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This study investigates the effectiveness and variability of STEM
education implementation in Indonesian vocational (SMK) and senior
secondary (SMA) schools. Given the growing emphasis on STEM to
enhance critical 21st-century skills, understanding the consistency and
influencing factors of its outcomes is essential. A meta-analysis was
conducted, incorporating multiple studies on STEM education
implementation. The analysis focused on effect size, heterogeneity,
and the factors contributing to outcome variability. Data visualization
techniques and statistical models were employed to assess consistency
across studies. The analysis revealed a high degree of heterogeneity
among the studies (12 = 82.604%), indicating substantial differences in
research design, methods, and participant characteristics. Despite this
variability, the combined effect size was significant (intercept estimate
=0.307, p < 0.001), with a 95% confidence interval of 0.128-0.485. This
confirms that the STEM approach consistently yields positive
outcomes, particularly in fostering critical thinking, creativity, and
collaboration. The findings suggest that despite contextual differences,
STEM education provides meaningful benefits. However, variations in
implementation—driven by factors such as teaching quality,
resources, and institutional support—impact effectiveness. To reduce
this disparity, policy integration is needed to support teacher training,
industry collaboration, and resource allocation. A holistic, well-
supported, and context-sensitive approach to STEM education is
essential. Strengthening teacher competency, ensuring adequate
facilities, and aligning with industry needs can enhance the
effectiveness and sustainability of STEM initiatives in secondary
education.
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1. INTRODUCTION

In the 21st century, the growing demand for a workforce proficient in science, technology,
engineering, and mathematics (STEM) has prompted countries worldwide to integrate STEM education
into school curricula. STEM is widely recognized as an effective approach to equip students with the
critical thinking, problem-solving, and innovation skills required to meet the demands of an
increasingly complex global economy (Thies et al., 2024). Through project-based and interdisciplinary
learning, STEM fosters deeper engagement by emphasizing hands-on, contextualized experiences
rather than rote memorization (Kiromah et al., 2020). It promotes collaboration, creativity, and
analytical thinking, offering students the opportunity to explore, ask questions, and devise solutions to
real-world problems (Ni'mah et al., 2019). This dynamic learning model not only strengthens students’
academic achievement but also prepares them for the evolving needs of the professional world.

Moreover, STEM education supports the cultivation of both technical and soft skills, such as
communication, adaptability, and leadership —qualities that are crucial in diverse and technology-
driven industries (Ruijuan et al., 2023). Collaborative, project-based learning encourages students to
work in teams, thereby enhancing their interpersonal skills and capacity to navigate multicultural work
environments. By integrating science, mathematics, engineering, and technology into coherent learning
experiences, students gain a holistic understanding of how these disciplines intersect and contribute to
solving complex challenges (Cevik et al.,, 2024). This alignment with real-world contexts not only
enhances students” motivation but also promotes a lifelong curiosity for learning.

In addition, STEM learning environments foster flexibility in thinking, resilience in facing failure,
and experimentation with new ideas—traits essential for success in uncertain and rapidly evolving
industries (Asunda et al., 2023). Beyond theoretical understanding, students are encouraged to engage
in practical inquiry, design prototypes, and reflect on their outcomes, allowing them to develop a
mindset conducive to innovation. These learning processes offer students the chance to take initiative,
refine their decision-making, and grow more confident in their academic abilities and career trajectories.

However, despite the well-documented benefits of STEM education, significant challenges remain
in its effective implementation. One major issue is the gap between policy aspirations and practical
execution in classrooms. Many educators struggle to design and deliver integrated STEM experiences
due to a lack of training, insufficient resources, and limited support systems (Amahoroe, 2021; Hansen,
n.d.). Additionally, the interdisciplinary nature of STEM often presents difficulties in assessment, as
evaluating students’ innovation, problem-solving, and collaboration skills requires more complex tools
than traditional tests (Sintia Devi et al., 2021). The research gap here lies in the limited empirical
understanding of how these implementation barriers affect student outcomes, particularly in diverse
educational contexts such as vocational and senior high schools. While prior studies have focused
largely on STEM'’s academic benefits, fewer have examined the structural and pedagogical conditions
necessary to sustain its success or how different stakeholders’” involvement influences the quality of
implementation.

This study aims to address that gap by investigating the impact of STEM education in vocational
and senior high schools, with particular attention to its effects on student learning outcomes,
engagement, and skill development. The novelty of this research lies in its holistic exploration of how
stakeholder collaboration—including schools, government, and industry —supports or constrains
effective STEM integration. Unlike existing studies that often isolate the classroom as the sole unit of
analysis, this research considers broader systemic factors and real-world partnerships that shape
student learning experiences.

The study is guided by the following research questions: (1) How does the implementation of
STEM education influence students’ academic performance and soft skill development in vocational
and senior high school settings? (2) What challenges do educators face in integrating interdisciplinary
STEM approaches? (3) How does collaboration among government, schools, and industry affect the
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effectiveness and sustainability of STEM programs? These questions are critical to understanding the
full landscape of STEM implementation and to informing policies that enhance its reach and impact.

The significance of this research lies in its potential to contribute to both theory and practice. From
a theoretical perspective, it expands the discourse on STEM education by offering insights into the
institutional and collaborative dimensions that facilitate or hinder its success. Practically, the findings
can guide education policymakers, curriculum developers, and school leaders in designing more
responsive and sustainable STEM programs. By highlighting the roles of stakeholder engagement,
teacher preparedness, and contextual adaptation, this study seeks to build a framework for inclusive
and high-impact STEM education. In turn, such efforts can help create a generation of learners who are
not only academically capable but also equipped with the creativity, resilience, and leadership needed
to address future global challenges (Tuong, 2023; Jones et al., 2020).

Ultimately, the effective integration of STEM education holds transformative potential —not only
for improving student outcomes but also for aligning educational systems with the needs of modern
economies. Through thoughtful implementation, supported by professional development, adequate
resources, and cross-sector collaboration, STEM learning can become a powerful catalyst for
educational reform and workforce development.

2. METHODS

2.1 Research Methods

This study focused on the period from 2018 to 2023 to ensure the inclusion of relevant and current
data. A comprehensive literature review was conducted by searching for articles using specific
keywords across various electronic databases. The databases utilized included Crossref, Google
Scholar, Scopus, Web of Science, Semantic Scholar, ScienceDirect, and Publish or Perish (Harzing),
aiming to identify relevant studies. Additional searches were performed to capture any articles that
might have been overlooked in the primary database queries. The keywords employed in the searches
included: a. "education, teaching, learning," b. "experimental,” c. "Vocational School," d. "Senior High
School," e. "STEM learning outcomes," and f. "STEM effectiveness."

This systematic approach to the literature search was designed to ensure broad and relevant data
coverage so that the analysis could lead to robust and reliable conclusions. The time span of 2018 to
2023 was chosen to ensure that only recent and relevant research was used, given the evolving
dynamics of STEM education. The use of various electronic databases, such as Scopus and Web of
Science, allows access to high-quality scholarly sources, while Google Scholar and Semantic Scholar
provide wider coverage for articles that may not be available in major databases. In addition, the use
of specific but diverse keywords ensures that research covers various aspects related to STEM
education, from learning methods to the effectiveness of learning outcomes. With a combination of
manual and automated searches through platforms like Publish or Perish, the risk of missing relevant
articles is minimized. This process ensures the integrity and validity of the literature used in the
research, providing a solid foundation for further analysis (Altuntas & Barut, 2023).

The results of this comprehensive literature search process were then analyzed in depth to identify
patterns, trends and gaps in research related to STEM education. This analysis focused not only on the
main findings of each article, but also on the research methods used, the geographical context and the
level of education in focus. As such, it provides a holistic picture of how STEM approaches have been
implemented and evaluated in various educational settings (Nurtanto et al., 2020). In addition, the
identification of research gaps provides the basis for recommendations for further studies, such as the
development of more inclusive STEM methods or the adaptation of STEM curricula to local needs. This
approach not only enriches theoretical insights but also provides practical guidance for educators,
policy makers and researchers who want to improve the effectiveness of STEM education globally
(Yamamoto et al., 2022).
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2.2 Article Selection Criteria

This study employed checklists and flowcharts from the PRISMA guidelines to enhance the quality
of the systematic review. Details of the literature screening process are illustrated in Figure 1. To assess
the impact of STEM on learning in vocational and high schools, specific criteria were applied for article
selection: the study must focus on the effects of STEM in vocational (SMK) and high schools (SMA), be
conducted between 2018 and 2023, written in Indonesian, utilize an experimental research design, and
report complete data, including sample size, mean, and standard deviation (SD), to enable Effect Size
calculations. Out of an initial pool of 2,543 articles identified, only 25 met these criteria after screening.
These included 12 studies on STEM implementation in SMK and 13 studies on STEM learning in SMA.

The use of PRISMA guidelines in this study ensured that the literature review process was
conducted in a systematic and transparent manner, thus minimizing bias in the selection of articles.
Strict selection criteria ensured that only relevant and high-quality articles were analyzed, providing
reliability to the research results (Rivera et al., 2016). By choosing an experimental research design, this
study focuses on strong empirical evidence of the effect of STEM learning on learning outcomes in
vocational and high schools. Data collection that includes sample size, mean and standard deviation
allows for accurate effect size calculations, providing a quantitative and comprehensive picture of the
impact of STEM. The screening process from 2,543 articles to 25 articles shows how important rigorous
literature selection is to obtain valid results. The findings from this study not only illustrate the
effectiveness of STEM at the two levels of education, but also provide a basis for the development of
better educational policies and learning practices in the future.

With the selection resulting in 25 shortlisted articles, this study provides a deep insight into the
application of STEM in learning contexts in vocational and high schools. Analysis of the data from these
articles allows the identification of trends in STEM effectiveness, including the most successful learning
strategies and the challenges faced in their implementation. In addition, the findings can be used to
develop more adaptive and relevant approaches for students, such as the integration of digital
technologies or the use of contextualized problem-based projects (Mukhlis et al., 2023). The results also
provide an opportunity to compare the effectiveness of STEM in SMK, which is more oriented towards
practical skills, with SMA, which focuses more on mastering theoretical concepts. Thus, this research
not only contributes to the development of STEM education, but also serves as an important reference
for policymakers in designing innovative curricula that meet the needs of the 21st century.

2.3 Coding Phase

The study was coded after identifying eligible literature. The coding focused on various aspects,
including the experimental discipline, grade level, learning outcome type, and learning model. The
specific coding framework was as follows: Experimental disciplines: Civil Engineering, Automotive
Engineering, Physics, Mathematics, Accounting, and Hospitality. Grade level: Vocational High School
and Senior High School. Learning outcomes: Achievement, Creativity, Problem-Solving, Thinking
Skills, Project Competency Achievement Test, Achievement Test, Learning Motivation, Interest in
Technology, Desire to explore technology subjects in depth, Aspiration to engage with STEM in the
future, Self-efficacy and independence in dealing with technology, Recognition of the need for physics
knowledge in technology, and Gender equality in STEM learning (Hidayah et al., 2021).

The systematic coding approach in this study allows for a structured and in-depth analysis of
various aspects of STEM learning. By covering experimental disciplines such as Civil Engineering,
Physics and Accounting, this study demonstrates the flexibility of the STEM approach to be applied in
various scientific fields (Kristensen et al., 2023). In addition, the grade levels covering both SMK and
SMA provide an opportunity to compare the effectiveness of STEM at two educational levels that have
different characteristics and learning needs. The variety of learning outcomes coded, such as academic
achievement, creativity, critical thinking skills and interest in technology, strengthens the
understanding of the holistic impact of STEM. Also included is the influence of STEM on students'
motivation, independence and confidence in facing technological challenges, confirming the
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importance of STEM not only in cognitive aspects, but also the development of affective attitudes and
skills. By including a gender perspective, the research also highlights the equal access and potential of
female and male students in STEM, strengthening the argument that this approach can support
inclusive and equitable learning (Seskir et al., 2024).

Furthermore, the results of this coding analysis can serve as a basis for designing STEM learning
strategies that are more specific and relevant to the needs of each student group. For example, a STEM
approach in SMK could focus more on practical applications and vocational skills relevant to the world
of work, while in SMA it could focus on strengthening theoretical concepts that prepare students for
higher education (Yilmaz, 2022). Deep coding also allows the identification of specific challenges faced
in the implementation of STEM across different disciplines, so that more effective solutions can be
designed. In addition, the emphasis on the influence of STEM on students' interest and motivation
towards technology opens up opportunities to integrate more elements of current technologies, such
as artificial intelligence or the Internet of Things, in the curriculum. Thus, the STEM approach not only
enriches students' learning experiences, but also strengthens the link between education and real-world
needs, preparing students to become competent and future-ready individuals (ASLI & ZSOLDOS-
MARCHIS, 2021).
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3  FINDINGS AND DISCUSSION
3.1 Effect Size Result

Table 1. Inteshep Coefficients Table

95% Confidence Interval

Estimate Standard Error V4 P Lower Upper

intercept 0.307 0.091 3.367 <.001 0.128 0.485

The intercept estimate of 0.307 reflects the average combined effect across all analyzed studies.
This means that, assuming all other factors remain constant, the average impact of a specific approach
or intervention is 0.307. The p-value, which is less than 0.001, indicates that the result is statistically
significant, with an extremely low likelihood of occurring by chance. The confidence interval (95%:
0.128 to 0.485) represents the range within which the average combined effect is expected to fall with
95% certainty. The relatively narrow range suggests a low level of uncertainty in the result. Although
the average combined effect size (0.307) is small, its statistical significance confirms that the approaches
or interventions analyzed have a measurable impact. In summary, the average combined effect is 0.307,
statistically significant, and associated with a high confidence level and minimal uncertainty. While
modest in scale, this effect is meaningful and indicates a real influence.

The intercept estimate of 0.307 represents the average combined effect found across the studies
analyzed, indicating that if all other variables are considered fixed, the impact generated by the
approach or intervention is 0.307. The very small p value of less than 0.001 indicates that this result is
highly statistically significant. This means that the likelihood of the result occurring by chance is very
small, so we can be confident that the observed effect is real and not the result of random fluctuations.
In addition, the 95% confidence interval ranging from 0.128 to 0.485 indicates that with a 95%
confidence level, the average combined effect falls within this range. This fairly narrow range reflects
that the uncertainty in the estimation of these results is low. Although the value of the combined effect
is relatively small at 0.307, it still indicates a noticeable impact, even if the scale is not very large. Overall,
although the effect is small, this result is statistically significant and can be considered important, with
a high level of confidence and uncertainty.

3.2 Publication Bias

Kendall's t value of 0.073 (p = 0.627) and Egger's test result (z = 0.227, p = 0.820) indicate no
significant evidence of funnel plot asymmetry. This suggests that there is no substantial publication
bias, and the data included in the meta-analysis is sufficiently representative and not influenced by
selective publication. The symmetrical funnel plot, with study points distributed in line with sample
sizes, supports the conclusion that publication bias is not a concern based on these statistical tests.

The results of the analysis using Kendall's t of 0.073 with a p-value of 0.627, as well as Egger's test
(z = 0.227, p = 0.820), showed that there was no strong evidence for asymmetry in the funnel plot.
Asymmetry in funnel plots is often considered an indication of publication bias, which can occur if
studies that are not significant or have negative results are not published. However, in this case, with
high p-values in both tests, we can conclude that the data used in this meta-analysis is not affected by
significant publication bias. These results show that the distribution of study points on the funnel plot
is quite symmetrical and spread out according to the sample size, indicating that the selection of studies
is unbiased and reflects a representative picture of the wider study population. Overall, there were no
signs of publication bias based on the results of these statistical tests, which strengthens the validity
and credibility of the findings in the meta-analysis (Cengel et al., 2019).
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Figure 2. Funnel Plot

Based on the results of the analysis using Kendall's T and Egger's test, it can be concluded that
there is no strong indication of publication bias in this meta-analysis. The high p-value in both tests
indicates that the distribution of study points on the funnel plot tends to be symmetrical, with study
points spread according to the sample size, which indicates that the data used is representative enough
and not affected by publication selection. In other words, the results of this analysis strengthen the
validity and credibility of the research findings, as it shows that the selection of studies was done
objectively without any significant bias. Overall, no evidence was found to support the existence of
publication bias, so the findings in this meta-analysis can be considered valid and reliable for further
inference.

3.3 STEM impact in senior high school and vocational high school

High Degree of Heterogeneity (I2 = 82.604%), This value shows that 82.604% of the variation in
results across the analyzed studies is due to differences in study characteristics (heterogeneity) rather
than random chance. In other words, substantial variability exists in aspects such as research design,
methods, populations, or other variables among the studies. Despite this heterogeneity, the combined
effect across all studies is statistically significant, as indicated by confidence intervals that do not
include zero, confirming the presence of a real effect. Confidence Interval (95%), The confidence
interval for the I? statistic ranges from 71.617% to 92.723%. This indicates that even under the most
favorable conditions, a high degree of heterogeneity persists, with variability consistently falling within
this range. H2? = 5.748. This value provides another measure of heterogeneity, showing that the
variability between studies exceeds what would be expected from random error by more than five
times. This highlights the significant differences in study outcomes due to factors beyond random
variation.

The high level of heterogeneity, indicated by the I? value of 82.604%, indicates that most of the
variation among the results of the analyzed studies (about 82.6%) is due to factors related to differences
in research design, methods used, population studied, or other variables, rather than to random error.
This means that although there is a large variation in results between studies, the differences are not
due to chance or random fluctuations. The (95%) confidence intervals for I? that ranged from 71.617%
to 92.723% indicated that the high degree of heterogeneity remained consistent even when the best
conditions were considered, providing confidence that the variation between studies was indeed
significant. The H? value of 5.748 also reinforces this finding, as this figure indicates that the variability
between study results is more than five times that of what would be expected if there was only random
error. Nonetheless, the combined effect of all studies was still found to be statistically significant, as the
confidence interval for the combined effect value did not include zero, indicating a real effect despite
the high variation.
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Figure 3. Forest Plot

The STEM approach enables learners to enhance their abilities in logical problem-solving,
conducting research, exploring new ideas, collaborating, analyzing, and critically evaluating
information. It also facilitates easier access to information, adaptability to change, decision-making,
creativity, responsibility, curiosity, and effective interaction within social and cultural contexts.
Furthermore, this approach supports the development of leadership and entrepreneurial skills
(Briyanda et al., 2023). To maximize student achievement, it is essential to reduce learning barriers by
implementing active teaching methods. This strategy aims to provide a more meaningful and high-
quality learning experience (Sa’adhah et al., 2019).

Furthermore, the application of the STEM approach can encourage students to develop critical
skills that are not only useful in academic contexts, but also in their professional and personal lives. By
applying project-based learning and real-world challenges, students are encouraged to think creatively
and innovatively in solving complex problems (Kulakoglu & Kondakci, 2023). They are trained to work
collaboratively in teams, develop effective communication skills, and be able to adapt to technological
developments and the rapidly changing world. This approach also provides space for students to
explore various fields of science and discover their interests and potential more deeply. Along with
that, teachers are expected to act as facilitators who support students in this process, by creating an
inclusive, participatory and reflective learning environment. Therefore, consistent and appropriate
implementation of STEM education can produce a generation that not only excels academically, but is
also ready to face the challenges of an increasingly complex and diverse world (Cain et al., 2024).

3.4 Discussion

The STEM approach in vocational education is crucial for advancing the learning and
development of both students and educators. By integrating science, technology, engineering, and
mathematics, STEM enables students to develop creative problem-solving abilities within a
multidisciplinary framework. Studies indicate that implementing STEM not only enhances students'
technical competencies but also positively influences their behavior and attitudes. Learners engaged in
STEM-based education often exhibit greater collaboration, creativity, communication, and critical
thinking —key skills essential for navigating the complexities of the modern workforce (Arifin et al.,
2020). The STEM approach in vocational education makes a significant contribution in preparing
students to face the challenges of an increasingly complex and dynamic world of work. The integration
of science, technology, engineering, and math not only hones technical skills but also encourages
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students to think more critically and creatively when solving problems. This is very relevant to the
needs of the industrial world that demands workers with multidisciplinary and adaptive abilities
(Meirani & Intania, 2023). Moreover, this approach also shapes students' positive attitudes and
behaviors, such as the ability to work in teams, communicate effectively, and think analytically
(Agussuryani et al., 2022).

To ensure the successful implementation of STEM in vocational education, it is important for
educational institutions to adopt an approach that focuses on project-based learning and problem-
solving. Through this approach, students not only acquire theoretical knowledge, but are also directly
involved in the practical application of the knowledge they learn. Collaboration between students,
educators and industry is also crucial in creating learning experiences that are relevant to the needs of
the working world. This cooperation can help students understand the real context in which their
technical and soft skills are tested, as well as provide opportunities to acquire practical skills that can
be directly applied in the field. In addition, educators need to be involved in ongoing training programs
to update their skills, so they can adapt teaching methods that are more in line with technological
developments and industry trends. With the right support, the STEM approach will be able to produce
a workforce that is ready, innovative and can adapt quickly to changes in the industry (Suryaman et
al., 2023).

The STEM approach brings transformative changes to teaching practices for educators,
encouraging cross-disciplinary collaboration and the integration of concepts from various subjects to
enhance students' understanding. However, implementing STEM comes with challenges, particularly
in assessing student progress. Effective assessment must measure problem-solving abilities and the
exploration of innovative ideas (Marsiti et al., 2023). . Successful STEM implementation requires strong
support from governments, schools, and industries. This includes teacher training, adequate resources,
and industry partnerships to strengthen the approach and produce workforce-ready graduates. This
article highlights STEM as a vital strategy for equipping students with essential future skills while
offering new perspectives for teachers in vocational education. Despite its challenges, STEM holds
significant potential to elevate the quality of vocational education, prepare students for real-world
demands, and contribute to national development (Dona et al., 2021).

The STEM approach brings profound changes in teaching methods for educators, who are now
faced with the challenge of integrating multiple disciplines within an integrated learning framework.
This approach requires educators to develop a more collaborative and real problem-based way of
teaching, where students learn to connect knowledge from science, technology, engineering and math
to solve challenges. One of the major challenges in STEM implementation is more holistic assessment,
which measures not only theoretical understanding, but also students' ability to think critically, solve
problems and innovate. Therefore, assessments in STEM education should be designed to evaluate
students' thought processes, not just the end result. To support this implementation, support from
various parties is essential. Governments, schools, and industries need to work together to provide the
right training for teachers, as well as adequate resources and opportunities for students to collaborate
with the industry. That way, STEM education not only improves academic quality, but also prepares
students with practical skills that are ready to be used in the world of work, contributing to national
development.

3.5 Implications

Implementing the STEM approach significantly enhances students’ critical, analytical, and creative
thinking skills, preparing them to navigate the complexities of today’s workforce. It nurtures
independence, collaboration, and innovation in solving real-world problems (Chalim et al., 2019). This
approach also encourages educators to adopt more interactive and project-based teaching methods. Its
interdisciplinary nature demands the integration of diverse concepts, which enriches the overall
learning experience. However, effective assessment remains a challenge, as accurately evaluating
students’ problem-solving, innovation, and collaboration abilities requires refined tools and methods
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(Mirawati, 2019). Successful STEM implementation also hinges on strong institutional support,
including comprehensive teacher training, adequate resources, and robust partnerships with industry.
Support from governments and educational bodies plays a critical role in maximizing its impact.
Ultimately, by equipping students with essential 21st-century skills, the STEM approach contributes
directly to enhancing national workforce quality and competitiveness (Rahayu & Suhartini, 2020).

4. CONCLUSION

Implementing the STEM approach in vocational and senior high schools has demonstrated a
significant positive impact on students’ learning outcomes, particularly in enhancing critical, analytical,
creative, and collaborative thinking skills—abilities essential for success in the modern workforce.
STEM fosters technical competencies and promotes essential soft skills such as communication,
leadership, and teamwork. By integrating interdisciplinary content and promoting interactive, project-
based learning, STEM modernizes traditional teaching methods and better aligns education with real-
world demands. However, the research also identifies several limitations. Key challenges include the
need for curriculum alignment, limited teacher preparedness, and insufficient resources and
infrastructure to support effective STEM learning. These constraints hinder the full realization of
STEM'’s potential impact.

To address these limitations, future research should explore effective strategies for integrating
STEM into existing curricula, with particular attention to scalable teacher training models and
sustainable resource allocation. Further investigation is also needed into innovative assessment
methods that accurately measure higher-order skills such as problem-solving, innovation, and
collaboration. Moreover, examining the impact of school-industry partnerships on student engagement
and employability could offer valuable insights into strengthening the link between education and the
workforce. By addressing these areas, future studies can contribute to more effective, inclusive, and
impactful implementation of STEM education across diverse educational contexts.
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