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1  Introduction

The digital revolution of the 21st century, so-called Industry 4.0, 
defined by the convergence and integration of advanced tech-
nologies, is driving a profound transformation in healthcare, 
introducing the concept of “Healthcare 4.0” to establish effi-
cient, personalized, and sustainable healthcare systems [1–3].

Industry 4.0 will have an impact on healthcare by 
improving operational effectiveness, care quality, and long-
term sustainability. Aging population and rising rates of 
chronic diseases are stressing healthcare systems world-
wide, so pursuing this objective is essential. To manage the 
rising expense of chronic diseases [4–6], innovative con-
cepts for optimizing resources must be explored. By gather-
ing and analyzing enormous amounts of data in real time 
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Abstract
Purpose  It is essential for professionals to stay informed about the revolution we are witnessing and understand the related 
technical concepts in today’s rapidly evolving society. In addition to exploring how Industry 4.0 technologies—such as 
artificial intelligence (AI), the Internet of Things (IoT), big data, and blockchain—are transforming the healthcare sector, 
this literature review aims to address a crucial question: How can new technologies improve operational and environmental 
sustainability in healthcare while maintaining accessibility, safety, and equity?
Methods  A comprehensive literature study was conducted to analyze current research and discussions around the integra-
tion of Industry 4.0 technology in healthcare. This paper covers the various aspects of automation, data processing, system 
interconnection, ethical, financial, and infrastructure issues. Among the main topics discussed is data integration, which 
helps to enhance resource management, predictive analytics, and decision-making.
Results  Through international case studies (Mayo Clinic, Cleveland Clinic, Manifal Hospital, University College London 
Hospitals, Charité Hospital, Mount Sinai Hospital, Centro Hospitalar e Universitário de Coimbra) this review shows how 
these technologies improve patient outcomes, healthcare efficiency, and the environment. Significant problems should be 
warned about, including ethical issues about patient data security and privacy, unequal access to technological develop-
ments, the necessity of guaranteeing health information system interoperability, and economic viability concerns, particu-
larly in countries or regions with limited resources.
Conclusions  Healthcare 4.0 has enormous potential for global justice and sustainability, but its ethical integrity, data secu-
rity, and broad accessibility must be monitored. Although the healthcare sector will benefit much from the 4th industrial 
revolution, this analysis cautions about the related social and economic issues and inequalities. Encouraging ethical innova-
tion will rely much on public policies to support this technological transition being implemented in a sustainable manner in 
the healthcare sector.
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to enhance diagnosis and treatment, digital transformation 
is also reshaping the healthcare industry [7, 8]. Real-time 
monitoring can be accomplished through online patient sur-
veillance, which uses Internet of Things technology to col-
lect physiological and biometric data, so it may be analyzed 
using artificial intelligence powered predictive analysis to 
enable early disease detection and patient-specific treatment 
[9]. Additionally, resource allocation and efficiency may be 
enhanced by these data-driven health strategies [3, 10]. Fur-
thermore, applying AI to analyze population health data can 
help detect emerging public health patterns, anticipate ill-
ness waves, and lead the development of more efficient and 
long-term health policies [11]. The COVID-19 pandemic 
has speed up the healthcare sector’s digital transformation, 
highlighting the urgent need for stronger and more adapt-
able healthcare systems [10–13]. It has been demonstrated 
that telemedicine, remote patient monitoring, resource and 
inventory logistics, and predictive analytics are essential 
tools for managing patient load and delivering care in unfa-
vorable environments [3, 10]. This time frame demonstrated 
how Industry 4.0 technology could revolutionize healthcare 
during emergencies while contributing to the establishment 
of more sustainable and long-term healthcare systems.

1.1  Industry 4.0: key technologies involved

Industry 4.0 involves the integration of multiple founda-
tional technologies that, when combined, allow industrial 
processes to be fully digitalized while simultaneously open-
ing opportunities for efficiency and automation (Fig. 1).

Because it enables internet-based communication between 
machines, sensors, and systems, the Internet of Things (IoT) 
is essential to Industry 4.0. This makes possible to collect 
and share data in real time, which is required for the auto-
mation and optimization of industrial processes. IoT technol-
ogy makes it possible to continuously monitor equipment, 
anticipate issues, and optimize processes while reducing costs 
[12–15]. Another technology used is called Big Data, which 
makes it easier to analyze large quantities of data. A key ele-
ment of Industry 4.0 is big data analytics, which enables busi-
nesses to manage the enormous volumes of data produced by 
networked devices along with manufacturing procedures. This 
data is analyzed to detect trends, optimize processes, predict 
failures, and enhance product quality, resulting in smarter, 
more efficient operations [16, 17].

Artificial Intelligence (AI), in turn, enables Industry 4.0 
systems to learn from data, make decisions on their own, 
and execute challenging tasks with exceptional accuracy. 
Predictive maintenance, supply chain management, and 
process automation are just a few of the many uses for AI. 
The ability of AI to evolve and adapt makes factories more 
resilient and efficient [17].

Concepts like Machine Learning (ML) and Deep 
Learning (DL) are commonly stated, and both refer to arti-
ficial intelligence. Artificial intelligence includes machine 
learning, which trains computers to find patterns in data and 
make predictions or decisions on their own without further 
programming; and those predictions and patterns can be 
found by machine learning models using statistical meth-
ods [18]. Deep learning is a subset of machine learning that 
uses multilayered neural networks to represent complex pat-
terns in data. Insights from the structure and function of the 
human brain guide it [19, 20].

We cannot disregard Advanced Robotics since automa-
tion technology has advanced dramatically in Industry 4.0. 
Nowadays, automated machines can collaborate and learn 
new tasks quickly. This flexibility and mass customization 
allows producers to adapt swiftly to market needs [21].

Both Cloud computing and Edge computing provide 
the infrastructure needed to store and process large amounts 
of data. On the other hand, edge computing lets process-
ing take place near the source of the data, therefore reduc-
ing latency and speeding up important processes. Operating 
efficiency and the need for real-time processing in Indus-
try 4.0 depend on these technologies, which are therefore 
important [22].

As healthcare digitizes, protecting sensitive data becomes 
increasingly important. Blockchain has been incorporated 
into Industry 4.0 to provide transaction security and transpar-
ency in supply chains. In healthcare, it might securely store 
and exchange medical data, ensuring that only authorized 
users can access it [1, 2]. Healthcare data management could 
change with this technology, giving patients and professionals 
more confidence in digital system security. This technology 
also enables all parties involved in a transaction to verify and 
monitor the process in a safe and irreversible manner, enhanc-
ing confidence and lowering the risk of fraud [23].

2  Sustainable health services: concepts and 
importance

The concept of sustainable health combines public health 
promotion and environmental preservation, with the purpose 
of ensuring that current health practices are not compromis-
ing the resources and environment required for future gen-
erations’ well-being. Sustainable health demands not only 
reducing but also preventing environmental effects as well 
as building an economically sustainable and socially fair 
healthcare system [24, 25]. The concept incorporates the 
idea that healthcare practices must respect the planet’s eco-
logical constraints, encouraging the effective use of natural 
resources and lowering the environmental impact of health-
care activities. Sustainable healthcare also aims to guarantee 

1 3



Health and Technology

that all people have fair access to high-quality healthcare, 
regardless of their economic situation or geographic loca-
tion, and in this regard, Industry 4.0 technologies will be 
rather significant.

3  Intersection between industry 4.0 and 
healthcare services

Industry 4.0 is transforming various economic areas, includ-
ing healthcare. The convergence of The convergence of 
Industry 4.0 technologies and healthcare services is chang-
ing how care is provided, therefore making it more efficient, 
personalized/individualized, and sustainable.

3.1  Innovation in health services with industry 4.0

Significant advancements are being made in the healthcare 
sector as a result of the widespread use of Industry 4.0 tech-
nologies, such as IoT, AI, Big Data, advanced robotics, and 
Blockchain. The following sections will discuss each of 
these technologies, their pertinent applications in healthcare 
systems, and the benefits of their adoption.

3.1.1  IoT and smart sensors

IoT is playing an essential role in modernizing healthcare 
services, while enabling the integration of medical equip-
ment and sensors, IoT has created a scenario in which patients’ 

health data is collected and transmitted in real time. Wearable 
devices, such as heart rate monitors and glucose sensors, 
enable healthcare professionals to monitor patients both in the 
hospital and at home. Used together, both technologies offer 
faster and more individualized therapies, reduce hospitaliza-
tion rates, and improve chronic disease management [12]. IoT 
also allows for the integration of data from several sources, 
therefore it might produce a complete and precise picture of a 
patient’s health. This connectedness not only enhances clinical 
decision-making but also provides health care professionals 
with more thorough and up-to-date information, which leads 
to faster and more accurate diagnoses [15].

3.1.2  Big data and data analysis

Big data is another important Industry 4.0 technology chang-
ing the healthcare sector. Apart from spotting trends, big data 
analysis can predict illness outbreaks and improve treatments 
with customized medication for each individual patient. For 
instance, by analyzing genetic data and comparing medical 
records, it is possible to predict the likelihood of develop-
ing specific diseases and adopt preventative actions [16]. 
Since predictive analysis allows for better use of resources 
such as hospital beds, staff, and equipment, Big Data is also 
contributing significantly to hospital operational efficiency 
and leading to lower waste and increased efficiency [17, 
26]. This optimization of resources not only improves the 
patient’s experience but also lowers hospital running costs, 
ensuring the healthcare system’s long-term viability.

Fig. 1   Main technologies of 
Industry 4.0
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neural networks on large volumes of medical image data 
[34], the hospital improves disease detection and treatment. 
Researchers at Children’s Hospital of Los Angeles provide 
another interesting illustration; they are using DL models to 
improve treatment in pediatric intensive care units. Exam-
ining thorough health data helps the AI system to identify 
the optimal pharmacological treatments for critically unwell 
children, hence increasing patient outcomes [35]. These 
were only a handful of illustrations of how Machine learn-
ing and deep learning interact effectively with the Internet 
of Medical Things (IoMT), analyzing real-time data from 
linked devices to provide proactive healthcare.

3.1.4  Advanced robotics

Advanced robotics is transforming medical operations, while 
enabling more accurate and minimally invasive treatments. 
Surgical robots such as da Vinci give surgeons control and 
accuracy that exceed human limitations, resulting in fewer 
postoperative complications as well as shorter recovery periods 
[36, 37]. Hospitals are also using robotics to automate routine 
tasks like drug distribution and cleaning, therefore enhancing 
operational efficiency and reducing the risk of infection [38].

3.1.5  Blockchain

Blockchain technology is gaining importance within the 
healthcare sector, especially for the secure management of 
patient data, which is a main worry in the integration and inter-
change of personal information across several platforms and 
systems. This technology ensures that health records remain 
unchangeable and available only to authorized people, hence 
improving confidence in the healthcare system. Furthermore, 
Blockchain promotes interoperability among various health-
care systems, allowing for the safe and efficient flow of infor-
mation between hospitals, clinics, and other healthcare entities 
[23]. Another significant application of Blockchain is medi-
cine tracking, which aids fighting counterfeiting and ensures 
that patients receive genuine and safe products [39].

4  Benefits and challenges

While there are many advantages to integrating Industry 4.0 
technologies in the healthcare sector, there are also chal-
lenges and obstacles that must be addressed to ensure that 
these integrations are successful.

4.1  Benefits

Improving healthcare quality is one of the key advantages 
of using Industry 4.0 technologies in healthcare. While IoT 

3.1.3  Artificial intelligence (AI)

AI has become popular in healthcare, with applications rang-
ing from diagnostics to hospital administration. AI-based 
technologies can analyze medical pictures, such as X-rays 
and MRIs (Magnetic Resonance Imaging), with far greater 
accuracy and speed than human radiologists, allowing for 
the early identification of illnesses like cancer [27, 28]. AI 
is also being employed to personalize therapies based on 
patient-specific data, which increases carer effectiveness 
while decreasing side effects [29, 30]. AI is also automat-
ing administrative tasks like appointment scheduling and 
electronic health record maintenance, allowing healthcare 
workers to focus on patient care and enhancing the health-
care system’s efficiency [21].

While accumulating large volumes of unstructured data 
in their electronic health records, healthcare companies are 
now applying Machine learning (ML) for disease predic-
tion, treatment, imaging, and drug development. By using 
natural language processing, machine learning reorga-
nizes data into more organized collections, which permits 
healthcare professionals to quickly find useful informa-
tion. Artificial intelligence and machine learning have also 
affected pharmaceutical company medicine research and 
development [31]. This approach has previously been used 
in clinical trials for the central nervous system, and drug 
companies are hopeful that machine learning will be able to 
predict how patients will react to treatments and who will 
benefit the most from the drug [32]. Moreover, telemedicine 
has taken advantage of the advantages of machine learning 
developments in healthcare; some machine learning compa-
nies are investigating how to capture data during virtual ses-
sions to simplify processes and arrange patient information 
for healthcare professionals during telemedicine sessions. 
ML looks to be quite helpful for the healthcare industry. On 
the other hand, Deep Learning (DL) is widely used for the 
analysis of medical images, including MRIs and CT scans 
(Computed Tomography), facilitating the prompt and pre-
cise identification of health conditions [33]. Considering all 
these uses and benefits, Fig. 2 compiles a list of businesses 
applying machine learning in the healthcare sector.

Several healthcare organizations are using Machine 
Learning (ML) and Deep Learning (DL) technology to 
improve patient care (personalized treatment, fast data col-
lection), operational efficiency (cost-efficient processes) 
and accelerated drug discovery and development. Notable 
examples include the Cleveland Clinic, Massachusetts Gen-
eral Hospital, Manipal Hospitals, and Children’s Hospital 
Los Angeles (for more details read 6. Case studies). For 
instance, Massachusetts General Hospital enhances radiog-
raphy and pathology diagnosis using NVIDIA’s deep learn-
ing supercomputer and deep learning (DL). By educating 
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expense of their implementation. It costs a lot to protect and 
maintain technologies like AI, IoT, and complex advanced 
robots, and some hospitals and clinics may not be able to 
afford it, especially in areas with few resources [36, 40]. 
The expense of educating medical professionals on how 
to use this new technology is also a significant challenge. 
Another difficulty yet to overcome is the compatibility of 
systems. Industry 4.0 technologies require the integration 
of systems from several manufacturers and platforms and 
the absence of standardized protocols may restrict commu-
nication between devices and systems, compromising the 
effectiveness of existing solutions. Health systems must 
make investments in developing infrastructures that enable 
safe and efficient interoperability if they intend to maximize 
technology developments [23]. Patient data privacy must be 
given top priority given the growing digitization of health 
information and the application of technologies including 
IoT and blockchain, since data security and privacy are criti-
cally important issues. Cyberattacks on healthcare systems 
can result in severe repercussions, including disruptions 
in service and loss of patient confidence. Consequently, it 

helps continuous patient monitoring, enabling faster and 
more personalized treatments, technologies like artificial 
intelligence offer accurate and faster diagnoses. Automating 
administrative and clinical tasks increases resource manage-
ment and reduces the time set aside for manual procedures, 
hence greatly improving the operational efficiency of hos-
pitals [21]. Improved resource use, including energy and 
materials, helps to sustain healthcare services by means of 
waste prevention as well. The sustainability of healthcare 
services is further enhanced through better resource utiliza-
tion while minimizing waste. Big Data analytics may detect 
wasteful practices and facilitate the implementation of more 
sustainable solutions, enhancing a system’s efficiency, cost-
effectiveness, and environmental impact while providing 
high-quality patient care.

4.2  Challenges

Despite the numerous benefits that Industry 4.0 technolo-
gies offer to the healthcare sector, their integration presents 
significant challenges. The main obstacle is the substantial 

Fig. 2   Businesses applying machine learning in the healthcare sector
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has allowed a better allocation of resources by predicting 
demand and optimizing the use of materials and human 
resources. This approach has contributed to a significant 
reduction in waste and greater sustainability of the health 
system, both in economic and environmental terms [16]. It 
is also important to note that advanced robotics is improving 
the quality of healthcare services, especially in fields such 
as surgery, where robots enable greater precision, reduce the 
risk of complications and accelerate patient recovery [36, 
38]. Additionally, through the use of robots for performing 
repetitive tasks, hospitals can improve patient and health-
care worker safety and hygiene while reducing the risk of 
hospital-acquired infections [37]. Blockchain improves 
the security of healthcare data by preventing unauthorized 
access to patient data and safeguarding the accuracy of health 
records. This technology not only promotes collaboration 
across various healthcare groups, but it additionally allows 
safer information exchange and better care coordination 
possible [23]. The convergence of Industry 4.0 and health-
care services is significantly changing how care is delivered, 
hence enhancing service quality and efficiency and helping 
the sector’s sustainability. Still, if these technologies are 
to reach their full potential, challenges including costs of 
installation, data security, systems compatibility, change 
aversion, and ethical concerns must be solved. As hospitals 
and clinics keep adopting Industry 4.0 innovations, it will be 
crucial to ensure that the technologies are used ethically and 
responsibly, particularly in terms of improving patient care 
and long-term sustainability.

5  Relationship between industry 4.0, health 
and sustainability

The revolution called Healthcare 4.0 represents a poten-
tial to restructure and enhance healthcare services with an 
emphasis on sustainability (Fig. 3). Exploring these technol-
ogies can provide enhanced efficiency and efficacy in care 
delivery, as well as a more sustainable approach from both 
environmental and economic perspectives.

5.1  Industry 4.0 and operational efficiency in 
healthcare

The operational efficiency of healthcare services is signifi-
cantly impacted by Industry 4.0. For instance, the Internet 
of Things allows medical equipment to interconnect within 
a digital network, thereby enabling real-time data collec-
tion and analysis. Remote monitoring helps to improve 
patient monitoring by means of remote monitoring, hence 
decreasing the necessity for frequent hospital visits. This 
interconnection using IoT, not only minimizes healthcare 

is essential for healthcare facilities to implement stringent 
cybersecurity protocols to safeguard sensitive information 
and maintain patient confidentiality [39]. Resistance to 
change constitutes another considerable challenge. Health-
care workers may be resistant to adopting new working 
techniques or may feel concerned that new technology 
could compromise their autonomy and participation in clini-
cal decision-making. To overcome this reluctance, it is vital 
to engage in training and awareness initiatives that explain 
the benefits of new technology and include healthcare work-
ers throughout the adoption process [41].

The ethical concerns associated with the use of AI and 
Big Data in healthcare are receiving more attention, since 
algorithm-based decision-making can generate issues about 
transparency, fairness, and responsibility. Students and 
teachers of health sciences are concerned about artificial 
intelligence safety, ethics, fraud, false information, and 
the necessity of professional oversight to deliver safe and 
correct healthcare. The appropriate integration of artificial 
intelligence technologies into healthcare education and 
practice may be questioned given students’ and professors’ 
inadequate expertise and training in artificial intelligence 
[42, 43]. Another example is the use of AI for patient triage 
may unintentionally propagate existing biases if the data on 
which it is based is not properly filtered and evaluated [27]. 
Therefore, it should develop and employ AI-based solu-
tions with a significant focus on ethical issues and patient 
rights. Current solutions could become outdated if Indus-
try 4.0 technology expands quickly. Healthcare companies 
must create long-term strategies to maintain their systems 
updated, and new technologies must be integrated continu-
ously and efficiently [29, 44].

4.3  Impact on the quality and efficiency of health 
services

Industry 4.0 technologies have already significantly influ-
enced and will continue to enhance the quality and effi-
ciency of healthcare services. The use of AI for enhanced 
accuracy and individualized diagnoses is markedly dimin-
ishing medical mistakes and elevating clinical outcomes 
for patients. Furthermore, ongoing surveillance facilitated 
by IoT enhances the treatment of chronic diseases, thereby 
reducing the necessity for emergency interventions and 
extended hospital stays [12]. The automation of administra-
tive and clinical procedures has enhanced the efficiency of 
healthcare services. Automation liberates healthcare work-
ers to concentrate on direct patient care while enhancing 
resource management, including hospital bed occupancy 
and procedure scheduling, hence increasing operational 
efficiency and reducing costs [16]. On the other hand, the 
integration of Big Data and AI in hospital management 
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carbon footprints. Additionally, less people visiting hospi-
tals and clinics relieve pressure on physical infrastructure, 
hence reducing the need for ongoing building of medical 
facilities [36, 38]. These technologies not only improve 
healthcare access but also encourage more environmentally 
friendly practices, hence aligning the sector with sustainable 
development objectives.

Still a major issue is the handling of hospital-generated 
waste. Regarding waste management, the use of blockchain 
technology allows for the tracking and appropriate dis-
posal of hazardous substances and materials. Transparency 
ensures that hospitals engage with environmentally friendly 
procedures, lowers the likelihood of process failures, and 
ensures that hospital records can be traced [23].

5.3  Equity and accessibility

Social sustainability in the healthcare sector is guarantee-
ing equity and access for everyone. Telemedicine, which 
offers remote medical consultations, allows more people to 
receive treatments without traveling great distances, in iso-
lated regions and among disadvantaged groups, and plays 
its role and has been crucial for enhancing access to health-
care and therefore lowering inequalities in healthcare access 
[45, 46]. By offering health information, promoting health, 
and enhancing service delivery, mobile connectivity helps 
to improve health outcomes in lower middle-income coun-
tries [46]. Affordable internet, reliable network coverage, 

consumable waste and drug waste but enables personal-
ized treatment and resources optimization, and needless 
physical infrastructure usage as well [12, 26]. Otherwise, 
enhanced robots are changing medical procedures through 
artificial intelligence and automation, improving surgical 
accuracy and speeding up patient recovery. A clear example 
is surgical robots, which enhance precision and reduce the 
likelihood of postoperative complications. Shorter recovery 
durations reduce the demand for hospital beds and other 
resources, therefore supporting the operational and financial 
viability of health systems [38].

5.2  Environmental sustainability and healthcare 
4.0

Environmental sustainability is another important issue in 
Healthcare 4.0 discussions. Technologies of Industry 4.0 
can enable medical facilities to be more environmentally 
friendly. By enabling healthcare organizations to make 
data-driven decisions, Big Data helps to optimize the use 
of water and energy resources. By means of resource man-
agement optimization, these technologies allow reduce the 
energy consumption of healthcare infrastructure and hospi-
tal material waste [16].

Telemedicine and remote patient monitoring have been 
also making significant contributions to environmental 
sustainability [45]. These digital solutions help healthcare 
workers and patients to travel less, consequently lowering 

Fig. 3   Interconnection of Indus-
try 4.0, Health, and Sustainability
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collaboration with Microsoft, Cleveland Clinic have been 
using machine learning algorithms to identify patients at 
high risk of cardiac arrest. The system can predict the need 
for treatments like vasopressors by means of patient vitals 
and laboratorial data, hence enhancing the health of patients 
[51–53]. The use of AI algorithms to predict the risk of read-
mission for heart failure patients has enabled more effec-
tive preventive interventions, resulting in better hospital 
resource management and fewer readmissions. This opti-
mized process has resulted in more efficient use of hospital 
beds, lower energy consumption, and a more sustainable 
approach to healthcare [54, 55].

Manifal Hospital, India

In 2015, the Manifal Hospital introduced IBM’s Watson 
for Oncology observed a significant difference in diagno-
ses between the clinical staff (multidisciplinary team) and 
Watson’s judgment using datasets of 1000 cancer patients, 
including breast, colorectal, rectal, and lung cancer, col-
lected over three years by two doctors. The agreement 
between Watson’s treatment recommendations and physi-
cians’ recommendations varied by cancer type, matching in 
85% of rectal cancer cases but only 17.8% of lung cancer 
cases [56]. IBM’s Watson improves individualized care by 
comparing patient data to a huge repository of medical lit-
erature to suggest evidence-based therapies [29, 56, 57].

University College London Hospitals (UCLH), UK

Shorter hospital stays and less consumption of energy and 
water have resulted from UCLH’s use of AI to enhance 
image diagnosis and customize treatments to each patient’s 
needs [58]. Assisted robotics are being used in minimally 
invasive surgeries and have significantly reduced the use of 
disposable materials such as bottles and towels, promoting 
more sustainable and ecological practices in hospitals [58]. 
UCLH have also implemented an information retrieval and 
extraction platform. CogStack greatly improves the abil-
ity to collect and analyze unstructured data in electronic 
health records. For example, the CogStack platform handles 
unstructured healthcare data from electronic health records 
to help doctors make decisions, do research, and run their 
businesses more efficiently. At the same time, natural lan-
guage processing gives doctors information about diagno-
ses, patient risks, and health trends [59]. Along with UCLH, 
DeepMind also collaborated to develop an algorithm to 
identify head and neck cancer using CT and MRI [60, 61]. 
Nikolov et al. have also demonstrated the generalizability of 
their model by evaluating it on patients from diverse geog-
raphies, demographics, and scanning techniques. A seg-
mentation system that is as accurate as experts could speed 

and mobile phone ownership might enhance health access 
and habits as well. Through an assistant mobile app, online, 
USSD (Unstructured Supplementary Service Data) and 
SMS (Short Message Service) to underprivileged and rural 
areas in Cameroon, GiftedMom provides pregnant women 
and nursing mothers health information recommendations 
and monitoring services; broad mobile ownership and inex-
pensive mobile internet make this possible [46].

Artificial Intelligence also plays an important role in 
fostering equity, because it can reliably identify diseases 
in the early stages in big populations. This enables faster 
and perhaps cheaper interventions, which is critical to guar-
anteeing the healthcare system’s financial sustainability 
while still offering quality services to all segments of the 
population [29]. Furthermore, the personalized healthcare 
enabled by modern technologies allows each patient to get 
therapies tailored to their unique needs without significantly 
increasing operational costs. This is a major move toward 
guaranteeing that healthcare systems can offer sustainable 
high-quality treatments.

6  Case studies

Several healthcare institutions worldwide are using Indus-
try 4.0 technology with outstanding quality, efficiency, and 
sustainability results. Next case studies briefly outlined how 
these technologies are being used and their benefits:

 Mayo Clinic, EUA

The Mayo Clinic has been at the forefront of employing AI 
and Big Data technology to enhance diagnostic precision 
and tailor treatments [47–49]. Using AI to examine elec-
trocardiograms (ECGs) is an example of this innovation, 
as it helps detect cardiac arrhythmias early with the same 
level of accuracy as specialists [48]. The implementation of 
these technologies enhances care quality while reducing the 
necessity for supplementary examinations and fostering a 
more efficient allocation of hospital resources. At the same 
time, cloud computing collaboration with Google makes it 
easier to manage clinical data, which also improves energy 
efficiency and lessens its impact on the environment [49].

Cleveland Clinic, EUA

The Machine Learning Arthroplasty Laboratory (MLAL) 
was established in 2018 at the Cleveland Clinic’s Depart-
ment of Orthopaedic Surgery. Its goal was to study impor-
tant issues more deeply and see if machine learning could 
be used in musculoskeletal medicine to improve patient-
specific, value-based care and human mobility [50]. In 
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mitigating the organ shortage [69]. The hospital employs 
energy management systems with intelligent sensors to con-
trol electricity consumption in real time, thereby enhancing 
energy resource efficiency and significantly reducing the 
institution’s ecological footprint [70]. Table 1 resumes how 
Industry 4.0 is being implemented in several examples of 
hospital institutions.

7  Conclusions, challenges and final 
considerations

Although there are still recognizable challenges to over-
come, Industry 4.0 technologies represent a big step forward 
for health and sustainability. Among the most crucial ques-
tions and concerns is patient data privacy. More healthcare 
organizations embrace digital technologies, which increases 
the likelihood of data breaches and consequently decreases 
trust among consumers. Implementing these new technolo-
gies is challenging, and safeguarding client data is essential. 
Blockchain is considered a viable solution to this problem 
since it guarantees safe and transparent medical data man-
agement, despite ongoing technological and practical.

Interoperability among healthcare systems and technolo-
gies is another issue. Conflicting standards and IT systems 
make it difficult for healthcare institutions to adopt Indus-
try 4.0. Fragmentation might decrease operating efficiency, 
therefore compromising these developments in healthcare 
quality and environmental advantages. Technology devel-
opers, medical professionals, and policymakers must col-
laborate to design and establish standard protocols that 
enable healthcare system integration and interoperability to 
get ahead of this challenge.

Another major challenge is the economic viability of imple-
menting these technologies. In many circumstances, health-
care organizations face significant costs when implementing 
AI, IoT, or big data technologies, particularly in countries or 
regions with limited resources. However, the long-term ben-
efits outweigh the early costs, so governments and health 
organizations must ensure that public policies supporting this 
technological transition are implemented sustainably.

In the healthcare sector, the integration of Industry 4.0 
technological advances is more than simply a digital trans-
formation of procedures; it also represents an important 
opportunity to improve environmental, social, and economic 
sustainability in this sector. The review of the literature 
revealed that technological developments such as Artificial 
Intelligence, Internet of Things, Big Data, Advanced Robot-
ics, and Blockchain are redefining healthcare paradigms by 
not only enhancing healthcare quality but also optimizing 
efficiency and helping to lower the ecological footprint of 
health systems.

up, improve, and standardize the radiation process, which 
would lead to better patient outcomes [61].

Charité Hospital, Germany

Berlin’s Charité Hospital, one of the largest university 
hospitals in Europe, has been pioneering technical innova-
tions in the medical field. In cooperation with the European 
TEF-Health project, Charité has used AI and Big Data-
based solutions to optimize hospital management, thereby 
increasing efficiency and reducing material waste. By using 
AI algorithms to forecast disease outbreaks, the hospital can 
minimize its energy and environmental impact while man-
aging resources more effectively during medical emergen-
cies [62, 63]. Charité’s creative partnership with the BMW 
Group to research the intersection between automotive tech-
nology and healthcare is another interesting example. The 
automotive and healthcare industries can now work together 
more effectively thanks to AI, connected vehicles, and the 
digitization of healthcare [64].

Mount Sinai Hospital, EUA

Mount Sinai Hospital has used artificial intelligence to 
improve the efficiency of cardiovascular disease detection. 
Using computed tomography, Mount Sinai Hospital uses AI 
to more accurately identify arterial plaques, hence reduc-
ing diagnosis time and eliminating the need for follow-up 
tests. By reducing energy and material use, this efficiency 
helps the hospital’s sustainability as well as the good use of 
resources. This efficient diagnostic method allows more sus-
tainable and ecologically friendly hospital operations [65, 
66]. Mount Sinai researchers were among the first in the 
United States to use artificial intelligence with imaging and 
clinical data to investigate COVID-19 patients. By analyz-
ing the virus’s expression in chest CT scans, an algorithm 
was created to quickly identify it, hence encouraging faster 
diagnosis and patient isolation during the epidemic [67, 68].

Centro Hospitalar e Universitário de Coimbra (CHUC), 
Portugal

In Portugal, CHUC adopted sustainable practices by inte-
grating robotics and AI in minimally invasive procedures, 
leading to reduced reliance on throwaway materials and 
enhanced optimization of hospital resources. A research team 
from the Faculty of Medicine of the University of Coimbra 
(FMUC), in collaboration with CHUC and the University 
of Buffalo (USA), is creating an AI-driven algorithm to aid 
in the assessment of kidney biopsies from dead donors dur-
ing organ retrieval. The goal is to reduce organ waste and 
increase the precision of donor kidney evaluations, thereby 
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Healthcare 
facility
(Country)

Example of Technology 
implemented

Benefits

Mayo Clinic
(EUA)

• Remote Diagnostic and Man-
agement Platform
• Home Hospital Platform
• Computer-Aided Diagnosis 
(CAD) Technology
• Mayo Clinic Cloud

• Improved accuracy and efficiency in clinical 
decision-making
• Enhanced patient experience through remote care 
options
• Accelerated medical research and innovation
• Reduced costs through optimized resource allocation

Cleveland 
Clinic
(EUA)

• Integration of f Microsoft’s 
digital assistant Cortana
• AI-Assisted System
• Adoption of machine learning 
algorithms to detect patients at 
increased risk of cardiac arrest

• Improved accuracy and efficiency in clinical decision-
making through predictive analytics
• Enhanced patient experience through early interven-
tion and personalized care
• Increased operational efficiency through optimized 
resource allocation
• Reduced costs through streamlined workflows and 
improved care coordination
• Improved accuracy in diagnosis and treatment
• Enhanced patient experience through personalized care 
and early intervention
• Increased efficiency in clinical decision-making

Manifal 
Hospital
(India)

• Clinical Decision Support 
System
• Predictive Analytics
• Image Analysis

• Improved Diagnostic Accuracy
• Enhanced Patient Outcomes
• Operational Efficiency

University 
College Lon-
don Hospitals
(UK)

• Image diagnosis
• Natural Language Process-
ing for clinical documentation, 
streamlining the process of 
recording patient information
• Predictive Analytics

• Improved Diagnostic Accuracy
• Enhanced Patient Flow
• Increased Patient Satisfaction
• Support personalized decision-making by healthcare 
professionals

Charité 
Hospital
(Germany)

• Charité Lab for Artificial 
Intelligence in Medicine 
(CLAIM)
• Machine and deep learning 
models across various medical 
fields
• AI and robotics into health-
care (TEF-Health project)

• Support personalized decision-making by healthcare 
professionals
• Ensure safety and efficacy
• Improve diagnostics, treatment, and overall patient 
care
• Increased Patient Safety and Reduced Errors
• Accelerated Research and Innovation
• Cost Savings and Healthcare Accessibility
• Advancements in Robotics and Wearable Technology

Mount Sinai 
Hospital
(EUA)

• AI in Emergency Room 
Admission Decisions
• AI in COVID-19 Detec-
tion and to predict disease 
outbreaks
• computerised tomography

• Enhanced diagnostics and early disease detection
• Improved emergency care and decision support
• Increased efficiency and reduced administrative burden
• Enhanced patient experience through early interven-
tion and personalized care
• Enhanced patient flow
• support mental health and emotional well-being
• Cost savings and optimized resource allocation

Centro 
Hospitalar e 
Universitário 
de Coimbra
(Portugal)

• Robotics and AI in minimally 
invasive procedures - Portu-
guese consortium of the TEF-
Health Project
• Intelligent sensors to control 
electricity consumption
• AI-Based Clinical Decision 
Support Systems
• AI-driven algorithms

• Improved diagnosis accuracy
• Enhanced patient care: Increased efficiency.
• Reduce organ waste
• Increase the accuracy of donor kidney assessments
• Enhanced data analysis
• Enhanced energy resource efficiency
• Reduced ecological footprint

Table 1   Examples of Healthcare 
facilities using Industry 4.0 tech-
nologies and benefits
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if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​
r​g​​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.
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Equally important is the economic efficiency these tech-
nologies generate. Especially in resource-limited regions, 
Industry 4.0 technologies minimize costs over time and 
make healthcare more sustainable and accessible by 
improving treatment accuracy and reducing consumption of 
resources. 

In healthcare, using Industry 4.0 technologies offers a 
particular opportunity to increase operational efficiency, 
reduce environmental impact, promote equitable access to 
treatment, and minimize waste, hence making the industry 
more sustainable. Fair use of technology advancements and 
a balanced approach to ethical and economic issues help to 
fully fulfill all these possibilities. While firmly maintaining 
commitments to environmental, social, and economic sus-
tainability, the success of this change depends on health sys-
tems’ ability to adapt to an emerging technological reality. 
Through a purposeful and sustainable framework, Industry 
4.0 possesses the capacity to enhance healthcare while fos-
tering a more equitable and sustainable future for all.
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