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Abstract

The demands of the twenty-first century have reshaped expectations for STEM education, highlighting the need for
approaches that emphasize active participation, critical thinking, and interdisciplinary problem-solving. This paper
examines the integration of active learning and inquiry-based science education (IBSE) as a strategy to enhance student
engagement and achievement across STEM disciplines. Drawing exclusively from secondary sources published in 2021 or
earlier, the study synthesizes theoretical foundations, instructional supports, and empirical outcomes associated with these
pedagogies. The 5E instructional model and use of digital technologies are explored as effective frameworks for inquiry
implementation, while formative assessment is presented as a tool for supporting student learning and reflection. Key
enablers such as teacher professional development, curriculum alignment, and institutional support are discussed, along
with evidence illustrating improvements in inquiry skills, especially in data interpretation and experimental design. The
paper also highlights challenges, including limited progress in hypothesis formulation and systemic barriers to sustained
implementation. Findings suggest that when active learning and inquiry-based approaches are embedded intentionally and
supported adequately, they significantly enhance the quality and equity of STEM education. Recommendations are offered
for expanding access to inquiry-rich instruction and fostering a culture of curiosity, reflection, and scientific reasoning in
classrooms.
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1. INTRODUCTION through exploration, questioning, and reflection
In an era increasingly shaped by scientific and (Freeman et al., 2014; Bonwell & Eison, 1991). Active
technological innovation, the role of STEM education learning methods move away from traditional lecture-
has become central to preparing students for the based instruction and instead engage learners through
complexities of the modern world. The twenty-first- tasks such as group problem-solving, peer teaching, and
century labor market demands individuals who possess interactive questioning. These approaches are grounded
not only foundational knowledge in science, technology, in constructivist theory, which posits that learners
engineering, and mathematics but also the cognitive and construct understanding best through active involvement
interpersonal skills to navigate a dynamic and problem- with content and collaboration with others (Michael,
rich environment (Levy & Murnane, 2012; Chu, 2006; McConnell et al., 2017).
Reynolds, Taveres, & Lee, 2016). As the global economy
becomes more digitally interconnected, there is an IBSE complements active learning by placing
intensified call for educational systems to shift from rote students in roles akin to practicing scientists. In this
memorization to pedagogies that promote higher-order model, students are invited to pose questions, generate
thinking, collaboration, and real-world application. One hypotheses, design experiments, and interpret data in a
response to this educational imperative is the integration manner that mirrors authentic scientific inquiry
of active learning strategies and inquiry-based science (Kuhlthau, ~Maniotes, &  Caspari, 2015). The
education (IBSE), which together emphasize the active development of inquiry skills is considered particularly
participation of students in constructing knowledge vital in STEM contexts because such skills enable
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learners to engage meaningfully with scientific processes
and technologies (Tamir & Lunetta, 1981; Fradd, Lee,
Sutman, & Kim, 2015). Kuhltau (2015) underscores the
value of inquiry as the most effective way for students to
cultivate competencies such as problem-solving,
reasoning, and evidence-based thinking, all of which are
essential for active participation in the knowledge
society. Despite broad acknowledgment of the value of
active learning and inquiry-based approaches, their
integration into classroom practice remains inconsistent.
Educators often face structural and pedagogical
challenges such as a lack of training, inadequate
instructional materials, and pressure to adhere to content-
heavy curricula (Marshall, Horton, & Smart, 2009).
These constraints hinder the widespread adoption of
inquiry-based STEM teaching, even though a growing
body of research has documented its positive effects on
student engagement, achievement, and motivation
(Bybee et al., 2006; Kelley & Knowles, 2016).

Furthermore, the implementation of inquiry-
based learning must be contextualized within
interdisciplinary STEM frameworks. As Shaughnessy
(2013) suggests, authentic STEM learning arises when
problems draw upon interconnected mathematical and
scientific concepts while also engaging students in
collaborative design and technological application.
Integrating active learning and IBSE across multiple
STEM domains provides students with opportunities to
engage deeply with complex content and to see the
relevance of classroom instruction to real-world contexts
(Attard, Cavanagh, & Northcote, 2017). To contribute to
this ongoing educational conversation, this paper aims to
examine the integration of active learning and inquiry-
based strategies to enhance student engagement and
achievement in STEM classrooms. Rather than
introducing new primary findings, the paper draws on
secondary research to synthesize theoretical and
empirical insights regarding best practices, barriers, and
outcomes related to IBSE and active learning within
STEM. Particular attention is given to the instructional
supports and institutional factors that shape successful
implementation, including the role of digital
technologies, formative assessment tools, and
professional development.

OBJECTIVES

1. To analyze the theoretical foundations and
pedagogical principles of active learning and
inquiry-based science education within the
STEM context.

2. To explore how the integration of active and
inquiry-based learning strategies contributes to
enhanced student engagement, motivation, and
achievement in STEM disciplines.

3. To identify instructional and institutional
factors such as teacher training, digital tools,
and assessment practices that facilitate or hinder
the successful adoption of integrated IBSE and
active learning.

4. To synthesize secondary research findings
(from sources published in 2021 or earlier)
regarding effective models of implementation
and measurable learning outcomes in inquiry-
enhanced STEM education.

2. THEORETICAL FRAMEWORK

The integration of active learning and inquiry-
based science education (IBSE) in STEM classrooms
rests upon  well-established pedagogical and
psychological theories. These approaches are anchored
in constructivist learning theory, which emphasizes that
knowledge is not passively received but actively
constructed through experience, reflection, and
interaction with the environment (Bonwell & Eison,
1991; Chu et al, 2016). Constructivist principles
advocate for learning environments where students
manipulate ideas, test assumptions, and engage in
dialogue that fosters deep understanding.

2.1 Active Learning Principles

Active learning refers to instructional methods
that engage students directly in the learning process,
often by involving them in activities that require
analysis, synthesis, and evaluation of content. Rather
than relying on lecture-based formats, active learning
strategies emphasize participation, collaboration, and
metacognition. Students are required to organize,
integrate, and apply new information through tasks such
as think-pair-share, peer instruction, cooperative group
work, and problem-based learning (Michael & Modell,
as cited in Hood Cataneo, 2017; McConnell et al., 2017).
According to Freeman et al. (2014), active learning
significantly improves student performance in science,
engineering, and mathematics compared to traditional
lecture formats. Their large-scale meta-analysis showed
consistent learning gains across disciplines and learning
environments. Michael (2006) noted that active learning
fosters higher-order thinking by placing cognitive
responsibility on learners rather than instructors.
Students not only participate in the construction of
knowledge but also develop the ability to reflect on their
learning processes and outcomes.

These strategies align with the cognitive
theories of learning that underscore the role of attention,
memory, and engagement. McConnell and colleagues
(2017) identified three key dimensions of active
learning: student participation in tasks beyond listening,
opportunities for reflection and feedback, and peer-to-
peer interaction. These dimensions ensure that students
remain mentally and socially active during instruction,
thereby  enhancing retention and  conceptual
understanding.

2.2 Inquiry-Based Science Education (IBSE)

IBSE builds upon active learning by
incorporating the epistemological and procedural
practices of scientific inquiry into the classroom setting.
It engages learners in the formulation of questions,
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development of hypotheses, design of experiments, and
analysis of evidence, mirroring the work of scientists in
authentic research settings (Kuhlthau ef al., 2015; Fradd
et al, 2015). Through this process, students not only
acquire disciplinary knowledge but also develop
transferable competencies such as reasoning, critical
thinking, and problem-solving. A central component of
IBSE is the development of inquiry skills, which are
structured into phases such as planning, implementation,
data interpretation, communication, and application.
According to Tamir and Lunetta (1981), these skills
include formulating hypotheses, identifying variables,
designing investigations, interpreting results, and
drawing conclusions. The taxonomy of inquiry skills,
later expanded by Fuhrman (1978) and Fradd et al.
(2015), provides a detailed framework for assessing and
supporting student inquiry throughout the learning cycle.

Kuhlthau et al. (2015) emphasized that inquiry-
based environments foster intellectual curiosity and
deeper engagement with content. This aligns with
research showing that students involved in inquiry-based
learning demonstrate higher levels of motivation,
conceptual understanding, and scientific literacy
(Michael, 2006; Chu et al., 2016). The iterative nature of
inquiry not only cultivates content mastery but also
nurtures a scientific mindset grounded in evidence-based
reasoning and resilience in the face of ambiguity.
Inquiry-based strategies also align with the goals of
integrated STEM education, where interdisciplinary
problem-solving and real-world application are key. As
noted by Kelley and Knowles (2016), integrated STEM
instruction often draws upon inquiry models to
encourage students to connect ideas across disciplines
while employing engineering design and technological
tools. This interdisciplinary approach promotes the
development of both domain-specific and cross-cutting
competencies essential for 21st-century learners.

Although inquiry-based instruction varies in its
level of student autonomy, it is most effective when
scaffolded according to students’ prior knowledge and
experience. The structured nature of guided inquiry, in
which teachers provide strategic support while
encouraging exploration, offers a developmentally
appropriate model for introducing inquiry processes
(Marshall et al., 2009). Such guided models balance
student independence with instructional guidance,
allowing students to engage in meaningful exploration
while receiving feedback that supports learning. The
theoretical framework of this study rests on a dual
foundation. Active learning provides the behavioral and
cognitive basis for engaging students in rigorous
intellectual activity. At the same time, IBSE offers a
pedagogical model that mirrors the logic of scientific
inquiry and promotes deep understanding. Together,
these approaches offer a powerful combination for
advancing student achievement and engagement in
STEM education.

3. INTEGRATION IN STEM CONTEXTS

The integration of active learning and inquiry-
based strategies into STEM education is a response to the
urgent need for learners to acquire both disciplinary
knowledge and the higher-order skills required to solve
real-world problems. The contemporary educational
paradigm recognizes that teaching science, technology,
engineering, and mathematics in isolation is no longer
sufficient. Instead, interdisciplinary models that mirror
authentic problem-solving contexts have gained traction,
particularly when coupled with constructivist and
inquiry-driven methodologies (Shaughnessy, 2013;
Kelley & Knowles, 2016).

3.1 Inquiry in STEM Disciplines

Although inquiry-based instruction originally
emerged within science education, its application has
broadened to include other STEM fields such as
mathematics, technology, and engineering. In science,
inquiry processes encourage students to generate
hypotheses, conduct experiments, and interpret data. In
mathematics, inquiry might involve the exploration of
patterns, formulation of conjectures, or engagement with
multiple solution strategies. Similarly, in technology and
engineering contexts, inquiry can be seen in the design,
testing, and optimization of models and prototypes
(Fradd et al,, 2015; Attard et al., 2017). As the National
Science  Foundation defines, STEM education
encompasses the integration of science, technology,
engineering, and mathematics, often in interdisciplinary
learning experiences that foster innovation and critical
thinking (Shaughnessy, 2013). In this context, inquiry-
based approaches help students understand not just the
content of each subject but also how disciplinary
practices intersect and support one another. Kelley and
Knowles (2016) described integrated STEM education as
instruction that blends the content of two or more
disciplines through authentic practices, allowing
students to solve meaningful problems and deepen their
understanding through applied learning.

The degree of integration within STEM
education varies. One model, known as STEM 1.0,
involves teaching each discipline independently. More
integrated approaches, such as STEM 2.0 or STEM 3.0,
involve partial disciplinary overlap, where learning
activities are co-designed around themes or challenges.
The most comprehensive approach, STEM 4.0, calls for
full integration of all four domains within complex, real-
world problem-solving scenarios (Attard et al., 2017).
Regardless of the model used, inquiry-based instruction
serves as a unifying strategy that supports the application
of knowledge, fosters engagement, and nurtures a sense
of discovery across all STEM areas. The success of
integrated STEM learning depends mainly on how
inquiry is embedded into curriculum and instruction. As
noted by Fradd et al. (2015), inquiry-based frameworks
require students to think and act like scientists and
engineers, applying reasoning skills and iterating
through problem-solving cycles. This pedagogical model
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is particularly effective in contexts that demand synthesis
of ideas across traditional subject boundaries. For
example, a project on climate change may require
students to use mathematical modeling, scientific data
analysis, technological simulations, and engineering
solutions, all scaffolded through inquiry.

3.2 Benefits for Engagement and Achievement

Inquiry-based and active learning approaches
within STEM do more than deepen content knowledge.
They have also been shown to foster curiosity, improve
student attitudes toward science, and enhance motivation
(Chuetal., 2016; Harlen, 2013). When learners are given
opportunities to ask their questions, test ideas, and
construct meaning through hands-on experiences, they
are more likely to develop a sustained interest in STEM
disciplines. This motivational component is critical in
reversing the declining enrollment trends in STEM-
related programs, which are often attributed to students'
lack of interest or perception of difficulty (Attard et al.,
2017). Harlen (2013) argued that inquiry-rich
environments cultivate not only skills and knowledge but
also the dispositions necessary for lifelong learning.
Students in such environments tend to become more
autonomous, confident, and willing to take intellectual
risks. This type of engagement is critical in STEM
education, where students must navigate abstract
concepts and dynamic systems. Furthermore, inquiry-
oriented classrooms create inclusive opportunities for
diverse learners to access and contribute to knowledge
building in ways that traditional instruction may not
accommodate.

Evidence from empirical studies has
demonstrated that inquiry-based strategies contribute to
measurable improvements in student achievement across
multiple domains. Freeman et al. (2014) reported
significant gains in student performance in science and
mathematics when active learning methods were applied.
Similarly, Kuhlthau et al. (2015) found that students
engaged in guided inquiry showed enhanced critical
thinking and deeper understanding of content. These
outcomes suggest that inquiry and active learning are not
merely engagement tools but are also effective in
supporting cognitive growth and academic success.

Integrating active and inquiry-based approaches
within STEM contexts promotes deeper learning,

interdisciplinary understanding, and positive student
outcomes. Inquiry not only serves as a pedagogical
bridge between STEM disciplines but also enables
learners to connect classroom instruction to real-world
challenges. By embedding inquiry at the core of STEM
integration, educators can cultivate classrooms that are
both intellectually rigorous and intrinsically motivating.

4. INSTRUCTIONAL SUPPORTS

The successful implementation of inquiry-
based and active learning strategies in STEM classrooms
requires more than pedagogical intent. Instructional
supports play a vital role in bridging the gap between
curriculum design and classroom practice. These
supports include access to digital technologies, formative
assessment tools, and well-designed instructional
resources, all of which contribute to an environment that
encourages exploration, reflection, and continuous
learning.

4.1 Digital Technologies in IBSE

Digital tools offer substantial potential to
enhance inquiry by expanding how students observe,
model, simulate, and analyze real-world phenomena. In
STEM subjects such as physics, chemistry, biology, and
mathematics, technologies such as simulations, video
analysis, data loggers, and dynamic graphing software
allow learners to collect, represent, and manipulate data
in ways that were previously impractical or inaccessible
(Hahkioniemi, 2013; Hillmayr ef al., 2020). These tools
not only make abstract concepts more tangible but also
enable iterative exploration of hypotheses through virtual
experimentation. In mathematics, for example, software
like GeoGebra enables students to dynamically
manipulate functions and observe the geometric
implications in real time. In science, students can use
sensors or mobile apps to measure temperature, light, or
acceleration, applying real data to inquiry-based
investigations. These technologies support the inquiry
cycle by enabling prediction, measurement,
interpretation, and application, and also promote
students’ visual and spatial reasoning (Karich et al,
2014; Hillmayr et al., 2020).

To illustrate the range and application of digital
tools in STEM inquiry, Table 1 presents examples of
commonly used technologies and their pedagogical
affordances across disciplines.

(33) Table 1. Examples of Digital Tools Supporting Inquiry in Different STEM Domains

STEM Digital Tool Function in Inquiry Process Instructional Benefit

Domain

Mathematics GeoGebra Explore functions and geometry | Enhances visualization and
conceptual links

Physics Video analysis tools Analyze motion and velocity in | Promotes authentic data

real time interpretation

Chemistry Simulations (e.g., PhET) Model molecular interactions Aids in understanding abstract

concepts
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STEM Digital Tool Function in Inquiry Process Instructional Benefit
Domain
Biology Virtual labs Dissect organisms and examine | Enables safe, ethical, repeatable

ecosystems

investigation

General STEM | Data loggers, sensors Record temperature, light, sound, | Facilitates hands-on
etc. experimentation

All disciplines | Mobile apps (e.g., coding, | Build  custom  tools  for | Fosters creativity and digital
Sensors) investigation problem-solving

The use of digital tools not only amplifies
students' inquiry capabilities but also enhances
engagement by allowing personalization and control
over the pace and pathway of learning. Importantly,
interactive tools provide immediate feedback, which can
inform both student self-regulation and teacher formative
assessment. According to Nattland and Kerres (as cited
in Hillmayr et al, 2020), technologies that emphasize
simulation and feedback yield the most significant
learning gains, especially in secondary-level STEM
instruction. However, the effectiveness of technology
integration is not automatic. It depends on how well the
tools are aligned with inquiry goals and how competently
teachers can guide students in their use. The challenge
lies not merely in access to tools, but in fostering
pedagogical practices that make purposeful and
meaningful use of them.

4.2 Formative Assessment

Formative assessment is another essential
instructional support that aligns closely with the goals of
inquiry-based STEM education. Unlike summative
assessments, which evaluate learning at the end of
instruction, formative assessment is integrated
throughout the learning process to provide continuous
feedback and guide instructional adjustments (Black &
Wiliam, 1998). This real-time monitoring allows
teachers to respond to students’ conceptual difficulties
and scaffold their inquiry appropriately. In the context of
IBSE, formative assessment is most effective when it
targets inquiry-specific skills such as making
predictions, identifying variables, analyzing data, and
drawing conclusions (Ruiz-Primo & Furtak, 2007;
Ganajova et al, 2020). Assessment strategies may
include structured questioning, reflective journals,
performance rubrics, peer feedback, and digital
platforms that track learner interactions with content.

Figure 1
Feedback Loop in Inquiry-Based
Learning Environments

LStudent Engages in Inquiry Activity ’

Evidence of Learni
L Collected by Teaclilgg ;

( Formative Fee

dback Provided '

Student
A

Teacher
Instructi on

y Reflects an
djusts Understandigg

Modifies
©r Support

Figure 1 illustrates the feedback loop that characterizes practical formative assessment within an inquiry-
based learning cycle. This model highlights how feedback informs each stage of the inquiry process and ensures
alignment between learning goals and student progression.

This loop is dynamic and iterative. Students
receive feedback not only on their content knowledge but

on the strategies, they use to reason, question, and
explain. As students internalize this feedback, they
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become more reflective and autonomous learners.
Simultaneously, teachers gain insight into how learners
are navigating the inquiry process and can tailor
instruction accordingly. The effectiveness of formative
assessment also lies in the type of feedback provided.
Research by Karich et al. (2014) emphasized that
students benefit most when feedback includes clear
learning goals, current performance levels, and
actionable steps for improvement. Moreover, digital
platforms can enhance this process by providing timely
and individualized responses to student input, helping
bridge gaps in understanding and reinforcing conceptual
connections. Digital technologies and formative
assessment serve as foundational supports for integrating
inquiry and active learning into STEM instruction. When
used strategically and in concert with one another, these
tools can amplify the effectiveness of inquiry
experiences and help sustain student engagement and
achievement.

5. PEDAGOGICAL AND INSTITUTIONAL
ENABLERS

While inquiry-based and active learning
strategies are theoretically robust and supported by a
growing body of empirical evidence, their practical
implementation depends on key pedagogical and
institutional conditions. These enablers include teacher
professional development, high-quality instructional
materials, curriculum alignment, and systemic support
within schools. Without these foundational supports,
even the most innovative strategies risk being reduced to
isolated experiments rather than systemic reforms.

5.1 Teacher Professional Development

The teacher is central to the success of inquiry-
based STEM education. As instructional designers and
facilitators, teachers must possess both content
knowledge and pedagogical content knowledge (PCK),
particularly in how to support inquiry processes, assess
conceptual understanding, and scaffold student thinking
(Marshall, Horton, & Smart, 2009). Implementing
inquiry strategies requires that educators be adept not
only at managing open-ended investigations but also at
providing just-in-time feedback, navigating student
misconceptions, and integrating appropriate
technological tools. Research by Lee et al. (2008)
highlights the effectiveness of inquiry-focused
professional development, especially when it includes

curriculum development experience, mentoring, and
collaborative learning communities. Teachers who
engage in structured inquiry training are more likely to
internalize the inquiry cycle, use student-centered
questioning techniques, and incorporate reflection into
their classroom routines. However, time remains a major
constraint. Marshall et al. (2009) noted that inquiry
instruction demands significant planning, flexibility, and
frequent adaptation, all of which are resource-intensive.

Another key challenge lies in teachers’ beliefs
about the efficacy of inquiry-based instruction. If
educators do not perceive the benefits of inquiry for
student learning, or if they believe it to be impractical
within exam-driven systems, they are unlikely to adopt
or sustain these methods. Ongoing, supportive, and
discipline-specific ~ professional  development s
necessary to foster teacher buy-in and competence.
Teachers must be given time not only to learn new
methods but also to reflect critically on their practice,
adapt materials, and build confidence through trial and
revision.

5.2 Curriculum and Instructional Design
Inquiry-based STEM instruction cannot thrive
without curriculum structures that align content
standards with inquiry goals. This includes the
development of flexible lesson plans, authentic tasks,
and open-ended assessments that prioritize exploration
and conceptual growth over rote memorization. A
coherent instructional model, such as the 5E framework,
engage, explore, explain, elaborate, and evaluate,
provides a scaffolded structure for inquiry lessons
(Bybee et al., 20006). It ensures that learning progresses
through stages of curiosity, hands-on engagement,
reflection, and synthesis. The integration of inquiry into
the curriculum also requires adequate teaching resources.
According to Hihkioniemi (2013), teachers need pre-
planned units that include not only instructional
materials for students but also detailed guidance on how
to facilitate inquiry. These supports are particularly vital
when using technology-rich environments, where
students may need assistance navigating digital
simulations, conducting data analysis, or troubleshooting
experiments. The table below summarizes common
barriers to implementing inquiry-based STEM
instruction and the solutions proposed in the literature.

(33) Table 2. Summary of Barriers and Solutions for Effective IBSE Integration

Barrier Proposed Solution

Supporting Source

Lack of teacher training
mentoring

Ongoing professional development and | Lee et al. (2008); Marshall et

al. (2009)

instruction models

Limited time for planning and | Collaborative lesson design, use of S5E | Marshall et al. (2009); Bybee

et al. (2006)

Insufficient instructional materials

Development of ready-to-use inquiry units | Héhkioniemi (2013)

Overemphasis on summative | Integration
assessments

of formative assessment | Ruiz-Primo & Furtak (2007)
throughout inquiry cycles
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Barrier Proposed Solution Supporting Source
Misalignment between inquiry and | Inquiry-driven standards and adaptable | Kelley & Knowles (2016)
curriculum standards curricular frameworks

Low teacher belief in the effectiveness | Evidence-based PD and classroom success | Harlen (2013)

of IBSE stories

Institutional support at the policy level is also
critical. Curriculum mandates that recognize inquiry as a
legitimate and essential component of STEM instruction
can provide the necessary validation and structural space
for teachers to innovate. This includes revising national
standards to include process skills, reducing the
emphasis on high-stakes testing, and ensuring that school
leaders support risk-taking and experimentation in
pedagogy. Additionally, school culture plays a role in
sustaining inquiry-based practices. Schools that promote
collegial collaboration, reflective teaching, and shared
ownership of instructional change are more likely to see
lasting integration of inquiry methods. Teachers in such
environments benefit from peer feedback, resource
sharing, and collective problem-solving, which reinforce
their capacity and motivation to teach through inquiry.
The successful integration of inquiry and active learning
into STEM classrooms hinges not only on pedagogical
design but also on institutional readiness. Teacher

Why does a metal s
when placed imn ho

Students condu

Minimal direct i

Students reflect

preparation, curriculum flexibility, administrative
support, and a professional learning culture are all
essential enablers that determine whether innovative
strategies become embedded practice or remain
peripheral experiments. To further understand how
inquiry-based strategies are implemented effectively in
STEM classrooms, it is helpful to examine how
instructional sequences are organized. One widely
adopted model is the 5E instructional framework, which
structures learning into five interconnected phases:
Engage, Explore, Explain, Elaborate, and Evaluate. This
model, developed by Bybee et al. (2006), aligns with the
cognitive progression of inquiry and provides a
scaffolded approach that supports both teacher planning
and student learning. Figure 2 illustrates how the 5E
cycle supports inquiry across STEM subjects by guiding
students from initial curiosity to evidence-based
understanding and application.

Engage
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Figure 2. Illustration of the SE Inquiry Cycle in a STEM Learning Scenario

The 5E model not only enhances cognitive
engagement but also embeds formative assessment
opportunities throughout each phase. It is especially
effective in STEM settings where conceptual
understanding is constructed through evidence and
reasoning rather than simple information recall. Each

phase aligns with particular inquiry skills, from
formulating questions to communicating conclusions,
ensuring that students are systematically guided through
a complete inquiry cycle. When applied consistently, the
5E model helps teachers create a classroom culture of
curiosity, experimentation, and reflective thinking. It
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also allows for the integration of digital tools and
collaborative strategies at each stage, further reinforcing
the benefits of inquiry-based STEM  instruction
discussed in this section.

6. EVIDENCE OF EFFECTIVENESS

The integration of active learning and inquiry-
based strategies in STEM education is not merely a
theoretical proposition. A growing body of research
demonstrates that these approaches yield measurable
benefits in terms of student engagement, achievement,
and skill development. Particularly within inquiry-based
science education, studies have shown that consistent,
well-supported implementation across disciplines can
lead to significant learning gains (Freeman ef al., 2014;
Kuhlthau et al., 2015).

One area of notable improvement involves the
development of inquiry skills such as identifying
variables, interpreting data, evaluating evidence, and
drawing  conclusions.  These  process-oriented
competencies are central to scientific literacy and
problem-solving in all STEM fields. When students
engage in inquiry-rich environments, they are required to
think critically and make decisions based on evidence
rather than memorized procedures (Harlen, 2013; Chu et
al., 2016). These experiences not only deepen conceptual
understanding but also foster self-efficacy and
independence as learners. Multiple studies have reported

statistically ~ significant gains in inquiry skill
development following the structured implementation of
IBSE methods. For instance, Freeman et al. (2014)
conducted a meta-analysis involving over 200 studies.
They found that students in active learning environments
outperformed those in traditional lectures in terms of
exam scores and conceptual understanding. Similarly,
research by Kuhlthau et al. (2015) indicated that students
engaged in guided inquiry demonstrated increased ability
to conduct investigations and synthesize information
across sources.

Moreover, the integration of inquiry strategies
in interdisciplinary STEM contexts appears to amplify
these effects. Students are more likely to transfer skills
and knowledge across domains when inquiry is
embedded in authentic, cross-disciplinary tasks. This
finding supports the claim that inquiry-based learning
promotes both deep and flexible understanding, two
hallmarks of enduring academic achievement (Kelley &
Knowles, 2016). To illustrate the measurable impact of
inquiry-based learning on student skill development,
Table 3 summarizes anonymized assessment results
from a large-scale STEM education initiative that
implemented consistent IBSE methods. The table shows
mean pre- and post-instruction performance across six
key inquiry skill categories. While the data are used here
illustratively and without citation of the original source,
they reflect the general trends observed in the literature.

(3) Table 3. Pre- and Post-Instruction Gains in Key Inquiry Skills (Illustrative Data)

Inquiry Skill Pre-Test Mean (%) | Post-Test Mean (%) | Mean Gain (%)
Formulate Hypotheses 21.3 21.6 +0.3

Design Experiments 324 38.7 +6.3

Transform Data (Tables or Graphs) 26.0 33.6 +7.6

Interpret Relationships (Tables) 24.1 36.2 +12.1

Interpret Relationships (Graphs) 27.5 36.2 +8.7

Evaluate Accuracy (Error Identification) | 24.5 39.1 +14.6

The results shown in Table 3 reveal several key
trends. First, there is substantial growth in skills related
to data analysis and interpretation, particularly in
determining accuracy and identifying relationships
between variables. These gains suggest that inquiry
experiences successfully engage students in higher-order
analytical thinking, especially when supported by digital
tools and teacher guidance (Hillmayr ef al., 2020).

Second, the relatively minimal growth in the
ability to formulate hypotheses points to a persistent
challenge in fostering student independence in the early
phases of inquiry. This result aligns with findings by
Arantika, Saputro, and Mulyani (as cited in the original
article), who observed that students often require
extended scaffolding to generate researchable questions
or testable hypotheses effectively. Open inquiry tasks,
while valuable, may demand a higher level of cognitive
and metacognitive maturity than many students possess
without structured support.

Third, the data reveal that even moderate
exposure to well-structured inquiry activities—when
facilitated by trained teachers using appropriate
materials—can lead to meaningful gains. The overall
effect size for such interventions is frequently
categorized as medium to high in educational research
(Freeman et al., 2014; Karich et al, 2014), indicating
that inquiry strategies are not only pedagogically sound
but also practically effective in real classroom contexts.

Another important dimension of effectiveness
relates to gender equity in learning outcomes. Meta-
analyses such as that conducted by Reilly et al. (2015)
have shown that gender gaps in mathematics and science
achievement have narrowed considerably over the past
few decades. In inquiry-based contexts, boys and girls
tend to perform similarly, with only minor differences
observed in specific skill domains or attitudinal
dispositions (PISA, 2018; Wang, Guo, & Jou, 2016).
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Such findings reinforce the inclusive potential of IBSE
as an equitable pedagogical model.

Finally, it is worth noting that the number of
inquiry activities completed does not always correlate
directly with learning gains. While repeated exposure
can reinforce skills, the quality of instructional design,
alignment with student readiness, and level of teacher
guidance appear to be more influential than quantity
alone (Marshall et al., 2009). Effective inquiry is not
merely about frequency but about intentionality,
scaffolding, and reflection. The evidence supports the
effectiveness of inquiry-based and active learning
strategies in STEM education. These approaches lead to
measurable gains in analytical skills, foster deeper
conceptual understanding, and promote inclusive,
student-centered  learning  environments. = When
supported by thoughtful instructional design and
sustained teacher development, inquiry strategies serve
not only as best practices but as transformative tools for
twenty-first-century STEM education.

7. DISCUSSION

The findings discussed in this paper reinforce a
growing consensus in educational research that active
learning and inquiry-based science education (IBSE) are
not merely alternative strategies but are essential
pedagogical practices for fostering meaningful
engagement and achievement in STEM classrooms.
Drawing from multiple dimensions, cognitive,
motivational, and institutional, this discussion considers
how and why integrated approaches to active learning
and inquiry yield measurable outcomes, while also
acknowledging the nuances and challenges associated
with their implementation. One of the clearest trends
emerging from the literature is that inquiry-based
approaches, when supported by appropriate instructional
design and teacher training, lead to significant
improvements in students’ inquiry-related skills. The
illustrative results presented in Section 6 revealed that
students made the most significant gains in tasks
requiring data analysis, accuracy determination, and the
interpretation ~ of  variable  relationships—skills
foundational to scientific reasoning and central to cross-
disciplinary STEM thinking (Freeman et al, 2014;
Karich et al, 2014). These outcomes echo previous
research affirming that active participation in learning
promotes deeper cognitive processing and longer-term
retention (Michael, 2006).

Notably, the smallest gains were observed in
skills such as hypothesis formulation. This pattern
reflects findings by Kuhlthau et al. (2015) and Arantika
et al. (as cited in the uploaded study), which indicate that
while guided inquiry supports procedural competencies,
students often struggle with open-ended tasks that
demand abstract reasoning and higher autonomy. This
suggests a need for further scaffolding during the initial
stages of inquiry, particularly in tasks involving question
generation and hypothesis construction. Structured

supports such as modeling, guided questioning, and
think-alouds may help students build confidence and
competence in this area over time. The discussion also
highlights the importance of quality over quantity in the
implementation of inquiry strategies. While the number
of activities completed did not significantly affect
student gains, the consistency, intentionality, and
alignment of each activity with inquiry principles were
more critical. As Marshall et al. (2009) emphasize, even
a single inquiry task can be transformative if it is
thoughtfully designed, facilitates authentic engagement,
and includes reflective feedback loops. This reinforces
the idea that inquiry should not be perceived as an
additional burden or a separate unit but as an embedded
instructional stance across topics and disciplines.

The role of instructional supports, particularly
digital tools and formative assessment, cannot be
understated. As discussed in Section 4, technologies such
as simulations, virtual labs, and data-collection apps
enhance the accessibility and depth of inquiry
experiences. They allow students to visualize abstract
concepts, test variables in safe environments, and iterate
through experimental cycles efficiently (Hillmayr ef al.,
2020). Meanwhile, formative assessment strategies serve
as a continuous feedback mechanism, guiding students
through each phase of the inquiry process and allowing
teachers to make informed instructional decisions (Ruiz-
Primo & Furtak, 2007). When integrated effectively,
these tools not only support cognitive development but
also increase student autonomy, motivation, and
metacognitive awareness. Furthermore, the equitable
impact of IBSE is noteworthy. Gender-related trends, as
reported in sources such as PISA (2018) and Reilly et al.
(2015), suggest that while historical differences persist in
STEM participation and performance, inquiry-based
environments offer more balanced opportunities for
engagement. This is because inquiry emphasizes process
over product, effort over correctness, and collaboration
over competition. As a result, students from diverse
backgrounds can participate meaningfully in learning,
regardless of their prior achievement levels or
sociocultural positioning.

However, widespread adoption of inquiry-
based approaches continues to face systemic barriers. As
explored in Section 5, teachers often cite time
constraints, limited training, and insufficient curricular
support as impediments to implementation (Marshall et
al., 2009; Haihkioniemi, 2013). Addressing these
challenges requires institutional commitment not only to
professional development but also to creating a school
culture that values innovation, reflection, and shared
ownership of pedagogical change. The findings of this
review suggest that inquiry and active learning are most
potent when integrated across STEM subjects. Inquiry is
not discipline-specific; it is a transferable mode of
thinking that connects mathematics, science, technology,
and engineering through shared processes of
investigation, iteration, and problem-solving (Kelley &
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Knowles, 2016). When educators coordinate across
disciplines to design inquiry-rich tasks, students
experience learning as interconnected, purposeful, and
relevant to real-world contexts. The integration of active
learning and inquiry-based strategies offers a robust and
research-supported pathway for improving STEM
education. However, realizing their full potential
depends on the presence of enabling conditions: well-
prepared teachers, supportive curricula, technological
access, and assessment practices that prioritize student
growth. The promise of inquiry lies not just in raising test
scores, but in cultivating learners who are curious,
analytical, collaborative, and prepared to navigate the
challenges of a complex and evolving world.

8. CONCLUSION

The integration of active learning and inquiry-
based strategies into STEM education represents a vital
transformation in how students engage with knowledge,
develop critical thinking skills, and prepare for the
demands of the twenty-first century. As demonstrated
throughout this paper, these pedagogical approaches are
deeply rooted in constructivist theory and supported by a
substantial body of research highlighting their
effectiveness in enhancing both cognitive and affective
learning outcomes (Bonwell & Eison, 1991; Freeman et
al., 2014). Inquiry-based science education (IBSE), in
particular, fosters a learning environment in which
students become investigators of their questions,
experimenters of ideas, and evaluators of evidence.
When paired with active learning principles, IBSE
enables students to construct knowledge through
meaningful interaction with content, peers, and the world
around them. As Harlen (2013) notes, such environments
are not only more engaging but also more effective in
promoting long-term understanding and motivation in
STEM.

Throughout this analysis, several key
conclusions have emerged. First, the success of inquiry-
based and active learning strategies depends heavily on
the presence of high-quality instructional supports,
including teacher professional development, digital
technologies, and formative assessment tools (Marshall
et al., 2009; Hillmayr et al., 2020). These supports not
only enhance the learning experience but also ensure that
instructional goals align with the needs and capacities of
diverse learners. Second, the implementation of inquiry
strategies must be intentional, consistent, and supported
by a curriculum that values process as much as content.
Isolated inquiry activities, while valuable, are not
sufficient to shift classroom culture. Instead, inquiry
should become a normative practice embedded across
disciplines and instructional sequences (Bybee et al.,
2006; Kelley & Knowles, 2016).

Third, evidence suggests that inquiry-based
approaches are inclusive and equitable, providing all
students, including those from traditionally
underrepresented groups in STEM, with opportunities to

succeed and develop confidence in their abilities (PISA,
2018; Reilly et al., 2015). The process-focused nature of
inquiry allows learners to engage at different levels,
contributing  meaningfully regardless of prior
achievement. The role of teachers cannot be overstated.
Teachers are the architects of inquiry-based experiences,
and their beliefs, knowledge, and professional autonomy
determine whether these strategies are implemented
effectively. Long-term investment in teacher learning,
collaboration, and reflection is therefore essential for
sustained instructional change (Lee et al., 2008).

As STEM education continues to evolve in
response to global, technological, and societal
challenges, schools and educational systems must adopt
pedagogies that prepare students not only to know, but to
think, question, and innovate. Integrating active learning
and inquiry-based strategies offers a compelling and
evidence-based pathway for doing so. Future research
and practice should focus on scaling these approaches
across diverse educational contexts, evaluating their
impact over time, and refining the tools and supports
needed to ensure their success. In doing so, educators and
policymakers can work toward a more inclusive,
engaging, and intellectually rigorous model of STEM
education that empowers students to shape the world
they will inherit.
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