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Abstract
The four evolutionary stages have brought us to Industry 4.0. Industry 4.0 is nothing but the 4th Industrial Revolution which 
will change the production processes. The implementation of Industry 4.0 in the pharmaceutical sector will make the manu-
facturing of complex drugs easier. The arrival of Industry 4.0 and its advanced technologies such as artificial intelligence 
(AI), robotics, and the Internet of Things (IoT) makes the processes flexible. Industry 4.0 was introduced to reduce the human 
workforce and make the complicated processes unchallenging. It is used in all aspects of pharmaceutical sector like analysis, 
diagnosis, manufacturing, and packaging. The main aim of this paper is to comprehensively elucidate how Industry 4.0 has 
played a significant role in sustainable development (SD). Industry 4.0 in sustainability decreases the research efforts and 
examines the research sector’s opportunities. This paper also discusses the impact of Industry 4.0 on sustainable development. 
Industry 4.0 constructs a bridge between industry and sustainability leading to sustainable development. Sustainability can 
be achieved by adopting innovative techniques of Industry 4.0 in manufacturing. Moreover, Industry 4.0 provides potential 
benefits for enhancing pharmaceutical production concerning flexibility, expenses, standards, and safety. It is noticed that 
Industry 4.0 has a beneficial impact on sustainable development by implementing advanced technologies leading to flexible 
manufacturing processes.
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Introduction

The pharmaceutical sector is a complicated and determined 
business model of study, advancement, production, and pro-
motion of recent chemical entities (NCEs) and bioproducts 
(proteins, peptides, monoclonal antibodies, vaccines, etc.) 
created to accentuate human well-being (Northrup 2005). 
“Advanced analytics” which are developed from Industry 
4.0 are employed all across the value chain of pharmaceuti-
cal companies, including research and development, safety, 

production, and regulation. The pharmaceutical industry is 
a crucial segment of the healthcare system, which deals with 
the assembly and promotion of pharmaceuticals, biological 
products, and therapeutic devices used to diagnose and treat 
diseases and conducts research to develop new products for 
human welfare. So, it would be crucial to keep up the stand-
ard of the final products to stop health hazards as many phar-
maceutical products are lifesaving (Ugvekar et al. 2021). 
The pharmaceutical manufacturing unit is a simple precondi-
tion for realizing the international organization’s sustainable 
advancement goals (Lakner et al. 2019). Manufacturing new, 
effective, and less expensive medications requires to con-
trol the population’s well-being, encouragement, abilities, 
contributing to reducing poverty, a primary sustainability 
development goal (Lakner et al. 2019). New technologies 
are essential for water and energy preservation (Argiyan-
tari et al. 2020). Efforts to boost the bargain-basement of 
medicaments reduce unfairness (Lakner et al. 2019). In the 
pharmaceutical industry, machine learning has been used 
for automated quality evaluation of emulsions. The boosting 
importance of the “green chemistry” approach within the 
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pharmaceutical sector directly contributes to the declining 
carbon footprint, responsible manufacturing and consump-
tion, and mitigation of temperature change. In summary, it 
can be concluded that expanding the pharmaceutical sector 
is a critical element in achieving the United Nation’s sustain-
able advancement objective (Lakner et al. 2019).

The pharmaceutical sector provides therapeutic agents to 
treat diseases. It enhances the health of the population. The 
pharmaceutical industry manufactures new drugs that improve 
patients’ quality of life worldwide by researching and develop-
ing. The pharmaceutical sector is a crucial advantage to world-
wide wealth. The pharmaceutical sector frequently attempts to 
create new therapies that help people live longer and healthier 
lives. The pharmaceutical sector contributes directly to the 
world gross domestic product and supports many workers by 
producing medical products. The pharmaceuticals are used 
for diagnosing and curing the disease, but sometimes it has 
an undesirable effect. However, contaminants such as phar-
maceuticals in potable water systems have been reported as 
one of humanity’s fundamental problems (Peake et al. 2016). 
Recent surveys stated that many pharmaceuticals are partially 
eradicated at sewage treatment plants, rivaling the levels of 
some pesticides (Jones et al. 2003). Pharmaceuticals are 
potentially omnipresent pollutants because they can be found 
in any environment inhabited by human beings (Jones et al. 
2003). Recent investigations stated that drugs are sometimes 
detected on surface water, groundwater, and drinking water. 
It can cause a threat to aquatic lives. During the COVID pan-
demic, the pharmaceutical sector was positively impacted by 
researching and manufacturing the medications used to treat 
the COVID-infected patients. Industry 4.0 in the production 
of vaccine will enhance quality, improve efficacy, and improve 
compliance with the data-regulated regulatory requirements.

Conventional technology is a three-step conversion pro-
cess of energies which was used before the era of Industry 
4.0. Traditional manufacturing of pharmaceutical processes 
does not appropriately address the necessity of military and 
civilian patient populations and healthcare providers because 
traditional manufacturing is not enough capable of monitor-
ing and controlling automated and complicated manufac-
turing process to produce personalized products expertly 
and beneficially. Conventional technologies have reached 
their limits for material development, including medical 
applications. The limitations of conventional drug delivery 
systems are low therapeutic indices and poor water solu-
bility. The advancement of new medications is overpriced, 
and regular production operations typically occupying batch 
processing are often ineffective. Pharma 4.0 could benefit 
the pharmaceutical sector through automatization. Major 
obstacles faced by the previous technologies or revolutions 
include overpriced production of new medications, non-
transparent processes, and ineffective regular production, 
leading to batch failures (Steinwandter et al. 2019). The 

United Kingdom experienced dreadful air pollution from 
burning coal during the First Industrial Revolution. Even 
other Industrial Revolutions have led to extreme ecologi-
cal impacts such as material utilization, waste, and carbon 
emissions (Chiarini 2021). Conventional pharmaceutical 
manufacturing, designed in rigid patterns and for limited 
products, can no longer be adapted to the new manufactur-
ing trend of small batch and multi-variety (Argiyantari et al. 
2020). Conventional technology has contributed to the levels 
of pathogenicity and increased global warming (Dai 2006). 
However, conventional manufacturing lacks the capability 
of monitoring and managing automated and complicated 
production to produce personalized and small-lot products 
effectively and beneficially (Shi et al. 2020). The limita-
tions of conventional technology can be bypassed through 
the execution of Industry 4.0 in the pharmaceutical industry. 
Thus, conventional production cannot cope with the chal-
lenges of speedily developing technologies.

Industry 4.0 is the phrase used to express the execution of 
“smart” devices that can interface autonomously along the 
value chain (Santos & Lima 2018). In the recent years, the 
idea of Industry 4.0 portrays the Fourth Industrial Revolu-
tion, which is explained as a new extent of association and 
control over the product lifecycle value chain, with impor-
tance on client needs that become more personalized (da 
Silveira et al. 2019). The companies, the supply chains, 
the departments, and the resources became more cohesive 
by implementing Industry 4.0 (Carina Acioli et al. 2021). 
The insight of Industry 4.0 layouts a new archetype in the 
manufacturing sector, which is signalized by a new level 
of sociotechnical interactivity (Cimini et al. 2019). Indus-
try 4.0 contributes to sustainable development by achiev-
ing paradigms for the circular economy and enabling new 
sustainable business models. In health, the idea of Industry 
4.0 comprises the digitalization of clinical, therapeutic, and 
research lab data implementing the computerization of vari-
ous hand-operated processes used in hospitals and general 
health conditions (da Silveira et al. 2019). The effective use 
of Industry 4.0 tools and technology should provide chances 
to manage huge amounts of data. In contrast, the ongoing 
Fourth Industrial Revolution requires industries to act self-
sustaining without an apparent demand for increased pro-
ductivity from the market side (Prajwal et al. 2020a). It is 
broadly accepted that techniques related to Industry 4.0 will 
notably influence current manufacturing and establishment 
of future industries (Santos & Lima 2018). The term “Indus-
try 4.0” is frequently used to refer to the digital manufac-
turing idea. The beginning of Industry 4.0 has received the 
spectacular attention of the business and study community. 
Experts assess that Industry 4.0 and correlated programs 
alongside this line will significantly influence social life.

Advanced technologies such as artificial intelligence 
(AI) and the Internet of Things (IoT) are used in the 



90090	 Environmental Science and Pollution Research (2023) 30:90088–90098

1 3

pharmaceutical sector. Nowadays, the use of AI in the 
pharmaceutical industry has increased and is expected to 
grow. AI can save time and money while providing better 
outcomes to the formulations. AI duplicates human intel-
ligence in machines. Over the last few years, the use of AI 
in the pharmaceutical industry has redefined how research-
ers develop new drugs (Thuemmler and Bai 2017). AI can 
be applied mainly in researching and developing crucial, 
life-changing medications. AI has been speculated to play a 
significant role in radiology and radiotherapy. AI can influ-
ence almost every aspect of clinical trials, including patient 
satisfaction, observing drug adherence, medical record shar-
ing, analysis, and design (Henstock 2020). IoT is an intel-
ligent network that decreases a person’s labor and uses a 
human-computerization system. IoT comprises hardware 
and software architecture. IoT plays a revolutionary role 
in the field of the pharmaceutical sector. The blueprint of 
the pharmaceutical industry with IoT is crucial in effortless 
conduction (Thuemmler and Bai 2017). IoT makes it unchal-
lenging to connect with distinct people and supply chain 
processes into a single network with increased ability and 
decreased costs with protection and security. IoT provides 
healthcare services in the field of the pharmaceutical sector. 
In diagnostic-based therapies, the production of drugs for 
small-scale manufacturing uses advanced technology (e.g., 
AI and IoT).

Role of Industry 4.0 in the pharmaceutical 
sector

The four transformative stages of manufacturing have 
brought us to Pharma 4.0. Pharma 4.0 is the upgradation of 
the pharmaceutical industry to incorporate advanced tech-
nologies and digital strategies. Adoption of ideas of Industry 
4.0 in the pharmaceutical sector could resolve hurdles faced 
by the pharmaceutical sector. The role of Industry 4.0 in the 

pharmaceutical sector is to design and manufacture innova-
tional and customized products as per the varying customer 
taste and demands within no time, economically, and effi-
ciently. The sum of the International Council of Harmonisa-
tion (ICH) and Industry 4.0 equals the Pharma 4.0 operating 
model. Industry 4.0 in the pharmaceutical sector has let the 
pharmacy industries relish competitive advantages (Ding 
2018; Lakner et al. 2019; Scherer 2000). Industry 4.0 holds 
the potential to generate positive sustainability influence 
along the whole value chain through a rise in efficiency by 
facilitating circular economy solutions, enabling transpar-
ency, and the ability to trace through the customization of 
products. Implementation of Industry 4.0 plays a major role 
in the modernization of the pharmaceutical and biopharma-
ceutical sectors. Industry 4.0 can decrease the ecological 
effect of a product, a process, or a process based on footprint 
information accessibility and traceable study (Rezeoa 2021). 
Industry 4.0 is the application of flexible automation, cyber-
physical systems, IoT, cognitive robotics, extensive data 
computer modeling, and 3D printing. The four evolutionary 
manufacturing stages have brought us to Pharma 4.0 (Fig. 1).

The four generations of the industrial revolutions are 
mechanization, automation, computerization, and informa-
tization depicted in Fig. 1 (Sisodia & Jindal 2021). The First 
Industrial Revolution started with steam power on mecha-
nization. The evolution of the Second Industrial Revolution 
is mass production. The Third Industrial Revolution, i.e., 
Industry 3.0, is completely focused on automation. The 
Fourth Industrial Revolution, i.e., Industry 4.0, in the phar-
maceutical sector is known as Pharma 4.0 (Prajwal et al. 
2020b).

As Industry 4.0 came into existence, the market demands 
were much more intensive and effortful (Wan et al. 2019). 
An essential element of Pharma 4.0, i.e., digitalization, will 
connect everything, building new stages of accuracy and 
adjustability for a digitalized plant floor. Industry 4.0 was 
proposed to improve production to realize short product life 

Fig. 1   Industrial revolution 
from Industry 1.0 to Industry 
4.0 along with health revolution 
from Health 1.0 to Health 4.0
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cycles and maximum mass customization cost-effectively. 
Health 4.0 includes the objectives of Industry 4.0 for the 
digitization of labs and to apply automation in several tech-
niques used in general health care and hospitals (da Silveira 
et al. 2019). Industry 4.0 in the pharma sector provides better 
instruments for product protection and supply chain security. 
Pharma 4.0 may support increased production, customized 
medications, additive manufacturing, localized 3D print-
ing of therapies, and even a future where human beings 
are no longer confidentially engaged with manufacturing. 
Pharma 4.0 represents a modification of the pharmaceuti-
cal industry, which involves collecting and studying data 
through “machines,” enabling more adaptable and effective 
processes (Ding 2018). Industry 4.0 offers potential benefits 
for improving pharmaceutical production concerning flex-
ibility, expenses, standards, and safety (Barenji et al. 2019; 
Mostofi & Jain 2021; Reinhardt et al. 2021).

Industry 4.0 and digital transformation promise to 
enhance capability and upgrade medication production 
processes. In the recent past, the technologies of Industry 
4.0 have been used in the pharmaceutical sector and have 
been rigidly controlled by numerous shareholders to ensure 
safety and secure the well-being of the whole society (Arden 
et al. 2021; Steinwandter et al. 2019) Pharma 4.0 is pow-
ered by processing massive information, interconnectivity, 
cooperative robotics, AI, and distributed cloud service-
based architectures. Industry 4.0 in the pharma sector helps 
leverage greater efficiency of functions, e.g., a decrease in 
resource utilization. Health 4.0 is used to improve the capa-
bility of medical practitioners by intensifying their speed 
for analyzing patient data and enabling them to optimize the 
resources so that patients’ health can be improved. Industry 
4.0 enhances the production flows and optimizes the whole 
value chain or all life cycle stages of products from prod-
uct concept to its advancement, manufacturing, utilization, 
maintenance, and recycling. Industry 4.0 represents a smart 
production networking where instruments and products link 
without the involvement of humans. Moreover, higher data 
density decreases productivity and inspires the pharmaceuti-
cal sector to produce more modified and customized medici-
nal products suitable for individualized medication treatment 
instead of the current “one-size-fits-all” approach (Barenji 
et al. 2019; Chiacchio et al. 2019; Ding 2018). Execution of 
the technologies and objectives of Industry 4.0 in the biop-
harmaceutical sector offers opportunities for important gains 
in biomedicines’ advancement, manufacturing, and avail-
ability. Industry 4.0 is a strategy aiming to build a connec-
tion between manufacturing apparatus and products based 
on hyper-connected technology and combining the overall 
manufacturing processes (Shi et al. 2020).

Transforming the current pharmaceutical sector to 
Pharma 4.0 requires a new production and process data cap-
ture approach. The turning up technologies of Industry 4.0 

promote sustainable value creation and lead to a more ener-
getic, smart, and customized pharma industry, thereby ena-
bling pharmaceutical industries to gain competitive advan-
tages (Ding 2018). Integrating Industry 4.0 elements will 
also improve the pharmaceutical manufacturing plant into 
a “reconfigurable factory,” which may provide mass cus-
tomization of personalized medications for distinct demands. 
The innovations of Industry 4.0 will help pharma industries 
fulfill more complicated standards and necessities for prod-
ucts (Reinhardt et al. 2021). The hypothesis elements of 
Industry 4.0 are expected to enable a series of technologi-
cal revolutions, incremental advancements, and practical 
solutions for direct implementation in the management of 
biomedicines’ manufacturing and the production techniques 
themselves. Adaptive and creative technologies will help the 
pharmaceutical sector exhibit more robust and agile produc-
tion processes characterized by lesser obstructions, lesser 
defects, and better levels of quality control (Arden et al. 
2021). The pharmaceutical and biopharmaceutical industry 
has seen major changes in its operating model and footprint 
over the recent few years because of Industry 4.0 (Gautam 
& Pan 2016). The vertical integration of Industry 4.0 will 
enhance the pharma manufacturing plant to a “reconfigur-
able factory” in which a highly adjustable, agile, and smart 
manufacturing line can support mass customization of per-
sonalized medications for distinct demands (Barenji et al. 
2019). Industry 4.0 is a method of achieving high levels of 
productivity. Industry 4.0 in the pharmaceutical sector gives 
tailored drug treatments, advanced drug delivery tools, and 
medication development. Together, Industry 4.0 and cloud 
manufacturing can unleash the full potential of the phar-
maceutical manufacturing sector (Reinhardt et al. 2021). 
Pharma 4.0 conceptualizes highly systematic automated 
techniques, which could be batch continuous, or a hybrid 
of these, operated by an integrated manufacturing control 
strategy.

The health sector faces much more difficulties regarding 
services, such as managing various datasets developed in 
recent years (da Silveira et al. 2019). Thus, it was necessary 
to bring revolutionary change in the industrial field. Hence, 
Industry 4.0 arrived to face the challenges. Advanced tech-
nologies are used to bring a positive impact. The technolo-
gies involved in Industry 4.0 are big data analysis, cloud 
computing, IoT, AI, cyber security, etc. Extending borders 
of modernization with the cooperation of the IoT, Internet 
of Services, and other advanced technologies can improve 
the health sector (da Silveira et al. 2019). With the help of 
AI, adaptive robotics is used to produce innovative products 
for the health sector. Cloud computing technology enhances 
the ability of the service of manufacturing systems to create 
information-driven decisions. Big data analysis is used to 
build a successful extensive data architecture with Industry 
4.0. Cyber security is used to overcome threats like data loss, 
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monetary theft, attack on the framework, and pharmaceutical 
instruments. Each technology has a different function and 
objective in Industry 4.0 (Fig. 2).

Industry 4.0 provides different potentials and advanced 
opportunities for health care. With the help of innovative 
technologies, Industry 4.0 has a beneficial impact on the 
hospital management system. Figure 3 shows the potential 
of Industry 4.0 in the pharmaceutical field. Data analytics 
is used to maintain the patient’s data and provide valuable 
information, such as the patient’s symptoms. Smart sensors 
provide details on temperature, blood pressure, and other 
patient condition. The magnificent ability of Industry 4.0 is 
waste recycle. It helps prevent the medical field from dete-
riorating the environment (Fig. 3). Advanced technologies 
positively impact medical research. Industry 4.0 imparts 

flexibility in pattern, producing by which the manufactur-
ing system is digitally controlled (Singh et al. 2019).

Shi et al. (2020) have introduced a smart factory in Indus-
try 4.0. Smart factories combine physical and cyber tech-
nologies to add complexity and precision to related tech-
nologies to improve manufacturing process performance, 
quality, controllability, and transparency. The features of 
smart factories are sensors, interoperability, virtual real-
ity techniques, and robotics and AI. The advancement of 
information technologies and other advanced technologies 
has brought opportunities to smart factories. Industries can 
lead to sustainable development by using smart factories. 
The smart factory aims to achieve self-adaptable and flex-
ible production systems. The objective of a smart factory 
is to enhance the transparency of complicated structures 
and processes used in the production process. Everything 
in the smart factory is interconnected, switches data, and 
naturally combines the actual world with the digital world. 
Smart factories can make the manufacturing process adap-
tive and reconfigurable and meet customers’ needs (Arden 
et al. 2021). Smart factories build strong relationships with 
suppliers and customers. The smart factory does not mean a 
factory without the involvement of human beings. Instead, 
it aims to satisfy the market’s requirement at an acceptable 
cost.

Acioli et al. (2021) have evaluated the co-relation between 
Industry 4.0 and sustainability. The main aim was to express 
how Industry 4.0 can support objectives of sustainability. 
Industry 4.0 prevents the deterioration of the environment by 
reducing production of scrap wastes. Advanced technologies 
of Industry 4.0 can meet the demands of the present. With 
the help of advanced technologies, the ideas of computer 
integrated manufacturing and flexible manufacturing system 
could be further advanced and executed at a lower cost. The 
aim of Industry 4.0 in sustainable development is to decrease 
the efforts put into the research, recognize the objectives Fig. 2   Application of Industry 4.0 in pharma and health sector

Fig. 3   Classification of Industry 
4.0 in the medical field
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of the investigation, and examine the opportunities of the 
research sector in the future.

Djunaedi (2019) aims to build social sustainability in the 
pharmaceutical sector by implementing Industry 4.0. The 
objective is to study the effect of information-intensive ser-
vices and the effect of supply chain integration on social 
sustainability performance. Industry 4.0 involves using 
information communication technology (ICT) and cyber-
physical system (CPS) in the production processes and 
enterprise architecture. There is an increase in the focus of 
the research sector in the medical field because of Industry 
4.0 and its increasing interest and unapproachable scientific 
research. The Fourth Industrial Revolution introduced the 
sustainable pharmaceutical supply chain, and this supply 
chain improved the management of products and the com-
munication between different sectors improved.

Grzybowska and Lupicka (2017) evaluated that the devel-
opment of information technology, internationalization, and 
competition between sectors leads to the advancement of 
Industry 4.0. Manufacturing processes involving Industry 
4.0 are self-adaptive and flexible. Industry 4.0 provides the 
latest changes to the manufacturing industry. Some com-
petencies like creativity, decision-making, conflict solving, 
problem solving, analytical skills, efficiency orientation, 
and research skills are used for analysis. Competencies are 
important for the effective conduction of research and under-
standing the process and result of the research. Automation, 
robotization, and computerization have positively impacted 
the pharmaceutical industry worldwide. The quality of life 
and the welfare of the whole society is improved by the 
development of advanced technologies and Industry 4.0.

Barenji et al. (2019) evaluated that the 4th Industrial Revo-
lution could improve the manufacturing system’s intelligence. 
Manufacturing systems can be converted into smart factories 
by enabling the connection between instruments and decreas-
ing the need for human interventions. Cyber-physical system is 
significant in preventing threats in the manufacturing process. 
Cyber-physical system and cloud services in various parts of 
the organization enable optimization using complicated algo-
rithms and influential computing resources. Cyber security is 
used to avoid the disruption of extensive data in the manufac-
turing industries. AI in smart factories provides decentraliza-
tion, real-time capability, virtualization, and modularity. The 
current pharmaceutical manufacturing industries are facing 
many challenges in product quality and product cost. Thus, 
the development of smart factories will overcome these chal-
lenges in the pharmaceutical manufacturing industry.

Aksu and Yeğen (2021) evaluated that the aim of the 
Fourth Industrial Revolution in this new world is to create 
a society where the problems of sector life which is also 
known as industry life and social life can be solved. With 
the arrival of Industry 4.0, the workforce has been van-
ished, and the manufacturing industries adopted advanced 

technologies like cyber systems, IoT, and AI. Industry 4.0 
will make the production process more manageable and 
decrease efforts. Quality by design and process analytical 
techniques initiative will bring development in safe and 
effective treatment. Quality by design is used to increase 
the quality of the products manufactured.

Duvoisin et al. (2018) stated that additive manufacturing 
plays a key role in industrial economic competitiveness. 
The use of additive manufacturing is expanding in Indus-
try 4.0 because of the new development. Productivity is 
expanding with the rapid growth in manufacturing technol-
ogy. Processes like fused deposition modeling, selective 
laser sintering, stereolithography, and photopolymerization 
are available for 3D printing. A broad range of materials 
used in aerospace, automotive, dental, jewelry, oil, orthope-
dics, etc. are covered by 3D printing technology. 3D print-
ing technology is used in Industry 4.0 for the efficiency of 
the process and to reduce complexity. Undoubtedly, 3D 
printing technology will lead to a significant industrial 
revolution. To reduce complexity and save time and cost, 
additive manufacturing plays a major role in Industry 4.0.

Prajwal et al. (2020b) studied the impact of IoT in health 
care. It is evaluated that the IoT is prospering in the world 
of the health sector. IoT plays a significant role in home 
automation. Home automation is the automatic and elec-
tronic control on features used in household activity and 
appliances. IoT controls light and temperature, surveillance 
cameras, traffic signals, health care, and many more. IoT 
in health care is used in blood pressure monitoring, glu-
cose monitoring, and ECG monitoring. In hospital man-
agement, IoT is used to detect any fault in the management 
and decrease the medical instruments’ downtime. IoT in the 
health sector enhances life services throughout the world. 
IoT not only improves performance but also provides new 
benefits like cost reduction, reduction in human labor, better 
use of assets, and better business opportunities.

Chiacchio et al. (2019) evaluated that the Fourth Indus-
trial Revolution boosted the industrial sector. The pharma-
ceutical sector and the supply chain ensure the quality and 
safety of the products. For modernizing the factory by ena-
bling the technologies of Industry 4.0, improvements are 
made by the company. Using Industry 4.0, falsified medica-
tions can be detected quickly and withdrawn easily from the 
process. Traceability is an important factor in the production 
of safe medicines. Advanced technology is used to automate 
the generation of serial numbers, labeling, and packaging 
in the pharmaceutical sector. Serialization has positively 
impacted the pharmaceutical industry. Serialization in 
pharmaceutical industry means assigning a unique code or 
unique serial number to each pharmaceutical package. It has 
positively impacted the pharmaceutical industry by reduc-
tion in product loss, efficiency in expiry date management, 
and improvement in sales forecasting accuracy.
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Lassila (2020) evaluated that Industry 4.0 in the pharma-
ceutical sector can solve the obstacles like risk reduction, 
difficulties in manufacturing, and analysis faced by the phar-
maceutical industry. Automatization and fewer human inter-
ventions with Industry 4.0 made the industry more efficient. 
Pharma 4.0 has the potential to overcome the problems like 
the expensive development of pharmaceuticals and batch 
failures. CPS integrates the physical world with the digital 
world. AI is used in researching new and effective medica-
tions, which is beneficial for the pharmaceutical industry. 
Advanced analytics in the pharmaceutical industry involves 
research and development, safety, manufacturing, and supply 
chain. Machine learning is applied in many factors like auto-
matic quality evolution of emulsion, phase classification, 
and forecasting of the particle size distribution.

Acioli et al. (2021) investigated the effects of Industry 4.0 
innovations on the real and virtual worlds. The technologies 
like autonomous robotics, the IoT, AI, data analytics, and cyber 
security advance Industry 4.0. IoT connects various platforms 
with technologies. IoT works as a bridge between the digital and 
physical world. The supply chain evolves with an increase in the 
changes in the market in all aspects like social, economic, finan-
cial, and technological. 3D printing can reduce the shortage of 
medical supplies. Thus, 3D printing is used in COVID-19 to 
overcome the shortage of medical instruments used to treat the 
Coronavirus. The technologies of Industry 4.0, IoT, data analyt-
ics, cyber security, and cloud computing, have been functional 
in the marketing and management of the supply chain.

Sarfraz et al. (2022) evaluated the importance of Industry 
4.0 in producing and dispensing the COVID-19 vaccine. The 
technologies of Industry 4.0 are used in manufacturing vac-
cines to improve quality and enhance efficacy. Technologies 
like digitization and big data analytics are used for better 
production of vaccines on a large scale. Vaccine 4.0 has a 
significant role in manufacturing vaccines and ensuring their 
quality. Vaccine 4.0 analyzes the development of a process, 
quality assessment, performance of a process, product stabil-
ity, optimized maintenance, and compliance. Vaccine tracing 
through smartphone technology is used in the follow-ups 
for booster shots of the coronavirus vaccine. Industry 4.0 is 
used in the production of a vaccine to decrease inequalities.

Giltinan (1996) evaluated that the manufacturing pro-
cesses use the technologies of Industry 4.0 to improve the 
process. The main principles of Pharma 4.0 are decision-
making, digitalization, traceability, and Workforce 4.0. AI 
can learn human language and provides meaningful conclu-
sions. Cloud technologies depend on infrastructure, plat-
forms, and software services. Traditional manufacturing 
industries could not manage this massive amount of data, 
so Industry 4.0 developed big data analytics to collect the 
data. Big data analytics, AI, and cloud computing are used to 
understand the complicated nature of the production process. 

Industry 4.0 in the pharmaceutical sector has defined the 
manufacturing sector differently.

Thuemmler and Bai (2017) evaluated that smart pharma-
ceuticals provide electronic connectivity that compiles, ana-
lyzes, and stores the data. Industry 4.0 has mainly focused 
on research and development in the pharmaceutical sector. 
Big data analytics and mobile health are used in diagnos-
tics in a significant way. Adoption of Industry 4.0 advances 
the development of technologies. Information technology 
plays an essential role in the management of manufacturing 
operations. AI is used to connect product development and 
manufacturing operations. The advancement of analytical 
quality-by-design is used to understand the purpose, qual-
ity, accuracy, specificity, etc. of research. Industry 4.0 in the 
pharma sector can fill the gaps in the manufacturing industry.

The previous Industrial Revolution used mechanization, 
mass production, and automation. The Fourth Industrial Revo-
lution uses cyber security, the IoT, AI, and other technologies 
that positively impact manufacturing industries. Advanced 
technologies like robotics and AI decrease the greenhouse 
effect, carbon emission, and pollution. Industry 4.0 is used to 
produce more complex drugs and reduces their side effects. 
Industry 4.0 builds a connection between industry and sustain-
ability, which leads to sustainable development. Industry 4.0 
is used to achieve a high-performance manufacturing system 
and effective production of medications. Industry 4.0 connects 
the real and virtual worlds, providing a new aspect to the phar-
maceutical sector in research, manufacturing, packaging, and 
distribution. Sustainable development mainly depends on the 
advancing technologies of Industry 4.0 by strengthening the 
manufacturing process and decreases the efforts in analysis. It 
is used in the development that meets the present’s needs and 
does not compromise the future. Industry 4.0 has a beneficial 
effect on sustainable development (Table 1).

Challenges

The use of advanced technologies is not always straightfor-
ward. Even Industry 4.0 has faced some challenges. Finding 
a skilled staff to run the industry is challenging because the 
technologies are very advanced. Industry 4.0 connects vari-
ous technologies, and the main concern is security (Rezeoa 
2021). There is no going back once developments like these 
have shown their worth. Either you have to accept it or can-
not do anything about it because you will be left behind. The 
staff working in the industries does not understand the imple-
mentation of smart factories (Shi et al. 2020). A high band-
width network is required for the execution of smart factories. 
Using big data analytics for improving the performance of 
smart factories is challenging (Shi et al. 2020). Sometimes 
the advancing technologies of Industry 4.0 can negatively 
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Table 1   Comprehensive review on Industry 4.0 in the pharma sector

Technology Application Country Reference

•Internet of Things (IoT) • Used in the management of the positions of inventory in 
hospital pharmacy racks

New Zealand Mostofi & Jain (2021)

•Adaptive robotics •Used in price deduction, decreasing the interval in operations 
and manufacturing time

India Sisodia & Jindal (2021)

•Cloud technologies •Enhances the ability of the service of manufacturing systems 
for information-driven conclusions

•3D printing •Introduce more complicated medication profiles to decrease 
side effects and improves drug compliance

United Kingdom Ding (2018)

•Artificial intelligence (AI) •Used to replace human visual inquiry of packaging caps and 
vials by using machine vision technology

United States Arden et al. (2021)

•Digitization •Involves knowledge about variability of raw materials and 
worldwide tracking of materials across facilities

•Cloud-based big data analysis •Drug consumers’ orders might be studied for fine-grain 
research of pharmaceutical sector trend

China Wan et al. (2019)

•Big data analysis •It assembles and stores of massive amount of data at high 
speed

Portugal Silva et al. (2020)

•Robotics •Robotics reduces the exposure of operators to repetitive 
processes and biological risk

•Artificial intelligence (AI) •AI provides complicated models for predictions and conclu-
sion-making based on developed algorithm study

•Digitization •Statistical process is used in measuring and evaluation of 
stability of process and process ability

Rezeoa (2021)

•Augmented and virtual reality •In manufacturing industries to solve hurdles related to chang-
ing needs from customers and suppliers

Cork Reinhardt et al. (2020)

•3D printing •Used in fabricating solid oral dosage form, customized prod-
ucts, and advanced objects with developed characteristics 
and complicated, lightweight design

•Digital twin and simulation •Real-time simulation with digital twin is used for examin-
ing and procedure optimization before the task is being 
commanded, thereby driving down machine setup time and 
enhancing quality

•Metrology and sensing technology •This technology motivated the advancement of dedicated 
solutions and the emergence of profile monitoring

Portugal Reis & Gins (2017)

•Internet of Things (IoT) •IoT is used to connect more instruments and semifinished 
products, to link with each other through standard technolo-
gies to take benefits of integrated information processing

Turkey Bianchi et al. (2019)

•Big data analysis •It is used for decreasing price, improving conclusion-making, 
enhancing products and services

•Autonomous robot •Used to analyze, pick, pack, sort, make, examine, or transfer 
materials of different sizes and weights quickly and more 
efficiently than ever

•Cyber security •Used to prevent disruption of large data network caused by 
intelligent manufacturing systems, data sharing, and virus

•Artificial intelligence (AI) •Used to simulate human intelligence and cognition to study 
and interpret comprehensive complicated healthcare and 
medical data

Turkey Sisodia & Jindal (2021)

•Smart sensors •Used to recognize materials and measure processes, which 
may be embedded or installed in machines, products, tools, 
collecting stations, logistic vehicles, etc

Italy Chiarini (2021)

•Collaborative robot (Cobots) •Cobots allow closer work between humans and robots and 
are naturally secured

•Additive manufacturing •It permits the layer-upon-layer production of a 3D object 
from a digital file
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impact sustainable development (Wagner). Another chal-
lenge is the lack of infrastructure or environment in which 
the technologies of Industry 4.0 integrate. High investment 
is required in adopting the advanced technologies of Industry 
4.0 (Silva et al. 2020). Human labor and their opportunities 
to work will decrease, leading to unemployment. Insufficient 
expertise and training will prevent sustainable development 
in the pharmaceutical supply chain (Reinhardt et al. 2021). 
Unproductive cooperation, teamwork in supply chain, and 
poor customer awareness will also inhibit sustainability. 
The main drawback of Industry 4.0 is that the workforce is 
replaced by automation (Acioli et al. 2021). With the imple-
mentation of Industry 4.0, financial problems and ecological 
issues can be considered carefully and figured out (Acioli 
et al. 2021). The lack of law-making measures for the growth 
of cloud computing, AI, and cyber security in developing 
countries (Sarfraz et al. 2022). The challenges also include 
the unsolved issues of protection of data, data privacy, and 
transparency of data. Using advancing technologies of Indus-
try 4.0 poses a threat to information or data security. In the 
setting of Industry 4.0, industries need to decrease network 
vulnerabilities. There is no support from the government to 
the industries using technologies of Industry 4.0. Communi-
cation with the information’s purpose is a crucial challenge 
for Industry 4.0. Because of the infrastructure hindrance and 
underlying instrument’s vulnerabilities, a tremendous amount 
of privacy and secured information is vulnerable to attacks 
(Wan et al. 2019). Once these advancements have shown their 
fortune, there is no going back.

Economic sustainability

The technologies of Industry 4.0 could address its high cost 
and challenges in estimating its entire financial benefits and 
economic efficacy. The role of Industry 4.0 in economic sus-
tainability leads to smart growth and reduction in cost of 
living and other processes.

Social sustainability

Industry 4.0 makes more comfortable and safe environment for 
working. It improves health of the employees working in the 
industry. It reduces poverty and increases levels of education. 
Social sustainability can be assured by supplying accessible 
medicaments and affordable therapy to developing countries 
with needful and underfinanced wellness program.

Environmental sustainability

Industry 4.0 increases efficiency of energy and there 
is decrease in scrap waste which is produced during 

manufacturing process. Industry 4.0 is employed in creat-
ing products that are easy to recycle which decreases the 
pollution.

The framework of the Sustainability Green Industry shows 
the relations between sustainability, Industry 4.0, and green 
processes. This framework has three levels technological, 
process, and development (Industry, n.d.). This framework 
explains a significant part of Industry 4.0 and the outcomes 
of sustainability. The future scope of Industry 4.0 is related to 
security, where information technology threats affect manu-
facturing industries. The technologies of Industry 4.0 will 
strengthen the manufacturing process more in the future. 
Industry 4.0 in the pharmaceutical sector will help indus-
tries to obtain SD (Ding 2018). Information technology pro-
vides accurate information, allowing industries to decrease 
decision-making delays (Ding 2018). In the future, the 
information collected by smart pharmaceuticals will lower 
hospitalization and other costs. The technologies of Industry 
4.0, like cyber security, are improved to decrease the threat 
to information. Industry 4.0 will help to create innovative 
environments in the research and development sector. With 
the help of technologies of Industry 4.0, the pharmaceutical 
industry will make its presence more potent in the growing 
market. Industry 4.0 in the upcoming years will solve data 
transparency and protection issues. Industry 4.0 in vaccine 
production will ensure worldwide dispensation and pro-
duction of a vaccine to eliminate upcoming outbreaks. The 
advancing technologies of Industry 4.0 will overcome all the 
challenges mentioned above and smooth the working of the 
pharmaceutical sector. The technologies of Industry 4.0 will 
develop more and face challenges in the future and will posi-
tively impact sustainable development. The developing tech-
nologies will meet the demands of the market. Industry 4.0 
will solve the hurdles in the future in every aspect (Fig. 4).

Conclusions

This paper represents a comprehensive study of the impact 
of the Fourth Industrial Revolution, known as Industry 4.0 
in pharmaceutical manufacturing for sustainable develop-
ment. The technologies of Industry 4.0 are used to overcome 
the challenges faced by the industry. The implementation of 
Industry 4.0 in the pharmaceutical industry has made the 
manufacturing process unchallenging. And even in the health 
sector, diagnosis and treatment have become easier. By adopt-
ing Industry 4.0, the industries have become autonomous and 
flexible. Industry 4.0 in the pharmaceutical industry efficiently 
designs and devises innovative and personalized products 
according to customers’ tastes. Industry 4.0 in the pharmaceu-
tical industry has been employed to ensure safety and the pro-
tection of the health of the whole society. Advanced technolo-
gies of Industry 4.0 like AI, IoT, robotics, cloud computing, 
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and big data analytics positively impacted the pharmaceutical 
industry. These technologies are used in various aspects of the 
pharmaceutical and health sectors. Every technology has a dif-
ferent function in Industry 4.0. The technologies of Industry 
4.0 are used in manufacturing vaccines to improve quality and 
enhance the efficacy of vaccines. Industry 4.0 decreases pol-
lution, carbon emission, greenhouse effect, and other things 
which deteriorate the environment. Advanced technologies led 
to the introduction of smart factories. The objective of smart 
factories is to achieve self-adaptable manufacturing process. 
Sustainable development can be achieved by implementing 
Industry 4.0. Industry 4.0 can connect the real and virtual 
world, providing the pharmaceutical sector with a new aspect. 
Industry 4.0 in sustainable development decreases the efforts 
put into the research, recognizes the investigation’s objectives, 
and examines the opportunities of the research sector in the 
future. With the arrival of the Fourth Industrial Revolution, 
a sustainable pharmaceutical supply chain was introduced, 
and this chain improved the management of products. Sus-
tainability depends on the advancing technologies of Industry 
4.0. Thus, Industry 4.0 has a beneficial impact on sustainable 
development.
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