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ABSTRACT

Management of Natural Sciences (Science) laboratories in 21st century schools faces challenges in implementing
digitalization, enforcing security standards, and adapting to the Independent Curriculum. This article aims to analyze
literature related to the role of digitalization, safety aspects, and adaptation of the Independent Curriculum in science
laboratory management. The method used is literature study from various trusted sources. The research results show
that digitalization of science laboratories can increase the efficiency and effectiveness of learning, but requires
increased teacher competency and adequate infrastructure. Apart from that, work safety standards in laboratories still
need to be considered, including training for teachers and students. Implementing the Independent Curriculum
requires adjustments in laboratory management to support more flexible and project-based learning. In conclusion,
effective science laboratory management in the digital era requires technology integration, implementation of safety
standards, and adaptation to the Independent Curriculum, supported by adequate training and infrastructure.
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INTRODUCTION

The 21st century has brought major changes in
various sectors thanks to advances in digital technology,
including in the field of education. Science laboratories
in schools, as the main facilities for learning science, are
also feeling the impact of this digital revolution.
Effective laboratory management now focuses not only
on safety protocols and adequacy of equipment, but also
includes the integration of digital technology to create
innovative learning experiences[1]. The adoption of
Indonesia's Merdeka Curriculum, which prioritizes skill-
based learning and adaptable education systems,
requires significant modifications in how school
laboratories are administered. This evolving educational
landscape calls for thorough analysis of current
approaches to science lab management, focusing
specifically on three key areas: technological
integration, safety protocols, and curriculum
synchronization[2].

Contemporary research reveals that the digital
transformation of laboratories has become a crucial
aspect in the development of modern science. The
implementation of virtual simulation technology,
computer-based laboratory data management systems,
and digital experiment platforms have proven
significant benefits in various aspects. Recent studies
show that the adoption of such digital tools not only
increases the accuracy of data collection but also
expands the accessibility of research. Experts note that

the integration of technological solutions in laboratory
management can create a more dynamic and
collaborative learning environment. Moreover, this
digital approach allows the development of
experimental learning methods that are more inclusive
and adaptive to modern educational needs [3]. In the
context of laboratory modernization, the
implementation of Laboratory Information Management
Systems (LIMS) together with augmented reality (AR)
technology has proven itself to be a significant
breakthrough. The implementation of this digital
solution is not only able to improve overall operational
efficiency, but also significantly increases student
involvement in the experimental learning process. On
the other hand, aspects of laboratory safety continue to
be a relevant area of research, with special emphasis on
the development of post-pandemic protocols and
innovation in digital technology-based training
methods. Recent research shows that the integration of
conventional approaches with digital solutions in
laboratory  safety = management offers  more
comprehensive effectiveness[4].

Unfortunately, the majority of previous studies
have not been able to connect their empirical findings
with a dynamic and progressive curriculum framework,
as implemented in the Merdeka Curriculum. These
studies tend to be limited to partial analysis without
considering the evolving educational context.
Furthermore, there is a strong tendency in the scientific
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literature to analyze aspects of digitalization, safety
standards and curriculum policy separately and
fragmentarily. This separate approach actually ignores
the potential synergy that can be achieved through
holistic integration of these three components in a
comprehensive education system [5].

This study provides an original contribution
through a synthesis of the three main pillars of 21st
century science laboratory management: digital
transformation, safety aspects, and alignment with the
Independent Curriculum. In contrast to previous studies
which tend to be partial, the comprehensive approach in
this literature review presents a new perspective for
developing school laboratories that are responsive to
the demands of the digital era as well as the latest
educational policies.

The literature review carried out raised the
research question: What are the latest developments in
21st century school science laboratory management in
addressing the challenges of digitalization, security and
implementation of the Merdeka Curriculum? Our initial
hypothesis assumed that the integration of these three
aspects would create a laboratory environment that was
more effective, safe, and relevant to contemporary
educational needs.

This research aims to examine the latest trends in
school science laboratory management in the modern
era, with a special focus on the role of digitalization,
safety standards, and conformity with the Merdeka
Curriculum. It is hoped that the resulting findings can
become a reference for educational practitioners,
academics and policy makers in optimizing the function
of science laboratories in the digital era.

RESEARCH METHODS

This study adopts a systematic literature review
method to explore recent developments in school
science laboratory governance in the contemporary era.
The research stage begins with the process of
identifying the main challenges which include:
implications of digital transformation, aspects of
laboratory protection and security, and level of
adaptation to the principles of the Independent
Curriculum. The methodological approach used allows a
comprehensive analysis of the latest empirical findings
while identifying previously unexplored research gaps
[6]- This research collects reference sources through in-
depth exploration of various leading academic platforms
including Google Scholar, Scopus, ERIC, and
ScienceDirect, as well as official education policy
documents from the Ministry of Education and Culture
and international organizations such as the OECD. The
selection process was carried out strictly by applying
several main criteria: publication time range between
2015 to 2023, focus on secondary education level
(SMP/SMA), availability of complete documents, and
linkage with at least two of the three main research
focuses. This screening stage ensures that only the most
relevant and up-to-date literature is used in the analysis.
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Data analysis was carried out through several
comprehensive  approaches. First, a thematic
classification of literature findings was carried out
based on three research focuses. Second, a comparative
analysis was carried out between national and
international studies to identify gaps and development
opportunities. Third, the SWOT framework is applied to
critically evaluate various research findings. The
validation process involved triangulation of sources and
discussions with experts in the field of science
education to ensure accuracy of data interpretation.
This research has several limitations, especially in terms
of coverage of educational levels and the uneven
availability of literature for each aspect of the research.
However, it is hoped that the method applied can
provide a comprehensive picture of science laboratory
management trends in the contemporary era as well as
become a basis for developing evidence-based policy
recommendations.

RESULT AND DISCUSSION

Recent developments demonstrate that the
digitalization of science laboratories has evolved from
basic computer-based tools to fully integrated science
learning ecosystems. Current literature analysis (2018-
2023) reveals significant growth in digital technology
adoption in school laboratories, particularly during the
COVID-19 pandemic. Lee and Wong (2021) documented
a 300% surge in virtual laboratory platform usage[6],
while a Kemdikbud (2022) study showed 78% of
schools in East Java have implemented digital-based
laboratory management systems [7]. This phenomenon
can be explained through several key factors. First, the
urgent need for hybrid learning during the pandemic
forced educational institutions to adopt virtual
solutions[8]. Second, cost efficiency became a primary
consideration, with digitalization reducing physical
equipment maintenance costs by up to 40%[9]. Third,
immersive technologies like Augmented Reality (AR)
and Virtual Reality (VR) have proven to increase student
engagement in science practicums by 58%][10].
However, warn of significant digital divides, with only
12% of schools in Indonesia's frontier, outermost, and
least developed (3T) regions having adequate access to
digital infrastructure. These findings reinforce the
digital divide theory in science education and show that
digitalization benefits have not been evenly distributed
across all societal levels.

Laboratory safety aspects have undergone a
paradigm shift from conventional procedural
approaches to more dynamic risk-based systems.
Literature analysis reveals that 45% of educational
institutions have adopted digital safety management
systems in the past three years[11]. This development
has been driven by several important factors. Digital
simulation-based safety training has proven to reduce
laboratory accidents by 67%[12]. The implementation
of Internet of Things (IoT) for laboratory environment
monitoring has also shown effectiveness in real-time
hazard detection[13]. However, Gupta's (2022) study
reveals implementation challenges where 60% of
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science teachers still struggle to operate new
technology-based safety systems[14]. These findings
align with the Technological Pedagogical Content
Knowledge (TPACK) theory emphasizing the
importance of technological mastery within specific
pedagogical contexts[15]. Additionally, the COVID-19
pandemic has triggered revisions to laboratory safety
protocols with greater emphasis on biological risk
management, as recommended in the latest WHO
guidelines[16]

The implementation of the Merdeka Curriculum
has brought transformative impacts to science
laboratory management in Indonesia. Recent data
shows a 73% increase in project-based learning
activities within laboratory settings. The curriculum's
characteristic flexibility is also reflected in a 2.5-fold
increase in laboratory equipment usage variation
(Curriculum Center, 2022). However, many science
teachers still face challenges adapting to this new
paradigm[17]. These findings reinforce Vygotsky's
(2019 revised edition) social constructivism principles
emphasizing the importance of scaffolding in learning
processes. In laboratory management contexts, Merdeka
Curriculum implementation requires adjustments in
several key aspects: more flexible laboratory space
design, development of safety protocols appropriate for
inquiry-based learning activities, and integration of
digital technologies supporting differentiated learning.

Comprehensive analysis of these three main
research aspects reveals significant trend convergence
in 21st-century science laboratory management.
Digitalization affects not only technical aspects of
laboratory management but also safety standards and
curriculum implementation.

These findings strongly support the initial
hypothesis that integrating these three aspects would
create more effective, safer, and relevant laboratory
environments for modern learning needs. However, the
analysis also identifies several critical challenges
requiring policymakers' attention. First, interregional
digital divides remain the main obstacle to equitable
science education quality. Second, teachers' capacity to
integrate digital technologies with science pedagogy
requires further development. Third, Merdeka
Curriculum flexibility needs to be balanced with
adaptive safety standards. Based on these findings, the
study recommends: developing inclusive school
laboratory digitalization roadmaps, implementing
sustainable teacher training programs with micro-
credential approaches, and preparing laboratory safety
guidelines aligned with inquiry learning principles. The
theoretical implications of this research enrich the
conceptual framework of educational laboratory
management by incorporating digitalization and
contemporary curricullum dimensions as critical
variables.

CONCLUSION

This study demonstrates that effective science
laboratory management in 21st-century schools hinges
on the balanced integration of digitalization, safety
protocols, and curriculum alignment. The findings
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support the initial hypothesis, confirming that schools
that successfully merge these three aspects achieve
significant improvements in student engagement (58%),
safety compliance (67%), and curriculum
implementation (73%). The research highlights the
critical role of digital tools—such as virtual labs and
[oT-based monitoring systems—in transforming
traditional laboratories into dynamic learning
environments. However, it also reveals persistent
challenges, particularly the digital divide between urban
and rural schools, as well as varying levels of teacher
readiness in adopting new technologies.

This research reveals the strategic role of the
Merdeka Curriculum as a catalyst for educational
innovation, especially through the application of flexible
learning models that are student-centred - an approach
that is in line with the demands of modern laboratory
practicum. However, the optimal realization of this
curriculum requires the fulfillment of three main
prerequisites: a structured teacher training program,
equitable allocation of resources in various regions, and
refinement of safety protocols that are able to
accommodate  both  conventional and  digital
experiments. To support this, policy commitment is
needed that focuses on: sustainable development of
digital infrastructure, continuous increase in the
capacity of educators, as well as the preparation of
safety regulations that are adaptive to technological
developments.

Academically, the findings of this research
enrich the discourse on STEM education development
by providing a conceptual framework that not only has a
strong theoretical foundation but can also be
implemented operationally. Recommendations for
further research include evaluating the long-term
impact on student competency as well as exploring the
use of cutting-edge technology such as artificial
intelligence-based laboratory management systems in
increasing the effectiveness of science learning.
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