (Rukadikar & Khandelwal, 2025; 
Sangroya & Kabra, 2023).In STEM education, different game strategies 
are used such as points, leaderboards, badges, and storytelling. Points and 
leaderboards bring competition and feeling of success, which make students 
more motivated and active in learning (Chatzidaki et al., 2025; Jun & Lucas, 
2025). Badges alone are not so strong, but when combined with other 
elements they make the gamified system more powerful (Chatzidaki et al., 
2025). Storytelling elements, like the hero’s journey, can create immersive 
and meaningful lessons, which help students connect to the topic and 
remember it longer (Sotirov et al., 2024). Studies also show these strategies 
improve academic results and keep motivation longer in gamified learning 
environments (Jun & Lucas, 2025; Jaskari & Syrjälä, 2024)

Even so, gamification in STEM education must be designed with care. It 
needs to match the goals of the lesson and take into account the different 
needs of students. A good gamification design should not only give external 
rewards, but also increase internal motivation, so students do not depend 
only on surface incentives (Jaskari & Syrjälä, 2024; Leong, 2025). The design 
should give clear challenges, fast feedback, and support the psychological 
needs of learners, so they stay engaged and go deeper in their learning 
(Sangroya & Kabra, 2023). It is also important to review and improve 
gamified strategies from time to time, so they continue to fit the changes 
in student needs and bring maximum benefit in education (Chatzidaki et 
al., 2025; Leong, 2025).In conclusion, gamification in STEM education is 
supported by strong learning theories, and it uses points, leaderboards, 
badges, and narratives to make learning more engaging and effective. But 
its success depends on careful design and continuous adjustment, so that it 
can achieve the learning goals and also answer the diverse needs of students.
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Table 1. Summary table of Theoretical Foundations of Gamification
Aspect Findings Sources

Theoretical 
Foundations

Constructivism: Active learning 
through experiences 
Behaviourism: Reinforcement 
through rewards (points, 
badges
Self-Determination Theory 
(SDT): Competence, autonomy, 
relatedness 
Flow Theory: Deep immersion 
through challenging tasks and 
feedback 

(Rukadikar & Khandelwal, 
2025), (Daungtod & 
Chaijareon, 2019)
(Landers et al., 2015), 
(Banerjee et al., 2024)
(Schaper et al., 
2022),(Sangroya & Kabra, 
2023)
(Sangroya & Kabra, 2023)
(Rukadikar & Khandelwal, 
2025), 

Game Strategies

Points and Leaderboards: 
Competition and achievement
Badges: Supplementary 
motivation  

Narrative Elements: Immersive 
learning paths 

(Chatzidaki et al., 2025), 
(Jun & Lucas, 2025)
(Banerjee et al., 2024), 
(Chatzidaki et al., 2025)
(Velazquez-Garcia et al., 
2025)

Design
Alignment with Objectives: 
Tailored to instructional goals

(Jaskari & Syrjälä, 2024), 
(Leong, 2025)

Key Gamification Strategies for STEM Learning
Game-based Learning and Gamification as Two Concepts
Game-based learning (GBL) and gamification are two different but related 

methods in education. GBL uses real games as a tool to support learning, 
taking advantage of the fun and interactive nature of games to teach certain 
knowledge or skills. On the other hand, gamification does not use full games 
but brings game elements like points, badges, or leaderboards into normal 
learning to make students more motivated and engaged (Studart, 2022; 
Chung et al., 2025; Dahalan et al., 2024). The main difference is that GBL 
focuses on games themselves as the learning medium, while gamification 
applies game mechanics inside traditional lessons to create more attractive 
experience.Research shows that both methods give positive impact on 
student motivation, participation, and learning outcomes (Chung et al., 
2025; Zabala-Vargas et al., 2021; Vasbieva & Kalugina, 2024). For example, 
GBL has been used in engineering education to help students understand 
and remember difficult concepts more effectively (Zabala-Vargas et al., 
2021). At the same time, gamification has been proven useful for improving 
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motivation and interest in many contexts, such as language classes and 
vocational training (Dahalan et al., 2024; Vasbieva & Kalugina, 2024).

Use of Points, Badges, and Leaderboards (PBL) as 
Motivational Tools for Students

Points, badges, and leaderboards (PBL) are the most common elements 
used in gamification for education. These features act as external motivators, 
giving students quick feedback and recognition for what they achieve 
(Daud et al., 2017; Denden et al., 2020; Badea & Popescu, 2024). Points 
are usually given when students finish tasks or reach certain goals. Badges 
work as visual symbols to show accomplishments, while leaderboards 
arrange students according to performance, creating competition (Daud et 
al., 2017; Denden et al., 2020). Many studies report that PBL can increase 
student motivation and participation because it makes the classroom more 
competitive and rewarding (Daud et al., 2017; Denden et al., 2020; Badea & 
Popescu, 2024).Still, the impact of these elements is not the same for every 
student or learning context. Some learners enjoy competition and do better 
with leaderboards, but others may lose interest if they always stay at the 
bottom rank (Daud et al., 2017). Because of this, teachers need to design 
and balance PBL carefully so it can suit the different needs and preferences 
of students (Daud et al., 2017; Denden et al., 2020).

Role-playing and Simulation, with Advanced Techniques of 
Immersive Gamification

Role-playing and simulation are higher-level gamification methods 
that give students immersive and interactive learning experience. With 
these approaches, learners can take part in realistic situations, practice 
important skills, and get feedback directly, which helps them to learn better 
and remember longer (Otemaier et al., 2024; Teerawongpairoj et al., 2024; 
Li & Edwards, 2020). In STEM education, role-playing games (RPGs) and 
simulations are very useful because applying theory into practice is a key 
part of the learning process (Otemaier et al., 2024; Teerawongpairoj et al., 
2024).For example, role-playing has been used with software engineering 
students to train them in requirement elicitation interviews, and this 
activity improved both engagement and performance (Otemaier et al., 
2024). In the same way, gamified simulations in virtual reality (VR) give 
safe and controlled environments for students to practice complex skills, 
and this improves motivation and learning results (Kwok et al., 2023).These 
advanced gamification techniques not only make the lesson more interesting, 
but also help students to build skills in critical thinking, problem solving, 



Kamaruzaman, Osman, Arsad 58

Innovative Practices in STEM Education: 
Emerging Technologies, Pedagogies and Learning Models

and teamwork (Otemaier et al., 2024; Teerawongpairoj et al., 2024; Kwok 
et al., 2023).

Figure 1. Gamification Strategies in STEM Learning

In conclusion, both game-based learning (GBL) and gamification are 
useful methods to improve STEM education. GBL uses the learning power 
of games directly, while gamification brings game mechanics into normal 
classroom to increase student interest and motivation. Using points, badges, 
and leaderboards can encourage learners, but the design must think about 
different student needs. More advanced methods such as role-playing 
and simulation give immersive learning that improve practical skills and 
engagement, which is very important in STEM field. With more studies in 
the future, these approaches show strong potential to build learning that 
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is more attractive and more effective.

Technological Tools and Platforms for Gamified STEM 
Education

STEM-focused educational games and interactive 
simulation exercises (Minecraft: Education Edition, Kahoot!).

The use of technology tools and platforms in gamified STEM education 
shows strong potential to improve student engagement, motivation, and 
learning results. Two popular examples are Minecraft: Education Edition 
and Kahoot!, which are often used as STEM games and interactive activities. 
Minecraft: Education Edition, built from the famous game Minecraft, is 
applied in classrooms to create immersive and metaverse-like learning 
spaces. Studies show it helps students to feel social presence, empathy, and 
active participation, especially in subjects such as Chemistry, Coding, and AI 
(Singh & Sun, 2025). Its success also comes from creating immersion with 
challenge, flow, and competence (Singh & Sun, 2025). Another strength of 
Minecraft is supporting collaboration, because students can work together on 
tasks, which leads to better academic results and stronger inner motivation 
(Zheng & Wang, 2023).

Kahoot! is different, as it is mainly a gamified quiz platform where 
teachers prepare and run quizzes in a playful style. Research shows Kahoot! 
has positive impact on engagement, motivation, and understanding of lessons 
(Balaskas et al., 2023; López et al., 2022). For example, in a study with Grade 
6 students, adding Kahoot! to normal teaching increased interest, enjoyment, 
and sense of autonomy (Balaskas et al., 2023). In higher education, students 
who used Kahoot! quizzes also achieved better results than those who did 
not, but researchers note the tool alone cannot guarantee success (López 
et al., 2022). The platform works well because it creates a creative and 
supportive learning environment, which encourages students to participate 
actively (Balaskas et al., 2023). Overall, both Minecraft: Education Edition and 
Kahoot! show the power of gamified tools in changing STEM education into 
more interactive, engaging, and effective learning. In conclusion, using these 
tools in STEM classrooms has been proven to improve student motivation, 
engagement, and outcomes. They apply gamification principles to design 
immersive experiences that make difficult STEM concepts easier and more 
enjoyable. As technology keeps developing, such tools will become even 
more important for the future of STEM education.
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Table 2. Educational Tools in STEM Gamification: Features, Impacts, and 
Empirical Findings
Tool Key Features Educational Impact Study Findings

Minecraft: 
Education 
Edition

Metaverse-like 
environment
Collaborative 
tasks - Immersive 
learning

Enhances social 
presence
Fosters empathetic 
engagement
Promotes behavioral 
involvement

Significant 
contribution to 
immersion through 
competence, flow, 
and challenge (Singh 
& Sun, 2025)
Improved academic 
performance 
and intrinsic 
motivation through 
collaborative 
learning (Zheng & 
Wang, 2023)
Positive impact on 
interest, enjoyment, 
and autonomy 
(Balaskas et al., 
2023)

Kahoot!

Gamifiedquizzes 
Mobile-friendly
Real-time 
feedback

Increases student 
engagement
Enhances motivation 
and understanding
Encourages 
autonomous learning

Better academic 
performance in 
higher education 
(López et al., 2022) 

Application of virtual and augmented reality (VR/AR) in 
teaching STEM disciplines.

The use of Virtual Reality (VR) and Augmented Reality (AR) in STEM 
teaching has become more popular in recent years because of their ability 
to give immersive and interactive learning experience. These technologies 
can increase student engagement, motivation, and understanding of difficult 
concepts by offering dynamic and real-time interaction with virtual objects 
(Guerra et al., 2024; Giang et al., 2025; Al-Azawi et al., 2019; Kononov et al., 
2025). For example, AR and VR can change abstract STEM ideas into more 
concrete experience, so subjects like chemistry, physics, and engineering 
become easier to understand and more meaningful (Momenipour et al., 
2024; Adetunla et al., 2024). In higher education, these tools are useful 
to build cross-disciplinary skills such as creating mathematical models 
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and learning spatial relations (Alexandrovna et al., 2024; Huang & Tseng, 
2025). AR and VR also help in making virtual learning environments (VLEs) 
for distance education, which can remove geographical barriers and give 
access to quality education for students living far from campus (Guerra et 
al., 2024; Al-Azawi et al., 2019). However, there are also challenges in using 
VR and AR for STEM learning. The high price of devices, the need for strong 
infrastructure, and the difficulty for teachers to learn the system are big 
barriers to adoption (Al-Azawi et al., 2019; Momenipour et al., 2024; Prieto 
Andreu, 2025). There are also health concerns like eye strain or motion 
sickness when using for long time, and sometimes the content may not 
match cultural context (Al-Azawi et al., 2019). For better integration, schools 
and universities must plan carefully and align education, organization, and 
technology strategies together (Momenipour et al., 2024). Future research 
should try to develop suitable pedagogy, provide metacognitive support, 
and test blended models like flipped classroom to increase the benefit of 
AR and VR (Ibáñez & Delgado-Kloos, 2018; Tene et al., 2024). More long-
term studies are also needed to see the real effect on learning results and 
to solve current problems with technical limitations and usability (Prieto 
Andreu, 2025; Tene et al., 2024). In conclusion, VR and AR have strong 
potential to transform STEM education by making learning more interactive 
and engaging. But their success depends on solving challenges of cost, 
infrastructure, and teaching methods. With careful research and planning, 
these technologies can play important role in the future of STEM education.

Mobile and internet apps and websites with gamified 
interfaces for children interested in STEM.

The use of gamified interfaces in mobile and online applications for 
children who are learning STEM (Science, Technology, Engineering, and 
Mathematics) has shown good results for improving engagement, motivation, 
and learning success. Many studies examine how gamification works in 
education, especially in informal learning and in specific STEM subjects. 
For example, one study with a gamified web app for Grade 5 students found 
that points and leaderboards increased motivation by giving feeling of 
success and competition, while badges were less effective (Chatzidaki et al., 
2025). Another mobile app created to teach fractions for Grade 4 students 
reported high satisfaction for usability and also positive impact on learning 
(Solano-Gonzales et al., 2023). A different study showed that combining 
spaced repetition with gamification in a mobile learning system for K-12 
could be very useful for STEM education (Yeh et al., 2016).



Kamaruzaman, Osman, Arsad 62

Innovative Practices in STEM Education: 
Emerging Technologies, Pedagogies and Learning Models

Table 3. Gamified Applications in STEM Education: Study Focus, Key Findings, 
and Implications
Study Focus Key Findings Implications

Gamified web application 
for fifth-grade students 
(Chatzidaki et al., 2025)

Points and leaderboards 
increased motivation; 
badges less effective

Gamification 
elements can 
enhance motivation 
and engagement in 
informal learning 
settings

Mobile application for 
teaching fractions (Solano-
Gonzales et al., 2023)

High satisfaction in 
usability; positive impact 
on learning outcomes

Gamified mobile apps 
can improve learning 
in specific STEM 
subjects

Spaced repetition and 
gamification in mobile 
learning(Yeh et al., 2016)

Potential for fruitful 
results in STEM education

Combining 
instructional 
strategies with 
gamification can 
enhance learning 
outcomes

Gamified mobile app for 
physical activity (Schafer et 
al., 2018)

Effective in encouraging 
physical activity

Gamified feedback 
can motivate children 
to engage in healthy 
behaviors

SmartGame project (Gini et 
al., 2023)

Supports math learning 
and fosters interpersonal 
relationships

Integration of 
gamified apps with 
tangible devices can 
enhance educational 
experiences

Gamification with modern 
technologies (Logothetis et 
al., 2022)

Increased engagement, 
motivation, and 
development of soft skills

Combining 
gamification with 
advanced technologies 
can enhance learning 
experiences

Gamified music 
note instruction app 
(Chumpanin et al., 2024)

Enjoyable and intuitive 
learning experience

Gamification can be 
effectively applied to 
non-STEM subjects for 
educational purposes

Gamified interfaces are also used outside of classroom lessons. One 
mobile app used to promote physical activity in children applied smartphone 
sensors to give motivational feedback, and this was effective for encouraging 
them to be active (Schafer et al., 2018). The SmartGame project joined a 
gamified web app with an IoT device to help children learn mathematics and 
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improve social relations, especially for those who lost interaction during the 
pandemic (Gini et al., 2023). A study in Turkey that looked at STEM apps for 
children found that most apps focused on science and math, but many were 
missing features such as social interaction or progress tracking (Konca et al., 
2024). This shows designers need to make more complete and interactive 
educational tools.The literature also notes the importance of continuous 
checking and improvement of gamified tools to fit different types of learners 
and reduce possible negative impact. One study on gamification in informal 
science learning stressed that regular evaluation is needed to make these 
approaches more effective (Chatzidaki et al., 2025). Also, when gamification 
is combined with new technologies such as virtual worlds and geolocation, 
it can further increase engagement and motivation, while also building 
soft skills and positive learning attitude (Logothetis et al., 2022). Gamified 
interfaces are not limited to STEM only. For example, in music education, 
a mobile web application with gamification design helped beginners learn 
music notes in an enjoyable and simple way (Chumpanin et al., 2024). In 
short, gamified interfaces in mobile and internet applications for children 
show strong potential to improve engagement, motivation, and learning 
in STEM. But these tools must be evaluated and improved continuously 
to make sure they meet the needs of different learners and provide more 
complete educational experience. The mix of gamification with modern 
technologies and creative teaching strategies looks very promising for the 
future of STEM education.

Future Directions and Innovations in Gamification for 
STEM

The role of AI and adaptive learning in the future of 
gamification

The use of artificial intelligence (AI) and adaptive learning in gamification 
for STEM education is expected to change the education system by making 
learning more personal, engaging, and effective. AI makes gamification 
stronger by giving real-time feedback, adaptive learning paths, and 
personalized content for each student. This is possible because AI can 
study student data and then change the material according to the learner’s 
level, so every student gets the right challenge and support (Kok et al., 2024; 
Ashley, 2025; Velazquez-Garcia et al., 2025; Mitchell, 2025). For example, 
the MagicSchool AI platform helps teachers by automating administrative 
work and creating lesson plans that are customized. In this way, teachers can 
spend more time on project-based and interactive activities (Ashley, 2025). 
AI-based gamification can also promote critical thinking, teamwork, and 
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creativity by linking classroom knowledge with real-world problems, so the 
learning becomes more interesting and meaningful (Ashley, 2025; Bugri & 
Egala, 2025).The future of gamification with AI and adaptive learning also 
brings some challenges and ethical issues. Problems like data privacy, bias 
in algorithms, and the digital divide need careful attention to make sure all 
students can use these tools fairly (Velazquez-Garcia et al., 2025; Aravind 
et al., 2025; Bushuyev et al., 2025). Even with these challenges, the benefits 
are large. AI can manage assessment and provide smart tutoring systems 
that give feedback and adjust the speed of learning. This is important for 
keeping students motivated and active (Velazquez-Garcia et al., 2025; 
Kassenkhan et al., 2025; Srimathi & Anitha, 2025). Also, AI with gamification 
can help students build important skills like computational thinking, problem 
solving, and independent decision-making, which are very important in 
STEM education (Kassenkhan et al., 2025; Tian, 2024). As more schools and 
universities start to use these technologies, continuous research and changes 
will be needed to make sure the systems are applied well and give the best 
results for students (Bushuyev et al., 2025; Bennani et al., 2022).AI and 
adaptive learning in gamification for STEM education have strong potential 
to create learning environments that are more personalized, engaging, and 
effective. By solving the challenges and ethical issues, educators can use 
these technologies to improve learning outcomes and prepare students 
better for future success in STEM.

Figure 2. AI and Adaptive Learning in Gamification
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Trends That Could Disrupt Labs: Gamification, Blockchain 
Credentials & Metaverse Learning

The mix of gamification, blockchain credentials, and metaverse learning 
is becoming an important change in education, with strong potential to 
transform traditional laboratory practices and improve student learning 
experience. Gamification, which means using game mechanics in non-game 
situations, is now seen as a useful method to raise student engagement 
and motivation. By adding features like points, badges, and leaderboards, 
gamification can turn normal learning tasks into fun and interactive activities. 
Many studies show that this approach can improve learning results and 
make students participate more actively (Tjahjono et al., 2022; Lukita et al., 
2024). Blockchain, on the other side, provides secure and transparent way 
to verify academic records. With decentralized ledgers, blockchain makes 
credentials tamper-proof and easy to check, increasing trust in educational 
documents (Tjahjono et al., 2022; Al-Kfairy et al., 2025; Razzaq et al., 2024). 
The combination of gamification and blockchain can build new education 
systems that are both motivating and secure, offering a strong framework 
for modern learning (Tjahjono et al., 2022; Lukita et al., 2024).

The metaverse, which is a virtual world that connects physical and digital 
spaces, is also seen as a big change for future learning. It uses technologies 
like virtual reality (VR), augmented reality (AR), and artificial intelligence 
(AI) to make virtual classrooms, simulations, and gamified learning settings 
(Al-Kfairy et al., 2025; Peng et al., 2024; Son et al., 2024). These immersive 
environments can raise student motivation, engagement, and make education 
more inclusive and easier to access (Al-Kfairy et al., 2025; Peng et al., 2024). 
Real examples include virtual labs such as SimLab, which give hands-on 
practice and often produce better results than traditional labs (Son et 
al., 2024). The metaverse can also support teamwork and reduce the gap 
between theoretical study and industry practice (Son et al., 2024). But, 
challenges remain such as high cost of infrastructure, rules and regulations, 
and ethical concerns, especially about AI decisions (Al-Kfairy et al., 2025; 
Bushuyev et al., 2025). Future research needs to address these barriers and 
test the scalability of these approaches to ensure they work effectively (Al-
Kfairy et al., 2025; Bushuyev et al., 2025; Hajian et al., 2024). By bringing 
together gamification, blockchain, and the metaverse has great potential to 
change education by making it more engaging, secure, and inclusive. However, 
success will depend on solving problems of infrastructure, regulation, and 
ethics. More studies are required to overcome these issues and to fully use 
the transformative power of these new educational technologies.
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Table 4. Emerging Trends in Education: Benefits and Challenges of 
Gamification, Blockchain Credentials, and Metaverse Learning
Trend Description Benefits Challenges Challenges

Gamification

Application 
of game 
mechanics to 
education

Increased 
engagement 
and motivation, 
improved 
learning 
outcomes

Implementation 
complexity, 
need for 
effective design

(Tjahjono 
et al., 2022) 
(Lukita et al., 
2024)

Blockchain 
Credentials

Decentralized 
and secure 
method for 
credential 
verification

Tamper-proof 
records, 
enhanced 
integrity of 
credentials

Tamper-proof 
records, 
enhanced 
integrity of 
credentials

(Tjahjono et 
al., 2022) (Al-
Kfairy et al., 
2025) (Razzaq 
et al., 2024)

Metaverse 
Learning

Virtual 
environments 
combining 
physical and 
digital realities

Immersive 
experiences, 
enhanced 
engagement, 
inclusive 
learning

High 
infrastructure 
costs, ethical 
considerations 
in AI

(Al-Kfairy 
et al., 2025) 
(Peng et al., 
2024) (Son et 
al., 2024)

Policy recommendations for institutional adoption and 
sustainability

When talking about policy recommendations for adoption and 
sustainability of gamification in STEM education, it is important to look at 
both research findings and practical use. Gamification already shows strong 
potential to improve student motivation, engagement, and learning results 
in many education contexts, including STEM. But for successful adoption 
and long-term use, several factors must be considered carefully.

First, the use of gamification in STEM must be based on clear theoretical 
background and supported by research evidence. Studies prove that 
gamification can make learning better by increasing engagement, encouraging 
goal setting, and giving recognition to students (Charkova, 2024; Wang et al., 
2024; Yusri & Zainal, 2025). For example, gamification in primary schools 
has improved performance, motivation, and skills in subjects like language, 
mathematics, and science (Yusri & Zainal, 2025). At higher education 
level, gamified strategies have been used in engineering courses to teach 
sustainability and global issues, with good results (Jain et al., 2022). Still, to 
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make gamification sustainable, it is necessary to conduct long-term studies 
that measure how it affects engagement and learning over time (Wang et 
al., 2024; Yusri & Zainal, 2025; Scurati et al., 2020).

Second, the application of gamification should match the specific needs 
and context of each institution. This means taking into account cultural 
background, education level, and availability of technology. For instance, a 
study with adolescents from Europe and Middle East showed that a gamified 
framework improved hydrogen literacy and sustainability awareness, 
proving the importance of adaptive and context-sensitive design (Kramar 
& Knez, 2025). Digital tools like augmented reality and mobile apps can 
also increase learning by offering interactive and immersive environments 
(Ma et al., 2023; Despeisse, 2018). But challenges must be addressed, such 
as digital inequality, lack of teacher training, and ethical concerns about 
collecting student data (Martín-Rodríguez & Madrigal-Cerezo, 2025).In 
short, for gamification in STEM education to be adopted and maintained, 
a full approach is needed. This should include strong theoretical support, 
real evidence from studies, and context-based practice. By focusing on 
these aspects, institutions can build effective policies for gamification use 
in STEM, improving student learning and preparing graduates with skills 
needed for the 21st century.

Conclusion
Gamification in STEM education shows strong potential to improve student 

interest, motivation, and achievement. Adding elements like points, badges, 
leaderboards, and challenge cards into lessons creates more interactive 
and exciting environments (Teemueangsa & Jedaman, 2021; Mustan, 2025; 
Al-Hafdi & Alhalafawy, 2024). These approaches are supported by learning 
theories such as social constructivism and complexity theory, which help in 
keeping students engaged and in improving knowledge retention (Lottering 
et al., 2023). Gamification also allows for more personalized learning, where 
activities and content can match the needs of individual learners, support 
growth mindset and building new skills step by step (Sawarkar et al., 2024). 
Even so, challenges remain in bringing gamification into professional 
education and in meeting the different needs of diverse students (Feng et al., 
2024; Rabah et al., 2018). The chapter therefore underlines the importance 
of continued research and systematic approaches in designing and applying 
gamified activities (Baldeón et al., 2016; Toda et al., 2019). For teachers, 
using gamification requires knowledge of both game design and education 
goals. To be effective, gamification must connect learning outcomes with 
the right game mechanics, so students not only enjoy but also achieve their 
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goals (Baldeón et al., 2016). Policymakers need to support training and 
resources that help teachers apply gamification successfully. This means 
giving access to platforms, tools, and training that can support gamified 
teaching (Toda et al., 2019; Dicheva et al., 2019). Other stakeholders, such 
as schools, universities, and technology developers, should work together 
to create frameworks that match the needs of STEM education. Partnerships 
and investment in research will help to solve challenges in gamification and 
make its benefits stronger (Shi et al., 2023; Yadav & Dixit, 2023).

The future of gamification in STEM looks very promising. It can change 
traditional teaching into more engaging and effective methods. With 
technology developing fast, gamification will become more advanced, 
using features such as artificial intelligence and virtual reality to make 
learning more immersive (Panthalookaran, 2018). When combined with 
new technologies, gamification can provide adaptive and personalized 
learning, preparing students for future jobs and skills (Wahab et al., 2024; 
Ibrahim et al., 2023). More research and development will give knowledge 
about long-term impacts and best practices, helping teachers to refine their 
use of gamification (Yusri & Zainal, 2025; Awad et al., 2023). In the end, 
gamification is a transformative approach for STEM education, offering new 
solutions to engage students, develop critical skills, and encourage lifelong 
learning (Tabolina et al., 2021)

Recommendation
Gamification in STEM education has shown strong potential to improve 

student engagement, motivation, and learning results. Research between 
2020 and 2025 points out many aspects of gamification, including how it 
is applied, how effective it is, and the challenges faced. Gamification means 
adding game features such as points, leaderboards, badges, and challenges 
into learning activities to make the process more interactive and motivating 
(Feng et al., 2024; Chatzidaki et al., 2025; Yadav & Dixit, 2023). Studies 
confirm that gamification can raise student motivation and participation 
by giving a sense of success and healthy competition (Chatzidaki et al., 
2025; Gaurina & Pavlin, 2025). One study with fifth-grade students using a 
gamified web app showed that points and leaderboards were very effective 
in motivating learners, while badges had less impact (Chatzidaki et al., 
2025). Gamification also supports better performance and skill building in 
subjects such as mathematics, science, and engineering (Awad et al., 2023; 
Yusri & Zainal, 2025; Moreira Parrales et al., 2024).

Still, successful use of gamification in STEM needs careful planning. 
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Teachers’ knowledge and beliefs are very important for success. A study on 
physics teachers in Croatia found that most of them had a basic understanding 
and positive view of gamification, but differences appeared by age, teaching 
experience, and school type. This shows the importance of professional 
development that fits teachers’ backgrounds (Gaurina & Pavlin, 2025). 
At the same time, gamified activities must match the education goals and 
student needs. For example, STEM challenge cards let students test different 
components and devices, which makes the learning more active and hands-
on (Mustan, 2025). However, there are also challenges like the need for 
continuous evaluation, possible negative impacts, and lack of research 
on long-term results (Chatzidaki et al., 2025; Yusri & Zainal, 2025; Gini et 
al., 2025).In conclusion, gamification is a promising way to make STEM 
education more engaging and effective, but its success depends on careful 
design and ongoing assessment that consider the diverse needs of both 
students and teachers.
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Chapter Highlights
The following highlights summarise the research landscape, growth 

trends, and thematic structure of game-based learning in STEM education, 
highlighting key developments, dominant research themes, and emerging 
directions, while providing evidence-based insights to inform research, 
educational practice, and policy decisions.

•	 Presents a comprehensive bibliometric analysis of 407 publications 
on game-based learning in STEM education (GBL-STEM) published 
between 2006 and March 2025, revealing a rapid annual growth 
rate of 16.43% in the field.

•	 Identifies the United States as the leading contributor in terms 
of publication output, with Education Sciences as the most active 
journal and Computers & Education as the most highly cited source 
in GBL-STEM research.

•	 Demonstrates the interdisciplinary and collaborative structure of 
GBL-STEM studies through analyses of key authors, institutions, 
influential publications, and frequently used keywords.

•	 Reveals five major research clusters via keyword co-occurrence 
network visualization, highlighting dominant themes and emerging 
research trends within the field.

•	 Provides practical implications and evidence-based insights for 
educators, researchers, policymakers, and stakeholders seeking 
to effectively integrate game-based learning into STEM education.

To Cite This Chapter:
Irwanto, I. (2025). Two Decades of game-based learning research in STEM 
education. In M. T. Hebebci (Ed.), Innovative Practices in STEM Education: Emerging 
Technologies, Pedagogies and Learning Models (85-122). ISRES Publishing

Chapter 4



Irwanto 86

Innovative Practices in STEM Education: 
Emerging Technologies, Pedagogies and Learning Models

Introduction
STEM education has gained global recognition as a crucial educational 

priority, drawing significant attention from educators and policymakers. 
It aims to equip students with essential twenty-first-century skills while 
addressing real-world challenges (Su & Yang, 2024; L. Sun et al., 2023; 
Takeuchi et al., 2020). Nowadays, many countries have integrated STEM 
education into their national strategies to drive reforms in all levels of 
education (Holmlund et al., 2018; Sırakaya & Sırakaya, 2022), ensuring 
that future generations are prepared to engage with technological and 
scientific advancements. However, despite its importance, the number of 
students pursuing STEM-related careers remains low (Vedrenne-Gutiérrez 
et al., 2024). Also, research indicates that many students lack motivation to 
engage with STEM subjects, with interest often declining as early as primary 
school (Hiğde & Aktamış, 2022; Potvin & Hasni, 2014; Takeuchi et al., 2020). 
This disinterest can result in students avoiding STEM disciplines in later 
educational stages, ultimately impacting workforce readiness (Sırakaya 
& Sırakaya, 2022; Takeuchi et al., 2020). Given these challenges, STEM 
education should evolve to foster student engagement (Holmlund et al., 
2018; Naji et al., 2025; D. Sun et al., 2023), ensuring that learners develop the 
critical thinking and problem-solving skills necessary to navigate complex 
technological landscapes (Matindike & Ramdhany, 2024; Naji et al., 2025).

One major obstacle to STEM education is the traditional classroom 
setting, which often struggles to capture students’ interest or provide hands-
on learning experiences due to time and resource constraints (Holmlund 
et al., 2018). The abstract and complex nature of STEM disciplines further 
contributes to these difficulties (Sırakaya & Sırakaya, 2022; D. Sun et al., 
2023; Winberg et al., 2019). To address these challenges, integrating digital 
games into STEM curricula has emerged as a promising solution (Moon et 
al., 2024; Stohlmann, 2023). Research has demonstrated that game-based 
learning (GBL) can enhance student motivation, and provide interactive 
opportunities for developing problem-solving skills (Hussein et al., 2025; 
Moon et al., 2024). By leveraging digital games, educators can create 
immersive and engaging STEM learning environments that better prepare 
students for future careers related to STEM disciplines (Arztmann et al., 
2023; Zhan et al., 2024).

In recent years, GBL has gained prominence in STEM education due 
to its ability to create interactive and experiential learning environments 
(Hussein et al., 2025; L. Sun et al., 2023). The increasing accessibility of 
mobile devices has further expanded opportunities for students to engage 
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with STEM subjects anytime and anywhere, particularly benefiting digital-
native learners (Gao et al., 2020). Mobile games provide flexibility, allowing 
students to learn at their own pace while enhancing motivation, engagement, 
and academic achievement (Ilić et al., 2024; L. Sun et al., 2023; Tene et 
al., 2025; Videnovik et al., 2023). Educational games also offer a dynamic 
environment where students can practice problem-solving, develop critical 
thinking skills, and engage with real-world challenges in a simulated setting 
(Fante et al., 2024; Guan et al., 2024; Gui et al., 2023). 

The adoption of GBL in STEM education has expanded due to its ability 
to provide personalized learning experiences and long-term knowledge 
retention (Hussein et al., 2025; L. Sun et al., 2023). By embedding educational 
content within games, GBL facilitates knowledge acquisition in an enjoyable 
and immersive manner (Arztmann et al., 2023; Tene et al., 2025; Videnovik 
et al., 2023). Research indicates that GBL supports student-centered learning 
by promoting active participation, increasing motivation, and making 
complex concepts more accessible (Kefalis & Skordoulis, 2025; Videnovik 
et al., 2023). GBL also fosters students’ autonomy and social connectedness, 
contributing to improved their conceptual understanding and learning 
experiences (Arztmann et al., 2023; Kefalis & Skordoulis, 2025). Compared 
to traditional teaching methods, GBL provides rich instructional support 
and fosters STEM literacy (Arztmann et al., 2023; Fante et al., 2024; Gui et 
al., 2023), making it a promising pedagogical approach for 21st-century 
education. In other words, GBL serves as an effective method for improving 
students’ comprehension of STEM principles. Hence, as research continues 
to highlight its benefits, GBL remains a valuable strategy for improving 
student engagement, motivation, and academic performance in STEM fields 
(Hussein et al., 2025; Stohlmann, 2023; L. Sun et al., 2023; Tene et al., 2025; 
Videnovik et al., 2023).

Although research on GBL has gained momentum, with a rising number 
of studies focusing on STEM education over the past decade, prior reviews 
have generally examined a limited number of documents (Arztmann et 
al., 2023; Gui et al., 2023; Kefalis & Skordoulis, 2025). These studies are 
often confined to specific educational levels and subject areas (Fante et 
al., 2024; M. C. Li & Tsai, 2013; Videnovik et al., 2023) and are restricted in 
their temporal scope (Gao et al., 2020; Ilić et al., 2024; Tene et al., 2025). 
Despite the increasing adoption of GBL in STEM education, a comprehensive 
bibliometric review that synthesizes recent developments in this field 
remains unavailable. Although the body of literature on GBL continues to 
expand, a holistic understanding of its contributions to STEM education 
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across different academic levels is also still lacking. To address existing gaps 
in the literature, quantitatively evaluate research productivity and impact, 
and offer valuable insights to various stakeholders, this study aims to present 
a comprehensive overview of the current state of GBL in STEM education. 
This review distinguishes itself from previous studies in several ways. First, 
it specifically focuses on GBL within STEM education, differentiating it from 
broader analyses of GBL. Second, it encompasses research published from 
the emergence of the first relevant study in 2006 up to 2025, ensuring a 
comprehensive temporal coverage. Finally, to maintain academic rigor, this 
review exclusively includes peer-reviewed journal articles, guaranteeing 
the reliability and credibility of the analyzed literature. 

The study seeks to guide future research and practical applications 
in this rapidly evolving field. The key contribution of this paper lies in its 
broad examination of GBL-STEM research trends. Furthermore, it identifies 
leading scholars and their contributions, highlights influential countries and 
institutions, and traces the field’s development over the past two decades. 
This information can be particularly beneficial for researchers, enabling 
them to focus on the most prominent topics within the discipline.

Methodology
Design
This study employed bibliometric analysis to explore recent developments 

in research on game-based learning in STEM education (GBL-STEM). A 
combination of quantitative methods, such as performance analysis, and 
qualitative approaches, including co-authorship and co-occurrence analysis, 
was utilized (Donthu et al., 2021). The analysis was conducted using two 
software tools: VOSviewer (van Eck & Waltman, 2010) and Bibliometrix (Aria 
& Cuccurullo, 2017). Through quantitative analysis, this study provides a 
comprehensive assessment of GBL-STEM research using various bibliometric 
indicators. Meanwhile, qualitative analysis reveals the intellectual framework 
of the field, incorporating keyword analysis and trend exploration. This 
includes frequently occurring keywords, keyword mapping, temporal 
keyword trends, thematic network analysis, and thematic evaluation.

Database
The data for this study were collected from the Scopus database, which 

offers a substantial number of academic publications with rich citation 
data. Scopus serves as an integrated research database, enabling scholars 
to systematically explore and assess relevant literature (Elsevier, 2023). 
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After selecting the database, a set of relevant keywords was determined to 
efficiently search for studies aligned with the research scope. The search was 
conducted within the titles, abstracts, and author keywords of publications. 
The search string used in this study was: TITLE-ABS-KEY ((“game-based 
learning” OR “gamification” OR “gamified” OR “game-based” OR “gamify” OR 
“digital game” OR “video game” OR “mobile game” OR “educational game” 
OR “learning game” OR “serious game” OR “game*” OR “augmented reality” 
OR “virtual reality”) AND (“STEAM education” OR “STEM education” OR 
“Science, Technology, Engineering, and Mathematics”)).

Figure 1. PRISMA diagram

To ensure a relevant dataset, the search was restricted to studies 
published between January 2006 and March 2025. Data extraction took 
place on March 22, 2025, yielding an initial dataset of 1,281 publications. The 
study focused exclusively on original research articles published in English, 
excluding review papers, conference proceedings, book chapters, comments, 
editorials, and letters. As of March 2025, 407 eligible articles were retrieved 
from Scopus and underwent a full-text analysis for bibliometric evaluation. 
The PRISMA protocol (Page et al., 2021) was followed to systematically 
assess the selected studies, as illustrated in Figure 1.

Inclusion and Exclusion Criteria
To systematically analyze the collected literature, specific inclusion and 

exclusion criteria were established. The inclusion criteria required that 
studies: (1) focus explicitly on GBL-STEM research, (2) be written in English, 
and (3) be published in peer-reviewed journals. Applying selective criteria for 
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academic journals within this research domain ensures a manageable dataset 
while maintaining search quality. To uphold the study’s methodological 
rigor, the following exclusion criteria were applied: (1) studies published 
in languages other than English, and (2) publications that do not belong to 
the category of journal articles.

Bibliometric Analysis
The bibliographic dataset was extracted from Scopus in .csv format for 

analysis. The Bibliometrix R package (Aria & Cuccurullo, 2017) was installed 
and performed to facilitate bibliometric assessment. Bibliometrix offers 
a range of analytical tools, enabling researchers to conduct a thorough 
bibliometric investigation. The .csv file was uploaded to the Biblioshiny 
interface for further processing. Additional data files in Excel (.csv) and image 
format (.png) were also obtained for analysis based on the study’s objectives. 
In addition, VOSviewer was employed to generate and visualize bibliometric 
maps (van Eck & Waltman, 2010). Several bibliometric techniques were 
applied, including co-authorship and co-occurrence network analysis, to 
provide an in-depth examination of GBL-STEM research. Co-authorship 
analysis was used to map collaborative networks among researchers and 
countries. Furthermore, keyword co-occurrence analysis identified frequently 
associated terms within the same documents. Performance analysis was 
conducted to evaluate the contributions of various research entities—such 
as publications, journals, authors, institutions, and countries—to the GBL-
STEM domain.

Results
Main Information
The research landscape on GBL-STEM has experienced significant growth 

over nearly two decades (Table 1). With a total of 407 documents published 
in 222 different journals, the field demonstrates a robust and expanding body 
of knowledge. The annual growth rate of 16.43% highlights the increasing 
interest and relevance of this research area, aligning with the broader trends 
in digital and interactive learning. The document average age of 4.29 years 
suggests that the field is relatively dynamic, with new findings frequently 
emerging. Additionally, an average of 22.04 citations per document indicates 
strong academic engagement and the impactful nature of these studies 
within the scientific community. The high number of keywords, both from 
keywords plus (1,242) and authors’ keywords (1,183), reflects the diverse 
themes explored in GBL for STEM education.
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Table 1. Preliminary information
Description Results

Timespan 2006 to March 2025
Journals 222
Documents 407
Annual growth rate % 16.43
Document average age 4.29
Average citations per doc 22.04
Keywords plus 1242
Author’s keywords 1183
Authors 1424
Authors of single-authored docs 37
Single-authored docs 37
Co-authors per doc 3.9
International co-authorships % 21.62

Authorship patterns also provide insights into research collaboration. 
A total of 1,424 authors contributed to these publications, with only 37 
documents being single-authored. This suggests that research in this 
domain is predominantly collaborative, supported by the average of 3.9 
co-authors per document. Furthermore, the international co-authorship 
rate of 21.62% highlights the global nature of GBL research, indicating 
cross-border academic cooperation and knowledge exchange. In conclusion, 
the study of GBL-STEM has seen substantial and continuous growth, with 
an increasing number of collaborative and widely cited publications. The 
expanding research network and high international co-authorship rate 
demonstrate the global interest in leveraging GBL for STEM education. 
Moving forward, this field is expected to evolve further, integrating emerging 
technologies and interdisciplinary approaches to enhance the effectiveness 
of STEM education through gamified learning experiences.

Trend in Scientific Production
The trend of research articles on GBL-STEM from 2006 to March 2025 

demonstrates a significant increase in publication volume over time (Figure 
2). According to Scopus, the number of articles remained relatively low from 
2006 to 2014, with fewer than five articles per year. However, a notable 
rise began in 2015, reaching its peak in 2024 with 76 published articles. 
Despite this growing interest, the mean total citation per article exhibits a 
different pattern. The highest mean citation per article occurred in 2016 
(82.82), followed by 2014 (64.67) and 2018 (54.20). These peaks suggest 
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that the articles published in these years had a substantial impact on the 
academic community. However, from 2019 onward, the mean citation per 
article gradually declined, with a sharp drop observed in 2023 (8.79) and 
2024 (2.47). The most recent data from 2025 shows an even lower citation 
count (0.44), which is expected as citations accumulate over time.

Figure 2. Publications and citations trends over time

The increase in publication volume in recent years may be attributed to 
the growing recognition of GBL as an effective approach in STEM education. 
While interest in GBL-STEM has grown exponentially, the citation impact 
of individual articles has diminished. This could be due to the longer time 
required for citations to accumulate.

Most Productive Authors
The analysis of the most prolific authors, those with the highest number 

of publications (NP) and total citations (TC) in GBL-STEM provides significant 
insights into the scholarly impact of this research field. Identifying leading 
authors in a specific field is crucial. Their publications serve as key references 
for the academic community. Table 2 and Figure 3 highlight the ten most 
influential authors who have made significant contributions to this area 
of study. Among the most productive authors, Lavicza, Z. from Johannes 
Kepler University Linz, Austria, leads with eight publications, followed 
by several authors with four contributions each, including Muntean, G.M., 
Muntean, C.H., Johnson-Glenberg, M.C., Jeong, J.S., and others. Lavicza, Z. 
published his first paper (FP) in 2021 titled “Integrated STEAM approach 
in outdoor trails with elementary school pre-service teachers” (Haas et al., 
2021)we moved our on-campus STEAM (Science, Technology, Engineering, 
Arts and Mathematics in Educational Technology and Society (SJR: 1.56, Q1). 
Despite having fewer publications, some authors have achieved a substantial 
academic impact through citation counts and h-index (H), indicating the 
quality and influence of their work.
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Table 2. Top 10 most productive authors
Author NP TC H Country Institution FP

Lavicza, Z. 8 94 18 Austria 
Johannes Kepler 
University Linz

2021

Christopoulos, 
A.

4 237 14 Finland University of Turku 2020

González-
Gómez, D.

4 62 33 Spain
Universidad de 
Extremadura

2021

Jeong, J.S. 4 62 24 Spain
Universidad de 
Extremadura 

2021

Johnson-
Glenberg, M.C.

4 187 20 US
Arizona State 

University
2021

Muntean, C.H. 4 84 17 Ireland
National College of 

Ireland
2020

Muntean, G.M. 4 99 45 Ireland
Dublin City 
University

2020

Cotten, S.R. 3 96 40 US Clemson University 2014

Din, R. 3 35 10 Malaysia
Universiti 

Kebangsaan Malaysia
2018

Fenyvesi, K. 3 39 7 Finland
University of 

Jyväskylä
2021

Figure 3. Most relevant authors

The highest total citation belongs to Christopoulos, A. from University 
of Turku (Finland) with 237 citations, demonstrating strong recognition 
of his work on learning analytics in virtual reality STEM applications. This 
is followed by Johnson-Glenberg, M.C. from Arizona State University (US) 
with 187 citations, whose research emphasizes embodied learning in STEM 
education, highlighting the importance of platform differences between 2D 
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desktop and 3D virtual reality learning experiences. Muntean, G.M., from 
Dublin City University (Ireland), despite having only four publications, has 
garnered 99 citations, indicating a notable impact, particularly in the area 
of adventure-based 3D solar system games for primary school students. 
The highest h-index is attributed to Muntean, G.M. (45), followed by Cotten, 
S.R. (40) and González-Gómez, D. (33). The h-index serves as an indicator of 
consistent academic influence over time, suggesting that these scholars have 
produced high-quality work that has been frequently cited. Muntean, G.M. 
stands out as the most established researcher in this domain, with a strong 
academic footprint extending beyond game-based STEM education. Among 
the ten most prolific authors, Cotten, S.R. from Clemson University, US, was 
the first researcher to publish an article in this field. Her work revealed that 
the frequency of playing computer games was associated with higher self-
efficacy in STEM. Geographically, the leading researchers are affiliated with 
institutions in Europe and the United States, with Austria, Ireland, Finland, 
Spain, and the US being prominent contributors. The presence of researchers 
from Johannes Kepler University Linz, Universidad de Extremadura, Dublin 
City University, and Arizona State University underscores the international 
interest in GBL within STEM.

Figure 4. Authors’ production over time

To present a comprehensive overview of the most influential authors in 
GBL-STEM research, taking into account their productivity trends over time, 
Figure 4 illustrates the total number of articles they have published from 
2006 to 2025. The results illustrate the annual distribution of published 
papers, represented by circle dimensions, with each circle corresponding to 
an author’s continuous publication activity. A larger circle signifies a higher 
number of articles published in a specific year, while a darker shade indicates 
a greater number of citations received within that period. Additionally, 
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the connecting lines depict the duration of an author’s publishing activity 
over time.

Figure 5. Authors’ collaboration network of the top 10 most productive 
authors

The collaborations among the ten most productive authors are categorized 
into seven distinct clusters, indicating the presence of multiple research 
groups engaged in collaborative efforts. The size of each node represents the 
number of publications by an author, while the thickness of the connecting 
lines between two authors signifies the intensity of their collaboration 
(Figure 5). The figure reveals that the red (González-Gómez, D. and Jeong, J.S.), 
green (Lavicza, Z. and Fenyvesi, K.), and blue (Muntean, C.H. and Muntean, 
G.M.) clusters—each consisting of two authors—demonstrate a strong 
collaborative relationship. Meanwhile, the remaining four clusters comprise 
only a single author each. It indicates the need for greater collaboration 
among researchers worldwide in the field of GBL in STEM education.

Researchers exhibit varying levels of productivity in their scholarly 
output. This productivity can be analyzed using Lotka’s law in bibliometrics, 
which estimates the scientific contribution of authors within the field of 
GBL-STEM. The findings, generated through Bibliometrix, are illustrated 
in Figure 6. The results indicate that a small proportion of authors are 
responsible for producing the majority of documents, whereas the number of 
publications decreases as the number of contributing authors per document 
increases. In summary, a limited number of authors generate a substantial 
portion of the publications, while the majority of authors contribute only 
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a few documents. Specifically, 1,291 authors (90.7%) have authored only 
a single document on GBL-STEM, whereas only one author (0.10%) has 
contributed eight publications in this domain.

Figure 6. Author productivity through Lotka’s law

Most Productive Countries
The analysis of GBL research in STEM education reveals significant 

contributions from various countries. The United States leads in the number 
of publications, with 149 papers, reflecting its strong research ecosystem and 
continuous advancements in this area. Despite its high publication count, the 
U.S. has an average article citation (AAC) of 24.91, suggesting widespread 
but moderately influential studies in this domain. The country’s earliest 
contribution dates back to 2006 with Bhargava et al.’s (2006) study on a 
web-based virtual torsion laboratory, published in Computer Applications in 
Engineering Education, which laid the groundwork for subsequent research 
on GBL applications.

Spain, despite having only 30 publications, stands out with a remarkably 
high average article citation of 36.63, indicating that its contributions are 
highly influential within the academic community. The country’s first 
significant paper in this field, conducted by Rodán et al. (2016)Technology, 
Engineering, and Mathematics and published in Frontiers in Psychology in 
2016, examined how computerized mental rotation training influenced the 
visuospatial abilities of students aged 14 to 15 based on their experience 
with videogames to reduce the visuospatial gap between genders in 
STEM education. Malaysia has also made notable contributions, with 26 
publications. However, its total citations (215) and average article citation 
(8.27) are relatively lower, suggesting that while research output is growing, 
the impact of its studies is not as extensive as in other leading countries. 
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Malaysia’s first publication in 2015 by Sanmugam et al. (2015), which 
reviewed gamification as an educational tool, indicates the country’s focus 
on motivational aspects in STEM education through GBL.

Table 3. Top 10 most productive countries
Country NP TC AAC FP
United States 149 3711 24.91 2006
Spain 30 1099 36.63 2016
Malaysia 26 215 8.27 2015
Taiwan 24 575 23.96 2015
United Kingdom 21 1013 48.24 2011
Australia 19 1075 56.58 2011
China 18 430 23.89 2015
Germany 15 268 17.87 2011
Singapore 12 210 17.50 2017
Canada 12 128 10.67 2015
Austria 12 872 72.67 2016

Beyond these three leading contributors, Austria stands out with the 
highest average article citation (72.67), despite having only 12 publications. 
This suggests that Austria’s research, particularly Potkonjak et al.’s (2016)
concepts such as distance learning, and open universities, are now becoming 
more widely used for teaching and learning. However, due to the nature of 
the subject domain, the teaching of Science, Technology, and Engineering 
are still relatively behind when using new technological approaches 
(particularly for online distance learning review on virtual laboratories in 
science, technology, and engineering education, published in Computers and 
Education, is exceptionally influential, possibly due to its comprehensive 
nature and broad applicability in STEM educational settings. Additionally, 
the United Kingdom and Australia exhibit strong citation performance, 
with average article citations of 48.24 and 56.58, respectively. Their early 
contributions in 2011 focused on virtual reality’s role in education and 
immersive STEM experiences, underscoring the growing emphasis on 
interactive and experiential learning methods.

The collaborative relationships among the ten most prolific countries 
are categorized into three distinct clusters (Figure 7), comprising a total 
of 30 connections with an overall link strength of 51. In this network, the 
size of each node corresponds to a country’s publication output, while the 
thickness of the connecting lines represents the strength of their research 
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collaboration. The United States and Germany are both part of the blue 
cluster, signifying their prominent roles in fostering academic partnerships 
within this field. The United States, which has contributed 149 publications 
and accumulated 3,711 citations, maintains eight connections with a total 
link strength of 21, underscoring its extensive collaboration with other 
top ten nations. Meanwhile, Spain, positioned in the green cluster with 
30 publications and 1,099 citations, has five connections and a total link 
strength of 8. The significant citation impact of the United States highlights 
its considerable influence on GBL-STEM research.

Figure 7. Country collaboration network of the top 10 most productive 
countries

Figure 8 indicates that over time, countries such as the United States, 
Spain, and Malaysia have made substantial contributions to research output. 
Notably, the United States has experienced a sharp rise in publications in 
recent years.

Figure 8. Countries’ production over time

The three-field plot illustrates the connections between countries (left), 
author keywords (center), and journals (right) in GBL-STEM research. 
Larger rectangles signify elements with the highest number of relationships, 
while the thickness of the links represents the intensity of information flow 
between different values. Figure 9 presents Sankey diagrams depicting 
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data from 10 countries, author keywords, and journals. The visualization 
highlights that researchers from the United States, China, Spain, and Malaysia 
have contributed significantly to shaping key research topics in GBL-STEM.

Figure 9. Three-field plot

It was found that countries with a higher volume of publications 
predominantly incorporated five key terms—STEM education, STEM, virtual 
reality, augmented reality, and game-based learning—highlighting their 
relevance in this field of study. The data further indicate that the United States 
is the leading contributor to nearly all of the top 10 keywords identified 
in the dataset. In addition to the US, China, Spain, and Malaysia also make 
significant contributions to publications associated with these keywords. 
Among these nations, the US demonstrates the most substantial influence 
on the keywords “STEM education,” “STEM,” and “virtual reality,” though 
other countries also make notable contributions. Moreover, an analysis 
of the correlation between countries and academic journals reveals that 
publications from the US on “STEM education” and “augmented reality” 
are fairly distributed across various journals.

Most Productive Institutions
The research landscape on GBL-STEM has seen significant contributions 

from various institutions worldwide. Among them, Nanyang Technological 
University leads with ten publications, closely followed by Universiti 
Kebangsaan Malaysia with nine, and Arizona State University and Johannes 
Kepler University Linz with eight each. This indicates a strong commitment 
to GBL research in STEM education within these institutions, particularly 
in Southeast Asia, North America, and Central Europe.
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Table 4. Top 10 most productive organizations
Institution Country NP TC AAC FP
Nanyang Technological University Singapore 10 191 19.10 2017
Universiti Kebangsaan Malaysia Malaysia 9 111 12.33 2018
Arizona State University US 8 447 55.88 2010
Johannes Kepler University Linz Austria 8 94 11.75 2021
National Institute of Education Singapore 7 180 25.71 2017
National Taiwan Normal University Taiwan 7 301 43.00 2015
Michigan State University US 7 211 30.14 2014
Pennsylvania State University US 5 121 24.20 2020
NC State University US 5 140 28.00 2014
Universidad de Extremadura Spain 5 113 22.60 2020
University of Central Florida US 5 95 19.00 2013
National College of Ireland Ireland 5 84 16.80 2020

However, when considering total citations, a different trend emerges. 
Arizona State University has the highest total citation count (447), 
significantly surpassing other institutions. This suggests that its contributions 
have had a major impact on the academic discourse surrounding GBL 
in STEM. In contrast, Nanyang Technological University and Universiti 
Kebangsaan Malaysia have garnered 191 and 111 citations, respectively, 
reflecting a moderate but still influential presence in the field. A more refined 
metric, Average Article Citation (AAC), highlights the influence of individual 
publications. Arizona State University again stands out with the highest AAC 
(55.88), indicating that its research is not only widely recognized but also 
deeply influential. National Taiwan Normal University (Taiwan) follows 
closely with an impressive average citation count of 43.00, demonstrating 
strong academic engagement with its work. Michigan State University (US) 
also shows a high impact with an AAC of 30.14. These institutions have 
likely produced foundational studies that have shaped further research in 
game-based STEM learning.

The timeline of the first published articles from these institutions also 
provides insights into the evolution of this research area. Arizona State 
University published one of the earliest influential papers in 2010, titled 
A Next Gen Interface for Embodied Learning: SMALLab and the Geological 
Layer Cake, which appeared in the International Journal of Gaming and 
Computer-Mediated Simulations. This early contribution may have helped 
set the stage for subsequent studies. In contrast, Nanyang Technological 
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University and the National Institute of Education (both in Singapore) 
entered the field in 2017 with their research on problem-solving for STEM 
learning using games, while Universiti Kebangsaan Malaysia followed in 
2018 with an augmented reality-based STEM learning approach. More 
recent contributions, such as those from Johannes Kepler University Linz 
(Austria) in 2021, indicate a continued and growing interest in integrating 
emerging technologies such as Augmented Reality and 3D Printing with 
GeoGebra in STEAM practices.

Most Relevant Journals
The research landscape on GBL-STEM reflects a growing interest across 

222 academic journals, with notable contributions from different countries. 
Table 5 and Figure 10 present the top 10 active journals that published 
research in this field. When examining the number of publications, Education 
Sciences leads with 17 articles, followed by Frontiers in Education with 11 
and Sustainability Switzerland with 10. These journals, particularly those 
published by MDPI, emphasize interdisciplinary approaches that integrate 
game-based strategies into STEM learning. The first recorded publication 
in this dataset appeared in 2011 in the International Journal of Emerging 
Technologies in Learning, discussing virtual reality as an educational tool. 

Figure 10. Most relevant sources

In terms of citation impact, Computers and Education, published by 
Elsevier, exhibits the highest total citation count (1149), underscoring its 
significant influence in the field. This is followed by Educational Technology 
Research and Development (329) and Education Sciences (319). The high 
citation numbers indicate the central role of technology integration in STEM 
learning and the sustained interest in understanding its impact on students’ 
cognitive and affective development. Notably, the paper by Shank and 
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Cotten (2014)but little research has investigated the relationship between 
technology and empowerment for this population. We investigate how 
different aspects of technology use and ownership could empower urban 
youth through increasing their self-efficacy. Instead of simply a general 
measure of self-efficacy, we focus on several important domains related to 
STEM (Science, Technology, Engineering, and Mathematics in Computers 
and Education explores the empowering effect of technology on urban 
youth in STEM subjects, reflecting a broader interest in the intersection of 
technology, equity, and self-efficacy in education. Computers and Education 
also demonstrates the highest H-index (232), reinforcing its long-term 
impact in the field. Similarly, IEEE Access and Computers in Human Behavior 
also show strong academic recognition, with H-indices of 242 and 251, 
respectively. These values highlight the journals that have significantly 
shaped the research on game-based STEM learning. These journals are not 
only highly cited but also hold high SJR rankings, reflecting their prestige 
and rigorous peer-review processes.

Table 5. Top 10 most relevant sources
Journal NP TC H SJR(Q) Publisher
Education Sciences 17 319 53 0.67(Q2) MDPI
Frontiers in Education 11 87 40 0.63(Q2) Frontiers Media S.A.
Sustainability Switzerland 10 167 169 0.67(Q1) MDPI
Interactive Learning 
Environments

8 104 68 1.31(Q1) Routledge

Educational Technology 
Research and Development

8 329 109 1.71(Q1) Springer

Education and Information 
Technologies

7 267 76 1.30(Q1) Springer

Journal of Computer Assisted 
Learning

6 389 114 1.84(Q1) John Wiley and Sons

IEEE Access 6 70 242 0.96(Q1) IEEE
Computers and Education 6 1149 232 3.65(Q1) Elsevier
Journal of Science Education 
and Technology

5 245 80 1.60(Q1) Springer

International Journal of 
Emerging Technologies in 
Learning

5 117 46 N/A
International Federation 
of Engineering Education 
Societies

Information Switzerland 5 146 59 0.70(Q2) MDPI
IEEE Transactions on 
Education

5 169 76 0.79(Q1) IEEE

Educational Technology and 
Society

5 184 111 1.56(Q1)
International Forum of 
Educational Technology 
and Society

Computers in Human Behavior 5 336 251 2.649Q1) Elsevier
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In terms of publishers, MDPI emerges as a major publisher in this domain, 
housing journals such as Education Sciences, Sustainability Switzerland, and 
Information Switzerland. This suggests a strong emphasis on open-access 
dissemination, making research more widely available. However, high-impact 
studies are more frequently published in well-established publishers such as 
Elsevier (Computers and Education, Computers in Human Behavior), Springer 
(Education and Information Technologies, Journal of Science Education and 
Technology), and Wiley (Journal of Computer Assisted Learning), indicating 
that these outlets attract research with sustained academic influence. The 
dominance of MDPI, Springer, Wiley, and Elsevier in this regard suggests that 
well-established publishers continue to shape the research on GBL in STEM.

Figure 11 illustrates the progression of top 10 journals over time, 
highlighting notable growth in Education Sciences, Frontiers in Education, and 
Sustainability Switzerland, particularly from 2017 onward. The International 
Journal of Emerging Technologies in Learning was the first to publish research 
on this topic in 2011. However, in recent years, Education Sciences has shown 
the most significant growth, with the number of publications in 2025 being 
four times higher than in 2020.

Figure 11. Sources’ production over time

The distribution of document sources can be examined using Bradford’s 
law, a bibliometric analysis principle. According to this law, the sources are 
categorized into three zones, with Zone 1 representing the core sources. 
These zones indicate the relative importance of sources within the studied 
field. As illustrated in Figure 12, the core zone consists of the most prolific 
sources. This figure highlights the primary sources, referring to the most 
prolific publication venues in the studied field. Within the core zone (Zone 
1), a total of 22 journals were identified, accounting for 9.91% of the overall 
222 journals analyzed. The most influential journal in this category is 
Education Sciences, which has published 17 articles and accumulated 319 
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citations. Meanwhile, Zone 2 comprises 66 journals, representing 29.73% 
of the total, while Zone 3 includes 134 journals, contributing 60.36% to 
the overall distribution.

Figure 12. Bradford’s law

Most Frequently Cited Manuscripts
Table 6 and Figure 13 present a detailed overview of the ten most highly 

cited journal articles, organized based on total citation count. Among the 
most influential works in this domain, three studies stand out based on the 
highest total citations, total citations per year, and overall impact on the 
field. One of the most cited studies is by Potkonjak et al. (2016)concepts 
such as distance learning, and open universities, are now becoming more 
widely used for teaching and learning. However, due to the nature of the 
subject domain, the teaching of Science, Technology, and Engineering are still 
relatively behind when using new technological approaches (particularly 
for online distance learning, titled “Virtual laboratories for education in 
science, technology, and engineering: A review,” published in Computers 
and Education. With 677 citations and an annual citation rate of 67.70, this 
review paper systematically evaluates the role of virtual laboratories in 
STEM education. The study highlights the potential of virtual laboratories in 
supporting STEM learning. By synthesizing key technological advancements 
and pedagogical frameworks, this work has been foundational in shaping 
research and practice in digital laboratory simulations. 
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Table 6. Top 10 most cited documents
Author DOI Journal TC TCY
Potkonjak et al. 
(2016)

10.1016/j.compedu.2016.02.002 Comput. Educ. 677 67.70

Ibáñez & Delgado-
Kloos (2018)

10.1016/j.compedu.2018.05.002 Comput. Educ. 609 76.13

Johnson-Glenberg 
(2018)

10.3389/frobt.2018.00081
Front. Robot. 
AI

236 29.50

Leonard et al. 
(2016)

10.1007/s10956-016-9628-2
J. Sci. Educ. 
Technol.

192 19.20

Aladé et al. (2016) 10.1016/j.chb.2016.03.080
Comput. Hum. 
Behav.

158 15.80

Mystakidis et al. 
(2022)

10.1007/s10639-021-10682-1
Educ. Inf. 
Technol.

147 36.75

Repenning et al. 
(2015)

10.1145/2700517
ACM J. Trans. 
Comput. Educ.

141 12.82

Lester et al. 
(2014)

10.1016/j.ins.2013.09.005 Inf. Sci. 122 10.17

Jesionkowska et 
al. (2020)

10.3390/educsci10080198 Educ. Sci. 118 19.67

Cooper et al. 
(2019)

10.1080/09523987.2019.1583461
Educ. Media. 
Int.

114 16.29

Figure 13. Top 10 most cited documents

Another highly influential study is by Ibáñez and Delgado-Kloos (2018), 
titled “Augmented reality for STEM learning: A systematic review,” also 
published in Computers and Education. This paper surpasses Potkonjak 
et al. (2016)concepts such as distance learning, and open universities, are 
now becoming more widely used for teaching and learning. However, due 
to the nature of the subject domain, the teaching of Science, Technology, 
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and Engineering are still relatively behind when using new technological 
approaches (particularly for online distance learning in terms of citation 
rate, with an impressive 76.13 citations per year and a total of 609 citations. 
Their review provides a comprehensive analysis of augmented reality (AR) 
applications in STEM education, emphasizing AR’s potential to enhance 
conceptual understanding and affective learning outcomes. Johnson-Glenberg 
(2018) also made a significant contribution with the article “Immersive VR 
and education: Embodied design principles that include gesture and hand 
controls,” published in Frontiers in Robotics & AI. While this paper has a 
lower total citation count (236), it stands out due to its high citation rate of 
29.50 per year. This study focuses on the integration of virtual reality (VR) in 
STEM education, advocating for embodied learning through gesture-based 
interaction and hand controls. The paper provides empirical evidence on 
how VR environments can improve student engagement and retention by 
enabling active participation in STEM learning experiences. In terms of the 
most productive journal, Computers and Education emerges as a leading 
platform for research in game-based STEM learning. This journal has 
published two of the most highly cited articles in the dataset, reinforcing 
its reputation as a key venue for disseminating research on educational 
technology innovations.

Keywords Analysis
Figure 14 highlights the top 10 most commonly used author keywords. 

In this graph, the size of each keyword corresponds to its frequency of 
occurrence, with larger keywords appearing more frequently and smaller 
ones appearing less often. Among them, “STEM education” appears most 
frequently, with a total occurrence of 111 times. The second most frequent 
keyword is “STEM,” which is mentioned 76 times, followed by “virtual 
reality,” which appears 63 times.
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Figure 14. Most frequent words

Figure 15 displays a word cloud highlighting the most significant keyword 
combinations associated with GBL-STEM. This visualization displays the 50 
most commonly appearing keywords in the analyzed documents, with “STEM 
Education” emerging as the most prevalent term. By leveraging this diagram, 
researchers can efficiently identify relevant studies based on keywords 
and analyze trends in the implementation of GBL within STEM education.

Figure 15. Word cloud by author keyword

Figure 16 presents the evolutionary trend of the author’s keywords, with 
key milestones highlighted by the largest circles. The graph illustrates the 
thematic evolution of GBL-STEM research since its initial emergence in 2006. 
Notably, studies incorporating gamification, STEM, and education began to 
appear in 2021 and have shown a gradual upward trajectory, continuing to 
the present. Over time, an analysis of different periods allows us to identify 
the shifting research focus, particularly on the progressive exploration of 
GBL applications in STEM education.
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Figure 16. Trend topics of the GBL-STEM research

For the thematic evolution analysis, two cutoff points were selected, 
allowing us to generate a map of research interests across three distinct 
periods (Figure 17). During the first period (2006–2017), studies 
primarily focused on the integration of GBL and video games within STEM 
education, with an emphasis on game design and augmented reality to 
enhance educational experiences. Studies explored the potential of digital 
games as effective learning tools and investigated their impact on student 
engagement and knowledge acquisition. In the second period, between 
2018 and 2021, the research focus shifted towards augmented reality and 
game design as innovative approaches to enhance learning motivation in 
STEM education. This period saw an increasing emphasis on interactive and 
immersive learning experiences that leverage games to improve student 
engagement and conceptual understanding. Between 2022 and 2025, recent 
research highlights the role of GBL and educational games in fostering 
learning motivation and engagement in STEM education. The integration 
of augmented reality continues to be a key focus, with studies exploring its 
potential to create more immersive and effective learning environments.

Figure 17. Thematic evolution of GBL-STEM research
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Figure 18 illustrates the findings of the multiple correspondence analysis, 
highlighting a prominent red cluster that encompasses keywords such as 
“gamification,” “augmented reality,” and “educational technology.” This 
clustering indicates a strong interrelation among these concepts.

Figure 18. Multiple correspondences analysis

The thematic map is categorized into four distinct areas, each comprising 
four clusters arranged based on their density and centrality. These clusters 
consist of multiple keywords, as illustrated in Figure 19. The selection 
of the algorithm for keyword grouping determines both the number of 
clusters and their distribution within the thematic map. In this study, the 
Walktrap algorithm was applied. The results are visualized in four distinct 
quadrants, representing “motor themes,” “niche themes,” “emerging or 
declining themes,” and “basic themes.” This analysis seeks to explore and 
pinpoint relevant research topics from 2006 to 2025, highlighting shifts in 
themes and advancements in GBL within STEM education.
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Figure 19. Thematic map for GBL-STEM research

•	 Motor themes: These themes (upper right quadrant) are both highly 
developed and central to the field, serving as fundamental drivers 
of research progress. Themes such as “STEM education”, “STEM”, 
and “augmented reality”, remain essential yet continue to evolve in 
complexity and depth. Positioned between basic and motor themes, 
they highlight the diversity of ongoing research. For example, El 
Bedewy and Lavicza (2025) provided a comprehensive analysis of 
teacher professional development through GeoGebra visualization 
integrated with augmented reality. Their work is in line with the 
themes identified in this study, emphasizing the crucial role of AR 
games in STEM education.

•	 Niche themes: Although well-developed and specialized, these 
themes (upper left quadrant) have limited connections to the 
broader research landscape. Clusters such as “augmented reality”, 
“virtual reality”, “game-based learning”, “technology”, “engineering”, 
and “science” are categorized as niche themes. For example, Singh 
and Sun (2025) explored the impact of GBL on STEM education, 
highlighting their role in enhancing empathetic engagement, 
minimizing negative social experiences, and fostering behavioral 
involvement among undergraduate and postgraduate students.

•	 Emerging or declining themes: Themes in this quadrant (lower 
left quadrant) exhibit low centrality and density, indicating either 
emerging research areas or those losing prominence. “Game design”, 
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“self-efficacy”, and “video games” clusters are identified within this 
category, with their future trajectory depending on developments 
in the field. Ball et al. (2020) found that video game experience can 
influence STEM attitudes through the mediating role of computer 
self-efficacy. These themes, including “game design,” “self-efficacy,” 
and “video games,” have emerged as prominent research topics 
and are currently gaining increasing attention (Ortiz-Rojas et al., 
2025; Petzel et al., 2024)progress towards gender parity in science, 
technology, engineering, and mathematics (STEM.

•	 Basic themes: These themes (lower right quadrant) are central to 
the research domain but remain underdeveloped, offering potential 
for further exploration. The “engagement”, “collaboration”, “games”, 
“gamification”, “serious games”, and “e-learning” clusters fall within 
this quadrant, signifying foundational yet evolving aspects of GBL-
STEM research. In an empirical study, Wen (2021) examined the 
impact of augmented reality on learners’ cognitive engagement 
in language learning and recommended its use to enhance young 
learners’ involvement in the learning process.

The analysis of keyword co-occurrence plays a crucial role in identifying 
key research areas and provides a comprehensive overview of a research field, 
offering valuable insights into the topics explored and their interconnections. 
In this study, VOSviewer software was employed to perform a keyword co-
occurrence analysis, as illustrated in Figure 20. The analysis was conducted 
using 407 documents retrieved from the Scopus database.

Figure 20. Co-occurrence of the author keywords



Irwanto 112

Innovative Practices in STEM Education: 
Emerging Technologies, Pedagogies and Learning Models

Figure 20 was generated by setting a minimum criterion of five keyword 
co-occurrences, which led to the identification of 42 keywords in total. These 
keywords were subsequently categorized into five distinct clusters—red, 
green, blue, yellow, and purple—illustrating their interconnections.

•	 Cluster 1 (13 items, red): Engagement in STEAM Education – 
focuses on the integration of STEAM education with game design 
to enhance student engagement and computational thinking through 
educational games. This cluster includes themes such as “STEAM 
education”, “engagement”, “computational thinking”, “educational 
games”, and “game design”.

•	 Cluster 2 (10 items, green): STEM Education and Emerging 
Technologies – explores the role of augmented reality and virtual 
reality in STEM education, emphasizing the impact of educational 
technology on immersive and interactive learning experiences. The 
themes within this cluster include “STEM education”, “augmented 
reality”, virtual reality”, and “educational technology”.

•	 Cluster 3 (8 items, blue): Gender Perspectives in STEM Education – 
examines the intersection of STEM education, gender differences, 
and engineering through video games, highlighting inclusivity and 
representation in digital learning environments, covering topics such 
as “STEM”, “gender”, “education”, “engineering”, and “video games”.

•	 Cluster 4 (6 items, yellow): Gamification in Higher Education – 
relates to the application of gamification and serious games in 
higher education, particularly within e-learning environments, to 
improve student motivation and learning outcomes. The themes 
associated with this cluster include “gamification”, “serious games”, 
“higher education”, and “e-learning”.

•	 Cluster 5 (5 items, purple): Game-Based Learning in STEAM Education 
– focuses on game-based learning approaches in STEAM education, 
emphasizing active and collaborative learning strategies to enhance 
student engagement and knowledge retention. This cluster includes 
concepts such as “game-based learning”, “STEAM”, “active learning”, 
“instructional design”, and “collaborative learning”.

Figure 21 illustrates the evolving presence of key terms from January 
2006 to March 2025, highlighting significant developments in GBL-STEM 
research. The analysis indicates that in 2011, the terms “augmented reality” 
and “virtual reality” appeared with relatively low frequency, suggesting 
that these topics received minimal attention at the time. However, their 
usage gradually increased over the years, reaching peak occurrences of 
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63 and 58, respectively, by 2025. This trend underscores the growing role 
of AR and VR games in STEM education. Furthermore, the terms “STEM 
education” and “STEM” have shown a marked rise in frequency, reflecting 
the expanding integration of STEM-related activities in educational settings. 
The increasing prominence of these keywords emphasizes the critical role 
of GBL in STEM instruction.

Figure 21. Words’ frequency over time

Conclusion
The research on GBL-STEM in the period 2006-2025 has shown a 

significant increase in the number of published articles over the years, 
particularly after 2015. This suggests a growing academic interest in the 
integration of GBL within STEM education. In general, while Lavicza, Z. is 
the most prolific author in terms of publication count, Christopoulos, A. and 
Johnson-Glenberg, M.C. have made substantial impacts through citation 
numbers, suggesting that their work resonates deeply within the academic 
community. Meanwhile, Muntean, G.M. emerges as a highly influential 
researcher with the highest h-index, indicating sustained contributions 
to the field. These findings highlight the evolving landscape of GBL-STEM, 
where both publication quantity and citation influence play critical roles 
in shaping research directions. Overall, the findings indicate that while the 
United States dominates in publication volume, European countries such 
as Spain, Austria, and the United Kingdom demonstrate higher research 
impact per article. Meanwhile, Asian nations, including Malaysia and 
Taiwan, show growing engagement in GBL research, contributing valuable 
perspectives on gamification and virtual learning environments. This trend 
underscores a global shift toward innovative, technology-driven STEM 
education methodologies, with significant variations in research influence 
across regions.

In terms of institutions, Nanyang Technological University (Singapore), 
Universiti Kebangsaan Malaysia (Malaysia), and Arizona State University (US) 
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stand out as the top three institutions in terms of the number of publications. 
The data highlight that GBL-STEM has been a growing research focus globally, 
with particularly strong contributions from institutions in the US, Singapore, 
and Malaysia. While the number of publications provides an overview of 
research activity, citation metrics reveal the depth of impact these studies 
have had. Arizona State University emerges as a leading institution in terms 
of influence, whereas National Taiwan Normal University and Michigan State 
University also demonstrate strong academic engagement. The research 
trend suggests that early contributions from the 2010s laid the foundation 
for the field, with continued innovation and new approaches being explored 
in recent years. As technology evolves, the impact and scope of GBL-STEM 
are likely to expand further, integrating newer advancements such as virtual 
and augmented reality into pedagogical frameworks.

Among the journals with the highest number of publications, Education 
Sciences leads with 17 articles, followed by Frontiers in Education (11 
articles) and Sustainability Switzerland (10 articles). While these journals 
have contributed the most studies, the highest total citations are observed 
in Computers and Education (1,149 citations across 6 articles), Journal of 
Computer Assisted Learning (389 citations across 6 articles), and Educational 
Technology Research and Development (329 citations across 8 articles). This 
discrepancy suggests that although some journals publish more frequently 
on the topic, others have greater academic influence, as indicated by higher 
citation rates. GBL-STEM has experienced substantial growth, with MDPI and 
Springer leading in publication volume, while Elsevier and Wiley maintain 
high citation influence. The most impactful studies appear in journals with 
strong citation records, suggesting that while quantity matters, the depth 
of contribution ultimately defines the field’s trajectory.

In recent years, digital educational games have become increasingly 
prevalent, establishing GBL as a major trend in STEM education (Kefalis 
& Skordoulis, 2025; Tene et al., 2025). However, there remains no clear 
consensus among researchers regarding its effectiveness. The integration 
of mobile technology into educational games has expanded opportunities 
for personalized and flexible learning (Fante et al., 2024; Gao et al., 2020), 
allowing students to engage with STEM subjects anytime and anywhere (Gao 
et al., 2020; Tene et al., 2025). Compared to conventional teaching methods, 
GBL has demonstrated the potential to enhance student motivation and 
comprehension of STEM concepts (Fante et al., 2024; Videnovik et al., 2023). 
The growing presence of video games in students’ lives has also encouraged 
educators to explore their use beyond entertainment, incorporating them 
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into educational settings to improve learning outcomes (Arztmann et al., 
2023; Gui et al., 2023; Tene et al., 2025).

Gamified learning environments have proven to be valuable in STEM 
education by simulating real-world scenarios, enabling students to apply 
theoretical knowledge in practical contexts (Kefalis & Skordoulis, 2025; 
Videnovik et al., 2023). This experiential approach enhances comprehension 
and fosters a deeper connection to STEM subjects (Fante et al., 2024; Ilić et 
al., 2024). By creating interactive and engaging learning spaces, educational 
games encourage active participation while promoting the development 
of critical thinking and problem-solving skills (Gao et al., 2020; Moon et 
al., 2024). As a result, GBL has been recognized as an effective strategy for 
achieving STEM education goals (Gui et al., 2023), helping students not only 
grasp theoretical content but also understand its real-world applications.

Numerous studies suggest that GBL positively impacts student 
achievement, motivation, and engagement (Gao et al., 2020; K. Li et al., 
2023; Moon et al., 2024). In STEM education, digital games facilitate the 
exploration of complex scientific phenomena that may be difficult to observe 
in traditional learning environments (Fante et al., 2024). Additionally, digital 
games allow students to virtually explore otherwise inaccessible locations 
or conduct experiments in simulated environments (Moon et al., 2024). 
Furthermore, GBL offers structured guidance and contextual support (Kefalis 
& Skordoulis, 2025), fostering essential skills such as problem-solving 
(Tene et al., 2025; Videnovik et al., 2023), which are crucial for success in 
STEM fields. As research continues to highlight its benefits, GBL remains a 
promising pedagogical tool for enhancing STEM education (Ilić et al., 2024; 
Stohlmann, 2023; Tene et al., 2025).

This study has some limitations, primarily due to the exclusive use of 
Scopus-indexed papers, which may have led to the exclusion of relevant 
publications indexed elsewhere. Although Scopus is a widely recognized 
and reliable database, integrating it with other sources, such as Web of 
Science (WOS), could enable a more comprehensive bibliometric analysis. 
Future studies should consider expanding the data sources to gain a broader 
perspective on the GBL-STEM field. Additionally, this study focused solely 
on journal articles, omitting other types of publications such as books, 
reviews, etc. Despite these limitations, the findings offer valuable insights 
into the landscape of GBL-STEM research.
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Chapter Highlights
This section summary provides the reader with a concise, yet 

comprehensive overview of the main concepts, frameworks, and findings 
discussed in the section on computational thinking and STEM education, 
highlighting its significance, key components, and implications for teaching, 
learning, and future research.

•	 21st Century Skills – The importance of acquiring 21st century 
skills in today’s world

•	 The Emergence and Importance of Computational Thinking – The 
importance and emergence of computational thinking in acquiring 
21st century skills

•	 Definition and Components of Computational Thinking – 
Researchers’ explanations of computational thinking and the skills 
of decomposition, abstraction, algorithmic thinking, debugging, 
generalization, and evaluation

•	 Computational Thinking and STEM Education – The connection 
between computational thinking and STEM education

•	 Discussion and Conclusion – The integration of computational 
thinking and STEM education into teaching programs
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Introduction
The concept of STEM, consisting of mathematics, engineering, science, 

and technology disciplines is said to have emerged within the last twenty 
years due to its focus on 21st-century skills (CS) and its incorporation of 
various disciplines (Langdon et al., 2011). Therefore, STEM education, 
which facilitates the use of technology and supports the development of 
21st-CS through its interdisciplinary approach, is described as a teaching 
approach that combines engineering, mathematics, technology, and science 
to transform theory into practice (Meyrick, 2011).

One of the fundamental aims of STEM education is to prepare students with 
the 21st-CS required to contribute to the economy, foster competitiveness, 
and develop individuals who will benefit their countries (Morrison, 2006; 
Williams, 2011). Additionally, the aim is to facilitate learning through 
STEM education and provide a holistic approach through interdisciplinary 
connections (Smith & Karr-Kidwell, 2000). STEM education, which covers 
mathematics, engineering, technology and science, has attracted significant 
global interest thanks to its potential to develop real-world applications 
and enhance problem solving skills, as well as its interdisciplinary nature 
(Margot & Kettler, 2019). STEM education is crucial for achieving the United 
Nations’ Sustainable Development Targets and improving educational 
standards (Jamali et al., 2022). 

21st-Century Skills and Education
In the 21st century, referred to as the digital information age, the 

importance of developing high-level skills beyond academic knowledge 
is strongly emphasised (González-Pérez & Ramírez-Montoya, 2022). In 
this particular context, developing students’ skills in algorithmic thinking, 
abstraction, problem solving, evaluation, and analysis during primary, 
secondary, and high school is crucial for the development of critical skills 
in university education (González-Pérez & Ramírez-Montoya, 2022). In the 
21st-century, students are expected to be able to generate knowledge and 
apply it to new problem situations, rather than simply acquiring ready-made 
knowledge (Wagner, 2008). These characteristics expected of students in 
today’s society are referred to as 21st-CS. 

Today, 21st-CS are defined as problem solving, collaboration, critical 
thinking, communication, adaptability, technological literacy, financial 
literacy and global competencies (Partnership for 21st Century Skills [P21], 
2009). Meanwhile, Lai and Viering (2012) outlined 21st-CS as comprising 
critical thinking, motivation, creativity, collaboration and metacognitive 
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abilities. They presented the P21 framework alongside these skills, which 
are crucial for all 21st-century students, as shown in Figure 1 (P21, 2009).

 

Figure 1. 21st-CS within the P21 Framework

STEM disciplines focus on developing students’ communication, 
adaptability, problem solving, scientific thinking, self-regulation, innovation 
and creativity skills, thereby emphasising 21st-century learning outcomes 
(Bybee, 2010a). Students are expected to possess these skills and be able 
to apply their knowledge in different fields (Nargund-Joshi et al., 2013). 
Consequently, the structure of STEM education meets the objectives of 
contemporary teaching programmes (National Research Council [NRC], 
2014). In line with this, engineering, innovation, problem solving and 
computational thinking (CT) are seen as being at the forefront of what is 
expected of students today (Bybee, 2010b).

Figure 2. Google Trends search results for “CT” worldwide between 
2004 and 2025

CT, which involves problems solving, designing systems and attempting 
to understand behaviour using fundamental computer science concepts, is 
one of the 21st-CS (Wing, 2006). The importance of CT is emphasised in the 
current climate, and research on this concept is increasing. Figure 2 shows a 
graph obtained by searching for the term “CT” on Google Trends. Examining 
the figure shows that studies related to CT have gained momentum since 
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2006, with an increasing research trend in recent years. 
 
The Emergence and Importance of Computational 

Thinking
It can be stated that the primary researchers responsible for the 

emergence and significance of CT as a key concept are Seymour Papert 
and Jeannette Wing (Lodi & Martini, 2021). When CT is considered an 
ability that students should possess in addition to mathematics, writing, 
and reading (Wing, 2006), the idea of providing programming education 
to every student at the K-12 level dates back to Seymour Papert’s work at 
the Massachusetts Institute of Technology in the 1980s. 

Papert took the first steps towards what he termed procedural thinking 
with the aid of programming in his book Mindstorms: Children, 20 Computers, 
and Powerful Ideas (Papert, 1980). Therefore, it was expressed without a 
detailed definition by Seymour Papert (1980). Papert conducted research on 
how to use computer software to solve geometry problems. In this context, 
Papert (1980) stated that computers develop ways of accessing information 
and thinking, and contribute to the shaping of learning. 

Papert was the first researcher to introduce the concept of CT. Meanwhile, 
Wing is widely recognised as the first researcher to define the concept using 
a pedagogical approach, drawing on principles from computer science 
(Lodi & Martini, 2021). In 2006, Wing provided a clearer definition of CT, 
stating that it is “the process of using concepts from computer science to 
understand human behavior, solve problems, and design systems”. In this 
context, Wing (2006) emphasised that CT is a problem solving approach 
utilising computer science, and that it is a skill set not only for computer 
scientists, but for all individuals. 

Wing (2006) described these skills as iterative thinking, problem solving, 
decomposition, abstraction, debugging and correction, and reasoning. When 
describing these characteristics, Wing stated that CT is ‘a fundamental 
ability, not rote learning’, ‘a conceptualisation, not programming’, ‘an idea, 
not artificial’, ‘thinking like a human, not like a computer’, and ‘the ability to 
understand and solve scientific problems through mathematical thinking 
as an intellectual endeavour’.

CT involves abstraction, debugging and testing, as well as a problem 
solving approach based on interaction and collaboration with others 
(Brennan & Resnick, 2012). It is important for education systems to 



127 Kükey

Computational Thinking and STEM Education

combine students’ CT skills with technology to develop their problem 
solving and thinking abilities (Tsai et al., 2021). In today’s technological age, 
the International Society for Technology in Education (ISTE) has outlined 
various standards that should be instilled in students based on the need 
for continuous self-improvement. These standards are provided in Table 
1 (ISTE, 2016). Examination of the student standards established by ISTE 
reveals that students are described as digital citizens, competent learners, 
knowledge builders, computational thinkers, innovative designers, global 
collaborators, and creative communicators. Among these characteristics, 
CT occupies a particularly important position. Computational thinkers are 
defined as individuals who can use technology to understand and solve 
problems, develop solutions, and test them.

Table 1. ISTE Student Standards
 

Along with the standards expected to be instilled in students, ISTE (2018) 
has also defined certain standards for educators. These standards set by 
ISTE are presented in Table 2. When examining the educator standards, 
the characteristics of learner, leader, digital citizen, collaborator, designer, 
facilitator, and analyst come to the fore. It can be stated that educators 
possessing these characteristics will enable students to develop themselves 
in terms of the 21st-CS and CT skills they need to acquire. 
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Table 2. ISTE Educational Standards
 

When considering the student and educator standards established by 
ISTE, it is evident that CT processes come to the fore. The characteristics 
that CT processes should possess can be expressed as follows (Allsop, 2019):

•	 It is a cognitive process.
•	 It involves practices that trigger metacognitive thinking.
•	 It involves the application of knowledge processing thinking skills 

concepts and abilities.
•	 Students are expected to apply the concepts they have learned.
•	 It enables students who are sensitive to problems to develop effective 

solutions. 

What is Computational Thinking?
The definition of CT is debated by many researchers. While some 

researchers argue that there is no need for a precise definition (Hu, 2011), 
studies in the field of education indicate that a definition is necessary (Barr 
& Stephenson, 2011; Hemmendinger, 2010; ISTE, 2011). In this context, 
Some CT definitions are given in Table 3.
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Table 3. Definitions of CT

ISTE (2018) and the Computer Science Teacher Association [CSTA] (2017) 
have defined CT by highlighting the characteristics in their definitions. In 
making these definitions, they have also emphasised the five tendencies 
found in the characteristics of CT (CSTA, 2017; ISTE, 2021). These are: 

•	 Confidence (ability to cope with problems)
•	 Persistence (ability to solve complex problems)
•	 Tolerance (ability to cope with uncertainty)
•	 Ability to cope with open ended problems
•	 Work ability with a team and communicate in order to achieve a 
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specific goal

Fundamental Skills in Computational Thinking
Researchers emphasise various skills when considering the characteristics 

of CT. Figure 3 shows these skills.

 Figure 3. Fundemental Skills of CT

These skills are generally accepted to comprise the following components: 
pattern recognition, decomposition, algorithm creation, abstraction, 
generalisation and debugging. 

Decomposition
Breaking down complex problems into simpler parts for detailed 

examination and analysis (Wing, 2006). This process can be described as 
dividing a problem situation into simpler parts (Conery et al., 2011), or 
building down a problem situation into simpler parts with the intention of 
reassembling them (Maharani et al., 2019). Csizmadia et al. (2015) describe 
decomposition as the process of building down a whole into its parts 
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according to specific characteristics, and reflecting on those parts. When 
dividing a problem into sections, it is important to ensure that the sections 
can be solved independently and that the solutions can be combined to solve 
the entire problem (Liskov & Guttag, 2000). Examples of the decomposition 
step include preparing a simple electrical circuit (Gülbahar et al., 2020) and 
classifying a species (Barr & Stephenson, 2011). 

Pattern Recognition
It is the dimension in which similar or different situations are investigated 

in the event of a problem (Csizmadia et al., 2015). The identification, 
classification and analysis of objects according to their characteristics can 
be described as stages in the pattern discovery process (Liu et al., 2006). In 
other words, it is the process of dividing problem situations into sub problems 
and then creating solutions based on the differences and similarities between 
these sections (British Broadcasting Corporation [BBC], 2019).

Abstraction
Abstraction is described as the foundation of CT and stands out as its 

distinguishing feature from other forms of thinking (Grover & Pea, 2013). 
It forms the basis of CT (Wing, 2008). Therefore, it is a dimension in which 
the problem is simplified by disregarding some of its details (Csizmadia 
et al., 2015). In this context, Csizmadia and colleagues (2015) explained 
abstraction ability as the process of making a situation more understandable 
by reducing unnecessary details.

Abstraction is the ability to decide which details are important and which 
details will not be included in the process when solving a problem situation 
(Selby, 2015). Therefore, abstraction becomes critical in determining which 
details are important when the problem situation becomes more complex 
(Aho, 2012). Similarly, Wing (2008) also explains abstraction as the decision-
making process regarding which details we should emphasise and which 
details we can ignore throughout the process. 

Modelling can be described as an important aspect of abstract thinking. 
The process of defining variables and modelling equations or inequalities 
for these variables is an important stage in problem solving and can be 
considered an abstraction skill (Barr & Stephenson, 2011). Abstraction and 
decomposition are interrelated processes (Liskov & Guttag, 2000). 
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Algorithm Creation
Throughout the process, algorithms play a significant role in computer 

science as they are coherent wholes that produce results, with their 
operations being clearly, explicitly and effectively sequenced (Schneider 
et al., 2015). As a method created to solve a problem (Sedgewick & Wayne, 
2011), an algorithm refers to a set of logical, sequential operations performed 
to solve specific problems (Selby & Woollard, 2013). It can also be described 
as an abstraction of a system involving inputs, a series of steps and goal-
oriented outcomes (Wing, 2014). 

Once an algorithm has been developed, it can be used to solve similar 
problems; there is no need to create a new algorithm each time (Csizmadia et 
al., 2015). For instance, algorithms employed for fundamental mathematical 
operations can be applied to other problem solving scenarios (Csizmadia et 
al., 2015). In today’s technological age, it has become increasingly important 
to develop algorithmic thinking among middle school students. This is 
because, among CT skills, algorithmic thinking enables students to identify 
appropriate steps for problem situations, find solutions and design solution 
plans (Neira et al., 2021). 

Generalisation 
Generalisation is a skill that enables problems to be solved quickly by 

drawing on previous solutions and constructing solution patterns based 
on students’ prior experiences (Csizmadia et al., 2015). It can be described 
as a way of finding solutions to new problem situations based on problem 
situations that have been solved in the past (Csizmadia et al., 2015). Therefore, 
the skill of generalisation is a strategic skill with applicability, and mastering 
it is more challenging than mastering other skills (Selby, 2014).

Debugging
Determining whether there are errors in the solutions identified for 

resolving the problem situation can be described as testing, while identifying 
and correcting the identified errors can be described as debugging (Maharani 
et al., 2019). The debugging process constitutes an important dimension 
of the programming process because it requires a higher level of thinking 
skill than code writing ability (Liu et al., 2006). In this context, it is crucial 
to review the process of creating models for solving problem situations, 
identify errors and correct them when the solutions do not turn out as 
expected (Angeli et al., 2016). Therefore, CT skills such as debugging are 
effective in questioning the learning and teaching process and making 
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inferences about problem situations (Gonzales, 2013). 

Evaluation
It can be described as the process of determining which of the proposed 

solutions to problem situations is the best and explaining why the others 
are not as effective. It also aims to highlight the limitations of the solutions 
identified (Selby, 2014). Although debugging and evaluation dimensions 
are expressed as the final dimension among the components, they are 
dimensions that must be considered in relation to the steps taken at every 
stage of CT. That is, in problem solving situations, evaluations should be 
made at every stage and any errors should be debugged (Liu et al., 2006). 

Techniques Used in the Application of Computational 
Thinking

Various techniques can be applied to teach CT skills in the curriculum. By 
applying these techniques, CT can be transformed into a teaching method 
separate from computer science. Csizmadia and colleagues (2015) describe 
these techniques as reflecting, coding, designing, analyzing, and applying 
(Figure 4). 

Figure 4. Techniques for Teaching CT

Reflecting
It can be described as the ability to draw honest and fair conclusions in 

complex problem situations. It establishes general rules and evaluations 
for determining the most appropriate intuitive methods and criteria for 
identifying the problem situation within the scope of CT (Csizmadia et al., 
2015).
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Coding
Coding is a fundamental computer science skill used to evaluate solutions 

by adapting them to the current problem and achieving a result under 
the necessary conditions. This allows for a systematic approach involving 
debugging, predicting outcomes and making logical inferences (Csizmadia 
et al., 2015).

Designing
Designs created for problem situations aim to determine effective 

solutions to reach a resolution. These solutions require CT abilities, such 
as algorithm design, decomposition, and abstraction (Csizmadia et al., 2015).

Analysing
The aim is to find a solution to the problem by breaking it down into 

subcomponents, eliminating unnecessary details and identifying common 
and distinct points based on the relationships between components. This 
process involves making assessments and logical inferences to improve 
understanding of the situation (Csizmadia et al., 2015).

Applying
It refers to the use of inferences obtained from other problem solving 

situations to solve a problem. In this way, the characteristics of previously 
established connections, similarities and differences are utilised. This enables 
different inferences to be made (Csizmadia et al., 2015).

Computational Thinking and STEM 
Although CT originated in computer science, It’s a way of looking 

at things, that has spread to other fields, with specific components and 
dimensions (Wing, 2008). CT therefore plays a key role in developing skills 
such as problem solving, collaboration, communication, critical thinking, 
global competence, technological literacy and financial literacy (Nouri 
et al., 2020). Developing these skills is said to contribute to individuals 
becoming competent, confident and determined problem solvers across many 
disciplines, including mathematics, science and the humanities (Román-
González et al., 2018).

CT, recognised as interdisciplinary analytical thinking, is explained as 
follows: the way of solving a problem is explained by mathematical thinking; 
the way of designing and evaluating a large and complex system is explained 
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by engineering thinking; and the way of understanding computability, 
intelligence, and human behaviour is explained by scientific thinking (Wing, 
2008). CT enables the modelling of complex structures as well as the analysis 
of large data sets (Wing, 2008). Based on this, it can be stated that it is a 
skill that everyone working in many disciplines, such as mathematicians, 
computer scientists, and engineers, should possess (Wing, 2006). 

As emphasised by Wing (2006), CT skills—including abstraction, 
decomposition, modelling, error correction, logical reasoning, and 
mathematical and engineering-based thinking—suggest that STEM studies, 
encompassing science, engineering, mathematics, and technology disciplines, 
are highly interrelated. The NRC (2010) report lists CT as one of the cognitive 
characteristics that an individual should possess in modern society, and 
the 2011 report emphasises that CT is present in all STEM fields and that 
individuals need to recognise and learn its applications in different fields 
in order to develop their expertise in this area (NRC, 2011). Furthermore, 
research has demonstrated the universal applicability of CT across all 
disciplines (Barr & Stephenson, 2011; Conery et al., 2011; Wing, 2006).

In light of these developments and today’s advanced technological 
structures, it is inevitable that CT concepts and practices will be incorporated 
into STEM education. Therefore, integrating STEM and CT can greatly enhance 
people’s ability to cope with complex problems (Swaid, 2015). Various 
studies have examined STEM and CT skills (Jiang et al., 2022; Pewkam & 
Chamrat, 2022; Shang et al., 2023; Srisangngam & Dechsura, 2020; Qian, 
2019). These studies also emphasise that STEM and CT impart skills that 
facilitate daily life. 

According to Thomasian (2011), STEM education has two main purposes.

1.	 to encourage students graduating from university to pursue careers 
in STEM fields;

2.	 to develop the abilities of all students to create creative solutions 
in daily life using concepts from STEM fields. 

STEM education is recognised as an effective way of developing students’ 
problem solving abilities and overcoming the challenge of integrating subjects 
into the curriculum, while also creating opportunities (Margot & Kettler, 
2019). Additionally, STEM education is recognised as an effective means of 
developing higher-order thinking skills, establishing a professional identity 
and increasing motivation, while also improving academic achievement 
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(Li, 2020).

In the 21st century, CT skills have emerged as critical in the development of 
STEM fields (Law et al., 2021). CT is not merely about processing information; 
it is a way of thinking that is important in teaching STEM disciplines (Li 
et al., 2020). Therefore, integrating CT into STEM education has become 
important for developing students’ analytical skills in the problem solving 
process (Mintii, 2023). It is emphasised that this integration process is also 
important in educational processes such as STEAM, where STEM education 
is combined with art (Bell & Bell, 2018). 

Discussion
STEM education establishes strong links with 21st-CS and real-life 

situations (English, 2016). In this context, attention is drawn to 21st-CS 
in STEM education, and it is argued that 21st-CS should be imparted in 
all subjects and that STEM education can establish connections across 
all disciplines (English, 2016). To achieve this, it is necessary to cultivate 
individuals with 21st-CS such as problem solving, collaboration, creativity 
and communication, and education systems must be transformed accordingly 
(Faber et al., 2013; NRC, 2012). STEM education also plays an important 
role in supporting students’ creativity, developing their problem solving 
abilities, and nurturing productive individuals (Daugherty, 2009). 

According to ISTE (2023), CT is a type of literacy that involves problem 
decomposition, abstraction, pattern recognition and algorithmic properties, 
and is intended to develop individuals who can find solutions to contemporary 
problems. Furthermore, it presents the process as a systematic sequence of 
steps. However, CT is not about thinking like a computer; rather, it focuses on 
developing all the mental tools necessary for the effective use of computing 
in solving problems (Lu & Fletcher, 2009). Similarly, CT goes beyond human 
interaction with and use of computers and technology, encouraging the 
creation of new explanations, designs for tools, and creativity (Mishra & 
Yadav, 2013). 

Conclusion
Technological developments and modern living conditions are guiding 

students towards developing themselves in multiple ways. To achieve this, 
critical skills have come to the forefront. When these abilities are referred 
to as 21st-CS, CT is actively emphasized by researchers (Aho, 2012; Allsop, 
2019; Hu, 2011; Wing, 2006; Wing, 2014). 
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Wing (2011) defines CT as a thinking process That involves formulating 
problems and solutions in a way that can be effectively implemented by 
a computational unit, which is the key to success in this field. The skills 
expected to be acquired by students have been expressed in various ways 
based on the definition of CT (Angeli et al., 2016; Barr & Stephenson, 
2011; Wing, 2006; Wing, 2011). The following skills come to the fore: 
differentiation, abstraction, algorithmic thinking, pattern formation, 
debugging, generalisation and evaluation. 

Activities that bring together different disciplines and implement 
applications are becoming increasingly important in CT development. 
This situation highlights the importance of STEM education. STEM is an 
interdisciplinary, student-centred approach to education that uses scientific 
research methods to solve problems related to daily life (Bender, 2015). 

STEM education and interdisciplinary activities are critical for increasing 
students’ interest in various scientific fields and incorporating such education 
into the curriculum (Knezek et al., 2013). In this context, CT also plays a crucial 
role in enabling students to establish effective connections. Consequently, it 
is crucial that teaching programs include content that enables students to 
develop skills such as algorithmic thinking, decomposition, understanding 
abstraction, and generalization.
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challenges of integrating immersive technologies into STEM education, 
with a particular emphasis on pedagogical innovation, learning outcomes, 
assessment and learning analytics, and future-oriented instructional 
models. Together, they highlight the transformative potential of immersive 
technologies while underscoring the need for thoughtful, ethical, and 
sustainable implementation in STEM teaching and learning.

•	 Key Components of STEM Education – Integration of science, 
technology, engineering, and mathematics in teaching and learning.

•	 Role of Immersive Technologies – Impact of Augmented Reality, 
Virtual Reality, Metaverse applications on STEM education.

•	 Pedagogical Impacts and Learning Outcomes – Student interaction, 
collaboration, active learning, and development of scientific process 
skills.

•	 Assessment and Learning Analytics – Personalized feedback, 
learning analytics, and innovative assessment methods.

•	 Challenges and Limitations – Technical infrastructure, costs, privacy, 
and teacher training obstacles.
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inclusive policies, and interdisciplinary applications.
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Introduction
STEM (Science, Technology, Engineering, and Mathematics) education 

embodies a cohesive, interdisciplinary methodology aimed at providing 
students with the requisite knowledge and skills to tackle intricate global 
issues of the 21st century, including climate change and resource depletion 
(Marzuki et al., 2024). STEM education combines science, technology, 
engineering, and math to help students see the whole picture and become 
creative, imaginative problem-solvers.

The complexity of contemporary global issues requires students to move 
beyond rote memorization and disciplinary silos, embracing an educational 
paradigm that promotes critical, logical, and systematic thinking (Kelley & 
Knowles, 2016; Smith et al., 2022). This interdisciplinary approach helps 
students connect STEM subjects in relevant ways, which improves their 
problem-solving skills and knowledge of concepts (Thibaut et al., 2018).

Recent advances in educational technologies have strengthened STEM 
education by providing interactive, immersive, and student-centered 
learning experiences (Petrov & Atanasova, 2020). Among these, Metaverse 
and Augmented Reality (AR) technologies have garnered attention for 
their potential to transform traditional classrooms into highly engaging 
environments. Augmented Reality overlays digital content onto real-world 
contexts to support conceptual visualization, while the Metaverse provides 
collaborative virtual spaces where students can interact, problem-solve, 
and engage authentically beyond physical limitations (Tene et al., 2024).

These immersive technologies foster active learning, collaboration, and 
critical thinking, improving student engagement, knowledge retention, and 
performance across STEM disciplines (AlGerafi et al., 2023). In engineering 
education, AR enhances visualization and problem-solving skills critical for 
addressing societal challenges (Suhail et al., 2024). Also, AR and Metaverse 
apps help people learn 21st-century skills like creativity, innovation, 
communication, digital literacy, and teamwork. They also help people 
understand complex ideas better by giving them more opportunities to 
work together (Akçayır & Akçayır, 2017).

This chapter examines the intersection of STEM, Metaverse, AR, with 
an emphasis on theoretical foundations, practical applications, pedagogical 
impacts, and emerging challenges. By systematically reviewing current 
research, it highlights effective educational practices and provides insights 
into future directions for integrating immersive technologies into STEM 
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curricula.

Emerging Technologies in STEM Education: A 
Theoretical Framework

STEM education is inherently interdisciplinary, combining scientific 
inquiry, technological innovation, engineering design, and mathematical 
reasoning into holistic learning experiences. This interdisciplinary nature 
aligns closely with the demands of the 21st century, where problem-solving 
often requires knowledge and skills across multiple domains (Marzuki et al., 
2024). The incorporation of emerging technologies into STEM significantly 
enhances this potential by offering novel opportunities for visualization, 
simulation, and experimentation. These technologies allow students to 
participate in genuine, real-world problem-solving situations that require 
the simultaneous application of knowledge from various disciplines (Smith 
et al., 2022). Technologies such as VR, AI, AR exemplify this by facilitating 
experiential learning and fostering interdisciplinary approaches to complex 
problems (Chiu & Li, 2023). Moreover, integrating STEM content through 
inquiry-based and design-based learning enhances students’ skills across 
diverse STEM disciplines and promotes a profoundly interdisciplinary 
learning environment. Despite this potential, a lack of synthesized frameworks 
has hindered the establishment of a robust theoretical foundation for STEM 
education (Aguilera et al., 2021).

The TPACK framework, which is based on Shulman’s Pedagogical 
Content Knowledge, is a solid theoretical tool for looking at the complicated 
relationship between technology, pedagogy, and content that is needed 
for good teaching (Li & Li, 2024). This framework emphasizes that 
successful technology integration arises from the synergistic interplay 
of technological knowledge, pedagogical strategies, and subject-specific 
content, moving beyond simplistic views of technology as merely an additive 
tool (Jimoyiannis, 2010). Early research primarily established TPACK’s 
theoretical underpinnings, while recent studies have solidified its utility in 
STEM education, particularly in supporting teacher adaptability, blended 
learning, and professional development (Irwanto, 2021). Within STEM 
contexts, TPACK highlights the necessity for educators to master content 
and pedagogy while also developing competencies in using advanced 
technologies such as AR and Metaverse platforms.

From a digital transformation perspective, STEM education is increasingly 
shaped by global policy frameworks, such as OECD’s Learning Compass 2030 
and UNESCO’s guidelines on digital literacy. These frameworks emphasize 
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not only the integration of emerging technologies but also the cultivation 
of adaptable, future-ready learners, thereby influencing curriculum 
development and pedagogical practices in higher education (Lyngdorf et 
al., 2024). They support transformative learning opportunities that cultivate 
21st-century skills such as creativity, critical thinking, collaboration, and 
problem-solving, which are crucial for tackling global societal issues like 
climate change and significant human migrations (Rusmin et al., 2024). 
Furthermore, these directives promote the incorporation of value-based 
competencies alongside academic and technical skills, fostering sustainability, 
ethical awareness, and digital literacy (Cañavate et al., 2025).

This paradigm shift leverages technologies such as AR, VR, and Mixed 
Reality to create dynamic, interactive learning experiences within STEM 
disciplines. AR, for instance, overlays digital content onto real-world contexts 
to enhance conceptual visualization, while the Metaverse offers immersive, 
multi-user environments where students can collaborate, engage in problem-
solving, and experience authentic scenarios (Tene et al., 2024). Combining 
these technologies helps people understand difficult ideas better, makes 
them more motivated, makes group learning more fun, and helps them 
learn how to be ethical and value-based. Empirical research illustrate their 
teaching efficacy, including enhancements in student engagement, knowledge 
retention, and performance across STEM fields (Shirazi & Behzadan, 2015). 
Moreover, systematic reviews that follow PRISMA principles and PICOS 
frameworks not only show how immersive technologies can improve learning 
outcomes, but they also stress how these technologies can help connect 
policy directions with what happens in the classroom (Tene et al., 2024).

The Concept of Metaverse and Its Applications in 
STEM Education

The Metaverse, which Neal Stephenson first thought about in his 1992 
book, has gone from being a literary vision to an actual technological 
goal thanks to improvements in virtual reality (VR), augmented reality 
(AR), and blockchain technology (Chen et al., 2024). This “post-reality 
cosmos” merges physical and digital realms into a persistent, multi-user 
environment, offering a continuous and enduring virtual experience. Users 
interact through avatars and co-create experiences analogous to real-world 
social activities, fostering a participatory and engaging digital ecosystem 
(Almeman et al., 2025).

The Metaverse is a network of real-time 3D virtual worlds that are all 
connected. It lets people communicate with each other in a wide range of 
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ways and have digital identities that last forever. By integrating virtual, 
augmented, and mixed realities, and enhancing experiences with haptic 
feedback and other sensory technologies, it allows users to interact with 
digital objects and each other in real-time, creating a profound sense of 
presence (Huynh‐The et al., 2023). While definitions vary across disciplines, 
common conceptualizations emphasize a three-dimensional online 
environment where users represented by avatars engage in social, economic, 
and educational activities within a persistent, immersive digital realm 
(Dwivedi et al., 2022). This distinguishes the Metaverse from conventional 
VR systems and digital twins, which primarily focus on simulated interfaces 
or replication of real-world assets (Tu & Silva, 2025).

The incorporation of the Metaverse into STEM education signifies a 
substantial educational advancement (Lin et al., 2022). Leveraging VR, AR, 
and 3D technologies, it facilitates a transition from traditional classrooms to 
dynamic, immersive virtual environments (Almeman et al., 2025). Students 
can conduct experiments in virtual laboratories, explore engineering designs 
in 3D, simulate mathematical models dynamically, and engage in collaborative 
project-based learning without the limitations of safety, logistics, or physical 
infrastructure (Zhang et al., 2022). These immersive experiences encourage 
active engagement, higher-order thinking skills like analysis, synthesis, and 
assessment, and a better grasp of difficult STEM concepts.

Beyond practical simulations, the Metaverse supports personalized 
learning pathways and adaptive assessments tailored to individual student 
needs, moving past standardized testing (Onu et al., 2023). It also enhances 
social learning by enabling interaction with peers and instructors in shared 
virtual spaces, which is critical for teamwork-based problem-solving in 
STEM fields (Chen et al., 2024). Immersive technologies integrated onto 
these platforms have regularly demonstrated enhancements in student 
engagement, motivation, creativity, and skill learning (Tene et al., 2024).

Moreover, the Metaverse bridges the gap between digital policy 
frameworks and classroom practice, facilitating alignment with global 
educational goals such as digital literacy, accessibility, and 21st-century 
competency development (Dahan et al., 2022). By combining physical and 
virtual realities in shared 3D environments, it moves beyond conventional 
e-learning systems to offer deeper immersion, interactivity, and real-world 
relevance, fostering a comprehensive, participatory, and adaptive STEM 
learning ecosystem (Almeman et al., 2025).
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This combination of immersive technology not only solves the logistical 
and moral problems that traditional labs have, but it also offers scalable 
solutions for making sure that everyone has access to high-quality 
educational experiences. Students cultivate essential competencies in 
critical thinking, problem-solving, teamwork, and creativity required for 
21st-century STEM careers through these immersive, interactive, and 
adaptable virtual environments (Onu et al., 2023). The Metaverse thus 
represents a transformative paradigm, converging technological innovation 
with pedagogical practice to redefine STEM education for contemporary 
and future learners (Chen et al., 2024).

STEM Learning Experiences through Augmented 
Reality (AR)

Augmented Reality (AR) is the use of mobile devices, wearable technology, 
or head-mounted displays to add digital material, including 3D objects, 
animations, or simulations, to real-world settings (Lastrucci et al., 2024; Sulak 
& Koklu, 2024). By overlaying virtual objects onto physical surroundings in 
real-time, AR enables learners to perceive, interact with, and manipulate 
digital information within authentic contexts (Sommerauer & Müller, 2014). 
Unlike Virtual Reality, which fully immerses users in synthetic worlds, AR 
enhances reality, providing a bridge between abstract concepts and tangible 
experiences. This affordance makes AR particularly suitable for education, as 
it facilitates experiential learning, conceptual visualization, and engagement 
with otherwise intangible or complex phenomena (Kim & Choi, 2025).

AR transforms traditional pedagogical approaches by providing interactive 
experiences that merge digital and physical learning environments (Chin 
et al., 2020). For instance, students can visualize molecular structures in 
chemistry, simulate astronomical models in physics, or manipulate 3D 
engineering designs, thereby enhancing both understanding and retention 
of STEM concepts (Ibáñez & Kloos, 2018; Mystakidis et al., 2021). By 
promoting active involvement, AR motivates learners to transition from 
passive knowledge absorption to experiential exploration, thereby cultivating 
higher-order cognitive skills including analysis, synthesis, and assessment 
(Palada et al., 2024).

Recent improvements in mobile technology, such as high-resolution 
cameras, advanced sensors, and wearable devices, have made AR available 
to everyone allowing it to move beyond specialized laboratory contexts 
into everyday classrooms (Marín et al., 2023). AR applications can support 
collaborative learning, enabling groups of students to jointly manipulate 
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digital objects and engage in problem-solving activities (Lunding et al, 2023). 
Furthermore, gamified AR experiences and tangible interfaces increase 
motivation, curiosity, and engagement, particularly in younger learners or 
abstract disciplines like chemistry (Tene et al., 2024).

The integration of AR into STEM education also addresses the challenges 
of remote and resource-limited learning environments. Virtual laboratories, 
enabled through AR, allow safe experimentation and repeated practice 
without the constraints of physical materials or risk (Iqbal & Campbell, 2022). 
Such platforms support constructivist learning by permitting learners to test 
hypotheses, observe outcomes, and iteratively refine their understanding 
in a controlled, interactive environment. These experiences cultivate 
metacognitive skills, expert thinking, and decision-making capabilities 
essential for professional development in scientific and engineering 
disciplines (Kalemkuş & Kalemkuş, 2024).

In addition, AR fosters spatial reasoning and visualization skills, critical 
for STEM disciplines where manipulating 3D structures and understanding 
abstract relationships are essential (Akçayır & Akçayır, 2016). Augmented 
reality (AR) lets learners directly interact with complicated systems by 
putting digital models on top of real-world situations. This closes the gap 
between theory and practice (Özçakır & Çakıroğlu, 2021). This immersive 
capability encourages active participation, lessens cognitive load, and 
improves accessibility, which supports different ways of learning and 
encourages inclusive teaching methods (Lampropoulos et al., 2022).

Empirical evidence demonstrates that AR-based STEM learning improves 
student motivation, engagement, and performance across multiple disciplines. 
For example, AR applications in engineering enhance collaborative problem-
solving, enable exploration of intricate machine designs, and facilitate the 
comprehension of complex scientific phenomena (Suhail et al., 2024). In 
chemistry and biology, AR simulations allow learners to conduct experiments, 
manipulate molecular models, and explore anatomical structures safely, 
providing repeated and scaffolded practice that strengthens both conceptual 
and procedural knowledge (Mansour et al., 2024).

Moreover, AR supports teacher professional development by offering 
immersive platforms for training and curriculum experimentation, enabling 
educators to refine instructional strategies, integrate interactive content, and 
enhance student engagement (Suhail et al., 2024). The blend of interactive 
visualizations, chances to work together, and gamified experiences makes AR 
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a powerful tool for teaching 21st-century skills including critical thinking, 
problem-solving, creativity, and teamwork (Petrov & Atanasova, 2020).

In summary, the integration of Augmented Reality technologies in 
STEM education represents a paradigm shift in teaching and learning. AR 
combines real and virtual worlds to provide immersive, interactive, and 
personalized learning experiences that improve understanding of concepts, 
increase engagement, and develop important cognitive and metacognitive 
skills. Through safe experimentation, collaborative problem-solving, and 
dynamic visualization, AR empowers learners to engage deeply with complex 
STEM concepts, laying the foundation for both academic achievement and 
professional competence in the 21st century (AlGerafi et al., 2023).

Pedagogical Impacts and Learning Outcomes
Tene et al. (2024) say that immersive technologies, like Augmented 

Reality (AR), Virtual Reality (VR), and mixed reality, have changed STEM 
education over time by making it more engaging, collaborative, and hands-
on. These technologies allow learners to engage with abstract and complex 
concepts in ways that transcend traditional classroom limitations, enhancing 
comprehension, engagement, and skill acquisition. For instance, augmented 
reality (AR) adds digital information to the real world, allowing students 
to work with 3D models and see how complicated processes work. Virtual 
reality (VR) and Metaverse platforms, on the other hand, provide fully 
immersive spaces for trying things out and solving problems (AlGerafi et 
al., 2023).

One of the most important effects of modern technologies on teaching 
is that they encourage students to work together and talk to each other. AR 
applications facilitate group exploration of digital objects, whereas Metaverse 
environments provide shared virtual spaces for collaborative project design, 
discussion, and reflection (Tene et al., 2024). This interaction supports 
the development of teamwork, communication, and social learning skills, 
essential competencies for modern STEM education. Evidence indicates that 
immersive technology can substantially improve collaborative problem-
solving by enabling learners to model real-world situations and share 
ideas in ways that are challenging to replicate in conventional classrooms 
(Mansour et al., 2024).

In addition to collaboration, immersive technologies foster active learning 
and student engagement. By integrating simulations, gamified tasks, and 
interactive modules, students move from passive knowledge reception 
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to active participation, which promotes critical thinking and knowledge 
retention (AlGerafi et al., 2023; Bermejo et al., 2023). Studies indicate that AR 
and VR reduce cognitive load, making abstract scientific and mathematical 
concepts more accessible, while simultaneously increasing learner motivation 
and imaginative capabilities (Tene et al., 2024). For younger learners, AR-
supported activities provide scaffolding and visualizations that facilitate 
comprehension and encourage the construction and revision of mental 
models (Koklu & Sulak, 2021).

The cultivation of scientific process skills and problem-solving abilities is 
an essential aspect of STEM education. Immersive technology allow students 
to do experiments that would be dangerous, expensive, or impossible to do 
in a regular lab (Tene et al., 2024). Virtual laboratories provide dynamic, 
secure, and interactive settings in which learners can change variables, 
employ measurement instruments, and monitor outcomes in real time 
(Abdelmoneim et al., 2022). This hands-on method promotes a constructivist 
learning framework, cultivating metacognitive skills, expert reasoning, and 
iterative problem-solving capabilities that emulate professional scientific 
investigation (Kalemkuş & Kalemkuş, 2024). Such experiences enhance 
students’ ability to transfer knowledge, make informed decisions, and 
develop confidence in applying STEM concepts across disciplines.

Furthermore, immersive technologies facilitate assessment and learning 
analytics opportunities. Digital platforms embedded within AR, VR, and 
Metaverse environments can track student interactions, engagement 
patterns, and problem-solving strategies, enabling personalized feedback and 
adaptive learning (Suhail et al., 2024; Halim & Ismail, 2025). These analytics 
tools allow educators to move beyond traditional summative assessments 
by capturing a broader range of learning behaviors and outcomes, such as 
collaboration, decision-making, and experimental exploration (Suhail et 
al., 2024). By combining immersive experiences with learning analytics, 
instructors can tailor interventions, monitor skill development, and identify 
areas where students may require additional support.

Immersive technologies also support visualization and spatial reasoning, 
which are critical for STEM disciplines. The ability to manipulate 3D structures 
in virtual or augmented environments allows students to understand 
complex molecular, anatomical, or engineering systems more intuitively 
(Sviridova et al., 2023). For instance, AR applications enable learners to 
superimpose anatomical models onto physical space, facilitating exploration 
and comprehension of spatial relationships, while VR-based simulations 
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replicate laboratory processes in a risk-free environment (Almeman et al., 
2025). Such experiences contribute not only to cognitive gains but also to 
motivational and affective outcomes, as learners engage more fully with 
immersive content.

The incorporation of the Metaverse and AR into educational systems 
signifies a transformative transformation that facilitates contextualized, 
individualized, and cooperative learning experiences. These technologies 
can simulate real-world challenges, providing students with authentic 
problem-solving opportunities that strengthen STEM skills and cognitive 
flexibility (Thangavel, 2025). The immersive nature of these platforms also 
facilitates adaptive learning, allowing students with varying prior knowledge, 
learning styles, and skill levels to engage meaningfully with complex concepts 
(Poupard et al., 2025). Research underscores the importance of evaluating 
these technologies not only for engagement but also for long-term learning 
outcomes, emphasizing knowledge retention, skill transfer, and motivation 
as key indicators of success (Cao & Yu, 2023; Shankar, 2023).

Another notable pedagogical advantage is enhanced accessibility. Virtual 
laboratories and AR modules provide equitable learning opportunities 
for students in remote or underserved areas, ensuring continued access 
to high-quality STEM experiences (Ananikov, 2024). These platforms 
allow learners to experiment repeatedly, receive immediate feedback, and 
develop competence in areas where physical resources may be limited 
(Abdelmoneim et al., 2022). Additionally, immersive technologies encourage 
learner autonomy, self-confidence, and reflective practice, which are crucial 
for lifelong learning in STEM disciplines (Kalemkuş & Kalemkuş, 2024).

Research consistently demonstrates that immersive technologies improve 
academic performance. AR and VR interventions in STEM have shown 
positive effects on test scores, conceptual understanding, and applied skill 
development (Bermejo et al., 2023). Mixed reality and virtual simulations 
improve lab abilities, help people see scientific phenomena, and make people 
more interested in the material (Petrov & Atanasova, 2020). Moreover, these 
technologies foster creativity and innovation, allowing students to explore 
alternative solutions and construct knowledge in ways that conventional 
methods cannot support (Tene et al., 2024).

Challenges and considerations remain, particularly in terms of 
instructional design and technology adoption. While the potential for 
improved outcomes is substantial, teachers must be adequately trained to 
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integrate AR, VR, and Metaverse tools effectively (Thangavel, 2025). Without 
sufficient training and pedagogical support, there is a risk of superficial 
implementation or underutilization. Additionally, technical limitations, costs, 
and infrastructure requirements may pose barriers to widespread adoption, 
particularly in schools with limited resources (Mondal & Mondal, 2025). 
Ensuring equitable access and addressing data privacy, cybersecurity, and 
digital well-being are critical considerations that educators and policymakers 
must address (Onu et al., 2023).

Finally, immersive technologies provide opportunities for future research. 
Studies should investigate long-term learning outcomes, the effectiveness of 
AI-driven personalized instruction, and the development of inclusive policies 
for equitable access (Tene et al., 2024). Research is also needed to examine 
how adaptive learning models within AR and Metaverse environments can 
cater to individual student needs across diverse educational contexts and 
disciplines (Zhang et al., 2022). Longitudinal studies assessing cognitive and 
non-cognitive outcomes, as well as the efficacy of immersive technologies 
in promoting collaboration, critical thinking, and problem-solving, will 
provide robust evidence for informed integration into STEM education 
(Onu et al., 2023).

In conclusion, incorporating AR, VR, and Metaverse technologies into 
STEM education offers significant pedagogical advantages, such as increased 
engagement, active learning, collaboration, skill enhancement, and evaluation 
opportunities. When used carefully and with the help of professional 
development, these immersive platforms could change the way we teach, 
make learning better, and get students ready for the complicated scientific 
and technological problems they will face in the future (Tene et al., 2024). 
Addressing challenges such as technical barriers, instructional design, and 
ethical considerations will be crucial to maximize the effectiveness and 
sustainability of these innovations in diverse educational contexts.

The Role of Educators and Digital Competencies
The successful integration of Metaverse and Augmented Reality into 

STEM education depends largely on the digital competencies and pedagogical 
readiness of educators. Teachers are not only facilitators of knowledge 
but also designers of learning experiences who must adapt instructional 
strategies to effectively leverage immersive technologies (Chiu & Li, 2023). 
This requires educators to go beyond technical proficiency and develop a 
pedagogical vision for how technologies can enhance inquiry, collaboration, 
and creativity. This encompasses developing skills in creating and editing 
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digital content, understanding the educational advantages and challenges 
of AR integration, and employing effective pedagogical strategies to foster 
digital competencies (Baltynova et al., 2023) This requires a thorough 
comprehension of the integration of AR and VR into pedagogical approaches, 
the advancement of digital literacy among students, and the cultivation of 
critical thinking through technological interaction (Taggart et al., 2023). 
Nonetheless, obstacles such infrastructural deficiencies, fiscal limitations, 
and the necessity for extensive teacher training must be confronted to 
promote the extensive integration of these technologies in educational 
environments (Tene et al., 2024). To address these challenges, specialized 
professional development programs are crucial, providing educators with 
the requisite technological expertise and pedagogical strategies to effectively 
engage with immersive environments (Chiu & Li, 2023). Even though 
more and more people are interested in using immersive technologies in 
education, there isn’t yet a comprehensive technique for teaching future 
STEM teachers how to use augmented reality in educational resources 
(Kiv et al., 2023). While significant research explores the impact of AR on 
student learning, studies focusing on teacher training and perceptions 
regarding AR implementation are notably scarce (Marín et al., 2023). This 
gap underscores the imperative for additional research into methodologies 
for teacher professional development and the augmentation of digital literacy, 
especially concerning the advent of emerging immersive technologies. 
Many teachers do not feel ready or do not have the skills they need to use 
technology effectively in the classroom. This shows a big gap between the 
need for technology and the readiness of teachers (Silva-Díaz et al., 2023). 
Therefore, addressing the need for teachers to integrate AR, VR, and mixed 
reality for real-life learning experiences is crucial for initial teacher education. 
Teacher education programs and policymakers should thus contemplate 
the integration of immersive experiences utilizing VR and AR to enhance 
pre-service teachers’ understanding and assessment of their capacity to 
facilitate learning. This proactive strategy can cultivate heightened curiosity 
and a readiness to investigate innovative ICT practices among educators, 
as well as an acknowledgment of the importance of enhancing their digital 
competencies (Taggart et al., 2023).

The incorporation of immersive technologies, including Augmented 
Reality and the Metaverse, into STEM education represents a significant 
evolution in educational methodologies, requiring a robust framework 
for its execution (Tene et al., 2024). This integration demands not only an 
understanding of the technological tools themselves but also a nuanced 
appreciation for how they can fundamentally reshape content delivery and 
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pedagogical strategies within STEM disciplines. The TPACK framework offers 
a robust conceptual model for understanding and guiding this integration, 
particularly by emphasizing the intricate interplay among technology, 
pedagogy, and content knowledge (Rahmawati et al., 2021). This framework 
provides a critical lens for educators to move beyond superficial technological 
adoption towards a deeper, more intentional integration that enhances 
student learning outcomes (Tene et al., 2024). The TPACK framework asserts 
that successful technology integration in education results from the dynamic 
interplay of these three fundamental knowledge domains, rather than their 
discrete application. This holistic approach is crucial for leveraging the full 
potential of AR and Metaverse tools, ensuring they are employed in ways 
that are both technologically sound and pedagogically effective (Bwalya 
et al., 2023). The framework underscores that teachers must possess a 
sophisticated blend of these knowledge domains to effectively design and 
implement learning experiences that transcend traditional boundaries, 
particularly when incorporating novel immersive technologies (Hsu et 
al., 2023). This involves developing specialized teacher competencies for 
utilizing AR in subjects like physics and creating VR-based educational tools 
for complex concepts such as projectile motion, as noted by recent research 
(Tene et al., 2024). As a result, it is very important to help teachers develop 
their design thinking abilities so that they can use AR in a meaningful way. 
This will allow them to creatively get around obstacles by changing or 
creating lesson plans and activities that are appropriate for different learning 
situations (Hsu et al., 2023). This thorough understanding guarantees that 
technology acts as a facilitator for profound learning, rather than simply as a 
pedagogical tool (Jimoyiannis, 2010). The TPACK framework, by delineating 
the complex relationships between these knowledge domains, offers a 
structured approach to address the challenges of integrating advanced 
digital technologies in education. This perspective highlights that merely 
understanding how a technology operates is insufficient; educators must 
also grasp its affordances for enriching instruction and promoting deeper 
learning (Michałko et al., 2022). 

The swift advancement of immersive technologies, such as virtual reality, 
augmented reality, and mixed reality, offers unparalleled opportunities and 
considerable obstacles for contemporary education. These technologies 
present novel instructional methodologies that can augment student 
involvement, promote experiential learning, and grant access to hitherto 
unattainable situations (Taggart et al., 2023). However, to fully leverage their 
potential, educators require comprehensive professional development that 
extends beyond technical proficiency to encompass pedagogical integration 
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and critical ethical considerations (Schwaiger et al., 2024). This involves 
providing teachers with both the technical abilities and the pedagogical 
content understanding essential for the efficient integration of these tools 
into their courses (Taggart et al., 2023). In addition, good professional 
development programs should not only teach teachers about the technical 
and pedagogical elements of new technologies, but also on the moral 
issues that come with them. This will help teachers teach pupils how 
to use them responsibly (Brandão et al., 2024). Moreover, professional 
development can empower educators to adapt to dynamic educational 
landscapes and address the evolving needs of their students, particularly 
concerning technological advancements (Mouta et al., 2024). Furthermore, 
professional development is crucial for enhancing educators’ confidence and 
proficiency in utilizing these tools. Studies indicate that educators trained in 
immersive technology are more inclined to adopt new methodologies and 
promote favorable educational outcomes (Boel et al., 2023). Additionally, 
teachers must be aware of ethical and socio-cultural considerations, such 
as ensuring equitable access, safeguarding student data, and addressing 
potential issues of digital addiction or distraction (Schwaiger et al., 2024). 
Such comprehensive professional learning opportunities should be evidence-
informed, long-lasting, contextualized, and team-oriented to maximize their 
effectiveness in promoting implementation and sustained use (Love et al., 
2020). A crucial aspect of this preparation involves addressing the inherent 
technical demands of virtual learning environments and ensuring educators 
possess the specialized skills and resources for their effective design and 
implementation (Karcher et al., 2023). 

This evolution requires a thorough comprehension of the strategic 
implementation of immersive technologies to enhance engagement, critical 
thinking, and collaborative problem-solving in scientific and technical fields. 
The successful integration of AR and Metaverse in STEM education hinges 
on educators’ capacity to move beyond traditional teaching paradigms, 
embracing innovative pedagogical approaches that leverage the unique 
affordances of these technologies (Tene et al., 2024). This requires not 
only technical proficiency but also a refined pedagogical understanding 
to effectively bridge the gap between virtual enhancements and tangible 
learning outcomes (Velarde-Camaqui et al., 2024). The educational prospects 
within the Metaverse are extensive, offering virtual environments that can 
significantly enrich learning experiences through interactive modeling and 
experiential learning (Chen et al., 2024). These immersive technologies, 
such as augmented reality and virtual reality, make it possible to create 
realistic situations for complicated lab experiments or virtual field trips that 
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would be too dangerous or hard to get to in real life (Tene et al., 2024). The 
metaverse, envisioned as an expansive digital ecosystem, enables individuals 
to transition from physical to virtual environments, demonstrating significant 
utility in educational contexts where practical experiments are difficult 
or perilous, such as space exploration, chemical experimentation, and 
flight simulation training (Almeman et al., 2025). This integration makes 
it possible to make complex, interactive learning spaces that give students 
hands-on experiences, which makes them more interested in and understand 
the material (Schwaiger et al., 2024). Moreover, the immersive features 
of AR and the Metaverse present unparalleled prospects for customized 
learning pathways, according to specific student requirements and learning 
preferences through individualized challenges and immediate feedback 
(Tene et al., 2024). These virtual platforms facilitate experiential learning, 
permitting students to investigate and engage in intricate, genuine tasks 
that are frequently inaccessible in the physical realm (Almeman et al., 2025).

Challenges, Limitations, and Ethical Considerations
Even though Augmented Reality (AR) and the Metaverse are known 

to have the potential to change STEM education by providing immersive 
and interactive learning experiences, there are still big problems that 
make it hard for them to be used widely and for a long time (Tene et al., 
2024). These impediments encompass high implementation costs, inherent 
technical limitations, and notable resistance among educators to adopt 
these novel technologies (Thangavel, 2025). This resistance often stems 
from concerns regarding instructional design, increased workload, and 
a perceived lack of institutional support (Hsu et al., 2023). Moreover, the 
absence of standardized platforms and the considerable effort required for 
customizing virtual environments further complicate the adoption of AR/
VR tools within educational frameworks (Terkaj et al., 2024).

A primary challenge involves the infrastructure and accessibility required 
for AR and Metaverse applications. High-performance hardware, reliable 
high-bandwidth networks, cloud storage solutions, and skilled personnel 
are essential for effective deployment, yet they impose significant financial 
and operational burdens on institutions, particularly in underserved regions 
(Huang & Tseng, 2025). Additionally, developing high-quality, curriculum-
aligned AR/VR content requires expertise in 3D modeling, instructional 
design, and pedagogy, a process often constrained by time and resource 
limitations (Cabrera-Duffaut et al., 2024). This scarcity of tailored educational 
content frequently forces educators to adapt generic software or create 
bespoke solutions, both of which present substantial challenges.
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Privacy, security, and digital ethics constitute another critical dimension 
of concern. AR and Metaverse applications collect large volumes of personal 
and behavioral data, necessitating robust safeguards to ensure compliance 
with data protection regulations such as GDPR or FERPA (Raman et al., 
2025). The immersive and social nature of these environments introduces 
risks including identity misuse, exposure to harassment, and potential 
addiction, especially among younger learners (Zhang et al., 2022; Ramolia 
et al., 2024). Addressing these concerns requires comprehensive ethical 
frameworks, clear regulatory guidelines, and technological solutions such 
as blockchain for data traceability (Onu et al., 2023).

From a pedagogical standpoint, educators frequently encounter 
reluctance stemming from insufficient training and a lack of experience 
with AR/VR integration (Tene et al., 2024). To help teachers create and carry 
out immersive learning experiences, they need to have the right technical 
skills, pedagogical content understanding, and digital literacy. This is why 
effective professional development programs are so important (Schwaiger 
et al., 2024). These programs should also address ethical considerations, 
including equitable access, responsible use, and fostering safe collaborative 
environments (Brandão et al., 2024).

Furthermore, the digital divide remains a persistent limitation. Variations 
in institutional funding, access to reliable infrastructure, and availability 
of immersive content exacerbate inequities in STEM education, limiting 
opportunities for students in resource-constrained contexts (Silva-Díaz et al., 
2023). Research indicates that despite the demonstrated benefits of AR and 
Metaverse platforms—including enhanced engagement, collaboration, and 
knowledge retention—these advantages may be unevenly realized without 
targeted interventions and institutional support (AlGerafi et al., 2023).

In sum, while AR and Metaverse technologies offer transformative 
opportunities for STEM education, their effective and equitable integration 
depends on addressing infrastructural, pedagogical, and ethical challenges. 
Future efforts should prioritize professional development, accessible 
content creation tools, standardized platforms, and rigorous data protection 
measures to ensure that these immersive environments can sustainably 
enhance learning outcomes (Qiu et al., 2023).
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Conclusion and Future Research Directions
This chapter delves into the multifaceted benefits and challenges 

associated with integrating immersive technologies, specifically the 
Metaverse and Augmented Reality, into STEM education. This integration 
holds substantial promise for revolutionizing traditional pedagogical 
approaches by fostering dynamic and interactive learning environments 
(Tene et al., 2024). Augmented reality has become a popular technology, 
and researchers often look into how it might help students stay interested 
and do better in school. Studies show that immersive technologies like AR 
and VR make it much easier to understand difficult ideas, boost student 
engagement, and make group learning more interesting (Tene et al., 2024). 
Moreover, integrating social and ethical values into education has been 
highlighted as essential for fostering students’ holistic development (Ergün 
Kaplan & Sulak, 2017). These technologies facilitate active learning through 
simulations and interactive experiences, promoting critical thinking and 
knowledge retention across diverse educational domains (AlGerafi et 
al., 2023). Furthermore, AR’s capability to overlay digital information 
onto the real world allows for powerful visualization of abstract scientific 
and mathematical concepts, particularly in engineering education, where 
deep knowledge and problem-solving skills are paramount (Suhail et al., 
2024). This immersive approach has been shown to enhance academic 
performance and increase proficiency in STEM capabilities by providing 
hands-on learning experiences. Specifically, AR reduces cognitive load and 
enhances imaginative capabilities, making complex scientific fundamentals 
more accessible and engaging for learners. The utility of AR extends beyond 
visualization, enabling gamified and collaborative learning experiences, 
particularly within primary school curricula (Tene et al., 2024). The broader 
application of both Augmented Reality and Virtual Reality across educational 
levels underscores their capacity to foster better knowledge retention and 
skill development in fields ranging from medicine to language learning, 
despite existing limitations such as high costs and technical constraints 
(Thangavel, 2025).

Even if these technologies have a lot of potential, there are still problems 
with interoperability, standardization, and the need for more solid proof of 
their effectiveness. This means that further research and development are 
needed to make sure that these technologies have a place in education (Onu 
et al., 2023). Moreover, significant barriers impede widespread adoption, 
including high implementation costs, inherent technical limitations, and 
resistance among educators due to concerns about instructional design, 
increased workload, and perceived lack of institutional support (Thangavel, 
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2025). The absence of standardized platforms and the substantial effort 
required to customize virtual environments further complicate the 
integration of AR/VR tools within educational frameworks (Terkaj et al., 
2024).

The swift advancement of immersive technologies demands a 
comprehensive examination of their enduring impacts on student learning 
and development, including cognitive aspects such as knowledge acquisition 
and retention, as well as non-cognitive elements like motivation and 
engagement (Raman et al., 2025). Previous meta-analyses indicate that AR 
positively influences learning outcomes, particularly when considering spatial 
abilities (Cao & Yu, 2023). Beyond initial engagement, immersive platforms 
foster improved knowledge retention and practical skill development by 
transporting students to virtual environments that facilitate experiential 
learning (Shankar, 2023). Initial research on the Metaverse underscores the 
necessity of investigating students’ sense of presence and the emotional 
dimensions linked to immersive experiences, transcending mere cognitive 
outcomes (Çelik & Baturay, 2023; Jung et al., 2023). Subsequent study 
ought to investigate the relationship between cognitive load reduction and 
tangible learning outcomes, individual variances including prior knowledge 
and learning preferences, as well as the versatility of immersive technology 
across many academic disciplines (Poupard et al., 2025).

Future study should investigate the long-term educational outcomes of 
integrating AR and the Metaverse, the impact of AI-driven personalization, 
and the formulation of inclusive policies to guarantee fair access. When 
designing a curriculum, it’s important to think about ways to make it 
last that are in line with national education goals. Subsequent inquiries 
ought to examine adaptive educational frameworks that utilize immersive 
technologies beyond simple interactive instruments, emphasizing tailored 
learning experiences that address the unique demands and preferences 
of each student (Tene et al., 2024). Additionally, the efficacy of Metaverse 
applications in educational settings, particularly regarding interoperability 
and standardized content development, requires further empirical validation 
(Onu et al., 2023). Longitudinal research are crucial for evaluating the 
enduring effects of AR and the Metaverse on cognitive and non-cognitive 
characteristics across various age groups and educational levels (Zhang 
et al., 2022).

In sum, the integration of AR and the Metaverse into STEM education 
presents transformative opportunities to foster immersive, interactive, 
and engaging learning experiences, while simultaneously posing 
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infrastructural, pedagogical, and ethical challenges. It is important for 
educators, policymakers, and industry leaders to work together to create 
strong teaching frameworks and thorough teacher training programs. This 
will make sure that these immersive technologies live up to their potential 
to improve student learning outcomes in a variety of educational settings 
(Thangavel, 2025).
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Chapter Highlights
The following highlights outline the role, structure, and classroom 

applications of open-source and online platforms in supporting accessible, 
scalable, and innovative STEM education.

•	 Defining Open-Source and Online Platforms – Clear distinctions and 
shared features, emphasizing openness, scalability, and adaptability.

•	 Open-source and online platforms in STEM education – Importance 
and significance of open-source and online platforms in STEM 
education

•	 Selected Platforms – In-depth discussion of TeachEngineering, 
NASA STEM Engagement, STEM Learning, and Scientix MOOCs, 
complemented by PhET, Code.org, and OpenSciEd.

•	 Practical Applications – Classroom vignettes illustrating how 
teachers use platforms to overcome barriers in time, pedagogy, 
assessment, curriculum integration, and professional development.
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Introduction
In recent years, our understanding of education has undergone significant 

changes in response to global challenges such as climate change and rapid 
population growth. These forces have given rise to shifting societal needs, 
compelling education systems to adapt. This rethinking emphasizes not only 
broader accessibility but also equity. In other words, it ensures that learning 
opportunities are disseminated fairly and reach those most affected by these 
challenges. As a result, inclusivity and accessibility have become central to 
modern educational approaches (Navas-Bonilla et al., 2025). Technologies 
such as open sources, digital learning tools, and online platforms have played 
a key role in shaping how education reaches learners (Mexhuani, 2025). 
STEM education is no exception to this transformation.

STEM education centers on the science, technology, engineering, 
and mathematics and the integration of these disciplines into real-life 
contexts (Kelley & Knowles, 2016). This approach aims not only to provide 
students with scientific knowledge but also to foster the development 
of interdisciplinary thinking skills (Awad, 2023). In STEM education, 
engineering occupies a special position, as it not only represents a single 
discipline but also integrates the others through the engineering design 
process (English et al., 2017). Thus, mathematics, science, technology, and 
engineering are not treated as separate domains but rather as an integrated 
structure aimed at solving real-world problems (Couso & Simmaro, 2020). 
This integrated approach underscores the need for STEM education to be 
accessible to a wider audience. Open-source tools and online platforms serve 
as essential vehicles for linking real-world problem solving with equitable 
learning opportunities. These tools play a significant role in the development 
and dissemination of STEM education. They make learning materials more 
accessible, enable collaboration among teachers and students, and facilitate 
the rapid sharing of innovative practices (Sanabria‑Z. et al., 2024).

Open Source and Online Platforms in Education
Education has transcended the traditional boundaries of the classroom. 

While knowledge has long been accessible through books and libraries, 
today learners can even complete entire courses at a distance. Over time, 
online platforms advanced from static repositories of resources into dynamic 
ecosystems that promote collaboration, personalization, and assessment 
(Liu & Yu, 2023). Importantly, these developments paved the way for open-
source online platforms, where educational resources and tools are freely 
accessible to anyone with an internet connection. While distance education 
laid the groundwork for separating learning from physical classrooms, 
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the early 2000s marked a new stage with the emergence of the Open 
Educational Resources (OER) movement (Mishra, 2017). The OER philosophy 
gradually shaped the evolution of online platforms. Whereas traditional 
distance education mainly relied on institutionally controlled distribution, 
OER initiatives promoted openness, collaboration, and adaptation across 
institutional and national boundaries (Li & Wong, 2021; Mishra, 2017). It also 
led to an important cultural shift: learners were no longer passive recipients 
of content, but became co-creators by adapting and redistributing materials. 
This understanding of openness influenced the development of cMOOCs, 
which emphasized networking, collaboration, and learner autonomy through 
a connectivist pedagogy. In contrast, xMOOCs are characterized by educator-
led instruction and large-scale content delivery, as seen in early platforms 
like Coursera and edX (Stracke et al., 2019).

To better understand the platforms for STEM education, it is essential 
to clarify two key terms: open-source platform and online platform. These 
concepts are sometimes used interchangeably, but they have distinct 
meanings in the literature. The term open-source platform originates from 
software development, where open-source refers to making the source 
code freely available for use, modification, and redistribution (Oussous et 
al., 2023). In educational contexts, this translates into platforms that not 
only provide resources but also allow educators to adapt tools to specific 
pedagogical needs.  By contrast, an online platform refers broadly to any 
web-based environment where learning materials are hosted, distributed, 
and experienced. Stracke et al. (2019) define online platforms in education 
through the example of MOOCs, which extend university courses to massive 
global audiences. Online platforms may be proprietary or open-access, and 
they can operate on a small or large scale. Their defining feature is that they 
enable learners and educators to connect through digital environments. In 
doing so, they often help overcome geographical and temporal boundaries. 
Open-source platforms emphasize adaptability, freedom to modify, and 
community-driven development, while online platforms prioritize delivery, 
scalability, and access (Josué et al., 2023). Openness in education encompasses 
both technical openness (e.g., open-source code) and content openness (e.g., 
freely licensed materials), while also serving as a pedagogical value aligned 
with democratization of knowledge and social justice in education (Sousa et 
al., 2023). Recognizing these multiple dimensions of openness is essential 
for understanding how platforms operate within STEM education.
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Open-Source and Online Platforms for STEM 
Education

STEM education has undergone substantial transformations, driven by 
the dual forces of digital innovation and the need for inclusive, high-quality 
learning opportunities (Chu, 2025). Online and open-source platforms have 
emerged as central tools for extending access to STEM disciplines, fostering 
collaboration, and promoting interdisciplinary problem-solving. These 
platforms not only deliver content but also provide environments where 
learners can practice critical thinking, engage in inquiry-based activities, 
and interact with real-world problems (Dao et al., 2025). STEM education, 
by its very nature, requires the integration of multiple disciplines. Yet for 
teachers, achieving pedagogically meaningful integration is not always 
feasible, as teacher preparation is typically rooted in specialization within 
a single discipline. Even so, a teacher without formal engineering education 
and with limited experience in the engineering design process can still 
implement high-quality STEM activities. Such implementation is facilitated 
through access to activities provided by open-source and online platforms. 
These activities may include classroom applications, worksheets, and 
assessment practices. Moreover, by building on these experiences, teachers 
may design their own STEM activities, fostering a sustainable approach 
to STEM education. Nevertheless, it is crucial that teachers have access 
to appropriate resources. Therefore, in this section, we illustrate how to 
identify such resources by introducing a set of six criteria used to guide 
the selection of example technological platforms.

To examine the role of open-source and online platforms in STEM 
education, it was first necessary to identify exemplary cases of best practices 
at the global level. These platforms illustrate effective integration of digital 
tools into teaching and learning. At the same time, they demonstrate 
potential relevance for diverse educational contexts. To ensure coherence 
and consistency in the analysis, several criteria were applied in the selection 
process.

•	 Alignment with STEM curricula and standards: Platforms 
were selected if they offered resources covering the core STEM 
subjects, with particular emphasis on facilitating learner interaction. 
Alignment with established curriculum frameworks ensures that 
resources can be directly integrated into classroom practice.

•	 Free or low-barrier access: Accessibility is a defining feature of 
open-source and online platforms. The selected platforms offer 
their core resources at no cost, thereby reducing barriers for both 
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teachers and students. This was considered essential to support 
equitable access across regions with varying levels of educational 
infrastructure.

•	 Pedagogical richness: Platforms were evaluated based on the 
degree to which they provide interactive, hands-on, and authentic 
learning opportunities. Resources that go beyond static text such as 
simulations, multimedia materials, maker challenges, and project-
based activities were prioritized.

•	 Support for educators: Effective adoption of platforms depends on 
teacher readiness and scaffolding. For this reason, platforms offering 
professional development, communities of practice, instructional 
guides, or teacher-focused resources were included. These supports 
enable teachers to integrate materials into their classrooms more 
effectively.

•	 Global relevance and adaptability: While the platforms under 
review were developed in specific national contexts (e.g., United 
States or United Kingdom), they were selected for their potential 
to be adapted for international use. Their global reach, flexible 
structures, and emphasis on fundamental STEM practices make 
them valuable beyond their original contexts. 

•	 Evidence of impact and credibility: Finally, preference was 
given to platforms with demonstrated effectiveness, credibility, or 
institutional backing. This includes evidence from usage statistics, 
evaluations, or recognition by established educational organizations, 
ensuring that the platforms examined are not only theoretically 
promising but also practically impactful.

Based on these criteria, four platforms were selected for detailed 
examination: TeachEngineering, NASA STEM Engagement, STEM Learning 
(UK), and Scientix MOOCs. Collectively, these platforms represent curriculum 
support, real-world STEM applications, and professional development 
opportunities. To broaden the perspective, shorter descriptions of other 
widely used platforms such as PhET, Code.org, and OpenSciEd will also be 
included. Although PhET, Code.org, and OpenSciEd met the selection criteria, 
they were categorized as supplementary platforms. This is because, rather 
than providing complete STEM lesson plans, they offer educational materials 
such as simulations and coding activities that can be integrated into STEM 
lessons. Table 1 presents a comparative overview of these platforms based 
on key selection criteria, including curriculum alignment, accessibility, 
pedagogical richness, educator support, global relevance and adaptability, 
and evidence of impact and credibility.
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As seen in Table 1, the platforms examined in this section illustrate the 
breadth and diversity of open-source and online tools currently available 
for STEM education. They meet comprehensive criteria: they align with 
curricula, provide free or low-barrier access, emphasize interactivity, and 
offer professional support for educators. Each demonstrates how digital 
platforms can serve not only as repositories of knowledge but also as 
ecosystems that connect teachers, students, and communities of practice. 
At the same time, supplementary platforms such as PhET, Code.org, and 
OpenSciEd highlight the specialized contributions of narrower initiatives 
that focus on simulations, computer science, or open science curricula. Taken 
together, these platforms show how a wide range of digital resources can 
support STEM learning at different scales and for different purposes. To 
explore these dynamics in greater detail, the following subsections examine 
the platforms individually, showcasing how each contributes STEM education.

TeachEngineering
TeachEngineering is a free, open-access digital library developed through 

collaborations among U.S. universities with support from the National 
Science Foundation (NSF). It offers more than 1,900 standards-aligned 
lessons and activities that emphasize engineering design and inquiry 
learning. All resources are mapped to the NGSS, ensuring pedagogical rigor. 
Although these resources are designed for U.S. classrooms, the activities 
are adaptable to international contexts. The platform provides detailed 
teacher guides, rubrics, and background information, making it a practical 
tool for classroom use. Its credibility is underscored by NSF funding and 
wide adoption in K–12 STEM education. TeachEngineering is available at: 
https://www.teachengineering.org. Figure 1 illustrates the TeachEngineering 
digital library interface, where educators can browse, standards-aligned 
lessons, activities, and units by grade level, curriculum type, or subject area.
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Figure 1. TeachEngineering Interface with Searchable K–12 Stem 
Resources

NASA STEM Engagement
NASA STEM Engagement provides authentic, mission-based resources 

that connect students to space exploration, climate science, and robotics. 
Through simulations, multimedia materials, and inquiry-driven challenges, 
it fosters curiosity and links classroom learning to real-world scientific 
endeavors. This platform is particularly significant because it emphasizes 
examples related to space, climate change, and sustainability, which can 
foster students’ creativity and influence their perspectives on potential 
future careers. Such an emphasis aligns with the broader objectives of STEM 
education, as it seeks not only to develop disciplinary knowledge but also to 
cultivate innovative thinking and awareness of diverse professional pathways. 
The platform is freely available worldwide and is backed by the authority 
of NASA, which adds significant credibility. However, its close alignment 
with U.S. standards and the need for advanced teacher expertise in some 
areas may limit straightforward adoption internationally. It is accessible 
via the official website: https://www.nasa.gov/learning-resources/stem-
engagement/. Figure 2 shows the NASA STEM Engagement interface, which 
presents program elements, highlights, and opportunities that connect 
students with NASA’s people, content, and facilities.
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Figure 2. NASA STEM Engagement Platform Interface

STEM Learning
STEM Learning is the largest provider of STEM education support in the 

UK, offering curriculum-linked teaching resources, professional development 
opportunities, and access to the STEM Ambassador program. Its strengths 
lie in its dual focus on classroom practice and teacher professional growth, 
supported by government and industry partnerships. While many resources 
are free, some professional development opportunities require payment, and 
most content is tailored to the UK curriculum. Nevertheless, its adaptable 
structure and strong emphasis on teacher support make it a valuable 
resource internationally. It can be accessed at https://www.stem.org.uk/. 
Figure 3 illustrates the STEM Learning interface, highlighting its focus on 
professional development and classroom resources.

Figure 3. STEM Learning Platform Interface
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Scientix MOOCs
Scientix, coordinated by European Schoolnet, supports STEM education 

across Europe by providing teachers with professional development 
opportunities through MOOCs. These courses cover contemporary topics 
such as citizen science, sustainability, and nature-based solutions, helping 
teachers expand their pedagogical approaches while also enriching  their 
STEM perspective. In addition to supporting classroom strategies, they 
emphasize science content, technology integration, and activity design, often 
requiring teachers to create lesson activities that explicitly highlight STEM 
connections. The platform’s global accessibility and European credibility 
strengthen its appeal, though the MOOCs are often more focused on teacher 
training than direct K–12 student instruction. Moreover, rather than focusing 
solely on teacher training, the courses also prioritize community building by 
fostering communication among teachers and supporting the development 
of a broader STEM teacher community. Additionally, some content reflects 
European contexts and may require adaptation elsewhere. The official 
platform is hosted at https://www.scientix.eu/resources/pd-resources/
moocs.  Figure 4 illustrates the Scientix MOOCs interface, showcasing courses 
on citizen science, sustainability, and teacher professional development.

Figure 4. Scientix MOOCs Platform Interface

Supplementary Platforms
The primary platforms selected for in-depth discussion are 

TeachEngineering, NASA STEM Engagement, and STEM Learning and 
Scientix MOOCs. These platforms are distinguished by their breadth, strong 
institutional support, and comprehensive approach to STEM education. 
Nevertheless, other widely used platforms also play an important role 
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in shaping the global landscape. These platforms are considered here as 
supplementary cases, as they typically focus on more specialized aspects of 
STEM learning rather than providing the broad curriculum integration or 
professional development opportunities of the main four. Nevertheless, their 
popularity and educational value make them important for a holistic view.

PhET Interactive Simulations
Developed by the University of Colorado Boulder, PhET offers free 

interactive simulations in physics, chemistry, biology, earth sciences, and 
mathematics. The simulations are designed to make abstract concepts 
more concrete by enabling students to manipulate variables and observe 
outcomes in real time. PhET has been widely adopted internationally and 
translated into multiple languages, making it highly accessible. Its main 
limitation is that it focuses primarily on simulations rather than providing 
full curriculum support, teacher professional development, or assessment 
tools. The platform can be accessed at https://phet.colorado.edu. Figure 
5 shows the PhET Interactive Simulations platform, which provides free, 
inquiry-based digital tools to support science and math learning worldwide.

Figure 5. PhET Interactive Simulations Platform Interface

Code.org. 
A nonprofit initiative, Code.org provides free resources to promote 

computer science education, with an emphasis on programming, 
computational thinking, and equity of access. Its materials are designed 
for K–12 students and include engaging activities such as the “Hour of 
Code,” which introduces millions of learners worldwide to coding. While 
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Code.org has had a major impact on global awareness of computer science, 
it is somewhat narrower in scope compared to broader STEM platforms, 
focusing heavily on computing rather than the full STEM spectrum. The 
platform is available at https://code.org. Figure 6 illustrates the Code.org 
platform, which offers accessible computer science learning pathways for 
students, educators, parents, and schools. 

Figure 6. Code.org Platform Interface

OpenSciEd. 
OpenSciEd is an open educational resource initiative that develops free, 

high-quality, NGSS-aligned science curriculum units for middle and high 
school students. Its strength lies in providing carefully structured, inquiry-
based units that teachers can implement directly in classrooms. However, its 
resources are currently limited in subject coverage (primarily science) and 
require adaptation for non-U.S. curricula. While highly valuable, its narrower 
disciplinary and grade-level scope distinguishes it from more comprehensive 
platforms like STEM Learning or TeachEngineering. Further information is 
available at https://www.openscied.org. Figure 7 illustrates the OpenSciEd 
platform, which provides free, NGSS-aligned science curriculum units 
designed to support inquiry-based learning.

In summary, these platforms illustrate the diversity of the open-source 
and online STEM education ecosystem. PhET contributes powerful tools for 
interactive conceptual understanding, Code.org expands access to computer 
science, and OpenSciEd provides structured, open science units. Although 
they are more limited in scope compared to the primary platforms discussed 
earlier, their wide adoption and demonstrated impact make them essential 
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complements to the larger ecosystem of STEM education platforms.

Figure 7. OpenSciEd Platform Interface

Overcoming STEM Teaching Barriers with Digital 
Platforms

Open sources and online platforms offer significant advantages in terms 
of accessibility, adaptability, and alignment with curricular standards. Their 
structured and openly accessible resources enable teachers to implement 
STEM activities more effectively without the need to design every component 
from scratch. Because of these features, such platforms hold strong potential 
for addressing key barriers identified in the literature. Among the most 
frequently reported are time and workload constraints, pedagogical and 
assessment challenges, limited opportunities for teacher professional 
development, and difficulties with curriculum integration (Estapa & Tank, 
2017; Huang et al., 2022). In the following sections, selected vignettes 
illustrate how open-source and online STEM platforms can help mitigate 
these challenges through classroom-ready resources, scaffolding tools, and 
professional support mechanisms.

Vignette 1: Overcoming Time and Intensity Challenges 
with TeachEngineering

Ms. Adali, a middle school science teacher, knew that designing a full 
engineering challenge would take days or even weeks. Such a challenge 
would need to include materials, instructions, standards alignment, and 
assessments. With limited class hours and a packed syllabus, the task seemed 
daunting. One afternoon, she opened the TeachEngineering curriculum 
library and filtered for “Maker Challenges” and “Activities” requiring up to 
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six hours of class time. She found a ready-made project titled “Clean Enough 
to Drink: Making Devices to Filter Dirty Water.”

The lesson was designed for grades 3–5 and lasted six hours, divided 
into eight 45-minute periods. The estimated cost was about $5 per group. 
Teachers received extensive support materials, including background 
information, objectives, worksheets, rubrics, assessment suggestions, and 
extension ideas. Instead of designing all of these from scratch, Ms. Adali 
quickly adapted the activity to her class schedule and available supplies.

When she ran the activity, students enthusiastically designed, tested, 
and iterated their own water filtration prototypes using everyday materials 
such as plastic bottles, sand, and cloth. Because the heavy preparation had 
already been done, Ms. Adali could focus on facilitating inquiry, guiding 
discussion, and connecting student work to core science and engineering 
standards. What would once have been a multi-day planning burden became 
a smooth, efficient, and highly engaging engineering unit.

How TeachEngineering Helps Address Time & Workload 
Constraints

The TeachEngineering curriculum library demonstrates how open-source 
platforms can directly address the challenge of time and intensity in STEM 
education. Teachers can filter by grade level, activity type, time required, 
engineering category, and standards alignment to quickly identify activities 
that fit their instructional context. Because lessons are scaffolded with step-
by-step procedures, detailed teacher guides, materials lists, time estimates, 
assessments, and extension ideas, teachers save hours of planning time.

This structure allows educators to select activities that align with their 
available class periods and adapt them without starting from scratch. The 
inclusion of low-cost, accessible materials reduces logistical barriers, while 
built-in standards alignment ensures curricular relevance. By providing 
high-quality, classroom-ready resources, TeachEngineering allows teachers 
to integrate hands-on STEM experiences efficiently, turning what might feel 
like an overwhelming preparation task into an achievable and rewarding 
teaching experience.

Challenges and Solutions Linked to the Vignette
The case of Ms. Adali highlights how time and workload are central 

barriers for teachers who want to integrate meaningful STEM activities. 
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While TeachEngineering reduces preparation demands through ready-to-
use, scaffolded lessons, several challenges remain. Equity and accessibility 
can still pose obstacles. Even low-cost activities, such as the water filtration 
challenge, assume that teachers can obtain basic materials and have access 
to the internet to download resources. In under-resourced schools, these 
assumptions may not always hold. A possible solution is for teachers to 
take advantage of TeachEngineering’s detailed materials lists to plan well 
in advance, substitute with locally available items, and share resources 
collaboratively with colleagues. Offline availability of PDFs also ensures that 
teachers can still use the resources without a constant internet connection. 

Teacher readiness is another challenge. Although the lesson includes 
rubrics and guides, some teachers may feel uncertain about facilitating open-
ended design activities. To address this, platforms like TeachEngineering 
recommend starting with shorter, simpler activities, gradually building 
confidence before attempting multi-day challenges. Pairing teachers through 
professional learning communities or using MOOCs such as those offered 
by Scientix can also strengthen support. By recognizing these challenges, 
teachers can overcome barriers of time and intensity. Platform features such 
as downloadable resources, flexible material substitutions, step-by-step 
scaffolds, and opportunities for collaboration also make STEM experiences 
more accessible and equitable for students.

Tips for Teachers: Managing Time and Workload with 
TeachEngineering

•	 Start with ready-to-use activities. Use the platform’s filters (e.g., 
grade level, activity type, estimated time) to select projects that fit 
your available class hours.

•	 Plan materials flexibly. The detailed supply lists can be adapted 
using low-cost or locally available alternatives, making activities 
more feasible in resource-constrained settings.

•	 Download and save resources offline. PDFs, guides, and worksheets 
can be stored for later use, reducing reliance on constant internet 
access.

•	 Build confidence gradually. Begin with shorter activities to gain 
comfort with facilitating open-ended tasks before attempting multi-
day design challenges.

•	 Leverage professional networks. Share adaptations and classroom 
experiences with colleagues or online communities (e.g., Scientix, 
teacher forums) to exchange strategies and reduce preparation 
burden.
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These strategies allow teachers to enjoy the benefits of open-source 
platforms like TeachEngineering while addressing challenges of limited 
time, heavy workloads, and equity in access.

Vignette 2: Navigating Pedagogical and Assessment 
Challenges with Mission to the Moon

Mr. Evans, a primary science teacher, was excited about introducing STEM 
activities to his Year 5 students. He believed in the value of problem-based 
and inquiry-driven learning but often found it difficult to design activities 
that balanced excitement with clear learning outcomes. More importantly, 
he struggled with assessing not just “what” students learned but how they 
collaborated, generated ideas, and solved problems. Traditional quizzes or 
short-answer questions felt inadequate for capturing these dimensions. 
Traditional quizzes could measure facts, but they could not capture how 
students brainstormed, tested prototypes, or defended their decisions. 
Preparing both the activity and assessment tools often took so much time 
that Mr. Evans hesitated to attempt it at all. One afternoon, he discovered 
the Mission to the Moon resource on the STEM Learning platform. The 
collection provided a set of ready-mades, real-world challenges linked to 
space exploration—such as designing lunar landers, testing materials that 
could withstand extreme lunar conditions, and building simple rovers from 
recycled items. What immediately caught Mr. Evans’s attention was the 
structure: each activity came with curricular links, background notes, and 
clearly defined student roles like astronomer, engineer, and geologist. This 
structure meant he could set up an inquiry-based project without having 
to invent everything from scratch.

He chose the activity where students had to build and test their own lunar 
lander models. The guidance included step-by-step instructions, suggested 
materials, prompts for group discussion, and learning objectives. Instead of 
drafting new rubrics, Mr. Evans adapted the provided outcomes into a simple 
checklist: Did students share ideas? Did they test and refine their designs? 
Could they explain why their final model worked (or didn’t) using scientific 
reasoning? When he ran the activity, students immediately engaged with 
the problem. Some groups debated how to balance weight and stability, 
while others argued about the best materials to absorb impact. There were 
moments of failure—rockets that tipped over or landers that collapsed—but 
students quickly went back to redesigning and retesting. As he observed, 
Mr. Evans realized he was finally able to focus on how students collaborated 
and thought critically rather than spending his energy on logistics. By the 
end of the project, he had evidence of both content knowledge and key 
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STEM competencies like teamwork, creativity, and problem-solving. What 
once seemed like an overwhelming pedagogical and assessment challenge 
became a manageable and rewarding classroom experience. By the end of 
the unit, Mr. Evans felt more confident about integrating problem-based 
approaches into his teaching. The resource didn’t eliminate every challenge, 
but it gave him a scaffold to evaluate creativity and teamwork alongside 
scientific understanding.

STEM Learning Helps Address Pedagogical and Assessment 
Challenges

The Mission to the Moon resource demonstrates how online platforms 
can ease the burden of implementing problem-based, project-based, and 
inquiry-driven learning. By offering scaffolded activities with clear objectives, 
background notes, group roles, and suggested assessment strategies, it 
reduces both planning and evaluation challenges. Teachers can shift their 
attention from designing every detail to facilitating and observing learning. 
The structured format also ensures that assessment goes beyond content 
recall. Students’ collaboration, creativity, and critical thinking are made 
visible through group roles, iterative design processes, and opportunities 
for reflection. Teachers, in turn, can adapt provided rubrics or checklists 
to capture these higher-order skills more systematically.

Challenges and Solutions Linked to the Vignette
Even with strong resources such as Mission to the Moon, teachers may 

still encounter difficulties when implementing problem-based and inquiry-
driven lessons. One common challenge is equity and participation. In group 
settings, certain students often dominate while others remain passive, which 
can undermine the collaborative intent of the activity. A practical solution 
is to rotate roles—such as astronomer, engineer, or geologist—so that all 
students experience leadership, technical, and reflective tasks. Another 
issue is the subjectivity of assessment. Measuring collaboration, creativity, 
and critical thinking can feel inconsistent, especially for teachers used to 
traditional tests. To address this, teachers can adapt the suggested learning 
outcomes included in the resource into simple observation checklists. This 
makes assessment more systematic and transparent while still capturing 
higher-order skills. 

Time pressure also poses a significant obstacle. Inquiry-based projects 
often take longer than standard lessons, which can discourage teachers from 
using them. One solution is to adapt activities by focusing on the most critical 
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stages, such as design and testing, rather than attempting to complete every 
step of the project. This allows teachers to preserve the spirit of inquiry 
within realistic time constraints. Finally, confidence in facilitation remains 
an important concern. Teachers without strong backgrounds in engineering 
or space science may feel uncertain about guiding these kinds of projects. In 
such cases, the background notes and teacher guides provided by Mission 
to the Moon can help fill knowledge gaps and provide reassurance, enabling 
teachers to focus on facilitation rather than content expertise.

Tips for Teachers: Managing Pedagogy and Assessment 
with STEM Learning

•	 Use structured group roles (astronomer, engineer, geologist) to 
make collaboration both visible and assessable.

•	 Adapt provided rubrics into observation checklists rather than 
creating assessment tools from scratch.

•	 Rotate responsibilities so all students practice creativity, leadership, 
and technical thinking.

•	 Break down large projects into smaller steps if time is limited.
•	 Ask reflective questions (e.g., “What did your team change in your 

design, and why?”) to capture critical and creative thinking in real 
time.

Vignette 3: Feeling Behind in Digital & Pedagogical 
Tools

Ms. Jordan, a secondary school teacher, often felt she was falling behind. 
New digital tools, interdisciplinary approaches, and project-based pedagogies 
were being discussed at conferences and in staff meetings, but she had never 
received formal training on how to use them. While she was confident in 
teaching science content, she struggled to design lessons that connected her 
subject to mathematics, technology, or engineering, and she worried that 
her students saw STEM as too “academic” and disconnected from real life. 
What she needed was structured, high-quality professional development 
that could help her bridge these gaps without overwhelming her already 
busy schedule. One day she discovered STEM Is Everywhere! MOOC, a 
course hosted on the European Schoolnet Academy through the Scientix 
initiative. The course promised to guide teachers in integrating real-world 
problems into their STEM lessons. Its modules ranged from “Real-world 
problems for STEM subjects” to “Interdisciplinary STEM teaching with 
real-world problems,” and participants were required to design and submit 
a real-world STEM lesson plan as a final assignment. For Ms. Jordan, this 
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structure was transformative: she was not just reading about pedagogy, she 
was applying it directly to her own classroom. By the end of the course, she 
had designed a unit where her students investigated air quality around the 
school, analyzed the data, and proposed engineering solutions. In the peer-
review process, she reviewed others’ lesson plans and received feedback 
on her own. Through this exchange, she built confidence and gained insight 
into multiple approaches to similar challenges.

Scientix Helps Address Professional Development Gaps
STEM Is Everywhere! MOOC directly addresses one of the biggest 

challenges in STEM education: the lack of continuous, high-quality 
professional development for teachers. Rather than leaving educators to 
navigate new tools and approaches alone, the course provides a guided 
pathway with concrete resources, activities, and examples. By focusing 
on real-world problems, the course helps teachers link STEM to everyday 
contexts, making lessons both more engaging for students and more 
feasible for teachers to implement. Importantly, the course also builds a 
professional learning community. Through peer reviews, discussion forums, 
and social media groups like #STEMIsEverywhereMOOC, teachers can 
share experiences, best practices, and resources. This collaboration helps 
teachers stay current with evolving practices while also reducing the sense 
of isolation that often accompanies professional growth.

Challenges and Solutions Linked to the Vignette
Even with such structured opportunities, challenges remain. The most 

pressing is time: teachers already face heavy workloads, and dedicating 
hours to a MOOC can feel unrealistic. Breaking the course into smaller, 
weekly goals can make the learning process manageable. One way to do 
this is by completing one module at a time. Another challenge is contextual 
adaptation. While the course provides rich examples, they may not always 
align perfectly with a teacher’s local curriculum or resources. Teachers like 
Ms. Jordan could benefit from localizing activities, such as using nearby 
environmental data rather than relying on European case studies. The peer-
review system supports this adaptation by exposing teachers to diverse 
strategies and contexts. Finally, there is the issue of sustainability. A single 
MOOC may inspire change, but without continued support, teachers risk 
reverting to old practices. For this reason, Scientix encourages teachers to 
join broader professional networks, attend follow-up courses, and even 
work toward becoming Scientix ambassadors, ensuring that the professional 
development continues beyond one course.
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Tips for Teachers: Making the Most of MOOCs for 
Professional Growth

•	 Treat MOOC modules as bite-sized learning chunks — dedicate short 
time slots (e.g. 1 module per week) instead of trying to complete 
everything at once.

•	 Design the required lesson plan around a real issue in your local 
context so the effort directly benefits your classroom.

•	 Engage fully in peer reviews to gain diverse perspectives and 
constructive feedback. Create peer learning groups (with colleagues 
or online MOOC participants) to discuss readings, co-plan lessons, 
and adapt ideas collaboratively.

•	 After completing a module, try one small classroom experiment 
(e.g. use one strategy or tool) rather than attempting an entire 
unit at once.

•	 Adapt and localize MOOC examples to match your students’ realities, 
curriculum, and available resources.

•	 Archive resources and stay connected with the MOOC community 
to extend professional learning beyond the course itself.

Vignette 4: Facing Curriculum Integration Challenges
Mr. Rivera, a high school science teacher, was eager to design a project 

that connected physics principles with real-world engineering applications. 
However, since his background training was primarily in biology, he felt 
uncertain about guiding students through engineering design tasks. While 
searching for help, he discovered several platforms that offered structured 
entry points into interdisciplinary teaching. On TeachEngineering, he found 
ready-made lessons where engineering design was embedded within physics 
and environmental science contexts, including activities on renewable 
energy systems. These resources gave him a clear framework for integrating 
engineering into his science classes. 

Turning to NASA STEM Engagement, Mr. Rivera used multimedia 
simulations and space-related challenges to highlight the role of technology 
in scientific discovery. This helped him bring authentic technology 
integration into his lessons without needing to develop resources from 
scratch. At the same time, STEM Learning provided him with teacher guides 
on interdisciplinary STEM pedagogy. Even though he wasn’t trained in 
mathematics instruction, the platform’s guidance helped him understand 
how to frame cross-disciplinary projects and assess student learning.

To support conceptual understanding, he used PhET simulations 
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to demonstrate physics concepts interactively, lowering the barrier for 
integrating mathematic ideas. Finally, through Scientix, Mr. Rivera connected 
with other European educators who had already experimented with 
interdisciplinary projects, gaining concrete strategies for adapting resources 
to his local context. By combining these platforms, Mr. Rivera realized he 
didn’t need to be an expert in every STEM discipline to design integrated 
lessons. Instead, he could rely on open source and online platforms to provide 
the scaffolding and professional guidance he lacked in his formal training.

Tips for Teachers: Overcoming Curriculum Integration 
Challenges

•	 Use structured resources (e.g., TeachEngineering lesson plans, NASA 
STEM engagements modules) to embed engineering and technology 
naturally into science or math classes.

•	 Start small with simulations (e.g., PhET) to introduce cross-
disciplinary concepts in an accessible way before moving into 
larger projects.

•	 Seek professional development through platforms like STEM 
Learning, which offer CPD resources on interdisciplinary teaching.

•	 Join teacher communities (e.g., Scientix) to learn how others 
integrate multiple STEM disciplines and adapt materials across 
national contexts.

•	 Blend resources strategically. Combining different platforms can 
reduce the burden of designing everything alone and provide balance 
between content, pedagogy, and practical implementation.

These approaches ensure that teachers with expertise in one discipline 
can still design meaningful interdisciplinary STEM experiences by leveraging 
the strengths of multiple platforms.

Taken together, open-source and online platforms are enriching STEM 
education by extending accessibility, fostering collaboration, and supporting 
interdisciplinary problem-solving (Navas-Bonilla et al., 2025; Sanabria-Z. 
et al., 2024). Their capacity to align with curricula, provide adaptable 
resources, and offer professional development enables teachers to address 
barriers such as curriculum integration, assessment, and workload (Estapa 
& Tank, 2017; Huang et al., 2022). At the same time, the broader evolution of 
openness in education—from OER initiatives to MOOCs—has reinforced the 
pedagogical value of adaptability, equity, and democratization of knowledge 
(Mishra, 2017; Sousa et al., 2023). While challenges of contextual adaptation 
and teacher readiness remain, the platforms examined here illustrate how 



197 Muslu-Komurcu, Okulu

Open Source and Online Platforms in STEM Education

digital ecosystems can transform STEM instruction into a more inclusive, 
efficient, and globally relevant practice (Chu, 2025; Dao et al., 2025).
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Chapter Highlights
The following points outline the fundamental dimensions of the STEAM 

approach, highlighting its conceptual scope, educational significance, and 
practical implications for teaching and learning. Together, these points 
emphasize how STEAM supports interdisciplinary integration, enriches 
instructional practices, and contributes to the development of creativity, 
critical thinking, and collaboration among learners across diverse educational 
contexts.

•	 Definition and Scope – Elaborates on the conceptual foundations of 
the STEAM approach, clarifying its scope, key characteristics, and 
its distinction from traditional STEM education by emphasising the 
integration of artistic and creative dimensions.

•	 Importance of STEAM in Contemporary Education – Examines the 
educational significance of STEAM in modern learning environments, 
highlighting its role in addressing complex, real-world problems 
and supporting interdisciplinary and innovative thinking.

•	 Integration of Arts into STEM Disciplines – Discusses how the 
systematic incorporation of the arts into science, technology, 
engineering, and mathematics enhances the learning process by 
promoting creativity, aesthetic awareness, and deeper conceptual 
understanding.

•	 Activity and Curriculum Design – Presents illustrative examples 
of STEAM-based projects and learning activities designed for 
diverse educational contexts and age groups, demonstrating 
how interdisciplinary learning objectives can be effectively 
operationalised in classroom practice.
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Introduction
Albert Einstein’s statement, “Imagination is more important than 

knowledge; for knowledge is limited, whereas imagination embraces the 
entire world” (Viereck, 1929), serves as a powerful reminder that education 
should not be confined merely to the transmission of knowledge but 
should also constitute a creative process that nurtures imagination. While 
knowledge may restrict individuals within certain boundaries, imagination 
transcends these limits, paving the way for new ideas, original solutions, and 
innovative discoveries. This perspective underlies the growing emphasis 
on interdisciplinary approaches in contemporary educational settings. In 
this context, the inclusion of the arts within STEM fields, giving rise to the 
STEAM approach, offers a holistic learning experience aimed at fostering 
both the analytical and the creative dimensions of students’ development.

The concept of STEAM (Science, Technology, Engineering, Art, and 
Mathematics) was first introduced as an acronym in a 2009 report published 
by the Florida Alliance for Arts Education. Encompassing the disciplines of 
science, technology, engineering, the arts, and mathematics, this approach 
is regarded as one of the leading instructional models in contemporary 
education. Drawing attention with its emphasis on experiential and hands-on 
learning, STEAM not only aims to provide individuals with knowledge but 
also seeks to establish a meaningful connection between school, professional 
life, and society through an interdisciplinary instructional perspective 
(Tsupros, Kohler, & Hallinen, 2009; Allina, 2018). Çepni (2017) defines the 
STEAM approach as an inclusive teaching and learning model that integrates 
multiple fields under one framework, diverging from traditional methods by 
addressing disciplines in a holistic and interconnected manner. According to 
Dugger (2010), STEAM approach avoids presenting disciplines as fragmented 
and independent courses; instead, it treats them as interwoven—much like 
in real life—thus enabling students to perceive the world as a coherent 
whole rather than in isolated parts. Similarly, Çorlu et al. (2014) describe 
STEAM approach as a process in which teachers and students collaboratively 
construct knowledge, skills, and ideas through interdisciplinary cooperation 
that spans multiple domains.

Yakman (2008), who first articulated the theoretical foundation of the 
STEAM approach, defines STEAM approach in two distinct ways. First, 
STEAM is viewed as an approach that, while adhering to the standards 
of science, technology, engineering, and mathematics, also transcends 
these domains to encompass additional disciplines. Second, STEAM is 
conceptualized as a comprehensive educational model that purposefully 
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integrates contemporary fields and instructional content in alignment with 
the demands of the modern era (Park & Ko, 2012). To render this abstract 
framework more comprehensible, Yakman employed a visual representation 
provided in Figure 1 of her study.

Figure 1. The STEAM Pyramid (Yakman, 2008)

The STEAM pyramid developed by Yakman represents an original model 
that addresses the disciplines of science, technology, engineering, arts, and 
mathematics within a holistic instructional framework. In this pyramid, 
each discipline is represented through its own body of knowledge and 
methodologies, while the processes of interdisciplinarity and integration 
are systematically constructed. Mathematics is not regarded merely as 
an independent field but is positioned at the center of the pyramid as the 
structural foundation of the other disciplines.

At the lower levels of the pyramid, discipline-specific content and 
methodologies are presented. The natural sciences encompass fields such as 
physics, chemistry, biology, and earth sciences, while technology incorporates 
contemporary dimensions such as informatics, communication, production, 
and digital media. Engineering represents applied sciences including civil, 
mechanical, environmental, and computer engineering. Mathematics, 
beyond numbers and operations, covers processes such as data analysis, 
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probability, proof, and reasoning. The arts are not limited solely to fine 
arts but also include language, literature, social sciences, philosophy, and 
psychology, thereby strengthening the aesthetic and cultural dimensions of 
the interdisciplinary approach. At the intermediate levels of the pyramid, 
interdisciplinary collaboration takes place. At the multidisciplinary level, 
different subjects are conducted in parallel around a common theme—for 
instance, the theme of energy or the environment may be explored across 
multiple disciplines. However, at this stage, disciplines operate side by 
side without true integration. At the integrative level, disciplines converge 
around a shared problem or project, working together within a unified 
process. In this context, the arts contribute through aesthetic, ethical, 
and communicative dimensions, while science and engineering focus on 
producing solutions, and mathematics provides the systematic and analytical 
foundation of the process. The top level of the pyramid, referred to as the 
holistic level, represents lifelong learning. The purpose of this stage is to 
ensure that individuals transfer the knowledge acquired at school not only 
for academic achievement but also to daily life, professional practice, and 
civic responsibility. Yakman’s model emphasizes that interdisciplinary 
knowledge integration should generate tangible and meaningful outcomes 
not only within educational contexts but also at both individual and societal 
levels. In this respect, Yakman further advanced the STEAM approach by 
redefining it as ST∑@M. This revised framework has been expressed as 
“science and technology shaped through the language of mathematics, and 
manifested as the product of engineering and the arts” (Boran-Şenocak, 
2024). This definition positions mathematics as the foundational language 
integrating other disciplines, highlights the productive nature of engineering 
and the arts, and identifies science and technology as the visible outcomes 
of this creative process.

In the literature, it is noted that the STEAM pyramid has been associated 
with different educational levels. Accordingly, the discipline-specific content 
represented at the first level of the pyramid is considered more suitable for 
high school and vocational education. The second level, which represents 
the multidisciplinary approach, is regarded as more appropriate for middle 
school, whereas the third level, characterized by an integrative approach, 
is considered particularly suitable for both elementary and middle school 
education (Park & Ko, 2012; Oh, Lee, & Kim, 2013). In this framework, the 
association of the STEAM pyramid with various stages of education suggests 
that the degree of interdisciplinary integration may vary depending on 
learners’ age and developmental characteristics. At this point, the inclusion 
of the arts is especially significant, as it not only strengthens interdisciplinary 
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integration but also adds a new dimension to the learning experience.

The Importance of STEAM in Modern Education
The integration of the arts into the instructional process constitutes 

a significant dimension of the STEAM approach. According to Crawford 
(2004), the arts make learning content more comprehensible for students 
and transform learning into a joyful and engaging process. Furthermore, 
the arts enable students to establish personal connections with the subject 
matter and express themselves, while also facilitating the concretization of 
abstract concepts. In addition, the arts support the development of higher-
order cognitive processes, foster a sense of community within the classroom, 
and strengthen students’ collaborative skills. Art plays a fundamental role in 
enabling individuals to adapt to the society and social environment in which 
they live; accordingly, its position within the educational system carries 
equally critical significance (Kızılırmak, 2018). In this regard, the role of the 
arts in STEAM is not confined to providing an aesthetic contribution; rather, 
it offers a holistic perspective to the learning process. The arts may be seen 
as enabling students to interpret scientific and technological knowledge 
in creative ways, thereby rendering learning processes more meaningful 
and student-centered. Thus, the integration of the arts into STEAM is not 
limited to aesthetic and creative contributions but also serves to foster the 
cognitive and social competencies required in contemporary society. This 
demonstrates the strong connection between the STEAM approach and the 
development of 21st-century skills.

The significance of STEAM approach in the context of 21st-century skills 
has become increasingly evident amid the rapidly transforming social, 
economic, and technological conditions of today’s world. As O’Neal, Gibson, 
and Cotten (2017) emphasize, 21st-century skills constitute essential 
competencies that enable individuals to meet their needs in a technology-
driven society and to attain a competitive position on a global scale. In this 
regard, the framework developed by the Partnership for 21st Century Skills 
(2018) systematically categorizes these competencies under three domains. 
The first domain, learning and innovation skills, encompasses cognitive and 
social dimensions such as creative thinking, critical thinking, problem solving, 
communication, and collaboration. The second domain, information, media, 
and technology skills, aims to foster individuals’ proficiency in information 
literacy, media literacy, and ICT literacy. Finally, the third domain, life and 
career skills, includes flexibility and adaptability, self-direction, social 
skills, productivity, accountability, and leadership—competencies that 
allow individuals to effectively adapt to changing life circumstances. This 
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holistic structure provides a foundation for equipping individuals with 
the knowledge, skills, and attitudes required to meet the demands of the 
contemporary era.

At this point, the core objectives of STEAM approach directly align 
with the aforementioned framework. As Ergen and Güler (2023) state, the 
STEAM approach does not merely aim to transmit academic knowledge but 
also seeks to cultivate individuals who are inquisitive, capable of critical 
perspectives, able to think divergently, develop entrepreneurial skills, 
and address problems through technology-supported solutions. In line 
with this aim, students are encouraged to enhance their creative thinking, 
problem-solving, collaboration, and innovative production skills. Each 
discipline within STEAM contributes to this development from different 
perspectives: science and mathematics strengthen analytical thinking; 
engineering emphasizes problem-solving and design-oriented thinking; while 
the arts foster creativity and aesthetic sensitivity. The integration of these 
disciplines enables students not only to acquire knowledge at an abstract 
level but also to relate it to real-world problems. This interdisciplinary 
approach encompasses not only individual development but also a broader 
dimension that supports societal progress. As Nacaroğlu and Kızkapan 
(2021) emphasize, individuals equipped with skills gained through STEAM 
approach make significant contributions to the economic and social life of 
nations. The development of innovative products and services supports 
economic growth, while such individuals also play an active role in addressing 
societal challenges. Consequently, STEAM approach serves as a bridge that 
connects individual creativity with societal well-being and is regarded as an 
important instrument in achieving sustainable development goals.

The Integration of the Arts into STEM
Since the earliest periods of human history, art has been one of the 

primary means through which individuals express themselves, while also 
playing a central role in the cultural and social development of societies. 
Read’s (1966) assertion that “Art is a mechanism in life, and without it, societies 
lose their balance” clearly illustrates that art is not merely a personal pursuit 
but also a crucial element in sustaining social balance and sustainability. From 
this perspective, education systems should regard art not as a secondary 
activity but as a fundamental domain of learning. This is because cultivating 
individuals who can adapt to contemporary conditions, think critically, act 
innovatively, and demonstrate creativity is directly linked to the integration 
of arts education into learning processes from the earliest stages of schooling. 
Research demonstrates that children’s engagement with art enhances 
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their emotional intelligence, strengthens their problem-solving abilities, 
and supports their social interactions (Çimen et al., 2025). Moreover, art 
increases individuals’ self-confidence, enabling them to express themselves 
more freely and to recognize their personal differences.

The role of art in education is not confined to childhood. Sousa and Pilecki 
(2018) emphasize that art contributes to human holistic development by 
activating cognitive, emotional, and psychomotor pathways. This holistic 
perspective reveals that learning is not merely the acquisition of knowledge 
but also a process that incorporates emotions, values, and creativity. 
For this reason, educational institutions bear a critical responsibility to 
introduce art to children at an early age and to position it not as an optional 
activity but as a core component of the curriculum. In doing so, students’ 
learning experiences are enriched, knowledge retention is strengthened, 
and lifelong learning processes become more meaningful and effective. 
At this point, the rise of the STEM approach is particularly noteworthy. 
Bringing together the disciplines of science, technology, engineering, 
and mathematics, the STEM model has been placed at the center of the 
educational policies of many countries in recent years. STEM education 
aims to enhance technological production capacity, contribute to economic 
growth, diversify employment opportunities, and cultivate individuals with 
strong global competitiveness (Honey et al., 2014; Çepni, 2018). However, 
the cognitive foundation provided by STEM alone may not be sufficient to 
foster the higher-order skills demanded by contemporary society, such as 
creativity, innovation, and critical thinking. Indeed, Ulus (2024) argues that 
the four-discipline structure of STEM contributes primarily to equipping 
individuals with technical knowledge but tends to overlook aspects such 
as individual creativity and aesthetic sensitivity. Such critiques underscore 
the necessity for a more inclusive and holistic approach to education. As a 
natural response to this need, the STEAM approach emerged, proposing the 
integration of the arts into STEM. Yakman’s (2008) STEM+A framework does 
not confine interdisciplinary interaction to numerically based fields but also 
incorporates the arts, thereby embedding aesthetic sensitivity, creativity, 
and innovative problem-solving skills into the educational process. STEAM 
enables students to gain a multidimensional learning experience through 
both analytical thinking and artistic production. In this way, individuals are 
equipped not only with academic competencies but also with the ability 
to develop sensitivity to social issues, integrate diverse perspectives, and 
generate creative solutions.

Research on the integration of the arts into STEM clearly demonstrates 
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the positive effects of this approach on students. Çimen et al. (2025) and 
Mercin (2019) report that STEM practices enriched with the arts increase 
students’ motivation toward learning, enhance their problem-solving skills, 
and foster more active participation in learning processes. These findings 
indicate that the transition from STEM to STEAM is not merely a conceptual 
expansion but rather the construction of a holistic educational paradigm 
responsive to the demands of the contemporary era. As Mercin (2019) 
emphasizes, imagination-driven, creative, and aesthetic thinking skills 
cultivated through the arts contribute to individuals becoming better 
mathematicians, engineers, and scientists. Thus, the arts are regarded as a 
complementary element that balances the abstract and technical aspects 
of STEM, enriching them with emotional and aesthetic perspectives.

A critical issue for the effective implementation of STEAM approach is 
the identification of the key elements that should be taken into account in 
program design. In this regard, Park and Ko (2012) refer to seven stages that 
need to be considered in shaping the content structure of STEAM approach. 

1.	 Connection, Integration, and Coherence: For STEAM approach 
to be implemented effectively, it is essential that it be applied in 
a manner that does not conflict with the existing curriculum. In 
this context, systematic connections need to be established with 
core areas such as science, technology, and engineering. Moreover, 
integrative thinking activities may be organized both in relation 
to each discipline individually and through collaborative, cross-
disciplinary engagement.

2.	 Fostering Diversity and Creative STEAM Practices: In order for 
students to develop diverse perspectives, they require learning 
experiences that enable them to understand how fundamental 
scientific principles can be adapted to various technologies and 
applied to real-life contexts through engineering. Therefore, 
instructional activities supported by interdisciplinary connections 
constitute the essential conditions of STEAM approach, which aims 
to nurture creative thinking.

3.	 Teacher Competence for Effective and Innovative Instruction: 
Strengthening the creative dimension of STEAM approach is 
possible only when teachers have access to diverse and innovative 
instructional methods, learning tools, and experimental practices. 
However, although the concept of the “creative experiment” is 
frequently invoked today, such experiments can be genuinely creative 
only if they are developed in alignment with the fundamental 
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principles of STEAM.
4.	 Cultivating a Holistic Perspective: One of the primary objectives 

of STEAM approach is to foster a perspective that emphasizes 
comprehension of the whole rather than focusing solely on details. 
In other words, it is essential that students develop the ability to 
perceive not only the individual parts but also the larger picture 
that those parts collectively form.

5.	 Relevance in the Face of Rapidly Changing Technology: In 
today’s world, where knowledge and technology are in constant 
transformation, the scientific and technological foundations of the 
past can quickly become obsolete. Therefore, it is essential that 
STEAM approach maintain sufficient flexibility to adapt to emerging 
technologies and adopt a “just-in-time learning” approach.

6.	 Foresight and Realistic Applications for the Future: While STEAM 
approach is structured around science, technology, and engineering, 
it should also be connected to politics, society, environment, economy, 
and ethical values. In this way, students can develop a practical and 
realistic perspective grounded in integrated thinking and creativity, 
enabling them to anticipate the future.

7.	 Integrated Design Approach in Engineering: The integrated 
design approach within the field of engineering can be regarded as 
one of the fundamental dynamics of STEAM approach. Supported 
by group work, this approach not only equips students with 
experimental competencies in science, technology, and engineering 
but also provides opportunities to develop ethical awareness, 
social responsibility, leadership, communication, and collaboration 
skills. In this way, education fosters not only qualified scientists, 
engineers, and technology experts but also the future decision-
makers, policymakers, and social leaders.

Examples of STEAM Activities for Various Educational 
Contexts

The holistic perspective that the STEAM approach brings to education 
is not limited to the theoretical level but is concretized through practical 
activities designed for different age groups. One of the strongest aspects 
of interdisciplinary learning is its capacity to create creative learning 
environments that address students’ individual interests and abilities (Balım 
& Yürümezoğlu, 2023). Within this framework, the integrated treatment of 
science, technology, engineering, arts, and mathematics enables students 
to develop both analytical and creative problem-solving skills.
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Particularly, STEAM activities designed for different age groups 
strengthen the universal principle of “student-centeredness” in education. 
In early childhood, simple art-based engineering experiments support 
children’s imagination and motor skills, whereas at the middle and high 
school levels, interdisciplinary projects foster complex problem-solving, 
innovative thinking, and collaboration skills (İnce & Mısır, 2018; Vurucu-
Şahin & Şahin, 2020; Madenci & Yılmaz, 2019). In this context, the diversity 
of activities that can be implemented across various stages of the curriculum 
demonstrates that STEAM contributes not only to academic achievement 
but also to individual development and social engagement.

Indeed, the project examples published on the platform www.
sciencebuddies.org and developed for different age groups clearly demonstrate 
the practical potential of the STEAM approach. These projects do not confine 
learning processes to the mere transmission of knowledge but instead 
support them through experiential, production-oriented, and creative 
applications. In this way, students are provided with opportunities to relate 
scientific knowledge to everyday life, use technological tools effectively, 
develop engineering designs, reinforce mathematical thinking in applied 
contexts, and express their artistic sensitivity. Below are selected visuals 
from STEAM projects designed for different age groups. In this way, it is 
emphasized that STEAM is not merely a theoretical model but also a dynamic 
educational approach enriched through concrete experiences.

Figure 2. Mini Earthquake Table (URL-1)

Mini Earthquake Table: The aim of this project is to enable students to 
investigate the effects of earthquakes through experiential learning. A simple 
earthquake table is constructed, upon which LEGO® structures of varying 
heights are built, and the resilience of these structures against tremors is 
observed. Measurements supported by smartphone sensors provide students 
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with the opportunity to experience both the experimental and technological 
dimensions of science simultaneously. In addition to facilitating the applied 
learning of engineering principles, this activity stands out as an educational 
practice that fosters creativity and interdisciplinary thinking.

Figure 3. Balloon-Powered Vehicle (URL-2)

Balloon-Powered Vehicle: The aim of this project is to design a vehicle 
that can travel the farthest and fastest using only the potential energy 
stored in a balloon. Constructed from simple materials, the vehicle consists 
of a body, wheels, and axles connecting the wheels to the body. When the 
balloon is inflated, the air pressure inside and the stretched rubber surface 
store energy; once released, this potential energy is converted into kinetic 
energy as the air rapidly escapes. In accordance with Newton’s third law 
of motion “for every action, there is an equal and opposite reaction” the 
backward release of air propels the vehicle forward. Through this simple 
apparatus, students are able to observe energy transformations, laws of 
motion, and the engineering design process, thereby enhancing both their 
scientific understanding and their creativity.

Tower Design: This STEAM project allows students to experience engineering 
principles through the use of limited materials. The aim of the project is to 
construct the tallest possible tower using only paper and tape, while ensuring 
that the tower is strong enough to support a heavy load placed at its top. 
Within this context, students have the opportunity to observe, in a hands-
on manner, the effects of compression and tension on structural elements, 
the durability of truss and frame systems, and the ways in which material 
shaping (e.g., rolling or folding paper) can enhance structural strength.
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Figure 4. Tower Design (URL-3)

Balance in the Air: The aim of this project is to investigate whether the 
distance traveled by a paper airplane changes when the drag force acting upon 
it is increased. During flight, a paper airplane is subject to four fundamental 
forces: thrust, lift, weight, and drag. Thrust propels the airplane forward, 
while lift is generated by the airflow over the wings. Conversely, weight pulls 
the airplane downward due to gravity, and drag slows it down as a result of 
air resistance. In this project, students design a standard paper airplane and 
then introduce small structural modifications to increase drag, examining 
the differences in flight distance. In doing so, they gain the opportunity to 
observe experientially the effects of aerodynamic forces on flight, thereby 
both deepening their understanding of physics and practicing the processes 
of scientific inquiry.

Figure 5. Balance in the Air (URL-4)

Bird Observation Box: This STEAM project aims to help students recognize 
the biodiversity in their immediate surroundings and to develop their 
scientific observation skills. The main objective of the project is to design 
a bird feeder using recyclable materials and, through this feeder, observe 
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the bird species present in the local area. Birds devote much of their time 
to meeting their basic needs such as food, water, and shelter; therefore, 
a properly placed feeder provides an opportunity to study them closely 
without harming their natural habitats. In this process, students record 
the appearances, behaviors, and feeding habits of different species, thereby 
experiencing the fundamental research methods of ornithology. As a result, 
the project fosters both ecological awareness and sustainable environmental 
consciousness, while simultaneously teaching scientific inquiry and 
observation processes as a practical and creative endeavor.

 
 Figure 6. Bird Observation Box (URL-5)

Cell Phone Stand Design: This STEAM project aims to make visible the 
engineering design process underlying everyday objects that are frequently 
used. Although a cell phone stand may appear quite simple at first glance, 
it actually incorporates numerous design criteria such as functionality, 
durability, ergonomics, and aesthetics. In this project, students engage in 
the process of developing their own prototypes using a variety of materials. 
During this process, they are encouraged to think from an engineering 
perspective by considering questions such as the purpose of the stand, 
its compatibility with different brands and sizes of phones, accessibility 
to functional details such as charging ports, and the structural stability of 
the design. Thus, this activity not only results in the creation of a practical 
product but also provides an interdisciplinary learning experience that 
fosters design-oriented thinking, problem-solving skills, and creativity.



Uzun 214

Innovative Practices in STEM Education: 
Emerging Technologies, Pedagogies and Learning Models

Figure 7. Cell Phone Stand Design (URL-6)

Launch and Catch: This STEAM project is a creative engineering activity in 
which students design a launching device capable of propelling a ball the 
farthest possible distance, along with a receiving mechanism to catch it, 
using simple materials. The project allows for the exploration of mechanical 
principles ranging from the operation of simple machines such as levers 
to more complex systems like catapults or slingshots. Students investigate 
concepts such as initial velocity, launch angle, and trajectory through 
experiential learning, thereby deepening their understanding of motion 
physics. They also observe the transformation of different forms of energy 
-such as the elastic potential energy of rubber bands or gravitational potential 
energy- into kinetic energy. A key component of the process is the engineering 
design cycle: students develop alternative designs and refine their prototypes 
through trial and error, mirroring the practices of real engineers. Thus, the 
activity provides an interdisciplinary learning experience that not only 
enhances physical understanding but also cultivates problem-solving, 
creativity, and design-oriented thinking skills.

Figure 8. Launch and Catch (URL-7)
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Obstacle-Detecting Smart Glasses: This STEAM project represents an 
innovative engineering application aimed at facilitating the daily lives of 
visually impaired individuals. The objective of the project is to design and 
construct glasses equipped with an ultrasonic distance sensor and a buzzer 
to detect obstacles. The collected data are transmitted to the user through 
auditory alerts, providing real-time feedback about potential hazards in 
the environment. Going beyond the function of traditional white canes, this 
design offers hands-free usability, thereby enhancing comfort and safety in 
everyday mobility. Throughout the process, students not only assemble the 
electronic hardware but also learn coding, thereby experiencing all stages of 
the engineering design cycle. As such, the project fosters the development of 
socially beneficial technology while promoting interdisciplinary problem-
solving and creativity as part of the learning experience.

Figure 9. Obstacle-Detecting Smart Glasses (URL-8)

Smart Plant Watering System: This STEAM project focuses on the design of 
an intelligent irrigation system that automatically meets the watering needs 
of plants. Throughout history, irrigation methods have generally relied on 
manual practices, whereas in modern times more efficient solutions have 
been developed through electronic sensors and automation systems. In 
this project, students build and operate an automatic watering circuit for 
potted plants using a soil moisture sensor, an Arduino® microcontroller, 
and a small pump. The system measures soil moisture levels and activates 
or stops the pump based on predetermined threshold values. The process 
requires accurate calibration of the sensors and adjustment of the water 
supply according to the plant’s needs. In this way, students develop a 
sustainable solution capable of enhancing agricultural efficiency by applying 
skills in electronic circuit design and programming, while simultaneously 
gaining an interdisciplinary learning experience that integrates engineering, 
technology, and environmental awareness.
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Figure 10. Smart Plant Watering System (URL-9)
Student Outcomes: Creativity, Critical Thinking, and 

Collaboration
As noted in the previous sections, one of the most significant contributions 

of STEAM approach is its multidimensional development of students’ 
cognitive, affective, and social skills. Through its interdisciplinary structure, 
STEAM not only enhances individuals’ academic achievement but also 
strengthens essential 21st-century competencies such as creativity, critical 
thinking, and collaboration. In this regard, studies in the literature 
demonstrate that STEAM practices have multifaceted and meaningful 
effects on students.

One of the core competencies fostered by the STEAM approach is creative 
thinking. Creativity is defined as the ability of an individual to construct 
new mental structures by drawing on observation, knowledge, experience, 
and thought, and to generate original concepts and innovative ideas in this 
process (Dikici, 2001). A creative individual is characterized as curious, 
capable of producing innovations, patient, open to exploration, able to use 
imagination effectively, and skilled in thinking through images. Moreover, 
such individuals stand out for their willingness to engage in experimentation 
and research, their capacity to synthesize data, and their ability to reach 
holistic judgments (Yeşilyurt, 2020). The interdisciplinary nature of STEAM 
enables students to develop their creativity in multiple dimensions. Indeed, 
a study conducted with gifted students revealed that STEAM activities 
promoted balanced development across artistic, scientific, and everyday 
forms of creativity, particularly strengthening associative and analogical 
thinking as well as mental flexibility (Gomez & Ros, 2024). Similarly, a study 
on early childhood education demonstrated that eco-print and project-based 
STEAM practices significantly enhanced children’s creative thinking skills, 
supported artistic creativity, and enriched the preschool curriculum through 
interdisciplinary integration (Jazariyah, Athifah, Purnamasari, & Lita, 2023). 
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Research conducted at the primary and secondary levels likewise indicates 
that STEAM activities contribute to the development of scientific creativity 
(Karatepe, 2023; Gülhan & Şahin, 2018; Yıldırım, 2023).

Another significant outcome of STEAM approach is the development of 
critical thinking skills. Critical thinking is defined as a conscious and controlled 
mental process in which individuals question prejudices and assumptions, 
systematically examine and evaluate the information presented to them, and 
engage in reasoning. Within this process, ideas are considered from multiple 
perspectives, their meanings and implications are discussed, and judgments, 
theories, or actions are derived through methods such as analysis, logic, 
comparison, and inference (Gürkaynak et al., 2008). This competency is 
essential not only for enabling individuals to make independent, original, and 
autonomous decisions that lead to effective solutions in their lives but also for 
cultivating sensitive, responsible, participatory, and conciliatory citizens in 
democratic societies (Gürkaynak et al., 2008). In this respect, STEAM directly 
supports the development of students’ critical thinking skills by centering 
on problem-based learning and design processes. Its interdisciplinary 
structure allows students to conduct multidimensional analyses, develop 
evidence-based reasoning, and generate alternative solutions. Indeed, a study 
conducted at the middle school level demonstrated that STEAM activities 
significantly improved students’ dispositions toward critical thinking (Açışlı-
Çelik, 2022). Similarly, research with seventh-grade students revealed that 
STEAM activities contributed positively not only to academic achievement 
but also to scientific creativity and science motivation, both of which are 
closely associated with critical thinking (Yıldırım, 2023). These findings 
clearly indicate that STEAM constitutes a powerful educational model 
that transcends traditional knowledge transmission, fostering students as 
inquisitive, multidimensional thinkers and solution-oriented individuals.

Another prominent outcome of STEAM approach is the development of 
collaboration skills. The multifaceted benefits of collaborative learning for 
students have been extensively documented in the literature. Laal and Ghodsi 
(2012) categorize these benefits into four dimensions: social, psychological, 
academic, and evaluative. From a social perspective, collaborative learning 
creates a strong support network for students, fosters understanding 
of diversity, establishes a positive classroom climate, and promotes the 
formation of learning communities. Psychologically, student-centered 
instructional processes enhance individuals’ self-esteem, reduce anxiety, 
and contribute to the development of positive attitudes toward teachers. 
Academically, collaborative learning encourages critical thinking, increases 
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active participation in the learning process, raises achievement levels, 
and allows appropriate modeling of problem-solving strategies. From an 
evaluative standpoint, it personalizes learning processes and provides 
alternative methods of student–teacher interaction. In this context, STEAM, as 
an interdisciplinary approach, offers a strong foundation for the development 
of collaboration skills. STEAM activities encourage students to take active 
roles in group work, to integrate diverse interests and abilities toward a 
common goal, and to develop a sense of responsibility. Research has shown 
that STEAM practices strengthen students’ collaborative skills, particularly by 
supporting the development of social competencies such as communication, 
role-sharing, and leadership (Aris & Orcos, 2019; Madenci & Yılmaz, 2019). 
Moreover, students’ ability to produce interdisciplinary outcomes through 
joint efforts generates a synergy that extends beyond individual learning, 
thereby enhancing both their cognitive and social gains.

In conclusion, the STEAM approach constitutes a powerful educational 
model that multidimensionally supports students’ cognitive, affective, and 
social development. Research on creativity, critical thinking, and collaboration 
demonstrates that its interdisciplinary nature not only enhances individuals’ 
academic achievement but also strengthens essential 21st-century skills 
such as problem-solving, innovative thinking, and democratic participation. 
The integration of the aesthetic, ethical, and communicative dimensions of 
the arts with the systematic structure of science, technology, engineering, 
and mathematics enables students to experience learning as more 
meaningful, productive, and participatory. In this regard, STEAM emerges as 
a contemporary and holistic educational model that goes beyond traditional 
knowledge transmission, fostering students as inquisitive, creative, and 
collaborative individuals.
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Chapter Highlights
The following points summarise the core rationale, key components, and 

key implementation challenges of integrating entrepreneurship into STEM 
education (E-STEM), highlighting its role in fostering innovation, real-world 
problem solving, and sustainable educational practices.

•	 Importance of STEM Education – Emphasises STEM’s role in 
developing critical thinking and problem-solving skills essential 
for global competitiveness and societal progress.

•	 STEM and the Entrepreneurial Mindset (E-STEM) – Highlights how 
entrepreneurial thinking complements STEM by fostering creativity, 
adaptability, and innovation in real-world problem solving.

•	 Technology-Driven STEM Entrepreneurship – Examines the role 
of emerging technologies in enabling innovative STEM-based 
entrepreneurial solutions.

•	 Integrating Entrepreneurship into STEM Education – Focuses on 
project-based learning, design thinking, and teacher preparation 
as key strategies for effective E-STEM integration.

•	 Frameworks, Challenges, and Future Needs – Discusses theoretical 
models, key integration challenges, and the need for context-sensitive 
instructional models to support scalable E-STEM implementation.
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Introduction
In today’s technology-driven world, it is significant to possess a unique 

set of skills such as critical thinking, argumentation, decision-making, and 
problem-solving (Deveci & Seikkula-Leino, 2023).   These skills enable 
individuals to analyze complex situations, evaluate multiple perspectives, 
and develop effective solutions (Deveci & Seikkula-Leino, 2023; Ozyazici 
et al., 2025).   While these skills are fundamental in STEM fields, where 
innovation often depends on the ability to approach challenges analytically 
and creatively, they are also essential in social and everyday life. For instance, 
navigating workplace dynamics, making personal financial decisions, or 
assessing information in the media, individuals use these skills in their 
daily life. These skills allow us to make informed choices and respond 
strategically to problems. Current literature further emphasizes that these 
competencies are not only vital in technical and scientific domains but also 
serve as foundational elements of entrepreneurial thinking (Mitchelmore & 
Rowley, 2010). Literature shows that entrepreneurship requires individuals 
to identify opportunities, manage uncertainty, and develop strategies for 
bringing innovative ideas to fruition all of which rely on these cognitive and 
problem-solving abilities (Deveci, & Seikkula-Leino, 2023). As a result, it can 
be concluded that there is a strong and mutually reinforcing link between 
STEM education and the entrepreneurial mindset, highlighting the need for 
educational programs that cultivate both technical expertise and adaptive, 
innovation-oriented thinking. Recently, some researchers have examined 
STEM students’ entrepreneurial intentions (Shahin et al., 2021) as they can 
be seen as innovators and future scientists, developing creative products, 
securing patents, and driving progress in their fields. Moreover, with the 
growing recognition of the connection between entrepreneurship and 
STEM, universities and colleges have begun to integrate courses such as 
entrepreneurship, entrepreneurial thinking, and business fundamentals into 
their STEM curricula (Ewim, 2023).  For instance, The NSF also supports 
STEM entrepreneurship through various initiatives, including the I-Corps 
program (Nnakwe, et al., 2018), Entrepreneurial Fellowships, and SBIR/
STTR grants. 

In today’s world, entrepreneurship does not only mean running a business 
(Pozen, 2018), it is also about fostering innovation. In this context, the 
entrepreneurial mindset has often been emphasized in engineering literature, 
as engineering majors focus on designing, innovation, creation and building 
structures (Bosman, 2018). However, by considering the required skills for 
all STEM majors, including argumentation, data analysis, critical thinking, 
innovation, there is great potential for all STEM students—including those 
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in chemistry, physics, and related disciplines—to transform their ideas 
into innovative solutions that address real-world challenges. Unlike the 
predominant focus on entrepreneurial intentions and mindset among 
business and engineering students, there is a gap in the literature suggesting 
that the perspectives, ideas, career developments of all STEM students 
should be examined (Ozyazici et al., 2025). 

We see that entrepreneurship education literature focuses on business 
majors. Also, most research is limited to applying quantitative surveys, not 
validated for STEM students specifically and they do not provide qualitative 
insights into students’ entrepreneurial mindset, experiences, challenges, 
and barriers. For instance, research shows that female STEM entrepreneurs 
face barriers such as masculine-dominated environments, limited access to 
funding, gender bias and stereotypes, work–life balance struggles, and the 
challenge of navigating social and cultural norms (Yusif et al., 2024). There 
is a need to discover more on this and provide more deeper understandings 
on STEM entrepreneurs and their experiences. Moreover, literature is also 
missing how to integrate structured EE programs into STEM curricula, 
in a way that all STEM students can benefit.  While many colleges are 
integrating EE into their curricula, we still have limited knowledge about 
design, its effectiveness, long-term impacts, and potential career path 
changes. In addition, more research is needed on interventions and students’ 
perspectives before and after these interventions. It is also important 
to consider instructional design approaches, such as the ADDIE model 
(Muruganantham, 2015) and to apply relevant frameworks to ensure that 
EE is integrated into STEM curricula at an appropriate and effective level.

 
Overall, STEM and entrepreneurship are closely connected, as both rely 
on innovation, problem solving, and applying knowledge to real-world 
challenges. Yet, entrepreneurship is often misunderstood and reduced to 
stereotypes such as wealth-seeking or college dropout success stories. In 
contrast, STEM entrepreneurship highlights how scientific and technological 
expertise can be used to meet diverse social needs and drive inclusive 
progress. Recognizing this link is essential for reimagining entrepreneurship 
as not only an economic activity but also a pathway for social impact 
and sustainable innovation. This chapter will explore the intersection of 
STEM and entrepreneurship, highlighting how entrepreneurial thinking 
can enrich scientific and technological innovation. It will examine key 
theoretical frameworks and methodological approaches that connect these 
domains, while also identifying the challenges that arise when integrating 
entrepreneurship into STEM education and practice. Finally, the chapter 
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will discuss strategies and methods to address these challenges, offering 
insights into how educators, researchers, and practitioners can foster more 
sustainable and impactful connections between STEM and entrepreneurial 
pathways.

Importance of Science Education and STEM Education 
Science education mainly and fundamentally aims to foster scientific 

literacy, a skill that is increasingly vital for navigating the complexities of 
contemporary society (Yacoubian, 2018). Scientific literacy not only enables 
individuals to make informed personal and civic decisions but also equips 
them to critically examine the accuracy of claims circulating in public 
discourse (Priest, 2013). In today’s media-driven world, the prevalence of 
misinformation and pseudoscience has become a growing concern (Impey, 
2024). The rapid spread of unverified information through digital platforms 
makes it easy for individuals to accept claims without question, particularly 
when media literacy and critical thinking skills are lacking. As a result, many 
people tend to believe what they encounter online or in popular culture 
without thoroughly evaluating or analyzing its validity, which is also related 
to lack of scientific literacy. 

As we navigate global challenges like climate change, pandemics, and 
rapid technological advancements, individuals must be equipped to skills 
such as critical thinking, argumentation and make reasoned judgments 
(Erdogan et al., 2017). STEM education, particularly at the higher education 
level, plays a crucial role in cultivating these capabilities (Erdogan et al., 
2017).  It fosters essential 21st-century skills such as critical thinking, 
problem-solving, and evidence-based argumentation (Lamb et al., 2017), 
skills that are emphasized in STEM. 

Lastly, STEM education is a driver of economic growth and innovation. A 
well-prepared STEM workforce fuels technological advancement, scientific 
discovery, and entrepreneurship. However, despite its importance, STEM 
education faces significant challenges, high dropout rates remain a persistent 
concern, with fewer than 40% of students who begin college intending to 
major in STEM completing their degrees in these fields (Eagan et al., 2014; 
Sithole, et al., 2017). The reason for this could be lack of instructional 
strategies such as mentorship, culturally responsive teaching, and the 
creation of supportive learning environments. Ultimately, strengthening 
STEM education in higher education is not just about producing more 
scientists and engineers, it is about empowering all students with the tools 
to understand the world around them, contribute meaningfully to society, 
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as well as economy. 

Goals of STEM Education
The goals of STEM education extend beyond teaching science, technology, 

engineering, and mathematics content. A STEM-literate student should be 
able to think critically, ask meaningful questions, and apply knowledge to 
solve real-world problems (Ah-Namad & Osman, 2018). STEM education 
also emphasizes developing problem-solving skills, curiosity, creativity, 
teamwork, and communication, enabling students to collaborate effectively 
and adapt to emerging industries. In engineering contexts, students are 
encouraged to design solutions to authentic challenges. Teachers play a 
central role in this process by facilitating hands-on learning experiences that 
make lessons relevant and engaging. Additionally, STEM education fosters 
resilience, adaptability, ethical reasoning, and digital literacy. Collectively, 
these competencies prepare students not only for future careers but also 
for active and responsible citizenship

STEM education, especially in the twenty-first century, aims to prepare 
students not only with technical knowledge but also with the skills, 
attitudes, and competencies necessary to thrive in an increasingly complex, 
interconnected, and innovation-driven world. However, as Lin et al. (2022) 
noted, there is still no universal consensus among educators and researchers 
on the specific goals of STEM education, which makes its promotion and 
implementation challenging. A survey of 645 Taiwanese secondary STEM 
teachers showed broad support for 17 competencies such as creativity, 
critical thinking, and problem-solving, though entrepreneurial skills were less 
emphasized (Lin et al., 2022). The authors argue entrepreneurship should 
be prioritized in tertiary STEM education to prepare students for diverse 
careers. They also found that teachers’ willingness to adopt integrative 
STEM approaches increases with institutional support. Similarly, Jannini et 
al. (2024) reported that supportive cultural and institutional environments 
foster mastery orientations in undergraduates, while anxiety hinders 
engagement. Together, these findings highlight the need for STEM goals 
to address both cognitive and affective domains, building perseverance, 
adaptability, and resilience alongside achievement. These findings show 
the need for STEM education goals to address both cognitive and affective 
domains, fostering perseverance, adaptability, and resilience alongside 
academic achievement.

Another element that we emphasize in terms of STEM education goals is 
building critical media literacy. Students today are surrounded by media that 
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strongly shapes how people see science and technology. Without the ability 
to question sources and check facts, it is easy to believe misinformation. For 
instance, critical media literacy helps students analyze information carefully, 
spot biases, and recognize when claims are not supported by evidence 
(Kellner & Share, 2019).  By combining STEM education with media literacy, 
students learn both the technical skills and the critical awareness needed 
to understand the world around them. This approach ensures that they are 
prepared not only to succeed in STEM careers but also to make thoughtful 
decisions in a society filled with complex information.

The link between STEM and Entrepreneurial Mindset 
(E-STEM)

The entrepreneurial mindset connects very closely with many of the 
main goals of STEM education. Having an entrepreneurial mindset means 
being able to see opportunities, use available resources wisely, and create 
something that has value in different areas of life (Olawale et al., 2020). 
It is not only about starting a business but also about thinking creatively, 
solving problems, and bringing new ideas to real situation (Kuschell et al., 
2020). Skills such as creativity, problem-solving, and innovation are also 
at the heart of STEM education. In addition, developing an entrepreneurial 
mindset helps students build important qualities such as adaptability, 
resilience, and collaboration, which prepare them for challenges in both their 
careers and daily lives (Adeoye et al., 2024). One way to build this mindset 
is through experiential and problem-based learning, where students learn 
by doing rather than only by reading or listening. For example, Olawale et 
al. (2020) describe an engineering design lab model where students worked 
on authentic, real-world problems. In this setting, students not only applied 
their STEM knowledge but also practiced working as a team, thinking in 
creative ways, and reflecting on their learning with the help of mentors. This 
kind of approach shows how STEM education and entrepreneurship can 
come together, giving students experiences that are practical, meaningful, 
and closely connected to the real world.

Literature shows that entrepreneurship and STEM are interconnected, with 
STEM disciplines driving innovation and problem-solving (Deveci & Seikkula-
Leino, 2023). However, it is important to first define entrepreneurship 
and entrepreneurial mindset. In literature, entrepreneurship is generally 
associated with individuals who possess distinct abilities, particularly 
those that drive innovation (Gartner, 1990). It is a dynamic process, and 
it is characterized by creativity, developing and implementing new ideas 
and solutions (Kuratko et al., 2021). Furthermore, an entrepreneurial 



231 Ozyazici

Innovation and Entrepreneurship Integration in STEM Education: eSTEM

mindset enables individuals to identify opportunities amid uncertainty 
and complexity, transforming challenges into possibilities (Kuratko, 2020). 
Developing an entrepreneurial mindset within STEM education can empower 
students to translate innovative ideas into viable solutions, address complex 
challenges, and identify market opportunities (Deveci & Seikkula-Leino, 
2023; Galloway et al., 2006), which our society needs. Entrepreneurship 
provides opportunities for STEM graduates to apply their technical skills and 
knowledge in innovative and dynamic ways (Zahra et al., 2006). The term 
entrepreneurial mindset is often associated with engineering education. 
However, in reality, all STEM students have the potential to turn their 
ideas into practical solutions (Nguyen et al., 2019), especially when we 
look at the founders of STEM-related companies. STEM graduates often 
perceive fewer career options than those in other fields (Jelks & Crain, 
2020), which may increase their willingness to explore alternative careers 
(Gilmartin et al., 2019) and STEM entrepreneurship could provide new 
career opportunities that extend beyond the conventional roles associated 
with STEM, allowing graduates to apply their skills in innovative ways. 
STEM students frequently excel in leadership, innovation, and problem-
solving (Li & Li, 2023), enabling them to address complex challenges 
entrepreneurially. Research shows that nonbusiness students, particularly in 
science and engineering, can successfully transform ideas into viable ventures 
by developing entrepreneurial skills (Åstebro et al., 2012). Moreover, an 
entrepreneurial mindset could enable individuals to identify opportunities 
(Hölzner & Halberstadt, 2022), this aligns with STEM goals, requiring 
critical thinking and problem-solving (Ewim, 2023). Entrepreneurship is not 
limited to business students but is accessible to anyone with interest (Ewim, 
2023). Studies highlight its strong link to STEM, showing how fostering this 
mindset bridges the gap between innovation and market application while 
developing key skills like opportunity recognition and strategic planning 
(Deveci & Seikkula-Leino, 2023; Kuschel et al., 2020).

Overall, the overlap between entrepreneurial mindset, creativity, 
argumentation, evaluation skills, and problem-solving reflects a shared 
objective of STEM education: to equip learners with the capacity to generate 
novel ideas, address complex problems, and contribute meaningfully 
to society. In a rapidly evolving global economy, these interconnected 
competencies are not supplementary but essential for ensuring that 
STEM graduates can lead innovation across sectors. This integration of 
entrepreneurship into STEM has increasingly been recognized as E-STEM, 
highlighting how entrepreneurial practices can enhance traditional STEM 
competencies.
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Technology in STEM Entrepreneurship
Technology-driven entrepreneurship can show how STEM knowledge 

can be transformed into practical innovations that address real needs. 
Examples such as smart swim goggles, LED-equipped bike helmets, 
3D-printed prosthetics, drone delivery of medical supplies, and sustainable 
textiles highlight how technology fosters both economic growth and social 
good. By linking scientific knowledge with entrepreneurial thinking, STEM 
professionals learn to spot unmet needs, apply solutions, and build scalable 
ventures that generate lasting impact.

Integrating Entrepreneurial Education (EE) into STEM 
Universities play a pivotal role in shaping entrepreneurial mindsets. 

Studies have shown that EE fosters students’ ability to act on their ideas 
and expand their career prospects (Klofsten et al., 2020; Shane, 2008). 
Institutions that promote EE contribute to the creation of entrepreneurial 
ecosystems, cultivating cultures of innovation that support future economic 
growth (Guerro et al., 2016; João & Silva, 2020). In the context of STEM 
education, incorporating EE aligns with its foundation because it could 
enhance students’ capacity for innovative thinking and real-world problem 
solving. While engineering education has made notable progress in 
integrating EE through experiential learning and co-curricular programs 
(Lei et al., 2023), gaps remain in its implementation across other STEM 
disciplines such as biology and chemistry. 

Recent literature shows EE research is becoming more interdisciplinary, 
yet contributions from science and technology disciplines are still limited 
(Tiberius & Weyland, 2023). Addressing these gaps requires not only 
quantitative assessments of EE outcomes but also qualitative exploration 
of students’ experiences and perceptions (Ceyhan & Tillotson, 2020; Zhao 
& Zhang, 2021). Lastly, the effectiveness of EE varies depending on factors 
such as students’ academic majors, gender, nationality, and level of education. 
For example, while French and Polish students reported positive outcomes 
after EE courses, male German students showed less favorable results, 
illustrating the need for context-specific pedagogical strategies (Packham et 
al., 2010). These findings are consistent with the Theory of Planned Behavior 
(Ajzen, 1991), which posits that attitudes influenced by education can shape 
intentions and ultimately behavior. Although research on integrating EE into 
STEM education is growing, the number of studies remains limited (Yu, Zheng, 
& He, 2025). It can be concluded that entrepreneurial and STEM education 
share a close connection, as they are mutually beneficial and reinforcing. 
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Bringing EE into STEM helps create a more complete learning experience, 
where students develop creativity, problem-solving, and practical skills 
while also preparing for future careers and industries.

Yu et al. (2025) analyzed 31 studies on entrepreneurial education in 
STEM published between 2012 and 2023 across thirteen countries. The 
United States contributed the most with 36% (11 studies), followed by 
Turkey with 19% (6 studies). Smaller contributions came from the United 
Kingdom, Malaysia, and Italy. These results reflect the field’s international 
scope as well as its concentration in developed countries. Methodologically, 
qualitative designs were most prevalent (58.1%), followed by mixed methods 
(32.3%), and then quantitative studies (29.0%). Case studies were the most 
common, and interviews, used in six studies, were valuable for capturing 
students’ perspectives on how entrepreneurial education shapes STEM 
learning. Participants ranged from primary school students to doctoral 
candidates, with the largest group being undergraduates (13 studies). 
Teachers were well represented, especially in-service teachers (16 studies). 
However, there was limited attention to pre-service teachers and STEM 
undergraduates, who are central to building future STEM capacity. More 
research with these populations is needed to guide classroom integration 
and workforce preparation. Overall, future studies should address the 
specific needs of STEM students by combining qualitative and quantitative 
approaches and exploring instructional design strategies for incorporating 
entrepreneurial education into higher education curricula.

Integrating entrepreneurship into STEM education, often referred 
to as E-STEM, presents both opportunities and challenges, particularly 
within higher education. STEM intervention programs, STEM-related 
academic departments, and business schools each have the potential to 
incorporate entrepreneurial elements into their curricula. Doing so not 
only supports students’ career trajectories but also equips them with 
essential entrepreneurial skills, which are increasingly necessary in today’s 
innovation-driven economy. Embedding entrepreneurship in STEM programs 
can help students move beyond technical expertise to become innovators 
capable of translating ideas into real-world solutions. The importance of 
such integration is reflected in initiatives like the U.S. National Science 
Foundation’s Entrepreneurial Fellowships for engineers and scientists, 
launched in 2022 through a $20 million investment in partnership with 
Activate.org. This program supports fellows from diverse backgrounds to 
transform research breakthroughs into products and services with broad 
societal impact. However, despite these advancements, integration remains 
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uneven, often hindered by disciplinary silos, lack of cross-department 
collaboration, and limited institutional resources. Globally, there is growing 
momentum in E-STEM, but efforts vary widely. India’s tinkering labs in over 
10,000 K-12 schools are fostering early STEM entrepreneurship, Germany 
is expanding youth entrepreneurship labs, and Europe is funding hybrid 
STEM-business ventures. In the United Kingdom, commercialization of 
scientific breakthroughs is becoming a policy priority. Yet, these examples 
also highlight disparities in access, resources, and scalability, underscoring 
the need for sustained investment, institutional alignment, and cross-sector 
partnerships to fully realize the potential of E-STEM worldwide. 

Literature highlights the importance of STEM intervention programs for 
broadening participation and supporting student success in science and 
engineering (Ceyhan & Tillotson, 2020; Rodriquez et al., 2020). Embedding 
entrepreneurship education (EE) within these programs can further 
enhance students’ career development by expanding their aspirations 
beyond traditional STEM pathways (Deveci & Seikkula-Leino, 2023). This 
integration is not about reinforcing the popular narrative of college dropouts 
becoming wealthy entrepreneurs; rather, it emphasizes preparing diverse 
STEM students to innovate and pursue meaningful careers that respond 
to both market demands and societal needs. Evidence from Souitaris et al. 
(2007) demonstrates that entrepreneurship programs can significantly 
increase the entrepreneurial intentions of science and engineering students, 
underscoring the value of educational interventions in shaping career 
decisions. Still, effective strategies for embedding EE into STEM programs 
remain underdeveloped (Deveci & Seikkula-Leino, 2023). Integrating EE 
across disciplines is essential for equipping students with the mindset and 
tools to address real-world problems (Kuschel et al., 2020; Nguyen et al., 
2019). Yet, most existing studies focus primarily on business and engineering 
majors (Barba-Sánchez & Atienza-Sahuquillo, 2018; Kurata et al., 2023), 
overlooking the broader STEM population.

Recent work shows that universities are beginning to integrate EE into 
STEM curricula, though often only partially or in limited contexts. Research 
demonstrates that entrepreneurial practices can be incorporated through 
interdisciplinary approaches that connect knowledge across domains 
(Eltanahy et al., 2020). However, implementing E-STEM also presents 
significant challenges, including limited teacher training, heavy curricular 
demands, and difficulty in assessing entrepreneurial practices effectively.

Challenges of Integration E-STEM
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STEM leaders have identified barriers such as limited teacher training 
in entrepreneurial learning, students’ readiness to think beyond classroom 
tasks, and teachers’ heavy curricular workloads. (Eltanahy et al., 2020). 
Additional challenges include assessing entrepreneurial practices effectively, 
sustaining student motivation, particularly in contexts where learners 
may lack incentives, and ensuring that outcomes extend beyond models to 
include innovative ideas, projects, or social services. These findings show 
the need for systemic support and interdisciplinary approaches to make 
E-STEM sustainable and impactful (Eltanahy et al., 2020).

Gender Issues
Women STEM entrepreneurs are crucial for driving innovation, fostering 

inclusivity, and addressing pressing societal challenges (George, 2024). 
Their unique perspectives often lead to more diverse, equitable, and creative 
solutions, enriching the innovation ecosystem. Women in entrepreneurship 
are more likely to address unmet needs, particularly those affecting women 
and underrepresented groups (Irwin, 2025) while challenging existing 
norms and fostering more dynamic, inclusive innovation. Despite these 
contributions, a significant gender gap persists in E-STEM, limiting the 
potential impact of women entrepreneurs. Closing this gap is not only a matter 
of equity but also of economic necessity. Research shows that increasing 
women’s participation in entrepreneurship could significantly boost global 
development (Sajjad et al., 2020). However, systemic barriers hinder women’s 
full participation in STEM entrepreneurship. Without targeted support, 
such as mentorship programs, equitable funding mechanisms, and inclusive 
curricula, women entrepreneurs remain underrepresented. 

Their absence shows inequity, also reduces the diversity of perspectives 
necessary for addressing complex global challenges. Therefore, integrating 
gender equity into E-STEM initiatives is therefore essential for building a 
more innovative, and economically vibrant future. Moreover, challenges 
extend more broadly to include students from racially minoritized groups, 
low-income backgrounds, and first-generation college families. These 
students often face compounded barriers in accessing entrepreneurial 
ecosystems, mentorship opportunities, and early-stage funding. Without 
intentional design and targeted support, E-STEM risks reinforcing existing 
disparities rather than alleviating them (Ong et al., 2018).

Curricular Overload and Rigid Structures
STEM curricula are often already packed with technical and disciplinary 



Ozyazici 236

Innovative Practices in STEM Education: 
Emerging Technologies, Pedagogies and Learning Models

requirements, leaving little flexibility to integrate entrepreneurship content. 
Faculty may resist adding entrepreneurship modules out of concern that they 
will displace essential disciplinary knowledge or extend students’ already 
heavy workload (Borrego & Henderson, 2014). This structural rigidity creates 
one of the first barriers to embedding E-STEM within higher education.

Faculty Expertise and Training
Even when institutions make space for entrepreneurship content, 

many STEM instructors lack the formal training or confidence to teach 
entrepreneurial principles. As a result, programs often depend on external 
partners such as business schools or industry mentors, which can lead to 
inconsistency and uneven program quality (Baik et al., 2019). Developing 
faculty capacity is therefore critical for sustaining high-quality E-STEM 
initiatives.

Assessment and Measurement
Another significant challenge involves the evaluation of entrepreneurial 

education. Constructs such as entrepreneurial mindset, creativity, and 
innovation capacity are difficult to measure with conventional STEM 
assessment tools. Without valid and reliable instruments, it becomes 
challenging for institutions to demonstrate outcomes, secure funding, or 
justify the curricular space dedicated to E-STEM (Ozyazici et al., 2025).

Cultural Perceptions of Entrepreneurship
Within some academic contexts, entrepreneurship is perceived as less 

rigorous or even incompatible with the ideals of “pure” STEM research. 
Such cultural perceptions can reduce faculty buy-in and discourage 
students who fear that pursuing entrepreneurship may undermine their 
credibility as scientists or engineers (Feldman & Kenney, 2004). Changing 
these perceptions requires a cultural shift in how higher education values 
entrepreneurial pathways.

Theoretical Frameworks in STEM and Entrepreneurial 
Education

The development of entrepreneurial thinking among STEM students is 
often examined through the Theory of Planned Behavior (TPB) (Ajzen, 1991; 
Montes et al., 2023) and Social Cognitive Career Theory (SCCT) (Duong & 
St-Jean, 2024). TPB emphasizes the formation of entrepreneurial intentions 
by considering individuals’ attitudes toward entrepreneurship, subjective 
norms, and perceived behavioral control. In contrast, SCCT focuses more 



237 Ozyazici

Innovation and Entrepreneurship Integration in STEM Education: eSTEM

broadly on career development pathways, highlighting how self-efficacy 
beliefs, outcome expectations, and environmental supports or barriers 
influence students’ decisions and persistence in entrepreneurial careers 
(Tran & Von Korflesch, 2016). Despite their contributions, the literature 
shows limited use of SCCT in exploring the entrepreneurial mindset of 
STEM learners, creating opportunities for new research. Recent scholarship 
suggests that one theory alone may not fully explain the complex process 
through which STEM students develop entrepreneurial pathways. For 
example, Ozyazici et al. (2025) applied both SCCT and TPB in examining 
entrepreneurial career development, showing how these frameworks 
complement each other by addressing both intention formation and broader 
contextual influences. Integrating these perspectives provides a more holistic 
understanding of how STEM students’ values, self-beliefs, and perceived 
opportunities shape their entrepreneurial goals. In this study, the authors 
also developed the STEM Entrepreneurship Career Development Measure 
(SECDM), a theoretically grounded instrument designed to capture the 
unique experiences and aspirations of STEM students in entrepreneurial 
contexts (Ozyazici et al., 2025).

The creation of SECDM has important implications for both research and 
practice. First, it fills a critical gap in measurement by offering a tool that 
accounts for the motivational, cognitive, and contextual factors emphasized 
in SCCT and TPB. Second, it provides a foundation for evaluating the 
effectiveness of entrepreneurship-focused STEM intervention programs. With 
valid measures, educators and program designers can more accurately assess 
changes in students’ entrepreneurial intentions, self-efficacy, and outcome 
expectations over time. This, in turn, allows for the design of targeted 
instructional strategies and interventions that not only build entrepreneurial 
competencies but also address barriers faced by underrepresented groups. 
Furthermore, another set of measures, such as the Entrepreneurial Intention 
Questionnaire (Liñán & Chen, 2009), the Entrepreneurial Self-Efficacy Scale 
(Zhao et al., 2005), and entrepreneurial mindset scales (Adebusuyi et al., 
2022; Hirschi, 2014), are also very important in the entrepreneurship 
literature, and they need to be tested with STEM student populations 
to evaluate their relevance and validity in this context. Doing so would 
expand the methodological base of STEM entrepreneurship research and 
provide stronger tools for assessing intervention programs, ensuring that 
instructional strategies effectively foster entrepreneurial intentions, self-
efficacy, and equitable opportunities for diverse learners.

Another framework to add or follow could be the ADDIE framework 
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(Analysis, Design, Development, Implementation, and Evaluation), that 
provides a systematic model for integrating entrepreneurship education into 
STEM curricula (Muruganantham, 2015). In the Analysis phase, educators 
can identify students’ existing entrepreneurial knowledge, intentions, and 
contextual barriers through surveys, interviews, or diagnostic assessments. 
The Design and Development phases allow for the creation of targeted 
interventions—such as project-based learning, mentorship opportunities, or 
case studies—that explicitly connect STEM knowledge with entrepreneurial 
skills. During Implementation, these strategies can be embedded into STEM 
courses, intervention programs, or co-curricular activities, ensuring that 
entrepreneurship is taught not as an add-on but as part of disciplinary 
learning. Finally, the Evaluation phase ensures continuous improvement by 
assessing changes in students’ entrepreneurial self-efficacy, intentions, and 
outcomes, while also highlighting areas for refinement. Applying ADDIE in 
this way helps bridge theory and practice, ensuring that interventions are 
both evidence-based and responsive to the diverse needs of STEM learners. 
Moreover, while quantitative studies guided by the Theory of Planned 
Behavior (Ajzen, 1991) dominate the field, qualitative work is necessary 
to capture students’ lived experiences (Mensah et al., 2021; Montes et al., 
2023). Listening to students’ voices is vital for designing interventions that 
cultivate entrepreneurial mindsets, creativity, and innovation, while also 
supporting the career aspirations of the future STEM workforce.

Need for Specific Models 
Entrepreneurship education within STEM programs requires 

carefully designed instructional models that move beyond business-
oriented frameworks to address the specific needs of STEM students. 
Effective strategies often include online learning modules that introduce 
entrepreneurship concepts, opportunities to interact with guest speakers 
and industry professionals, and structured peer engagement through 
collaborative projects or discussion forums. These approaches help students 
connect theoretical content to practical, real-world applications, thereby 
fostering entrepreneurial thinking within STEM contexts.

Embedding entrepreneurship education into existing seminar courses 
represents another effective strategy, as it ensures accessibility and 
contextual relevance. Rather than positioning entrepreneurship as an add-on, 
integrating it into existing coursework provides structured opportunities 
for reflection and engagement. This approach aligns with learner-centered 
instructional design principles that emphasize relevance, authenticity, and 
active learning (Merrill, 2002). Furthermore, adopting a systems-thinking 
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perspective acknowledges that entrepreneurship education is shaped not 
only by the classroom environment but also by institutional policies, career 
services, and external networks. Equity and access must be considered 
central design features. Research shows that female-friendly curricula and 
sensitivity to women’s perspectives can help address persistent gender gaps 
in STEM (Cheng & Lo, 2022). At the same time, programs must intentionally 
design for the inclusion of first-generation college students, students from 
low-income backgrounds, and racially minoritized groups to ensure that 
entrepreneurship education opportunities are not disproportionately 
available to those with more resources or privilege. Such inclusive approaches 
require continuous evaluation to avoid reinforcing inequities that already 
exist in STEM higher education.

Finally, scholars emphasize that entrepreneurship education should 
be democratized and accessible across disciplines, not limited to business 
students. Entrepreneurial skills empower individuals to contribute socially 
and economically as proactive citizens, making entrepreneurship education 
a critical component of preparing students for participation in democratic 
societies (Ewim, 2023; Ribeiro et al., 2023). 

Additionally, scalability and sustainability remain persistent concerns 
for entrepreneurship education in STEM. While guest speakers, industry 
partnerships, and mentoring programs are highly valued by students 
and shown to strengthen career readiness, such strategies often require 
significant financial resources, administrative coordination, and faculty time 
(Fayolle & Gailly, 2015). Without institutional commitment—such as funding 
for ongoing programming, recognition of faculty workload, and integration 
into long-term curricular planning—these initiatives risk being short-lived 
pilot efforts rather than durable transformations. Moreover, sustainable 
models must balance quality with reach; expanding entrepreneurship 
opportunities to a wider pool of students cannot come at the expense of 
program depth or individualized support. Embedding entrepreneurship 
education within institutional priorities, including diversity and workforce 
development initiatives, offers one pathway for ensuring both longevity 
and equitable access.

Discussion
Recognizing the role of STEM entrepreneurship is crucial for changing 

how society perceives entrepreneurs. Too often, entrepreneurs are 
stereotyped as college dropouts chasing profit or as individuals focused only 
on building wealth. This narrow view overlooks the broader contributions of 
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entrepreneurship, particularly when grounded in STEM. STEM entrepreneurs 
bring together scientific knowledge, technological skills, and an innovative 
mindset to address complex and diverse societal needs. Rather than fitting 
the stereotype, they create solutions that improve healthcare, education, 
sustainability, and equity. By highlighting the social and community-focused 
impact of STEM entrepreneurship, higher education and policy can help 
shift public perception: from seeing entrepreneurs as profit-driven to 
understanding them as problem-solvers, innovators, and leaders who 
respond to the needs of diverse populations. This reframing is essential to 
inspire the next generation of students to view entrepreneurship not only 
as a career option but as a pathway to social change and inclusive progress.

Overall, the literature consistently shows that STEM and entrepreneurship 
are deeply interconnected, particularly when considering the skills demanded 
in today’s innovation-driven economy. Integrating entrepreneurship into 
STEM curricula not only prepares students for emerging career paths but also 
fosters critical competencies such as creativity, problem-solving, risk-taking, 
and adaptability (Adebusuyi et al., 2022; Yu et al., 2025). Many universities 
have already begun embedding entrepreneurial education into engineering, 
science, and technology programs, often through innovation hubs, maker 
spaces, or incubator programs that allow students to prototype and pitch 
their ideas (Hirschi et al., 2014). For instance, institutions such as MIT and 
Stanford have long blended engineering design with entrepreneurial training, 
while Europe’s EIT InnoEnergy program explicitly links sustainable energy 
innovations with entrepreneurship to address global climate challenges (Yu 
et al., 2025). Importantly, this integration should not be confined to higher 
education alone. Preparing future teachers to incorporate entrepreneurial 
thinking into their practice can bring these skills to younger students, laying 
a foundation for innovation at earlier ages. Small-scale interventions, such 
as having middle school science students design low-cost water filtration 
systems, build simple apps, or experiment with sustainable materials, 
illustrate how entrepreneurial mindsets can be developed through authentic 
STEM problem-solving (Liñán & Chen, 2009). Globally, programs such as 
India’s Atal Tinkering Labs or Singapore’s national emphasis on innovation 
within STEM curricula demonstrate that entrepreneurial elements in STEM 
education empower students to become solution-seekers for real-world 
problems (World Bank, 2020). Thus, fostering entrepreneurial skills within 
STEM classrooms, whether at the university level or in middle schools, 
ensures that the next generation is prepared to translate scientific knowledge 
into scalable, socially impactful solutions, driving both economic growth 
and societal resilience.
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Another important discussion point concerns how to design appropriate-
level interventions or lesson plans that effectively integrate entrepreneurship 
into STEM learning. While the literature demonstrates the value of E-STEM 
integration, there is still a lack of systematic frameworks for instructional 
design that guide teachers in tailoring entrepreneurial content to different 
age groups and educational contexts (Yu et al., 2025). Designing interventions 
that are developmentally appropriate is essential: for instance, modules for 
middle school science may emphasize creativity, teamwork, and problem 
identification, whereas higher education interventions can include market 
analysis, prototyping, and venture creation (Adebusuyi et al., 2022). Some 
research has already experimented with such integrations. For example, 
Rauch and Hulsink (2015) developed entrepreneurship modules in 
engineering curricula that improved students’ entrepreneurial self-efficacy 
and opportunity recognition. However, these studies remain relatively 
isolated, and more models are needed to provide teachers—both at K–12 and 
higher education levels—with clear strategies for weaving entrepreneurial 
elements into STEM lessons. Drawing from established instructional design 
approaches, such as ADDIE or Merrill’s First Principles, could support 
the structured development of E-STEM curricula that balance content 
knowledge with innovation skills. Expanding this line of research would not 
only strengthen the evidence base but also equip educators with practical 
frameworks to embed entrepreneurial thinking meaningfully into science 
and engineering classrooms.

Conclusion 
Entrepreneurship in STEM (E-STEM) is a promising but still developing area 

in education and research. Evidence shows that STEM and entrepreneurship 
share important skills such as critical thinking, problem solving, and the 
ability to apply knowledge in real-world settings. Yet, the current approaches 
to integrating entrepreneurship into STEM remain limited and often focus 
only on engineering students. To be effective, integration should consider 
students’ majors, prior knowledge, academic level, and career intentions. 
Bringing entrepreneurship into STEM education does more than expand 
technical knowledge. It helps students become innovators who can turn ideas 
into solutions that support both economic growth and social progress. At 
the same time, several challenges must be addressed. Reliable assessment 
tools are lacking, which makes it difficult to measure outcomes and justify 
investment. Cultural views in some institutions still treat entrepreneurship 
as less rigorous than traditional STEM work, limiting support from faculty 
and students. Equity concerns also remain, especially for students from 
racially minoritized, first-generation, or low-income backgrounds who face 
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barriers to resources and mentorship. Without targeted support, E-STEM 
could unintentionally reinforce these inequalities. Even so, the potential 
impact of E-STEM is clear. Embedding entrepreneurial pathways into STEM 
programs can open opportunities, broaden participation, and prepare 
students to contribute as active citizens in an innovation-driven world. 
Future progress depends on developing strong measurement tools, creating 
inclusive learning environments, and building stronger links between STEM 
fields and business education. Institutions also need to recognize and value 
entrepreneurial achievements alongside traditional academic success. 
E-STEM should not be seen as an optional addition but as a necessary part 
of preparing the next generation of scientists, engineers, and innovators. 
With intentional design and inclusive practices, higher education can foster 
entrepreneurial mindsets that enable students to lead change, address 
diverse needs, and shape both technological and social futures.

Recommendations
Future research and practice in STEM entrepreneurship education 

should prioritize validating existing entrepreneurship surveys with STEM 
student populations, as measures widely used in the literature may not 
fully capture their unique experiences. Combining theoretical frameworks 
such as TPB and SCCT can provide a more comprehensive understanding 
(Ozyazici et al., 2025) of intention formation and contextual influences, 
while methodological rigor should be strengthened by employing reliability 
indices like McDonald’s omega, which offers a more robust estimate of 
internal consistency than Cronbach’s alpha (Dunn et al., 2014). At the same 
time, educators and policymakers must work to change societal stereotypes 
that frame entrepreneurs as merely profit-driven, highlighting instead 
how STEM entrepreneurship can empower students across all disciplines, 
not just engineering, design innovative solutions that address diverse 
and pressing real-world problems. Such efforts can expand participation, 
foster inclusivity, and position STEM entrepreneurship as a pathway for 
both social impact and economic progress. Future research could talk 
more on qualitative findings on STEM entrepreneurship, design specific 
interventions for targeted groups, there is a lack of information about 
students, or workers personal experiences about STEM entrepreneurship 
and/or STEM entrepreneurship classes.
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Chapter Highlights
The following highlights summarise the design, implementation, and 

impact of the Foundations in Science and Mathematics (FSM) program as a 
sustainable and equity-focused STEM outreach model, highlighting its role 
in broadening access to STEM learning and supporting graduate instructor 
development.

•	 Program Origins and Purpose – Introduces FSM as a graduate-
student-led outreach program launched in 2010 at Indiana 
University, aimed at broadening access to STEM education for 
middle and high school students.

•	 Curriculum and Pedagogical Approach – Highlights student-centred, 
practice-oriented enrichment courses across mathematics, science, 
robotics, and coding, connecting academic rigor with real-world 
relevance.

•	 Program Organization and Partnerships – Examines key 
organisational elements, including instructor recruitment, 
curriculum planning, and collaboration with local schools and 
families.

•	 Equity and Accessibility Measures – Describes strategies such as 
hybrid delivery formats, financial support, and cross-departmental 
collaboration to ensure inclusive participation.
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Introduction
STEM education has increasingly been recognized as central to preparing 

students for the demands of the 21st century workforce and society. Beyond 
traditional classroom instruction, out-of-school learning opportunities 
such as summer camps have become popular vehicles to foster students’ 
interest, motivation, and achievement in science, technology, engineering, and 
mathematics (STEM). Researchers have examined these informal learning 
environments for decades, highlighting their potential to counteract summer 
learning loss and promote long-term engagement with STEM disciplines. A 
foundational concern addressed by summer programs is the phenomenon 
of summer learning loss, in which students’ academic achievement declines 
during extended school breaks. Cooper et al. (1996) provided one of the 
most comprehensive early reviews, demonstrating through a meta-analysis 
that students typically lose achievement in mathematics and reading during 
summer vacation, with losses disproportionately affecting students from 
lower socioeconomic backgrounds. This finding has since been widely cited 
to justify the design and implementation of summer enrichment programs, 
including those focused on STEM, as a means of mitigating educational 
inequalities (Alexander et al., 2007).

Building on this foundation, scholars have emphasized the role of STEM 
camps in sustaining or even enhancing students’ academic trajectories 
during the summer. For example, Young et al., (2017), in their meta-analysis, 
found that out-of-school STEM experiences significantly increased students’ 
interest and attitudes toward STEM fields, providing evidence that structured 
programs beyond the school day can shape career aspirations and motivation. 
Similarly, Drey (2016) documented the positive influence of STEM summer 
camps on students’ motivation and interest in mathematics and science, 
underscoring the motivational power of hands-on and inquiry-based 
activities.

Recent research continues to explore the ways in which STEM summer 
programs can develop both content knowledge and affective outcomes. 
Tekbıyık et al. (2022) investigated a robotics-focused summer camp and 
found that students not only developed more sophisticated knowledge 
structures but also reported stronger STEM career interests, suggesting 
the importance of thematic and technology-rich camp models. Franks and 
McGlamery (2021) extended this conversation to preservice teachers, 
showing that teaching in a summer STEM camp enhanced mathematics 
teaching self-efficacy among future educators. This dual impact on both 
students and instructors illustrates the broader educational value of summer 
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STEM initiatives. In addition, other studies have explored organizational 
and pedagogical aspects of STEM camps. Davis and Hardin (2013), for 
instance, provided practical guidelines for structuring STEM camps that 
are both engaging and inclusive, especially for students with exceptional 
needs. Their work emphasizes that the design of these camps is as critical 
as their content, requiring attention to accessibility, differentiation, and 
sustainability. These perspectives resonate with more recent calls to align 
STEM camps with authentic scientific and engineering practices, ensuring 
that students experience STEM in ways that mirror professional inquiry 
(National Research Council, 2012).

Together, these strands of research demonstrate that STEM summer 
programs are not isolated interventions but rather part of a growing body 
of educational practice and scholarship. Meta-analyses (Cooper et al., 1996; 
Young et al., 2017), empirical studies (Drey, 2016; Tekbıyık et al., 2022), 
practitioner-oriented guides (Davis & Hardin, 2013), and studies of teacher 
development (Franks & McGlamery, 2021) all affirm the importance of 
summer STEM camps as both a response to learning loss and a catalyst 
for long-term engagement in STEM. By situating our work within this 
literature, we highlight FSM’s summer camp model as both part of this 
broader tradition and a unique case of STEM enrichment situated within a 
university-community partnership.

Origins and Purpose of FSM
The Foundations in Science and Mathematics (FSM) program began 

with a straightforward question: How can graduate students in STEM and 
STEM education meaningfully serve their local community? In 2010, a small 
group of Indiana University graduate students took this question to heart 
and created a summer program designed to provide high-quality, affordable 
STEM learning opportunities for middle and high school students in the 
Bloomington area. Since its inception, the program’s mission has remained 
clear to build an accessible, inclusive, and intellectually stimulating summer 
environment for young people eager to explore science and mathematics.

From the outset, FSM was grounded in values of access, equity, and 
collaboration. The program was never intended simply to “fill gaps” in 
academic preparation; rather, it sought to invite students into a space 
where STEM could be experienced as engaging, relevant, and empowering. 
The emphasis extended beyond improving test scores to helping students 
develop confidence as learners and problem solvers, while also providing 
them with instructors who were close in age but deeply knowledgeable and 
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enthusiastic about their fields.

What makes FSM distinctive is its graduate-student-led structure. 
Unlike many outreach efforts initiated and overseen primarily by faculty 
or institutional administrators, FSM has been carried forward by the energy 
and commitment of graduate students and advanced undergraduates. These 
individuals have guided the program’s planning, teaching, and day-to-day 
operations. This bottom-up approach has allowed FSM to remain flexible 
and responsive, with its courses, teaching strategies, and outreach activities 
evolving directly from the insights and experiences of those actively engaged 
in the work.

Over time, the program has grown in both scope and impact. Course 
offerings have expanded, partnerships with different university units have 
strengthened, and FSM has reached a wider pool of students across the 
region. As the program has matured, so too has its purpose. Beyond enriching 
the learning of participating students, FSM has become an important 
site for the professional development of instructors. Graduate students 
gain first-hand experience in curriculum design, classroom teaching, and 
educational leadership, preparing them for future careers in education and 
academia. In this way, FSM contributes not only to the development of the 
next generation of STEM learners but also to the preparation of the next 
generation of STEM educators.

Program Design and Operations
Instructor Recruitment and Preparation
A central hallmark of the Foundations in Science and Mathematics (FSM) 

program is its graduate-student-led teaching model, which has guided 
both the recruitment process and the preparation of instructors since the 
program’s inception. Unlike many outreach initiatives that rely primarily on 
faculty leadership, FSM intentionally places graduate students and advanced 
undergraduates at the forefront, providing them with the opportunity 
to design and teach enrichment courses in their fields of expertise. This 
design accomplishes two goals simultaneously: students in the program 
are taught by instructors with advanced content knowledge, while graduate 
students gain valuable hands-on teaching experience that contributes to 
their professional development.

The recruitment cycle typically begins in early fall. An interest survey 
is shared widely across STEM departments at Indiana University, inviting 
potential instructors to indicate both their willingness to teach and the 



255 Yavuz, Lee

STEM Enrichment Through FSM: A Graduate-Led Summer Camp Model for 
Equitable Learning in Math and Science

subjects in which they feel qualified. To spark ideas, the FSM website 
highlights commonly offered courses such as Algebra I, Chemistry, and Python 
Programming. At the same time, instructors are encouraged to propose new 
course ideas. When a novel proposal is made, faculty mentors often step 
in to provide constructive input on course design to ensure feasibility and 
alignment with the program’s goals.

Toward the end of the fall semester, FSM hosts a call-out meeting for 
interested candidates. This meeting functions as an orientation and a 
matchmaking step, helping align instructors with courses that suit their 
academic background. For example, mathematics courses are typically 
assigned to graduate students in mathematics or mathematics education, 
while courses in biology, chemistry, or computer science are paired with 
students from those respective disciplines. If multiple candidates request the 
same course, priority is given to those with departmental ties, prior teaching 
experience, or a strong record of engagement in STEM outreach. Returning 
instructors who have previously taught with FSM are also prioritized; this 
practice not only strengthens continuity and program stability but also 
honors the contributions of individuals who have already invested in the 
program’s mission.

Once instructors are selected, FSM implements a structured preparation 
process during the spring semester. Instructors are grouped by subject areas 
mathematics, sciences, or computer science and each group is supported by 
a course administrator. These administrators serve as coordinators, helping 
to facilitate lesson planning, organize shared resources, and provide logistical 
guidance. They also play a crucial role in onboarding new instructors by 
sharing existing instructional materials such as past syllabi, worksheets, 
manipulatives, and project-based activities. Instructors can adapt these 
resources or develop entirely new curricula, but all finalized materials 
are expected to be uploaded to a shared drive to benefit future cohorts of 
instructors.

Throughout the spring, monthly meetings are held to build community 
among instructors and provide training. These sessions cover logistical topics 
(such as scheduling and classroom assignments), pedagogical expectations, 
IRB and research protocols, classroom management strategies, and available 
teaching resources. Faculty advisors are accessible to provide additional 
support, particularly for instructors piloting new courses. Importantly, FSM 
recognizes that most instructors balance teaching preparation with research 
and coursework, so the program intentionally cultivates a collaborative, 
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flexible, and supportive environment.

During the summer sessions, instructors receive both logistical and 
instructional support. Program staff monitor attendance records, maintain a 
shared spreadsheet that tracks student progress through pre- and post-tests, 
and act as a point of communication with families. Parents and guardians 
are encouraged to reach out to the FSM email account with concerns or 
questions, and relevant feedback is shared with instructors. At the close of 
each course, anonymous student surveys are collected, providing insights 
into both teaching effectiveness and student experiences. This ongoing 
feedback loop strengthens the program’s ability to improve from year to year.

The teaching load is designed with sustainability in mind. Most instructors 
teach one course per session, though some may teach in both of the two 
summer sessions if needed. In cases where enrollment is small, a second 
instructor may be assigned to meet supervision requirements and provide 
classroom support. Additional instructors are occasionally kept on reserve 
to address illness, scheduling conflicts, or unexpected changes.

Ultimately, FSM’s instructor model is grounded in a balance of trust 
and structured support. Instructors are trusted to design meaningful and 
engaging learning experiences for their students, while the program ensures 
that they are equipped with resources, mentorship, and a collaborative peer 
network. This reciprocal structure has been key to maintaining both the 
quality of instruction and the enthusiasm of instructors across successive 
years. 

Course Offerings and Curriculum
Each summer, FSM provides a diverse and evolving catalog of STEM 

enrichment courses. The offerings range from core subjects such as algebra, 
biology, and chemistry to more specialized options including computer 
programming, psychology, and SAT preparation. Courses reflect both student 
interest and instructor expertise, leaving room for creativity and flexibility. 
While staple courses like Algebra 1 and Python Programming are offered 
almost every year, others arise from instructor initiative, such as robotics 
or interdisciplinary courses that connect mathematics with art.

The program is structured into two sessions, usually held in June and 
July. Courses meet three days a week, Mondays, Wednesdays, and Fridays, 
for two hours per day over a two-week period, creating a total of 12 hours 
of instruction. To support pacing, instructors are encouraged to divide each 
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day into two 50-minute blocks separated by a short break, followed by time 
for questions and reflection. This rhythm helps sustain student focus while 
balancing direct instruction, collaborative activities, and exploratory work.

Class sizes are intentionally kept small, with enrollment capped at ten 
students and a minimum of two. Most classes fall between three and six 
students, which allows instructors to adapt lessons and engage students 
in interactive ways. If a course enrolls only one student, program policy 
requires assigning a second instructor to ensure quality. The result is an 
environment that feels closer to tutoring than to a traditional classroom.

Clear expectations and learning goals are emphasized from the start. 
Instructors may format these in different ways, but every course begins 
with a short pre-test and ends with a post-test to measure student growth. 
Many instructors also integrate projects, group activities, or reflective tasks, 
particularly in courses like programming, psychology, or the sciences. Courses 
in biology, chemistry, or environmental science often include laboratory 
components. The university provides lab space, safety equipment such 
as goggles and coats, and requires families to sign a safety consent form. 
Instructors receive logistical and financial support in securing materials, 
ensuring that lab-based classes are both rigorous and safe.

Technology plays a central role across the curriculum. Classrooms are 
equipped with projectors and computers, and instructors often use digital 
platforms like Desmos, GeoGebra, or Python IDEs. These tools enrich lessons 
whether students are graphing functions, simulating chemical processes, 
or designing code. The program’s technical and material infrastructure 
is designed to make experimentation and exploration accessible in every 
subject. Developing a new course typically begins months in advance. Once 
course descriptions are finalized and advertising begins, instructors work 
with coordinators and faculty mentors to refine lesson plans, prepare 
materials, and document their approaches for future use. Whether revising 
an established course or piloting a new idea, instructors are expected to 
upload all teaching materials to a shared drive so future teachers can build 
on their work.

This combination of flexibility, structure, and institutional support allows 
FSM to offer a wide range of STEM learning experiences while maintaining 
a consistently high standard of instruction. To illustrate how these offerings 
come together in practice, Table 1 presents a sample schedule of the 2025 
summer courses across both sessions. The courses span mathematics, 
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science, and interdisciplinary topics, with options delivered in both in-person 
and hybrid formats, reflecting FSM’s commitment to accessibility and variety.

Table 1. Sample course schedule from FSM 2025 summer program (both 
sessions).

Session 1: June 2-June 13, 2025, Monday- Wednesday - Friday

Time Course 1 Course 2 Course 3

9:00-11:00 Algebra 2** Intro Biology* Intro Physics*

11:30-1:30 Algebra 1* Pre-Calculus* Intro Programming*

1:45-3:45
Standardized Test 
Review**

Psychology and why 
it matters*

Intro Chemistry*

4:00-6:00 Geometry* Coding in Python** Advanced Chemistry*

Session 2: July 7-July 18, 2025, Monday- Wednesday - Friday

Time Course 1 Course 2 Course 3

9:00-11:00 Algebra 2**
Viruses and our 
world*

Brain Science*

11:30-1:30 Algebra 1* Pre-Calculus* Intro Chemistry*

1:45-3:45
Standardized Test 
Review**

Intro Physics* Coding in Python**

4:00-6:00 Geometry* Zoology* Intro to Astronomy*

*Only in person, **Hybrid (online or in person)

Student Recruitment and Enrollment 
Recruitment of students for the Foundations in Science and Mathematics 

(FSM) program begins each spring and is intentionally designed to reach 
a wide spectrum of learners. Because the program is hosted at Indiana 
University, many participants come from Bloomington and surrounding 
counties, yet the program also attracts students from across Indiana and 
occasionally from neighboring states. The recruitment effort therefore aims 
to balance two goals: ensuring that local students and families are aware of 
the opportunities available, and opening the program to a wider audience 
who may benefit from summer enrichment experiences in STEM.

The outreach strategy has gradually expanded to include multiple 
channels. Traditionally, recruitment has relied on personal networks and 
word of mouth, especially through parents of past participants who often 
share positive experiences with peers. To strengthen these informal efforts, 
the FSM team also coordinates with local schools, community organizations, 
and youth programs. Information flyers and digital announcements are 
distributed through school mailing lists, while teachers and counselors are 
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encouraged to nominate students who may thrive in enrichment settings. 
In recent years, social media platforms and targeted email campaigns have 
become increasingly important in widening the program’s visibility. These 
efforts ensure that recruitment is not limited to families already familiar 
with Indiana University, but instead reaches a diverse pool of potential 
participants.

Enrollment officially opens each year on March 1 through an online 
registration system hosted by the university. Families can review the available 
course offerings, session dates, and times before selecting the courses 
that best align with their child’s interests and schedules. Because courses 
often fill quickly, early registration is encouraged. The administrative team 
tracks enrollment numbers carefully and maintains waitlists for high-
demand courses, notifying families if additional seats become available. The 
enrollment system also collects demographic data, prior coursework, and 
areas of interest, which helps instructors tailor their courses to the needs 
and backgrounds of incoming students.

Equity and accessibility remain central concerns throughout this process. 
The program strives to keep tuition costs affordable while also providing 
fee waivers or reduced rates for families with demonstrated financial 
need. In addition, courses are scheduled with flexibility in mind, offering 
both morning and afternoon sessions so that families can select times that 
do not conflict with other summer commitments. Together, these efforts 
underscore FSM’s dual mission: to expand access to high-quality STEM 
learning opportunities and to maintain a supportive, inclusive community 
of learners each summer.

Scheduling and Facilities
Over time, FSM has established a summer schedule that is both predictable 

and flexible, making planning smoother for instructors, students, and 
families. Each year, the program runs in two sessions: the first begins on 
the first Monday in June, and the second starts on the second Monday in 
July. This structure has remained steady for more than a decade, and its 
consistency has been key for returning families, who are able to plan their 
summers in advance, and for instructors, who can reliably anticipate when 
their teaching responsibilities will occur.

Each session spans two weeks, with courses meeting three times per 
week on Mondays, Wednesdays, and Fridays for two hours per day. This 
format balances intensity and manageability: students complete a full 12 
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hours of instruction in two weeks, while instructors have non-teaching days 
in between to revise materials, prepare new lessons, and follow up with 
students. The rhythm of the schedule has become one of FSM’s strongest 
features, accommodating a variety of summer calendars while maintaining 
a meaningful depth of learning.

Classes are held in multiple buildings on the Indiana University campus, 
including Ballantine Hall, the Chemistry Building, and the Biology Building. 
These facilities were chosen for their proximity to one another, which 
simplifies navigation for families, and for the specialized resources they 
offer. Laboratory courses such as biology and chemistry are scheduled in 
university labs that meet safety requirements, while programming and SAT 
preparation courses take place in classrooms with projectors, computers, 
and reliable internet access. The program coordinator, a graduate student, 
typically manages the process of reserving rooms, though faculty advisors 
and departmental staff assist with navigating IU’s scheduling system and 
coordinating with science departments. Over time, FSM has developed 
strong relationships with these units, ensuring that classroom and lab space 
is consistently available each summer.

On the first day of each session, a registration desk is set up in the main 
building to welcome families, guide students to classrooms, and collect any 
final documentation. This desk is staffed by coordinators and instructors 
from morning until evening and serves as the central hub for communication. 
It may seem like a small detail, but this welcoming point has been crucial 
in setting the approachable and supportive tone that families have come 
to associate with FSM.

Because FSM is also a research initiative, instructors are required to 
complete certain compliance trainings. All instructors are added to the 
program’s IRB protocol, since pre- and post-test data, along with student 
surveys, are used for evaluation and research purposes. Those who have 
not already completed CITI (Collaborative Institutional Training Initiative) 
training must do so before the summer begins. For laboratory-based courses, 
instructors must also complete safety training if they have not already 
done so through their home departments. FSM provides all the necessary 
lab materials and protective gear such as goggles, gloves, and lab coats 
and strictly follows IU’s established safety procedures. These layers of 
preparation ensure that classes are not only engaging, but also safe and 
research compliant.
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Importantly, FSM has not struggled to secure facilities. The scale of 
Indiana University’s campus, combined with the relative flexibility of summer 
scheduling, has made it possible to find appropriate spaces even as the 
number of courses has grown. Proactive planning by the leadership team, 
coupled with strong departmental partnerships, has kept operations smooth 
and reliable year after year.

To highlight how this planning unfolds across the academic year, Figure 1 
presents the FSM Program Timeline, a month-by-month overview of major 
milestones such as instructor recruitment, course scheduling, student 
enrollment, and the summer sessions themselves. The timeline illustrates 
how work begins long before June, starting with an early interest survey in 
September and moving step by step through call-out meetings, finalizing 
instructors, planning courses, and coordinating outreach. By the spring 
semester, attention shifts to logistics such as scheduling classrooms, opening 
registration, and preparing instructors through course-specific meetings. 
May is devoted to final confirmations, including reviewing enrollments, 
reserving facilities, and making public announcements. Finally, in the weeks 
just before the program launches, the team finalizes course rosters and makes 
adjustments as needed, ensuring that only viable courses move forward.

This cycle shows that FSM is not just a summer project but a year-round 
commitment that requires foresight, organization, and collaboration. The 
visual highlights the cyclical nature of the program, where each stage builds 
on the previous one and lessons learned from one summer inform the 
planning of the next. By the time students arrive in June and July, months 
of coordinated effort have already taken place, making it possible for 
the sessions to run smoothly. The figure underscores how the program’s 
sustainability depends on this structured yet flexible planning process, with 
graduate students, administrators, and faculty advisors all contributing to 
the momentum that carries FSM from year to year.

Taken together, these steps highlight the careful planning and coordination 
required to sustain FSM year after year, and they set the stage for the 
pedagogical approaches described in the next section.
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Figure 1. FSM Program Annually Timeline

Pedagogical Approaches
Instructional design in FSM is rooted in the belief that students learn 

best when they are active participants in the learning process. Rather than 
accelerating curriculum coverage or rushing through content, FSM seeks to 
create opportunities for students to explore STEM concepts in meaningful, 
low-pressure settings. The focus is on fostering curiosity, building confidence, 
and giving students the freedom to ask questions and pursue ideas. This 
orientation reflects broader shifts in STEM education, which increasingly 
emphasize inquiry, exploration, and identity development as central to 
effective teaching and learning (Fosnot, 2013; Windschitl, 2002).

The design of FSM courses is grounded in constructivist learning theory. 
Students are encouraged to build new understandings by connecting 
fresh ideas to what they already know, and by engaging in dialogue and 
collaborative activities with peers (Piaget, 1950; Vygotsky, 1978). Inquiry-
based instruction is a central strategy in this regard, as it allows learners to 
investigate problems, gather evidence, and develop their own explanations. 
Such approaches have long been shown to be especially effective in STEM 
contexts, where active problem-solving and authentic application of 
knowledge are critical (National Research Council [NRC], 2000; Crawford, 
2000).
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One feature that sets FSM apart is its instructor base. Each summer, 
courses are taught primarily by PhD students and advanced graduate 
students in STEM or STEM education. These instructors bring both strong 
disciplinary knowledge and formal pedagogical training to their classrooms. 
Their teaching often reflects the principles of Pedagogical Content Knowledge 
(PCK) (Shulman, 1986), which emphasizes the ability to present subject 
matter in ways that make it accessible and engaging to diverse learners. 
Many also integrate digital tools through the framework of Technological 
Pedagogical Content Knowledge (TPACK) (Mishra & Koehler, 2006), making 
use of platforms such as Desmos, GeoGebra, and digital simulations to 
enhance visualization, interactivity, and student participation.

Preparation for teaching is taken seriously. While FSM does not require 
formal lesson plan submissions, instructors are expected to prepare a 
sequence of 12 instructional hours across the two-week session. These plans 
typically combine a mix of whole-class discussions, guided inquiry tasks, 
independent practice, and hands-on activities. To support this work, course 
administrators provide access to a shared archive of past syllabi, worksheets, 
projects, and lesson outlines. New instructors often adapt these resources, 
while returning instructors update and refine materials based on their 
previous experiences. Planning usually begins several months in advance, 
with mentoring and collaboration available from course administrators 
and faculty advisors.

A hallmark of FSM instruction is its intentionally low-stakes environment. 
Each course includes a pre-test and post-test, but these assessments are 
used only for program evaluation, never for ranking or grading students. 
The results give instructors insight into students’ prior knowledge and 
growth, while also serving as feedback for the program as a whole. This 
approach aligns with formative assessment principles (Black & Wiliam, 
1998), which emphasize learning progress over performance outcomes. It 
helps students view assessments as tools for growth rather than as sources 
of stress, and it allows instructors to adapt their teaching in real time to 
meet student needs.

Small class sizes usually three to six students further support 
individualized instruction. With such groups, instructors are able to build 
strong relationships with their students, tailoring explanations, pacing, and 
activities to the interests and levels of each learner. A typical class period 
might be divided into two 50-minute sessions with a short break in between, 
and instructors often end the day with an open Q&A or reflection period. 
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These closing moments provide students with space to voice lingering 
questions and to consolidate their learning in conversation with peers 
and instructors.

While FSM courses do not require capstone projects or final presentations, 
many instructors incorporate group-based investigations, lab work, or mini-
projects. For example, computer programming students might present a 
simple app or game they designed, while biology students may share results 
from a lab experiment. Courses that involve labs, such as chemistry and 
biology, are supported with appropriate facilities, equipment, and safety 
protocols, ensuring that students have authentic exposure to scientific 
practices. The integration of digital and physical manipulatives also allows 
students to engage STEM concepts through multiple modalities.

Collaboration and professional community are also key features of 
FSM pedagogy. Instructors are encouraged to visit one another’s classes, 
exchange ideas, and share resources. Course administrators often facilitate 
this cross-pollination by organizing informal check-ins and by making sure 
instructors have access to a common pool of teaching materials. This culture 
of openness allows instructors to learn from each other’s successes and 
challenges, and it fosters a sense of belonging within the program.

Ultimately, FSM’s pedagogical approach reflects a commitment 
to accessible, research-informed instruction that remains flexible and 
responsive to the needs of students and instructors alike. By centering 
active learning, inquiry, and community, FSM creates a model of summer 
STEM education that is not only academically rigorous but also deeply 
human one that cultivates intellectual growth while nurturing enthusiasm 
and confidence in the learners who participate.

Leadership and Coordination
One of FSM’s distinguishing features is that, while it serves middle- and 

high-school students, it is coordinated end-to-end by graduate students from 
STEM and STEM-education fields. This graduate-student–led arrangement 
has underpinned the program’s longevity: it creates authentic leadership 
roles planning the schedule, matching instructors to courses, communicating 
with families, and coordinating with departments while keeping curriculum 
and instruction anchored in current disciplinary knowledge and sound 
pedagogy. In practice, the model gives emerging scholars real responsibility 
and keeps the program nimble, responsive, and academically rigorous.
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A Distributed Leadership Model
Each year, FSM is directed by at least one graduate student who serves 

as the Lead Coordinator. In some years, this individual is joined by a co-
lead or a trainee coordinator who shadows the role in preparation for 
future leadership. The Lead Coordinator oversees the full scope of program 
operations from selecting instructors and finalizing course schedules to 
communicating with families and managing day to day logistics.

Supporting this role are Course Administrators, also graduate students, 
who specialize in specific content areas such as mathematics, science, or 
computer science. These course admins act as the primary point of contact for 
instructors in their discipline, helping to manage teaching materials, mentor 
less experienced instructors, and troubleshoot scheduling or organizational 
concerns.

Alongside graduate leadership, faculty advisors play a crucial but 
deliberately background role. They provide institutional oversight and 
ensure continuity, particularly by managing the program’s budget, assisting 
with grant proposals, and preparing annual reports for sponsors. Faculty 
also maintain cross-campus partnerships and confirm that FSM adheres to 
university policies and safety requirements.

Program funding fluctuates from year to year and is drawn from a mix 
of sources, including the university, academic departments, and external 
grants (e.g., NASA and the Indiana Space Grant Consortium). Graduate student 
instructors are not directly involved in financial management. Instead, the 
Lead Coordinator submits updated rosters and course data, while faculty 
and departmental staff handle the administrative processing of stipends 
and reimbursements.

Planning Timeline and Instructor Coordination
Planning for the next summer begins almost immediately after the 

previous program ends. Once Session 2 concludes in July, the leadership 
team starts considering who might assume the coordinator role for the 
following year. Ideally, a successor is identified early so that they can 
shadow the current lead throughout the academic year, gradually learning 
the responsibilities and processes involved in running the program.

During the fall semester, FSM circulates an Instructor Interest Survey to 
graduate students in STEM-related departments as well as to past instructors. 
The survey collects details about subject expertise, availability, and potential 
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course topics, providing an initial pool of candidates. Toward the end of the 
semester, the program hosts a call-out meeting where interested instructors 
are welcomed, program goals and expectations are explained, and logistical 
details are shared. This meeting also serves as an early step in aligning 
prospective instructors with possible courses.

When there is more than one applicant for a course, preference is typically 
given to those with relevant teaching experience or strong departmental 
ties. Returning instructors are also prioritized, both to recognize their 
contributions and to preserve continuity in instructional quality. New 
instructors, by contrast, may initially be placed in a reserve pool to serve 
as secondary teachers or as backups in case of scheduling conflicts or 
unexpected absences. This system has proven valuable for maintaining 
flexibility while ensuring that every class has adequate coverage.

By the start of spring, the roster of instructors is finalized, and specific 
course assignments are confirmed. Monthly meetings begin at this stage, 
giving instructors the chance to collaborate on course preparation, clarify 
program expectations, and coordinate outreach efforts. These meetings 
also provide a venue for experienced instructors and course administrators 
to share strategies, lesson materials, and insights from previous summers 
helping to build continuity while also allowing for innovation.

Coordinating Daily Operations
The smooth operation of FSM during the summer sessions is the result of 

both careful advance planning and strong, ongoing communication among 
all participants. Each session begins with a registration day, during which 
instructors staff a welcome desk in the program’s main building. Here, 
families are greeted in person, consent forms are collected, and students 
are guided to their classrooms. This initial point of contact not only sets a 
professional and organized tone for the program but also reassures families 
that their children are entering a safe and supportive learning environment.

Throughout the summer, the lead coordinator is physically present on-site 
to address any emerging issues as they arise. Whether the concern involves 
classroom access, a student’s unexpected absence, technical challenges, or a 
last-minute scheduling adjustment, the coordinator provides a reliable point 
of leadership and support. Day-to-day communication between instructors 
and the lead team takes place through multiple channels including email, 
in-person conversations, phone calls, or text messages ensuring that no 
issue is left unresolved for long.
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Collaboration among instructors is also actively encouraged. In cases 
where a course has only one registered student, a second instructor is 
assigned to satisfy university supervision requirements. In these situations, 
the second instructor often contributes as a collaborator or observer, which 
not only maintains compliance but also provides the student with a richer 
educational experience. Course administrators, who oversee the broader 
subject areas of math, science, and computer science, check in regularly 
with instructors to offer pedagogical advice, provide additional teaching 
resources, and troubleshoot logistical challenges.

Together, this layered structure of coordinators, course admins, and 
instructors ensures that daily operations are both flexible and reliable. The 
emphasis on open communication and shared responsibility reflects FSM’s 
broader philosophy: the program thrives not only because of individual 
contributions but also because of the collective support and collaboration 
among its teaching community.

External Communication and Institutional Support
Clear and consistent communication with families and university partners 

is essential to FSM’s success. To streamline this process, the program 
maintains a dedicated email account, monitored daily by the lead coordinator 
during the summer months. All official inquiries from parents, students, 
or university staff are funneled through this account to ensure timely and 
accurate responses. Families typically receive a welcome email both from 
the program and from their child’s instructor before the session begins. 
These messages include practical details such as classroom locations, daily 
schedules, contact information, and any required forms. Once classes are 
underway, instructors serve as the first point of contact for families regarding 
student progress or classroom concerns, while the coordinator remains 
available for broader logistical or administrative issues.

On the institutional side, FSM collaborates closely with several units 
across Indiana University. IU Conferences provides vital support for handling 
registrations, billing, and financial records, while departments such as 
Physics, Chemistry, and Biology help secure access to laboratories, specialized 
equipment, and technical resources. Faculty staff are often instrumental in 
coordinating these arrangements, particularly when purchases need to be 
made with external grant funding or when reporting requirements must be 
met. To avoid scheduling conflicts, space reservations are submitted at least 
one month in advance, and strong relationships with campus departments 
have helped FSM consistently secure the classrooms and labs it needs.
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The program’s collaborative leadership model ensures that these 
responsibilities are distributed effectively. Lead coordinators oversee 
the flow of information, course administrators address subject-specific 
needs, faculty advisors safeguard compliance and budgetary oversight, 
and instructors maintain direct lines of communication with students and 
families. Through this division of labor, graduate students gain experience 
not only in course design and teaching but also in program administration, 
financial coordination, and institutional partnership-building. These skills 
extend well beyond the scope of FSM and prepare participants for future roles 
in academic leadership, educational program management, and community 
engagement. In this way, FSM’s external communication and institutional 
support structures do more than keep the program running smoothly 
they also model the kind of professional collaboration and organizational 
transparency that graduate students will encounter in their careers.

Reflections from Program Leaders and Instructors
Lead Author Reflection
My journey with the Foundations in Science and Mathematics (FSM) 

program began in Spring 2021, during the first year of my PhD studies. A 
colleague who served as the mathematics course administrator invited me 
to consider teaching in the summer program. With five years of experience 
as a high school mathematics and geometry teacher in Türkiye, I was drawn 
to FSM’s goal of increasing high school students’ interest in STEM. I applied 
and was assigned to teach the Standardized Test Review course, commonly 
referred to as SAT Preparation. That summer marked the beginning of my 
enduring relationship with FSM.

For the first two years (2021–2022), I participated as an instructor. 
In 2023, I transitioned into a leadership role as the mathematics course 
administrator. This role involved coordinating math instructors, facilitating 
communication, and managing course-related logistics. Thanks to this 
responsibility, I worked more closely with the FSM coordinator, and as 
they prepared to graduate, I was invited to shadow them. I served as co-
coordinator in 2023 and took on full coordination responsibilities in 2024. 
I continue to serve as the FSM coordinator in 2025, and I will mentor the 
incoming coordinator next year before graduating.

My instructional experience in FSM reflects my desire to teach a range 
of math courses. I taught Standardized Test Review, Algebra 1, Geometry, 
and Precalculus, adjusting and enhancing the curriculum each year. My 
instructional goals have included increasing student engagement through 
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technology (e.g., Desmos, GeoGebra), adapting problem-solving strategies 
from my experiences in Türkiye, and helping students build mathematical 
confidence. My prior work with test preparation centers and textbook writing 
in Türkiye also shaped my approach to SAT strategies. FSM provided an 
opportunity to refine these practices, and I incorporated self-study elements 
to document my growth as both a teacher and a researcher.

FSM has also allowed me to appreciate the unique challenges of teaching 
students from diverse grade levels (e.g., both 7th and 9th graders in an 
Algebra 1 class), requiring differentiated strategies. Unlike undergraduate 
teaching at the university, FSM offered real-time classroom experiences with 
younger learners and supported my understanding of the U.S. secondary 
curriculum. Teaching in a culturally and linguistically diverse environment 
also enriched my teaching and allowed me to promote equity in the classroom.

As a leader, FSM helped me grow in several ways. While I had prior 
leadership experience in student organizations and conferences, FSM allowed 
me to lead within an instructional context working with instructors, faculty, 
families, and students. I learned how to coordinate with university faculty, 
manage program logistics, and mentor new instructors. I also strengthened 
my communication skills with local teachers and school administrators, 
especially during outreach and recruitment.

One challenging moment was building the teaching schedule. Balancing 
instructor availability with student needs and course offerings was not 
always easy. I realized that being a leader meant making decisions that 
might not please everyone but ultimately served the program’s goals and 
ensured fairness. Another challenge involved supporting students who 
struggled with payments. Initially unsure of the protocol, I learned that 
FSM prioritized accessibility over revenue and was empowered to grant 
scholarships. These moments deepened my sense of responsibility and 
trust in collaborative decision-making.

I found that clear task delegation and shared responsibilities fostered 
a strong team dynamic. Many of our instructors were PhD students like 
myself, and our mutual respect allowed us to collaborate effectively. I made 
a conscious effort to be approachable and present responding to emails, 
attending sessions, and contributing alongside others. Rather than directing 
from above, I worked alongside the team. This collaborative leadership style 
helped sustain a sense of shared ownership and motivation.
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FSM significantly shaped my professional identity. The program 
complemented my doctoral coursework and research by providing a hands-
on teaching and leadership platform. I believe FSM has helped me become a 
more reflective educator and a more empathetic leader. It strengthened my 
understanding of high school curricula in the U.S., particularly in comparison 
with my background in the Turkish education system.

Looking ahead, I aim to adapt FSM-style enrichment programs in Türkiye 
and beyond. STEM education is gaining importance globally, and summer 
programs like FSM can be powerful tools for outreach and innovation. 
With support from universities and local schools, and by incorporating 
technological tools such as Desmos and GeoGebra, we can create engaging, 
research-based summer learning environments. These programs can serve 
both students and teachers providing professional development and student 
learning opportunities simultaneously.

FSM taught me that good leadership involves balance: making fair, 
informed decisions even when they are difficult, and maintaining open 
communication. For new PhD students, I would strongly recommend FSM 
for several reasons: it allows you to apply your theoretical learning, improve 
your teaching skills, contribute meaningfully to high school students’ 
education, build professional networks, develop leadership, and participate 
in a collaborative, research-oriented community. FSM is not just a summer 
job, it’s a learning lab, a leadership incubator, and a space for meaningful 
connection.

Co-author Reflection
My journey as an instructor of FSM program began in the summer 2022, 

following a recommendation from senior colleagues in my Mathematics 
Education PhD program at Indiana University Bloomington. Prior to joining 
the program, I taught mathematics to middle and high school students in 
South Korea and Ethiopia for approximately four years. Wanting to build 
on this prior experience, I sought opportunities to teach secondary-level 
mathematics in the U.S. Fortunately, the FSM summer courses provided a 
valuable setting where I could engage with middle and high school students 
in a classroom environment. From 2022 to 2024, I taught precalculus and 
SAT preparation courses over three summers. 

For SAT preparation course, I selected a textbook after reviewing several 
options from the library. I chose one that offered concise content reviews 
and a wide range of problems categorized by topic. I focused on key topics 
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such as algebraic expressions, geometry, probability and statistics, devoting 
one topic per day. I aimed to have a balance between practicing problem-
solving and understanding why math rules work. For instance, during the 
geometry unit, I included an activity where students explored why the sum 
of interior angles of a triangle is 180 degrees. Before the activity, I asked 
students what the sum was everyone responded with 180, but no one could 
explain why. To deepen their understanding, I provided various types of 
triangles labeled by name. Students cut out the triangles and arranged the 
pieces on a separate sheet of paper to see that the angles formed a straight 
line, demonstrating that their sum is 180 degrees. This hands-on activity 
helped students not only understand a well-known geometric fact but also 
review different types of triangles and their characteristics. I believe that 
the meaningful mathematical learning happens when students connect 
procedural knowledge or memorized facts to conceptual understanding.

Figure 2. Geometry activity to prove the sum of interior angles of a 
triangle is 180 degrees
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For precalculus courses, one instructional approach I would like to 
highlight is my active use of GeoGebra. In particular, I used it to support 
students’ understanding of trigonometric functions. For example, when 
introducing transformations of the sine function, we explored how changed in 
an equation affect the graph. I asked students to compare various functions of  
by changing numbers of A, B, C, and D, focusing on identifying the amplitude 
and period. They could sketch the graph on their grid paper and then checked 
their graph by inserting the equations to GeoGebra. I also encouraged them 
to explain the role of the coefficient B in the equation. Through this visual 
and interactive activity, students were able to make meaningful connections 
between the algebraic form of the function and its graphical representation. 

Additionally, I incorporated more student-led activities during class. One 
example was having students solve the same math problem by themselves 
on the blackboard in pairs, using chalk, and then present their solutions 
to the class. This structure allowed students not only to articulate their 
mathematical thinking through explanation but also to learn alternative 
problem-solving strategies by engaging with their peers’ approaches.

As a common classroom context, there were various level of students in 
mathematics joined the same class. Sometimes, there were different grade 
level students joined the same course. To support all students according to 
their prior knowledge and mathematical background, I made it a priority 
to identify those students who needed additional help as well as those who 
were ready for more advanced challenges. 

Pre-tests and pre-surveys played a crucial role in identifying students’ 
backgrounds and levels in math. Administered on the first day of class, they 
included problems aligned with the course topics and helped me gauge each 
student’s mathematical readiness. The textbook I selected also supported 
differentiation as it included problems at various levels of difficulty. I assigned 
foundational problems for all students and reserved more challenging 
problems for those who demonstrated advanced understanding. When 
advanced students completed the basic problems quickly, I provided them 
with additional tasks to deepen their learning. Furthermore, I encouraged 
students to explain their mathematical reasoning to one another. This peer 
interaction helped refine their thinking and provided opportunities to extend 
their understanding through collaborative learning.

Overall, my experiences teaching in the FSM program over the past 
three summers have been meaningful and formative. They allowed me to 
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bridge my prior teaching experience with new instructional strategies that 
support diverse learners in the U.S. classroom context. Through thoughtful 
lesson planning, use of technological tools like GeoGebra, and differentiated 
instruction based on students’ needs, I have grown in my ability to foster 
conceptual understanding and student engagement in mathematics. These 
teaching opportunities have strengthened my commitment to student-
centered teaching practices, which I will continue to carry forward in my 
future work as a mathematics educator.

Implications and Future Directions
The Foundations in Science and Mathematics (FSM) program offers 

several unique contributions to STEM education that distinguish it from 
other summer enrichment programs. One of the most significant features 
of FSM is its instructional model, which centers around graduate student 
instructors, many of whom are doctoral students actively engaged in research 
in mathematics, science, or computer science education. These instructors 
bring cutting-edge disciplinary knowledge and pedagogical innovation into 
the classroom, delivering instruction that is both aligned with high school 
curricula and enriched by advanced academic perspectives.

FSM courses are carefully designed to balance the academic goals of 
reinforcing school content and introducing students to novel strategies and 
tools. For example, geometry instruction often incorporates digital tools 
such as Desmos and GeoGebra, which enable visualizations and interactions 
beyond what is possible in traditional settings. These tools not only help 
deepen students’ conceptual understanding but also reflect the instructors’ 
own research-based pedagogical development.

Equity and innovation are also key pillars of FSM’s approach. The 
program is open to all students regardless of race, gender, or socioeconomic 
background, and instructors strive to adapt lessons to meet the varying needs 
and prior knowledge levels of participants. Pre-tests, in-class observations, 
and formative assessments help instructors provide more tailored instruction 
within the program’s short two-week window. Innovation also stems from 
the instructors’ roles as teacher educators and researchers, allowing them 
to implement and experiment with new instructional strategies that reflect 
current trends in STEM pedagogy.

The FSM model also offers transferable practices that could inform 
similar programs elsewhere. Its structure, which has been sustained over 
15 years, could serve as a replicable model for short-term STEM camps 
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focused on specific disciplines like math, science, or computer science. The 
dual-session summer schedule (June and July) gives families flexibility and 
allows some students to return for a second course. FSM’s hybrid model 
developed during the COVID-19 pandemic further increased accessibility, 
particularly for courses where online delivery is feasible and effective, such 
as mathematics or programming.

Some of the most adaptable features of FSM include its use of doctoral 
students as instructors, the provision of university classroom spaces to 
introduce high school students to college environments, and a commitment 
to accessibility through financial support and scholarships. FSM’s student-
centered pedagogy, which emphasizes discovery and exploration, is 
consistent with contemporary educational values and can be extended to 
diverse settings.

Looking ahead, the future vision for FSM includes the continued offering 
of core STEM courses while integrating emerging topics. Recent additions 
such as Coding in Python and Viruses in Our World exemplify how the 
program responds to students’ evolving interests and global developments. 
Future expansions may include topics like artificial intelligence and data 
science, as instructors bring their specialized knowledge to bear on course 
design.

FSM’s structural and pedagogical development continues to evolve. The 
program encourages instructors to refine and personalize their lesson plans 
while drawing on shared curricular resources. Graduate instructors who 
are experts in their fields enrich the teaching and learning experience with 
their advanced content knowledge and ongoing research.

FSM has also had a significant impact on the professional development of 
its instructors. For many, the program serves as a laboratory for applying and 
reflecting teaching strategies, including those focused on student engagement, 
equity, and the integration of technology. Leadership roles, whether as 
course administrators or coordinators, further develop organizational and 
communication skills essential for future academic careers.

From a research standpoint, FSM provides fertile ground for educational 
inquiry. As a site for ongoing data collection through surveys, pre- and 
post-tests, and interviews, the program supports studies on students’ STEM 
interests, instructional effectiveness, and program impact. Direct interaction 
with students and families also helps overcome challenges commonly faced 
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by graduate student researchers in recruiting participants for studies. For 
example, instructors have used FSM as a site for self-study using frameworks 
like Mathematical Quality of Instruction, or for piloting methods they will 
later use in preservice teacher education.

In sum, FSM represents a vibrant, evolving model of summer STEM 
enrichment that blends academic rigor, equitable access, and pedagogical 
innovation. Its long-term sustainability and adaptability make it a compelling 
blueprint for similar initiatives in other local, national, or international 
contexts.

Conclusion 
The Foundations in Science and Mathematics (FSM) summer program 

at Indiana University exemplifies what a sustainable, student-led STEM 
outreach initiative can accomplish when built on collaboration, intentional 
design, and reflective leadership. Over its 15-year history, FSM has served 
as a bridge between university resources and local middle and high school 
students, offering them a glimpse into the academic world of science, 
technology, engineering, and mathematics in an accessible and enriching 
way. At its core, FSM has generated significant educational benefits for all 
involved. Students are introduced to graduate-level STEM instructors and 
university settings in a low-stakes environment that fosters curiosity rather 
than anxiety. Free from the pressures of grades or exams, participants gain 
early exposure to advanced content and new pedagogical approaches, which 
often reshapes their attitudes toward learning and their aspirations for 
higher education. These encounters with doctoral-level educators, many of 
whom bring global perspectives as international students broaden students’ 
understanding of what STEM can look like and who it is for. FSM has also 
offered invaluable professional development for instructors. For many 
graduate students, FSM is their first opportunity to independently design 
and teach a course, implement instructional strategies, and engage with 
youth in a sustained educational setting. Teaching middle and high school 
learners allows instructors to apply theoretical knowledge in real time and 
reflect on their practice. These experiences not only contribute to their 
development as educators and researchers but also cultivate leadership 
and organizational skills critical for future academic and administrative 
roles. The program’s longevity is no coincidence. FSM’s sustainability has 
been driven by a continuous mentorship model in which outgoing leaders 
train their successors, strong university support, dedicated instructors who 
believe in the mission, and families who return year after year. Access to 
small grants and institutional partnerships has also been key to supporting 



Yavuz, Lee 276

Innovative Practices in STEM Education: 
Emerging Technologies, Pedagogies and Learning Models

instructors financially and ensuring that the program remains affordable or 
free for students. This coordinated effort between university departments, 
graduate students, schools, and families has ensured that FSM remains 
deeply rooted in the local community while also scalable and adaptable. 
From a research perspective, FSM offers a unique environment for studying 
STEM education practices in action. Its flexible structure allows instructors 
to pilot innovative teaching methods, gather data, and reflect using various 
theoretical frameworks, such as self-study or the Mathematical Quality 
of Instruction (MQI) framework. The ease of reaching diverse student 
populations, including those underrepresented in STEM, makes FSM a rich 
site for exploring student engagement, learning outcomes, and pedagogical 
design. Several studies have already used FSM as a research context, and 
future opportunities especially those integrating qualitative interviews, 
observations, and new assessment frameworks are abundant. Looking 
forward, FSM holds promise not only as a continued summer enrichment 
program but also as a model for other institutions and regions. With 
appropriate institutional backing, similar programs could be adapted in 
universities across the world, including in Türkiye, where graduate students 
and faculty could build community-engaged outreach aligned with national 
STEM education goals. The hybrid format has increased reach, but instructors 
continue to advocate for face-to-face formats for certain courses particularly 
those requiring hands-on lab or fieldwork experiences. Ultimately, FSM 
serves as a reminder that STEM education reform does not solely depend on 
large-scale policy shifts. It can begin with a group of committed educators, 
a supportive institutional environment, and a shared vision for equity and 
engagement. The FSM model is not merely about delivering content it’s 
about building relationships, encouraging exploration, and shaping future 
educators and learners. Programs like FSM create space for collaborative, 
generative work that benefits all stakeholders and that, perhaps, is its most 
enduring contribution.
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Chapter Highlights
This chapter examines how authentic STEM research experiences can 

be designed and sustained to support rural high school students through 
targeted mentoring, place-based learning, and community partnerships.

•	 Rural STEM Challenges: Rural students face persistent barriers such 
as limited access to advanced STEM courses, mentors, technology, 
and funding, which restrict participation in high-quality STEM 
research.

•	 NC STEM Research Academy Model: The chapter introduces the NC 
STEM Research Academy as a scalable framework to increase rural 
student participation in STEM research and engineering design.

•	 Teacher-Led Mentorship: Rural teachers are positioned as key 
facilitators, with professional development, stipends, and sustained 
support strengthening teacher–student research partnerships.

•	 Place-Based & Funds of Knowledge: Student projects are grounded in 
local community needs, place-based contexts, and family knowledge, 
enabling meaningful and resource-efficient research.

•	 Flexible & Virtual Mentoring: The use of virtual mentoring, near-peer 
support, and local materials helps overcome geographic isolation 
and infrastructure limitations.

To Cite This Chapter:
Wickliff, A. (2025). From curiosity to discovery: Promoting student STEM research 
in rural high schools. In M. T. Hebebci (Ed.), Innovative Practices in STEM Education: 
Emerging Technologies, Pedagogies and Learning Models (281-299). ISRES Publishing

Chapter 11



Wickliff 282

Innovative Practices in STEM Education: 
Emerging Technologies, Pedagogies and Learning Models

Introduction
Conducting STEM research is useful for all students but an especially 

valuable one for rural high school students. According to Why Rural Matters 
(2023) there are over 7 million students enrolled in rural school districts 
representing 15.7% of all public-school students in the United States and 
one in seven of these live below the poverty line. Rural students have many 
challenges that may hinder their academic success, growth and opportunities 
in STEM. These challenges can include limited access to advanced STEM 
courses in math, science, engineering, and computer science, fewer teachers 
qualified to teach in STEM content areas, limited access to technology, fewer 
extracurricular programs in STEM, fewer community-STEM based resources, 
and less financial support (Why Rural Matters, 2023; De Mars et al., 2022; 
Grimes et al., 2019; Marksbury, 2017). Finally, in many rural districts 
one third or more of students do not have internet connectivity at home 
(National Center for Education Statistics, 2023). These limitations restrict 
high school students’ access to high-quality STEM education and workforce 
development in rural areas. By engaging in STEM research, students can 
access local resources, mentors, and experiences that might otherwise be 
overlooked in rural areas. Performing STEM research gives rural students 
the opportunity to build essential skills, foster critical thinking, strengthen 
academic confidence, and helps them to consider access to high-demand 
jobs and higher education.

Why a NC STEM Research Academy?
According to Public Schools First NC (2025), more than one in three 

students attend school in a rural district and North Carolina has the second 
largest rural student population in the US, after Texas. Eighty of North 
Carolina’s 100 counties are predominately rural and 42 percent of schools in 
the state are rural. North Carolina is one of the US states where rural students 
graduate high school at a lower rate than their non-rural peers. The challenge 
for engaging rural high school students in STEM research is two-fold. First, 
students must be convinced the effort is worthwhile and second, students 
must be provided with the resources and encouragement to succeed. Our 
project partners established a high school NC STEM Research Academy to 
increase the pipeline of diverse students engaged in STEM research in rural 
school districts in eastern and western NC. We have worked together for 
many years and came to realize that a large percentage of students were 
not being introduced to STEM research in high school. Facilitating high 
quality student research is a challenge in rural areas with limited access 
to community resources, materials and mentors.
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Originally, we conceived the idea of a NC STEM Research Academy to 
develop grant proposals to state and federal agencies with a long history 
of supporting K-12 STEM research competitions in NC. With over 15 years 
of experience, we saw the same set of high school students with STEM 
research projects often competed against each other at the yearly events.

These students were typically not ethnically diverse and, for the most 
part, came from the same schools, geographically located in the same major 
urban areas of the state. In order to diversify and increase the number of 
students from across North Carolina, the Academy partners targeted schools 
located in the coastal, eastern part of North Carolina and the mountains, 
western area of North Carolina. Both areas are classified rural and have 
high poverty populations.

Because of the project partner experience in working with NC rural 
teachers and students, we knew from the outset the following program 
parameters:

1.	 The key to working with students is identifying and working with 
a teacher who will in turn support the student.

2.	 Rural teachers who are willing to work with students conducting 
STEM research typically have little to no experience with research 
themselves.

3.	 Most rural students are new to research and have little to no 
experience with either the scientific method or engineering design 
process.

4.	 Student STEM research is not explicitly listed in the state science 
or math standards, and so student work needs to be completed 
during extra-curricular hours.

5.	 There are fewer resources, financial, STEM mentors, STEM 
businesses, etc. available to students in rural areas.

Given these conditions, we designed the NC STEM Research Academy. 
The program began in 2017 with more than fifty students, and ten teachers 
total from eastern and western North Carolina. The project partners included 
university STEM outreach education specialists from two universities, two 
high school teachers, a school district administrator, and a statewide non-
profit foundation director. The participants of the Academy included both 
rural teachers and students. Initially, funding was provided by the US Army 
exclusively. The initial funding was a modest amount and was awarded as a 
pilot study. The award was for one year at $25,000 and was later increased 
to $50,000 per year. However, when the Army funded ended after five years 
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other program partners contributed to support the program for two reasons. 
The first reason is that the program expenses were not costly, and the second 
more compelling reason was that the program partners recognized the 
success of the program. Rural teachers and students completed research 
projects and successfully competed in STEM events against daunting odds 
including crippling snowstorms, massive hurricanes, and school relocation.

The program expenses initially covered educator stipends to encourage 
their participation, refreshments for students to meet on the weekend, 
and travel expenses for university and master teacher mentors. The other 
budgeted expense built into the program was for research materials and 
supplies. Program partners assumed that students would need funding to 
support their research ideas, especially if their research work was to be 
competitive in the statewide STEM competitions typically populated by 
students who have been mentored at university labs or advanced STEM 
schools. Project partners anticipated the cost of renting lab space, paying 
for use of expensive analytical equipment, chemicals, glassware, rare metals, 
etc. However, what we did not realize is the resourcefulness of the students 
and the fact that their ideas for research focused on meeting a local or 
community need that did not necessarily equate to a need to purchase 
expensive supplies and materials or rent or use expensive equipment. 
Even when we offered to purchase new supplies for projects students 
often refused and found items readily available from family or recycled 
materials rather than purchase new materials. For example, one student 
in the western North Carolina mountains wanted to research windcatchers 
as a way to provide air conditioning without increasing energy costs. He 
was interested in researching this passive cooling system because of the 
increasing number of days of higher temperature due to climate change. 
Currently most homes in western North Carolina do not have central air 
conditioning. Project partners offered to purchase new piping (duct work) 
for his experimental set up in an outbuilding on his property, but his father 
had found a home that had been remodeled, and the piping (duct work) 
was available for free reuse, so the student refused our offer. This is just one 
example of many of how our offers to purchase supplies were often turned 
away by students who found what they needed from their peers, family, and 
others in their rural communities. This is very much a benefit of rural life 
either in the mountains or on the coast of North Carolina.
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Table 1. NC STEM Research Academy Schedule

Assignment
Assignment Description
(Note: Students should have at least 12 weeks to 
do their projects)

Meetings

Teacher
Training

Professional Development Training -Research 
Methodology and Working with Students

Overview In Person East 
and West Cohorts

Selection &
Permission

AEOP Teachers Announce and Select Students for 
Program.
Students must sign participation contract.

Completed at School

Topic 
Selection 

Students need to select a topic area and propose 
a researchable question or engineering design 
project.

Project Partners meet 
virtually with Teachers 
prior to Student Meeting 
Virtual 9-Noon, Saturday

Research 
Plan

Mandatory for ALL Students.
Submitted to Project 
Partners

Research 
Paper & 
Poster 
Content

Meeting to discuss research paper format and 
content that can and should be used for Poster 
content. Review sample papers and posters from 
past STEM competition.

Project Partners meet 
virtually with Teachers 
afterschool. Student 
Meeting Virtual 9-Noon, 
Saturday

Experimental 
Design
Materials & 
Procedures

An explanation of Variables, Independent, 
Dependent, Controls.
A detailed list of the materials that will be used to 
conduct the experiment and must be submitted to 
project partners for purchase.

Project Partners meet 
virtually with Teachers 
afterschool. Student 
Meeting Virtual 9-Noon, 
Saturday

Data 
Overview

Students NEED to provide good data analysis for 
their projects. At a minimum mean, median, mode, 
and standard deviation need
to be provided and discussed. Students should 
consider using inferential statistics to support 
their research questions.

Project Partners meet 
virtually with Teachers 
afterschool. Meet with
Students In-Person East 
and West Cohorts.

Conducting 
the 
Experiment

There should be a minimum of two weeks to allow 
the students to
do multiple runs of their experiments. Minimum 
Trials: 5 runs of experiment/trials. Engineering 
Design: List Test Parameters

Completed with Teacher 
Facilitation

Data 
Analysis & 
Graphs

The analysis of the experimental data. A summary 
of the findings of the experiment or testing 
engineering design.

Project Partners meet 
virtually with Teachers 
afterschool. Student
Meeting Virtual 9-Noon, 
Saturday

Final 
Report/
Posters

A report that collects all the above written 
assignments with an explanation of results. 
Preparation of project abstract.

Completed with Teacher 
Facilitation
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Display 
Board

Draft Project Board and Presentations
In-person Joint Meeting 
East and West Cohorts

STEM
Competitions

Held Throughout Spring Academic Semester

Project partners began with a two-day teacher training for teachers to 
explain the goals and learning objectives of the Academy, to demonstrate 
activities, and to share program materials for student participation. The 
Academy begins at the start of each academic year in late August or early 
September and students work through mid-February to be prepared to 
present in a statewide STEM competitions held throughout the Spring. 
Project partners mentor formally between eight to ten days during the 
Academy. Prior to Covid pandemic, mentoring was done onsite and in 
person but post-Covid, mentoring was primarily completed virtually. The 
format of the Academy sequentially follows the steps of scientific research 
or engineering design. Many teachers have stayed with the program for eight 
years and know what research activities the students need to complete in 
what progression to prepare them for the STEM research competitions. 
Table 1 provides the schedule of the NC STEM Academy Research tasks.

Why is the NC STEM Research Academy Successful?
The key to working with rural students is identifying and working with 

a teacher who will in turn support students. The essential first step to a 
successful STEM research program and the success of the NC STEM Academy 
is locating rural teachers who want to participate. The initial stipend of 
$800.00 helped entice teacher participation. Each teacher was expected to 
work with four to five students facilitating research work. Teachers were 
expected to attend all Academy virtual and in-person meetings during 
the academic year. What project partners know is that rural students 
prefer to work with people they know and do not prefer to work with 
strangers especially from outside their communities. Identifying a teacher 
research partner for students is critical. However, a strong teacher advocate 
who supports students is a universal benefit in high school regardless of 
geographic location. High school students, like all students, appreciate and 
benefit from strong, supportive teachers. Students perform better and are 
motivated to learn when positively encouraged and taught by a caring, 
supportive educator. Rural teachers know their students and families and 
are visible and well-known in their community. Typically, the rural school 
is one of the largest employers in the community and a teacher most likely 
knows the parents and has probably taught siblings of students. Knowing 
this, project partners sought out rural teachers interested in facilitating 
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research projects for students in their content area, mainly in biology and 
environmental science.

 The teachers would be provided with a small stipend and training 
and sustained with support by project partners. Because student STEM 
research is not a required in the NC course of study for either science or 
math, students would need to work on their research projects after school.

Therefore, participating teachers would have to understand that they 
would need to dedicate time after school to the NC STEM Academy. Project 
partners worked with school district personnel in the western and eastern 
NC areas to identify teachers who would be willing to participate.

According to The National Academies of Sciences, Engineering, and 
Medicine; Education, 2024, rural teachers tend to be less qualified in STEM 
because they are generally paid less, and locations are geographically less 
desirable. In addition, rural teachers who are willing to work with students 
conducting STEM research typically have little to no experience with research 
themselves. Project partners expected to identify teachers and knew that 
many would not stay with the program. In total, more than 25 teachers 
have participated in the Academy and today we have five teachers who have 
continued with the program since its inception. Of these five teachers, two 
worked outside the classroom prior to becoming teachers. One educator 
worked as a biomedical laboratory technician, and another worked as a 
water quality scientist with the U.S. Environmental Protection Agency. 
These STEM experiences enabled these educators to serve as role models 
to the other educators. They reinforce good research practice instruction 
with the teachers and help mentor all students during Academy meetings, 
in-person and virtual. Other teacher participants left the program due to 
family changes, school changes, and two teachers moved out of the state. 
The coastal area of North Carolina is home to military bases and so both 
teachers and students move in and out frequently due to reassignments.

The initial teacher training was held so project partners could overview 
the Academy goals and model the initial steps to conducting STEM research. 
It is essential to provide clear and concise goals for the educators. The NC 
STEM Academy initially met on Saturdays to model research instruction 
and activities for the teachers and students. The goal was to “train’ the 
teacher and educate the students so that the teacher could then sustain the 
program year after year with minimal support from the project partners. 
Each Academy meeting was designed with the purpose of preparing a final 
research paper and poster for STEM competitions held throughout the spring 
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in North Carolina. With this endpoint in mind, each Academy event included 
time spent with students and teacher participants reviewing, evaluating, and 
reporting on past competitive high school student posters. These artifacts 
included past high school student posters from various competitions from 
within the past three years that were national or state-winning posters 
and some that did not place. Academy participants met in groups to review 
the posters, and they used existing judging rubrics from the International 
Science and Engineering Fair (ISEF) or other competition rubrics to judge 
the posters. This process allowed them to learn the framework for and 
expectations of their research work for competitions. The students had an 
endpoint to work towards based on seeing finished research papers and 
posters prepared by other high school students. An example of an award 
winning poster is provided in Figure 1.

Figure 1. Sample High School Research Poster

One challenge of research for high school students is identifying a 
reasonable researchable question, hypothesis, or engineering problem 
statement. When surveyed at the end of each academic year, teacher 
participants listed that the most difficult challenge for them was facilitating 
students through their selection of a topic for research. Almost all rural 
students are new to research and have little to no experience with either 
the scientific method or engineering design process. One advantage for rural 
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education is local rural or place-based knowledge of residents. Avery (2013) 
says that rural students who are engaged with their local environment and 
issues can make connections beyond their school environment directly 
impacting their community. The National Academies of Sciences, Engineering, 
and Medicine; Education (2024) suggests that STEM is inherent in rural 
communities, especially those tied to ”agriculture, coastal communities, and 
remote communities that rely on a subsistence economy (p. 18).” The STEM 
Academy students from western and eastern NC did make connections to 
their communities based on their rural places and knowledge. Rural areas 
are a great place for learning science and engineering with access to natural 
areas, work in agribusiness such as farming or fishing. Many rural students 
learn to develop engineering and science skills in their daily lives to solve 
problems and fix equipment in their daily work activities. This type of 
experiential learning increases students’ knowledge and ability to achieve in 
STEM course work and to take on a STEM research project. Below is a table 
of project titles from student research projects from western and eastern 
rural NC students. It is just a sample of projects students have undertaken 
but it is clear the students understand their community context and want 
to be helpful or solve a problem that is local.

Another source of knowledge for rural students is their families with 
their accumulated wisdom, hands-on knowledge of jobs and careers, where 
they have lived, the history of a region, people, traditions, and cultural 
practices. The concept of “funds of knowledge” by Luis Moll (2005) is 
that people have knowledge learned from their life experiences. The most 
direct way of accessing students’ funds of knowledge is to get to know as 
much as possible about the student. A good start is to find out what the 
student might be interested in researching in the context of their family 
and community. See Figure 2.



Wickliff 290

Innovative Practices in STEM Education: 
Emerging Technologies, Pedagogies and Learning Models

Table 2. List of Student Research Projects
Name Research Project Title School

Student A
Impacts on Local Air Quality from Personal  
Burn Barrells

Onslow Early 
College High School

Student B
Developing a Biodegradable Water Bubble
Solution to Reduce Plastic Water Bottle 
Waste

Onslow Early 
College High School

Student C
The Effects of Various Plants on Fertilizer 
Runoff

Onslow Early 
College High School

Student D ENO River Quality
Onslow Early 
College High School

Student E
The Cost Efficiency of Store Bought versus 
Home-Made Compost for Plant Growth

Northside High 
School

Student F Cost Efficiency of Vertical Solar Panels
Onslow Early 
College High School

Student G
How Does Renaming a Military Base Affect 
Local Communities

Northside High 
School

Student H
The Impacts of Microplastics on Plant 
Growth and Soil Health

Onslow Early 
College High School

Student I
Quantitative Analysis of the Effects of 
Agricultural Absorption Rates on Greenhouse 
Gas Pollutant

Avery High School

Student J
Using Coding and Condensed Microphones 
to Determine the Location of a School 
Shooter

Avery High School

Student K
Mycofiltration Within Bacterially Polluted 
Waters

Avery High School

Student L
Revolutionizing Kudzu into a Sustainable 
Bioplastic

Watagua High 
School

Student M
Utilizing Lagenidium giganteum to 
Eradicate Mosquito Larvae

Watagua High 
School
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Figure 2. STEM Research Project Brainstorming

We learned a great deal about the participating students when they 
completed the STEM brainstorming worksheet (Figure 2). We know these 
students have strong, extended families in the area and that they rely on 
their family members, community contacts, and friends for information 
and resources rather than relying on outside assistance. We were able to 
identify STEM resources and STEM expertise that other students’ family 
members willingly offered to provide other students. Academy members, 
both project partners and teachers, realized that we would not have many 
of the research projects from high-achieving students we typically see from 
mentored research labs, but we would have good, strong well conducted 
science and engineering projects from students who cared about and are 
connected to their work. The measure of success was not winning the STEM 
competitions but rather knowing students understood and appreciated what 
they gained from the research process. Most Academy students participated 
throughout high school until graduation and so many of the alumni have 
gone on to continue STEM research in their undergraduate studies. They 
have gone on to attend Columbia University, University of South Carolina, 
North Carolina State University, University of North Carolina, and more. 
These students have told us that their experience in the NC STEM Academy 
gave them the confidence to pursue STEM coursework in engineering, 
bioengineering, medicine, at the undergraduate level. 
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There were a few students that were unable to participate not because 
of interest but because of life circumstances. One student did not have the 
time or means to attend the after-school sessions because they needed to 
stay at home to care for their younger siblings. Both their parents work 
as migrant farm workers, and one parent had recently had a bad accident 
using farm machinery and could not work nor care for the younger siblings. 
Another student was unable to participate because the parents who did not 
speak English as a first language were anxious about traveling to participate 
in events outside of their community.

Mentoring Rural Students
     Mentoring rural students in science research requires both creativity 

and flexibility. By leveraging local expertise, identifying less traditional 
mentors, and creating opportunities for students to refine their protocols and 
present their work publicly, educators can make authentic science accessible 
outside of large urban centers. Approaches such as pairing students with 
local scientists, connecting them to near peers, and offering structured 
feedback through showcases empower rural youth to see themselves as 
capable contributors to scientific inquiry. 

Equally important are new approaches that use technology to bridge 
geographic isolation. Virtual mentoring, remote lab access, and digital 
collaboration platforms allow students to interact with experts, refine their 
projects, and receive ongoing guidance. These strategies broaden access to 
mentorship networks and ensure that rural students are not left behind in 
developing 21st-century scientific skills. Ultimately, building sustainable 
mentoring systems requires partnerships among schools, universities, local 
communities, and professional organizations. By widening the definition 
of who can serve as a mentor, whether a teacher, scientist, college student, 
or industry professional, rural students can access multiple pathways to 
experience authentic research collaboration. These connections foster not 
only scientific understanding but also confidence, resilience, and a sense of 
belonging in a STEM community.

Project partners initially drove to western and eastern NC, each trip 
several hours to meet with teachers and students. These Academy meetings 
took place on Saturdays and were packed with activities, discussions, 
and group work. The effort required time and expense for the four to five 
project partners, travel expenses, Academy expenses, snacks and lunch for 
the students in addition to the pre-planning for each meeting. When the 
Covid pandemic hit, partners had to pivot quickly to an online platform to 
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complete the year. It quickly became apparent that the teachers were more 
than capable of sustaining the program onsite while project partners could 
join virtually to provide group activities, discussion, and mentoring. Students 
meet with partners virtually at assigned times who give them feedback at 
all stages of their research journey. 

Community Resources for Rural Students
Community-based programs can draw on local expertise and 

environmental features, such as farms, forests, rivers, beaches, and mountains 
to create meaningful learning experiences (Avery, 2013). This local context 
helps students see the relevance of science and engineering to their own 
lives builds connections to place and a sense of belonging to community. 
Because of the nature of STEM learning in rural areas, STEM education can 
occur in a variety of environments, from classrooms to museums, zoos, 
online, the home, parks, gardens, and other natural areas. In eastern North 
Carolina, a main resource for students is the local military base. Not only 
are there STEM personnel, engineers, information technology, etc. but there 
are plenty of service industries off-base that students can connect with for 
information and assistance. The eastern NC student cohort also has access 
to coastal water research laboratories. These governmental and non-profit 
organizations study marine animals and water quality. In the western NC 
region of the state an important industry is ecotourism. Keeping water 
quality pristine, commercial land development is limited, and biodiversity is 
encouraged. This focus and the organizations, Soil and Water Conservation, 
Park and Recreation Department, etc. are all useful community organizations 
students can work with to collect data, review methodology, results and to 
share their findings and results.

Conclusion: Program Success & Implications
The NC STEM Academy demonstrates that rural students can engage 

in authentic research experiences when supported by dedicated teachers, 
mentors, and community partners. Program success rests on three central 
practices: (1) selecting partners who are committed to increasing rural 
student participation in STEM research and engineering design projects, (2) 
engaging rural students, teachers, school administration who will actively 
participate in STEM research opportunities, and (3) cultivating relationships 
with universities, businesses, and community groups to expand access to 
STEM mentoring, resources, internships, and funding partnerships. This 
work affirms Boyer’s (2006) insight that effective rural education “offers 
a deep respect for rural life and honors the determination of residents to 
sustain rural communities. It’s inherently interdisciplinary, project-based, 
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and it builds on local resources and expertise” (p. 115).

 The implications are clear: research-based, project-driven mentoring 
in rural areas is not only feasible but transferable. As Rural Education 
at a Glance (USDA Economic Research Service) shows, higher levels of 
educational attainment directly support stronger economic outcomes in rural 
areas. When rural schools invest in research they contribute to long-term 
community sustainability by preparing students for both higher education 
and the modern workforce.

•	 Sustaining and scaling this model requires intentional collaboration. 
Our model follows closely the criteria for educating a rural workforce 
suggested by the U.S. Department of Agriculture’s Economic Research 
Service Rural schools (2017) and includes:

•	 Using place-based education: This connects research work with 
local resources, history, and the environment to explore real-world 
learning opportunities.

•	 Establishing strong partnership between teacher and student 
researchers: This promotes consolidation of resources, knowledge, 
and expertise.

•	 Creating professional networks: Partnerships among community 
business, industry and education allow rural teachers and students 
to develop mutually beneficial relationships.

•	 Engage universities in “grow-your-own” initiatives: This will 
strengthen the pipeline of rural educators and encourage students 
to pursue STEM careers

•	 Partner with businesses and higher education institutions: 
This provides an excellent directory for research mentoring and 
assistance.  

By leveraging these strategies and resources, the NC STEM Academy 
model shows how rural schools can create sustainable pathways to STEM 
success. The result is not only stronger individual outcomes for students but 
also the revitalization of rural communities through education, workforce 
readiness, and innovation.

Program Success and Implications
The NC STEM Academy successfully engaged high school teachers 

and students in STEM research by 1) Choosing individuals from local 
schools and the community strongly committed engaging in research and 
engineering design projects; 2) Working with rural students, teachers, 
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families, community members, and organizations so pipelines to STEM 
higher education and career pathways remain open to rural students; and 
3) Pursuing and cultivating relations with various organizations to provide 
rural students with formal experiences in STEM through shared resources, 
mentoring, and internship

Resources: Implementation Guide: Starting a Rural 
STEM Research Program

For educators and communities interested in replicating the NC STEM 
Academy model, the following steps provide a practical roadmap.

•	 Needs Assessment: What are the local strengths, what gaps exist 
(e.g. lab equipment, mentor access, teacher training), what are 
anticipated costs?

•	 Stakeholder Engagement: Involve students, teachers, families, local 
scientists/industry from the beginning.

•	 Pilot Project: Start with a small research project (e.g. local 
environmental science, agricultural research, citizen science) to 
pilot program activities, mentor connections, student interest.

•	 Resource Mapping: What community colleges, business, industry, 
governmental organizations are within reach? Are there online 
platforms, virtual labs if physical labs are too far or expensive?

•	 Evaluation and Feedback: Build in ways to assess what works, collect 
feedback, refine protocols.

•	 Scaling & Funding Strategy: Once pilot is successful, seek funding, 
formalize partnerships, maybe build a pipeline (e.g. mentorship → 
summer research → showcase → further opportunities).

Best Practices for Program Success in Rural 
Communities

•	 Project-based, place-based learning: Anchoring research projects 
in the local environment (ecology, agriculture, local issues) helps 
engage students and draw on local expertise.

•	 Virtual mentorship / collaboration: Use of remote scientists, online 
lab simulations, virtual research tools so that rural students aren’t 
limited by lack of local resources.

•	 Partnerships: With universities, industry, extension services, 
museums, community organizations. These can provide mentor 
help, provide equipment and sites for fieldwork.

•	 Teacher professional development: Model research process for 
teachers using inquiry-based methods, scientific research skills, 
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project management, data analysis etc.
•	 Local capacity building: Building from local knowledge (community 

practices), leveraging what is available (land, community, existing 
facilities).

•	 Sustainability planning: Securing multi-year funding, integrating 
with school district priorities, involving families and community, 
embedding programs so they survive beyond individual champions.

By following these steps, rural schools can adapt the NC STEM Academy 
framework to their own contexts, creating sustainable pathways to STEM 
success and ensuring that students are prepared for both higher education 
and the modern workforce.



297 Wickliff

From Curiosity to Discovery: Promoting Student STEM Research in Rural High 
Schools

References
Avery, L. M. (2013). Rural science education: Valuing local 

knowledge. Theory Into Practice, 52(1), 28–35. https://doi.org/10.1080
/07351690.2013.743769

Boyer, P. (2006). Building community: Reforming math and science 
education in rural schools. Fairbanks, AK: Alaska Native Knowledge Network. 
Downloadable at http://www. ankn. uaf. edu/Publications/building_
community. pdf

Brown, K., Heise, N., Nelson, J., Hall, H., Ivie, K., Meyer, C., Eitel, C., Walrond, 
J., & Clapp, T. 	 (2021). Engaging rural high school students in STEM 
utilizing graduate mentors, virtual reality, and case-based learning. The 
FASEB Journal, 35(S1), Article fasebj.2021.35.S1.03790.  https://doi.
org/10.1096/fasebj.2021.35.S1.03790

De Mars, A., Taken Alive, J., Burns Ortiz, M., Ma, Z., & Wang, M. (2022). 
Educators’ perspectives on factors impacting STEM achievement in rural 
Indigenous student-serving schools.  The Rural Educator, 43(1), 24–
36. https://doi.org/10.35608/ruraled.v43i1.1207

González, N., Moll, L. C., & Amanti, C. (Eds.). (2005). Funds of knowledge: 
Theorizing practice 	 in households, communities, and classrooms. 
Lawrence Erlbaum Associates.

Grimes, L. E., Arrastía-Chisholm, M. A., & Bright, S. B. (2019). How can 
they know what they don’t know? The beliefs and experiences of rural 
school counselors about STEM career advising. Theory and Practice in Rural 
Education, 9(1), 74–90. https://doi.org/10.3776/tpre.2019.v9n1p74-90

Marksbury, N. (2017). Monitoring the pipeline: STEM education in rural 
U.S. Forum on Public Policy, 2017(2). https://forumonpublicpolicy.com/
vol2017.no2/marksbury.pdf

Morris, J., Slater, E., Fitzgerald, M. T., Lummis, G. W., & van Etten, E. 
(2021). Using local rural knowledge to enhance STEM learning for gifted 
and talented students in Australia. Research in Science Education, 51(Suppl 
1), 61–79. https://doi.org/10.1007/s11165-019-9823-2

National Academies of Sciences, Engineering, and Medicine. (2024). K–12 
STEM education and workforce development in rural areas (E. T. Cady, K. Frase, 
& T. Neill, Eds.). National Academies Press. https://doi.org/10.17226/28269

National Center for Education Statistics. (2023). Rural students’ access to 
the internet. Condition of Education. U.S. Department of Education, Institute 
of Education Sciences.  https://nces.ed.gov/programs/coe/indicator/lfc.



Wickliff 298

Innovative Practices in STEM Education: 
Emerging Technologies, Pedagogies and Learning Models

Public Schools First NC. (2025, February 1).  The facts on rural 
schools – public schools first NC. The Facts on Rural Schools. https://
publicschoolsfirstnc.org/resources/fact-sheets/the-facts-on-rural-schools/

Rivera, S., Kiiza, I., Kavanagh, K., DeWaters, J., Galluzzo, B., & Ramsdell, 
M. (2023). Challenges and opportunities for STEM teachers in rural schools: 
A case study. Thresholds in Education, 46(3), 420–439.

Showalter, D., Hartman, S. L., Eppley, K., Johnson, J., & Klein, R. (2023). Why 
rural matters 2023: Centering equity and opportunity. National Rural 
Education Association. https://www.nrea.net/why-rural-matters

Tran, H., Hardie, S., Gause, S., Moyi, P., & Ylimaki, R. (2020). Leveraging 
the perspectives of rural educators to develop realistic job previews for rural 
teacher recruitment and retention. The Rural Educator, 41(2), 31–46. https://
doi.org/10.35608/ruraled.v41i2.866

United States Department of Agriculture, Economic Research Service. 
(2017). Rural education at a glance, 2017 edition (Economic Information 
Bulletin No. 171). https://www.ers.usda.gov/webdocs/publications/83078/
eib-171.pdf



299 Wickliff

From Curiosity to Discovery: Promoting Student STEM Research in Rural High 
Schools

About Author
Alisa Wickliff is associate director at Center for Science, Technology, 

Engineering & Mathematics (STEM) Education.

 abwickli@charlotte.edu



Innovative Practices in STEM Education: Emerging Technologies, 
Pedagogies and Learning Models examines how contemporary 
pedagogical approaches and emerging technologies can be 
effectively integrated to design meaningful, equitable, and 
sustainable STEM learning environments. This edited volume 
moves beyond technology-driven innovation by emphasizing the 
critical role of theory-informed pedagogy, curriculum design, and 
assessment in advancing STEM education. Drawing on diverse 
frameworks such as inquiry- and problem-based learning, 
computational thinking, gamification, variation theory, integrative 
STEM, and TPACK, the book illustrates how innovative practices 
support deep conceptual understanding, creativity, and 
collaboration across STEM disciplines. Mathematics is 
positioned as a unifying discipline that connects science, 
technology, and engineering through modelling and problem 
solving. With a strong focus on implementation and equity, the solving. With a strong focus on implementation and equity, the 
volume presents international case studies and research-based 
examples from face-to-face, hybrid, and virtual contexts, 
including rural and underserved settings. By critically examining 
emerging technologies—such as augmented reality, metaverse 
environments, open-source platforms, and game-based 
learning—alongside STEAM, entrepreneurship, and 
community-based initiatives, the book offers a comprehensive community-based initiatives, the book offers a comprehensive 
and practice-oriented perspective. Intended for researchers, 
educators, and policymakers, this volume provides an 
evidence-informed roadmap for developing coherent, inclusive, 
and future-ready STEM education practices.
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