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Abstract

The rapid advancement of laboratory automation, robotics, and digital technologies has
significantly transformed laboratory medicine worldwide, improving efficiency, diagnos-
tic accuracy, and quality management. However, the adoption of these technologies in
developing countries such as Indonesia remains uneven and is influenced by infrastruc-
tural, financial, regulatory, and workforce-related challenges. This structured narrative
review aimed to critically examine the current landscape of laboratory automation and
robotics in Indonesia, with particular emphasis on implementation challenges, workforce
transformation among medical laboratory scientists (Ahli Teknologi Laboratorium Medik,
ATLM), and pathways toward equitable integration. Studies published between 2015
and 2025 were identified through PubMed, Scopus, and Google Scholar, complemented
by Indonesian regulatory documents, professional guidelines, and relevant grey litera-
ture. The review was informed by PRISMA principles and synthesized narratively to
explore technological developments, operational impacts, policy contexts, and imple-
mentation barriers relevant to Indonesian laboratory systems. The findings indicate that
automation and robotics offer substantial benefits, including improved turnaround time,
enhanced quality assurance, reduced laboratory errors, and greater operational efficiency.
Nevertheless, significant barriers persist, particularly disparities in digital infrastructure,
financial constraints, limited workforce readiness, and the absence of comprehensive
implementation frameworks. The review further highlights that automation is reshap-
ing rather than replacing the role of ATLM, shifting professional responsibilities toward
digital competency, automation oversight, data interpretation, and quality management.
Achieving sustainable laboratory automation in Indonesia therefore requires an equity-
centered and systems-oriented approach involving regulatory strengthening, workforce
development, infrastructure investment, and multi-stakeholder collaboration. With strate-
gic planning and policy alignment, laboratory automation and robotics hold considerable
potential to modernize laboratory services and support Indonesia’s broader healthcare
transformation agenda.

Laboratories 2026, 3, 10 https://doi.org/10.3390/laboratories3030010

https://crossmark.crossref.org/dialog?doi=10.3390/laboratories3030010&domain=pdf&date_stamp=2026-07-05
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/laboratories
https://www.mdpi.com
https://orcid.org/0000-0003-2499-5922
https://orcid.org/0009-0006-0147-8200
https://doi.org/10.3390/laboratories3030010


Laboratories 2026, 3, 10 2 of 15

Keywords: clinical laboratory; digital health; laboratory management; medical laboratory
scientists; health technology implementation

1. Introduction
Recent advances in automation and robotics have profoundly transformed medical

laboratory technology worldwide. Automated systems now possess considerable capabili-
ties in managing a spectrum of processes ranging from sample preparation to analytical
result interpretation, substantially reducing the likelihood of human error while improving
overall laboratory efficiency. These developments have reshaped laboratories from conven-
tional diagnostic units into increasingly integrated and technology-driven environments
capable of supporting faster, safer, and more standardized services. However, in devel-
oping countries such as Indonesia, where healthcare infrastructure exhibits considerable
variability between urban and rural regions, the adoption of advanced laboratory technolo-
gies presents not only significant opportunities but also complex challenges that demand
careful consideration.

The transition toward automation in laboratory medicine extends beyond technologi-
cal adoption alone. It involves organizational readiness, workforce adaptation, infrastruc-
ture capacity, financial sustainability, and regulatory oversight. While highly automated
laboratories are increasingly common in technologically advanced settings, implementation
in lower- and middle-income countries often occurs within more heterogeneous health
systems, where disparities in infrastructure and human resources may influence both feasi-
bility and long-term sustainability. Consequently, understanding automation within local
healthcare contexts becomes essential to ensuring that technological progress contributes
meaningfully to laboratory quality and equitable healthcare delivery.

Globally, trends in laboratory automation have increasingly been defined by remark-
able progress in robotics and artificial intelligence (AI), including machine learning-based
analytical systems, all of which contribute to enhanced efficiency, accuracy, and safety
within laboratory settings. Within this review, robotics is discussed as a component of
broader laboratory automation systems, while AI refers to computational technologies sup-
porting diagnostic interpretation, workflow optimization, and data-driven decision-making
in laboratory medicine. Beyond routine clinical diagnostics, these advanced technologies
are becoming deeply integrated into emerging scientific disciplines such as synthetic biol-
ogy and precision medicine, fostering significant innovation and accelerating the pace of
scientific discovery. This convergence signals a paradigm shift in the role of laboratories—
from purely analytical functions to active participation in research, development, and
personalized healthcare solutions. Nevertheless, while these innovations hold considerable
promise, they also introduce substantial challenges, particularly related to the complexity
of adopting advanced automation systems and ensuring sustainable implementation in
diverse healthcare environments, especially in resource-limited settings like those found in
Indonesia [1].

Moreover, the rapid evolution of digital technologies has significantly reshaped public
health strategies across Southeast Asia, particularly in response to global health crises and
the growing demand for accessible healthcare services. Digital interventions, including
telemedicine, mobile health (mHealth) applications, and AI-driven tools, demonstrate
immense potential to optimize healthcare delivery and streamline laboratory workflows.
However, despite these promising technological advances, substantial gaps remain in
the effective implementation and systematic evaluation of digital health solutions across
different countries and healthcare contexts in the region. Recent reviews underscore
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the critical importance of evidence-based assessments to guide the integration of digital
innovations into public health infrastructures, thereby preventing the exacerbation of
existing health disparities and ensuring that new technologies truly enhance accessibility,
quality, and equity within healthcare systems [2].

At the same time, while digital health technologies are increasingly hailed as transfor-
mative assets within healthcare systems, the current body of robust evidence validating
their effectiveness across diverse settings remains limited. Strengthening this evidence
base through systematic evaluations is therefore essential to ensure that digital health
innovations translate into tangible improvements in patient outcomes and can be inte-
grated effectively into various health systems without generating unintended negative
consequences [3].

Despite the growing global literature on laboratory automation and digital health
transformation, relatively limited attention has been directed toward examining these
developments through the specific lens of Indonesia’s laboratory ecosystem. Existing
discussions often emphasize technological capabilities and efficiency gains while pro-
viding less critical examination of contextual issues such as regulatory readiness, infras-
tructural inequalities, workforce transformation, and equitable implementation. As a
result, there remains a need for reviews that move beyond technological description
and consider how automation may be integrated sustainably within Indonesia’s diverse
healthcare environment.

Against this backdrop, this narrative review critically examines the current landscape
of laboratory automation and robotics in Indonesia, focusing on technological trends, barri-
ers to implementation, workforce transformation among medical laboratory scientists or
Ahli Teknologi Laboratorium Medik (ATLM), and the broader policy and organizational impli-
cations of automation. By synthesizing international developments alongside Indonesia-
specific challenges and opportunities, this review aims to propose a practical roadmap for
equitable and sustainable implementation. Understanding these dynamics is critical to
ensuring that technological progress translates into genuine improvements in healthcare
delivery, laboratory quality, and long-term health system resilience.

2. Methods
This study was conducted as a structured narrative review examining the current state,

implementation challenges, workforce implications, and future directions of laboratory
automation and robotics in Indonesia, particularly within clinical laboratory services
and healthcare settings. The review adopted a narrative synthesis approach while being
informed by selected Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) principles to improve transparency in literature identification and screening
processes without performing a full systematic review or meta-analysis [4,5].

Literature searches were conducted between January and March 2025 using PubMed,
Scopus, and Google Scholar databases. Publications published between 2015 and 2025 in
English and Indonesian were considered eligible. Search terms included combinations
of “laboratory automation,” “robotics,” “clinical laboratory,” “digital laboratory,” “digital
health,” “artificial intelligence,” “Indonesia,” “medical laboratory scientists,” and “Ahli
Teknologi Laboratorium Medik (ATLM),” with Boolean operators (AND/OR) applied ac-
cording to database requirements. Additional sources included Indonesian regulatory
documents, national competency standards, professional association guidelines, and rel-
evant grey literature to capture contextual policy and implementation perspectives not
consistently represented within indexed databases.

Eligible sources included peer-reviewed articles, review papers, policy documents,
competency standards, and reports discussing laboratory automation, robotics, workforce
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competencies, healthcare digitalization, laboratory management, and implementation
challenges within healthcare laboratory settings. Publications focusing exclusively on
non-health industrial automation, unrelated engineering applications, duplicate publica-
tions, conference abstracts without accessible full text, and literature lacking relevance to
healthcare laboratory practice were excluded.

The initial search identified 96 records, including 24 from PubMed, 31 from Scopus, and
41 from Google Scholar before duplicate removal. After duplicate removal and preliminary
relevance screening, 54 publications underwent title and abstract assessment, followed
by full-text evaluation of 36 articles and documents. A final total of 28 references were
included in the narrative synthesis. The characteristics of the included references, including
publication type, geographic focus, and publication period, are summarized in Table 1.
Literature screening and eligibility assessment were conducted independently by two
authors, with disagreements resolved through discussion and consensus. The literature
identification and screening process is summarized in Figure 1.

Table 1. Characteristics of Included References in the Review.

Category Number Description

International journal
articles 19

Peer-reviewed publications on
laboratory automation, AI, robotics,

and workforce adaptation

Indonesian regulations and
policy documents 5

National regulations, competency
standards, and health transformation

policies

Grey literature and
institutional reports 4 WHO, UNDP, and professional

guidance documents

Publication years
2015–2020 8 Early adoption and conceptual

literature

Publication years
2021–2025 20 Recent technological and policy

developments

Asia-focused literature 11 Singapore, Korea, Southeast Asia,
and Indonesia-related studies

Indonesia-specific
references 8 National regulations, digital health,

and workforce readiness

Extracted information was synthesized thematically to identify recurring patterns
related to technological developments, operational efficiency, workforce transformation,
regulatory and ethical considerations, implementation barriers, and pathways toward
equitable integration. Rather than quantitative evidence aggregation, this review employed
narrative synthesis and critical interpretation to contextualize global developments within
Indonesia’s healthcare and laboratory ecosystem, consistent with established approaches
for structured narrative reviews [4,5].

To complement the literature findings, the review also incorporated the authors’
professional perspectives derived from experiences across private hospitals, private clinical
laboratories, and community health centers (PUSKESMAS). These observations were
included solely as contextual insights to illustrate practical implementation realities and
workforce implications within Indonesian healthcare settings and were not treated as
primary evidence.
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Figure 1. PRISMA-Informed Literature Identification and Screening Process for the Structured
Narrative Review.

3. Discussion
3.1. Global Trends in Laboratory Automation and Robotics

Laboratory automation and robotics have become defining features of contemporary
laboratory medicine, fundamentally transforming diagnostic workflows and reshaping
the operational landscape of healthcare laboratories. Automation now extends across
pre-analytical, analytical, and post-analytical phases, enabling laboratories to improve
consistency, minimize human error, and accommodate increasing testing demands with
greater efficiency and standardization [6]. These technological developments have shifted
laboratory operations from labor-intensive procedures toward increasingly integrated
systems capable of delivering faster and more reliable diagnostic services.

A major driver of this transformation has been the emergence of sophisticated auto-
mated technologies, including robotic sample-handling systems, automated slide prepa-
ration devices, and artificial intelligence (AI)-supported diagnostic tools. Contemporary
automation platforms are designed not merely to mechanize isolated tasks but to inte-
grate multiple laboratory functions into coordinated workflows. Clinical laboratories
implementing advanced automation have reported substantial operational improvements,
including enhanced workflow coordination, reduced manual intervention, and more effi-
cient utilization of laboratory space and personnel [7]. Experiences from tertiary healthcare
institutions further demonstrate that automation contributes to shorter turnaround times
and reduced manual workload, particularly in high-throughput laboratory environments
where efficiency and standardization are essential [8].
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Beyond conventional automation, laboratory medicine is increasingly influenced by
broader technological developments such as AI, machine learning, digital pathology, and
data-driven diagnostics. These innovations support improved diagnostic precision and
facilitate the development of personalized medicine by enabling faster interpretation of
laboratory data and deeper insights into disease processes [9]. The convergence of automa-
tion and digital technologies therefore represents more than an operational improvement;
it reflects a broader transformation in the strategic role of laboratories, positioning them as
active contributors to research, innovation, and precision healthcare.

Among the most significant developments is the emergence of Total Laboratory Au-
tomation (TLA), which integrates pre-analytical, analytical, and post-analytical activities
into unified and largely autonomous systems. TLA offers several operational advantages,
including improved specimen traceability, more efficient resource allocation, and reduced
turnaround times through seamless workflow integration [10]. Experiences from automated
clinical laboratories indicate that these systems can substantially improve productivity
and reduce process variability, particularly when automation is supported by effective
laboratory information systems and workflow redesign [7,10].

Despite these advances, the expansion of automation and robotics remains accompa-
nied by important operational and strategic challenges. Sophisticated automated platforms
require substantial investment, complex infrastructure, and sustained technical support,
factors that may limit implementation in settings with constrained resources [9,10]. Further-
more, the integration of automation within existing laboratory ecosystems often requires
significant adaptation of workflows, information systems, and human resource structures
to ensure interoperability and sustainable use.

These developments illustrate that laboratory automation is evolving beyond isolated
technological innovation toward integrated laboratory ecosystems combining robotics, AI,
and digital infrastructure. While these technologies offer unprecedented opportunities to
enhance laboratory performance, their successful implementation depends not only on
technological capability but also on organizational readiness, workforce adaptation, and
contextual suitability. Understanding both the transformative potential and operational
limitations of these global trends provides an essential foundation for examining their
relevance within Indonesia’s laboratory environment.

3.2. Operational and Clinical Benefits of Laboratory Automation

The expansion of laboratory automation has generated substantial operational, clinical,
and economic benefits, positioning automation not merely as a technological enhancement
but as a strategic component of modern laboratory management. As testing volumes con-
tinue to increase alongside growing demands for rapid and reliable diagnostics, automation
offers laboratories the capacity to sustain high-quality services while optimizing efficiency
and resource utilization.

One of the most immediate advantages of automation lies in its ability to improve
processing speed and reduce manual workload, particularly within high-volume labo-
ratory environments. Automated systems streamline repetitive procedures and enable
laboratory personnel to redirect their efforts toward higher-level responsibilities such as
result validation, analyzer monitoring, and interpretation of clinically significant findings.
Consequently, automation supports both operational efficiency and improved patient care
by strengthening the reliability and timeliness of laboratory services [11,12].

Evidence from automated laboratories in Asia further demonstrates that productivity
gains frequently accompany technological adoption. Experiences from tertiary healthcare
facilities have shown that automation contributes to more efficient workflow organization
and improved utilization of laboratory space and personnel, ultimately supporting higher
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testing capacity and more sustainable operations [7]. These advantages are particularly
relevant in laboratories facing increasing diagnostic demands and workforce pressures.

Economic considerations also represent a major factor driving automation adoption.
Although advanced automated systems require substantial initial investment, economic
evaluations suggest that long-term operational benefits may offset these costs through
greater efficiency and optimized resource utilization. Total Laboratory Automation (TLA),
in particular, has been associated with reductions in labor-intensive activities, improved
reagent management, and lower operational waste, thereby generating favorable long-term
returns on investment for healthcare institutions capable of supporting such systems [13,14].
Comparable evidence from Southeast Asia further supports this perspective. A recent
health system-based cost-effectiveness analysis conducted in Singapore demonstrated that
investment in robotic healthcare technologies can provide favorable long-term value when
evaluated against conventional approaches, reinforcing the importance of considering
automation as a strategic rather than purely financial decision [14]. From a management
perspective, these findings reinforce the view that automation should be evaluated not
solely as an expenditure but as an infrastructure investment capable of enhancing laboratory
sustainability and productivity over time.

Beyond efficiency and cost considerations, automation increasingly incorporates arti-
ficial intelligence and robotics to strengthen diagnostic performance and workflow coor-
dination. AI-supported systems facilitate faster data processing, enhance consistency in
result interpretation, and reduce variability associated with manual procedures. Similarly,
robotic technologies contribute to more standardized laboratory operations by performing
repetitive and time-sensitive tasks with high precision and reproducibility. Such innova-
tions allow laboratory professionals to concentrate on complex analytical reasoning and
clinically relevant interpretation rather than routine manual activities, thereby improving
both the quality and responsiveness of laboratory services [15].

Automation additionally plays an important role in improving quality assurance and
patient safety by reducing errors occurring outside the analytical phase. Extra-analytical
errors including specimen misidentification, labeling mistakes, and sample tracking failures
remain significant contributors to diagnostic inaccuracy and compromised patient safety.
Automated identification systems, barcode technologies, digital specimen tracking, and
integrated laboratory information systems have demonstrated effectiveness in minimizing
these risks while strengthening traceability and compliance with laboratory quality stan-
dards [16]. These technologies therefore support not only operational efficiency but also
broader institutional goals related to safety, accreditation, and regulatory compliance.

Taken together, these operational, economic, and clinical advantages illustrate that
laboratory automation represents more than a technical modernization effort. Rather, it
constitutes a multidimensional strategy capable of improving diagnostic accuracy, work-
flow efficiency, patient safety, and long-term laboratory sustainability. Nevertheless, while
the benefits of automation are increasingly evident in technologically advanced settings,
translating these gains into diverse healthcare systems requires careful consideration of
contextual readiness and implementation barriers issues particularly relevant to developing
countries such as Indonesia.

3.3. Indonesia’s Readiness and Implementation Challenges

Despite the transformative potential of laboratory automation, the readiness of In-
donesia’s laboratory system to adopt advanced automated technologies remains uneven.
The implementation of automation occurs within a healthcare landscape characterized
by considerable diversity in infrastructure, laboratory capacity, and resource availabil-
ity across regions. Consequently, while automation presents important opportunities to
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strengthen laboratory services, its adoption in Indonesia is shaped by a complex interaction
of technological, financial, infrastructural, and policy-related constraints.

One of the most visible challenges concerns the uneven progress of laboratory digi-
talization across healthcare settings. Although digital laboratory systems and automated
workflows are increasingly introduced in selected urban healthcare institutions, implemen-
tation remains limited in many primary healthcare facilities and rural regions. Studies
examining healthcare digitalization in Indonesia indicate that disparities in infrastructure
and technological readiness continue to influence the availability and quality of laboratory
services, thereby constraining broader automation efforts [17]. Such variability creates an
implementation landscape in which technological progress is concentrated within relatively
well-resourced facilities while many laboratories continue to rely on semi-automated or
manual systems.

Financial constraints further complicate automation adoption. Advanced laboratory
automation, including robotic platforms and Total Laboratory Automation systems requires
substantial capital investment, ongoing maintenance, software integration, and periodic
equipment upgrades. For many healthcare facilities, particularly smaller laboratories
and regional institutions operating under limited budgets, these financial requirements
represent major barriers to implementation. Beyond acquisition costs, concerns regarding
long-term sustainability and return on investment often influence institutional decision-
making, resulting in cautious or delayed adoption of advanced systems [18]. These realities
highlight that automation decisions are rarely determined by technological feasibility alone
but are strongly shaped by organizational and economic considerations.

Workforce and infrastructure limitations represent additional barriers to sustainable
implementation. Successful automation requires personnel capable of managing sophis-
ticated instruments, maintaining digital systems, and ensuring quality assurance within
increasingly complex laboratory environments. However, many laboratories, particu-
larly in geographically remote or resource-constrained settings, continue to face short-
ages of personnel with specialized expertise in information technology, laboratory in-
formatics, and automation-related quality management. Persistent disparities in elec-
tricity reliability, internet connectivity, digital infrastructure, and healthcare resources
continue to limit automation readiness across many healthcare settings in Indonesia and
other low- and middle-income countries [19]. Consequently, the adoption of automation
cannot be separated from broader investments in laboratory infrastructure and human
resource development.

Another critical concern relates to the regulatory and strategic environment surround-
ing automation adoption. Although Indonesia has established regulations governing
laboratory practice and healthcare delivery, the integration of automation and robotics into
laboratory medicine remains insufficiently supported by dedicated operational guidance
and implementation frameworks. Laboratories may therefore face uncertainty regarding
validation procedures, quality assurance standards, interoperability requirements, and
accountability structures associated with increasingly automated systems. The absence of
a unified national strategy specifically addressing laboratory automation risks is creating
fragmented implementation patterns and widening disparities between facilities with
differing institutional capacities.

These challenges intersect with a broader phenomenon increasingly described as
the digital health divide. National evidence suggests that disparities in socioeconomic
status, educational attainment, and geographic location continue to shape access to digital
health services across Indonesia [20]. Such inequalities have important implications for
laboratory automation, as populations served by under-resourced healthcare facilities may
remain excluded from technological advances capable of improving diagnostic access and

https://doi.org/10.3390/laboratories3030010

https://doi.org/10.3390/laboratories3030010


Laboratories 2026, 3, 10 9 of 15

quality. Without deliberate strategies promoting equitable implementation, automation
may unintentionally reinforce existing healthcare inequalities rather than alleviate them.

Recent national initiatives nevertheless provide important opportunities for progress.
Indonesia’s digital health transformation agenda demonstrates growing policy recognition
of the importance of technological integration within healthcare systems. Efforts to expand
digital infrastructure and improve healthcare connectivity offer a potentially supportive
foundation for future laboratory automation initiatives [21]. However, these ambitions must
be accompanied by careful planning, investment in workforce readiness, and mechanisms
ensuring equitable distribution of technological benefits across healthcare settings.

Taken together, these challenges illustrate that laboratory automation in Indonesia is
not solely a matter of introducing advanced technologies into laboratory environments.
Rather, it represents a broader systems-level issue involving infrastructure, financing,
regulation, workforce preparedness, and health equity. Addressing these interconnected
barriers will therefore be essential to ensuring that automation contributes meaningfully to
strengthening laboratory services and improving healthcare access throughout Indonesia.

3.4. Workforce Transformation and the Evolving Role of Medical Laboratory Scientists (ATLM)

The expansion of laboratory automation and robotics has generated important changes
in the professional landscape of medical laboratory practice, redefining not only laboratory
workflows but also the competencies and responsibilities of medical laboratory scientists. In
Indonesia, these developments have stimulated growing discussions regarding workforce
readiness, professional identity, and the future role of Ahli Teknologi Laboratorium Medik
(ATLM) within increasingly automated healthcare environments. While concerns regarding
technological displacement persist, current evidence suggests that automation is more
likely to transform rather than replace the profession, shifting professional responsibilities
toward supervisory, analytical, and quality-oriented roles.

A central aspect of this transformation involves the changing competency profile
required of laboratory professionals. As automated systems increasingly assume repetitive
and technically standardized procedures, laboratory personnel are expected to develop
stronger competencies in digital literacy, quality management, data interpretation, and
oversight of automated processes. Emerging evidence from Indonesian laboratory set-
tings indicates that workforce readiness for digital quality documentation and automated
laboratory practices remains variable, highlighting the need for systematic competency
development and structured adaptation strategies [22]. Consequently, technological ad-
vancement within laboratories should be accompanied by parallel investment in human
capacity to ensure that automation strengthens rather than disrupts laboratory practice.

The evolving responsibilities of laboratory professionals observed in Indonesia re-
flect broader international trends. Contemporary competency frameworks increasingly
position medical laboratory scientists as contributors not only to technical diagnostics but
also to public health preparedness, laboratory leadership, communication, biosafety, and
interdisciplinary collaboration. Global competency guidelines emphasize that laboratory
professionals must be equipped to participate actively in laboratory management and pub-
lic health systems while maintaining high standards of analytical quality and operational
safety [23]. Such developments reinforce the view that laboratory medicine is evolving
toward a more integrated and strategically important role within healthcare systems.

The implementation of Total Laboratory Automation (TLA) further illustrates this pro-
fessional transition. Automated laboratories benefit from improved efficiency, reduced man-
ual error, and streamlined workflow management; however, these gains are accompanied
by changing workforce expectations. Rather than eliminating professional involvement,
automation increasingly requires laboratory personnel capable of supervising automated
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systems, troubleshooting technical problems, interpreting large volumes of laboratory data,
and ensuring that automated outputs remain clinically valid and diagnostically meaningful.
Case studies examining workforce experiences within automated laboratory environments
demonstrate that automation shifts professional roles from predominantly manual func-
tions toward higher-order responsibilities involving oversight, quality assurance, and
systems management [24]. This transformation therefore requires continuous professional
development and adaptability among laboratory professionals.

Within Indonesia, these evolving expectations remain closely tied to established pro-
fessional and regulatory frameworks. National competency standards define ATLM respon-
sibilities across diverse laboratory disciplines, including clinical pathology, microbiology,
anatomical pathology, and molecular diagnostics, covering the entire testing process from
pre-analytical preparation and specimen handling to analytical procedures, quality as-
surance, and laboratory management [25]. These standards underscore that laboratory
practice encompasses not merely technical execution but also professional accountability
and system-level responsibility. Importantly, Indonesian regulations governing labora-
tory practice further reinforce that laboratory services remain legally dependent upon
qualified human professionals. ATLM practitioners are required to possess appropriate
educational qualifications, professional registration, and practice licenses to conduct labora-
tory work legally, reflecting the state’s commitment to maintaining professional oversight
and diagnostic accountability [26].

The continuing importance of human oversight becomes particularly evident when
automation is examined through practical implementation realities. Based on the authors’
professional experience across Indonesian private hospitals, clinical laboratories, and
community health centers (PUSKESMAS), considerable variability exists in automation
readiness and technological integration across healthcare settings. Experiences across
different healthcare settings illustrate considerable variability in automation readiness
and technological integration. Large private hospitals may achieve efficient workflow
coordination through integrated analyzers and centralized digital systems, whereas smaller
laboratories and community health centers often continue to rely on semi-automated or
manual processes due to financial and infrastructural limitations. Such differences highlight
an important principle: automation does not eliminate the need for laboratory expertise but
instead increases the importance of professional judgment in validating results, managing
exceptions, and ensuring patient safety within diverse operational environments.

This principle is further reflected in discussions surrounding robotic technologies
in pre-analytical procedures, including robotic phlebotomy. International developments
demonstrate promising technical performance and potential efficiency gains, particularly
within high-volume healthcare settings. Nevertheless, reflections on Indonesia’s readi-
ness for robotic venipuncture have emphasized persistent concerns involving regulatory
preparedness, ethical considerations, professional accountability, and sociocultural accep-
tance [27]. These issues illustrate that technological feasibility alone does not guarantee
successful implementation. Rather, automation must be introduced within frameworks
capable of safeguarding patient welfare, clarifying legal responsibility, and maintaining
professional standards.

The increasing integration of robotics into laboratory medicine further reinforces this
evolving human–technology relationship. Over the last decade, robotic systems have be-
come progressively involved in repetitive laboratory functions such as specimen transporta-
tion, aliquoting, and selected analytical procedures, contributing to improved precision
and workflow standardization [28]. However, these developments simultaneously require
laboratory professionals to acquire competencies related to system operation, maintenance,
troubleshooting, and data management. The future laboratory workforce is therefore likely
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to be defined not by competition between humans and machines but by collaboration
in which automation enhances efficiency while trained professionals preserve diagnostic
integrity and clinical relevance.

Taken together, these developments demonstrate that the future role of ATLM in Indone-
sia extends beyond traditional technical practice toward increasingly strategic responsibilities
involving automation oversight, digital competency, laboratory management, and interdisci-
plinary collaboration. Rather than diminishing professional relevance, automation highlights
the enduring necessity of qualified human expertise to ensure that technological innovation
remains safe, accountable, and aligned with patient-centered healthcare.

3.5. Toward Equitable Laboratory Automation in Indonesia: A Proposed Roadmap

The challenges identified across infrastructure, regulation, workforce capacity, and
governance underscore the need for a structured national strategy. Figure 2 presents a
conceptual framework illustrating how these four interrelated domains collectively support
equitable laboratory automation in Indonesia, while the corresponding implementation
priorities are summarized in Table 2.

Indonesia’s ongoing healthcare transformation presents an important opportunity
to position laboratory automation and robotics as integral components of national health
system strengthening. The Ministry of Health has articulated an ambitious reform agenda
through six strategic transformation pillars, including the pillar of health technology trans-
formation aimed at accelerating digital integration, improving healthcare connectivity, and
modernizing biomedical services [29]. Within this policy landscape, laboratory automation
should be viewed not merely as an isolated technological advancement but as a strategic
infrastructure investment capable of supporting more efficient, standardized, and equitable
diagnostic services.

However, realizing this potential requires a deliberate and context-sensitive implementa-
tion strategy. Automation adoption in Indonesia cannot rely solely on technology procurement
or market-driven expansion. Instead, successful integration requires a coordinated national
roadmap capable of addressing the interconnected challenges of infrastructure, regulation,
workforce preparedness, and healthcare equity identified throughout this review.

A first priority involves strengthening regulatory and governance frameworks sur-
rounding laboratory automation and robotics. Although Indonesia possesses regulations
governing laboratory practice and professional responsibility, dedicated operational guid-
ance addressing increasingly automated laboratory systems remains limited. Clear policies
are therefore needed to establish standards for clinical validation, interoperability, quality
assurance, cybersecurity, and accountability within automated laboratory environments.
Such frameworks are particularly important in clarifying legal responsibility when auto-
mated processes contribute to diagnostic decision-making or operational failures. Regu-
latory clarity will not only protect patients and laboratory professionals but also provide
greater confidence for institutions considering technological investment.

Equally critical is sustained investment in human capital. The transition toward auto-
mated laboratories demands a workforce equipped with competencies extending beyond
conventional laboratory techniques. As discussed previously, future ATLM practice in-
creasingly requires proficiency in digital systems, automation oversight, troubleshooting,
quality management, and data interpretation. Consequently, educational institutions and
professional organizations should collaborate to modernize ATLM curricula by incorporat-
ing laboratory automation, robotics, laboratory informatics, and digital quality systems into
competency-based training. In parallel, structured continuing professional development
and certification pathways are needed to ensure that the existing workforce can adapt to
technological change without professional marginalization.
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Figure 2. Proposed Roadmap for Equitable Laboratory Automation in Indonesia.

Infrastructure development represents another essential component of equitable im-
plementation. Persistent disparities in electricity reliability, internet access, laboratory
design, and digital connectivity continue to limit automation readiness across many health-
care settings. A uniform nationwide deployment strategy may therefore be impractical
and economically inefficient. Instead, a phased implementation model may offer a more
realistic pathway, prioritizing high-volume referral laboratories and tertiary facilities while
gradually expanding digital integration and automation capacity in regional and primary
healthcare laboratories. Such an approach would allow policymakers to balance innovation
with feasibility while minimizing the risk of widening regional disparities.

Pilot implementation programs may further support evidence-informed policy de-
velopment. Carefully selected pilot laboratories could serve as demonstration sites for
evaluating operational feasibility, cost-effectiveness, workforce adaptation, and regulatory
requirements before broader deployment. Experiences generated through these initiatives
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would provide valuable local evidence to guide future investment decisions and refine
implementation strategies suited to Indonesia’s healthcare realities.

Table 2. Proposed Roadmap for Laboratory Automation Implementation in Indonesia.

Domain Current Issues Recommended
Actions Key Stakeholders Indicators

Infrastructure Unequal readiness
across regions

Phased deployment
beginning with

tertiary laboratories

Ministry of Health,
hospitals, local
governments

Increased
automation coverage

and digital
connectivity

Regulation
Limited

automation-specific
operational guidance

Develop national
laboratory

automation
framework and

validation standards

Ministry of Health,
professional

organizations

Publication of
national technical

guidelines

Workforce
Digital competency
gaps among ATLM

personnel

Curriculum reform
and continuing

professional
development

programs

Universities, ATLM
associations,
Ministry of
Education

Number of certified
personnel trained in
automation systems

Governance
Fragmented

implementation and
limited coordination

Strengthen
multi-stakeholder
collaboration and

pilot implementation
programs

Government,
academia, healthcare

industry

Number of pilot
laboratories and

national
collaborative

programs

Finally, equitable laboratory automation will depend upon sustained multi-stakeholder
collaboration. Government institutions, professional associations, academic organizations,
healthcare providers, and technology industries must work together to ensure that automa-
tion strategies remain responsive to national priorities and local operational realities. Such
collaboration is essential not only for technological development but also for maintaining
public trust, ensuring ethical implementation, and promoting socially responsible innovation.

Taken together, these considerations suggest that Indonesia’s pathway toward labora-
tory automation should not be framed as a simple transition from manual to automated
systems. Rather, it should be understood as a broader process of laboratory system transfor-
mation requiring strategic governance, workforce development, infrastructure investment,
and equity-centered planning. If implemented thoughtfully, automation and robotics hold
considerable potential not only to modernize laboratory services but also to strengthen
diagnostic quality, expand healthcare access, and contribute meaningfully to Indonesia’s
long-term health system resilience.

3.6. Limitations

This review has several limitations. First, as a structured narrative review, the study
was not intended to provide exhaustive systematic evidence synthesis or quantitative meta-
analysis. Although selected PRISMA principles were adopted to improve transparency,
the review remains interpretive in nature and may be subject to selection bias. Second,
several discussions relied on the international literature due to the limited availability of
Indonesian empirical studies specifically addressing laboratory automation and robotics.
Third, the inclusion of professional experiences from the authors may introduce contextual
interpretation influenced by local practice environments. Nevertheless, these perspectives
were incorporated solely to enrich understanding of practical implementation challenges
within Indonesian healthcare settings.
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4. Conclusions
Laboratory automation and robotics are increasingly reshaping laboratory medicine by

improving operational efficiency, diagnostic accuracy, quality assurance, and patient safety.
Global advances in automation, artificial intelligence, and integrated laboratory systems
demonstrate substantial potential to strengthen laboratory services and support more
responsive healthcare delivery. However, translating these benefits into the Indonesian
context remains a complex undertaking shaped by infrastructural disparities, financial
limitations, workforce readiness, and evolving regulatory environments.

This review highlights that the successful integration of automation in Indonesia
depends not solely on technological availability but on broader health system prepared-
ness. Persistent inequalities in digital infrastructure and laboratory capacity risk limiting
equitable access to technological innovation if implementation occurs without strategic
planning and policy coordination. Equally important, the transformation of laboratory
practice reinforces, rather than diminishes the role of medical laboratory scientists (ATLM),
whose responsibilities are increasingly expanding toward automation oversight, data
interpretation, quality management, and interdisciplinary collaboration.

Accordingly, the future of laboratory automation in Indonesia should be approached
through an equity-centered and systems-oriented framework. Strengthening regulatory
governance, modernizing workforce competencies, investing in digital and laboratory
infrastructure, and fostering collaboration among government, academia, professional
organizations, and industry will be essential to ensuring sustainable implementation.
Through thoughtful planning and responsible innovation, laboratory automation and
robotics hold significant potential not only to modernize laboratory services but also to
support Indonesia’s broader health transformation agenda and strengthen equitable access
to high-quality diagnostic care.
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