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The Industry 4.0 model is on the way to full maturity in production organisations, after more than a
decade of application within them. It can be said that it was a key element for the digitisation of the
economy and public services around the world, so today we can discuss the application of this concept
in various areas, including the pharmaceutical industry. This paper aims to provide the latest
information on the state of development of the Industry 4.0 model in the pharmaceutical industry
(Pharma 4.0), which represents the path to a smart factory (SF) in this area. The paper consists of
several parts, namely: (i) an analysis of the framework of the Pharma 4.0 model, (ii) its detailed
presentation, and (iii) some observations on the future development of this model in application, all

to develop a smart pharmaceutical factory (SPF).
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INTRODUCTION

This century has brought the Fourth Industrial
Revolution, known as "Industry 4.0", which was
born half a century after the Third Industrial
Revolution, more precisely, it was officially
inaugurated at the CEBIT fair (IT equipment and
software) in Hanover in November 2011. Today, the
concept of smart manufacturing (SM is based on the
application of the elements of Industry 4.0, of which
there are a total of 48. The essence is to design, build
and develop a strong virtual world based on
digitisation, which would manage the physical
world, first in manufacturing, and later in other
economic branches and the public sector. Today, we
are witnessing that this concept is realised in
practice all over the world.

Industry 4.0 creates a network of all manufacturing
entities and enables their mutual interaction in real-
time. Cyber-Physical Systems (CPS), Industrial
Internet of Things (11oT), Cloud Computing (CC),
Big Data Analytics (BDA), and Artificial
Intelligence (Al), supported by learning models
(ML/DML), are the key technological foundations
of this industrial revolution (Bakator et al., 2019;

Kagermann et al., 2013; Karabegovi¢c &
Majstorovi¢, 2024; Khan et al., 2022; Majstorovi¢
et al., 2022; Schuh et al., 2017). This paper aims to
explain the application of the Industry 4.0 model in
the pharmaceutical industry, as a basis for the
development of a smart pharmaceutical factory
(SPF).

INDUSTRY 4.0 MODEL IN THE
PHARMACEUTICAL INDUSTRY -
LITERATURE REVIEW

This systematic analysis was done according to the
PRISMA methodology (PRISMA, 2024), and our
questions were: Q1. How can a model Industry 4.0
be applied in the pharmaceutical industry, and Q2.
How does the Industry 4.0 model improve planning,
analysis and process management in pharmaceutical
manufacturing, and especially product quality? For
these questions, the following are defined: time
period of analysis, type of study, Pharma 4.0 model,
search methodology and assessment of study
quality. The sample included 354 papers and 59
papers met the set criteria. A systemic analysis of
the application of the Industry 4.0 model in the
pharmaceutical industry was performed here from
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the following angles: (i) defining the framework of
the Industry 4.0 model in the pharmaceutical
industry, (ii) analysing the Pharma 4.0 project, as
today's approach to the application of Industry 4.0

in the pharmaceutical industry, and (iii) expected
directions of development of the application of Al
and ML/DML in the Pharma 4.0 model.

What is Industry 4.0?

Product + Intelligence + Communication + Networking = Industry 4.0

What will the Industry 4.0 model enable for the pharmaceutical industry (Pharma 4.0 model
development)

Real-time Online Online Online plant Real-time
. o No manual ;
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Figure 1: Basic characteristics of Industry 4.0 in pharmaceutical production
Adapted according to: (Barenji, et al., 2019; Binggeli et al., 2018; Coglaiti & UpDyke, 2022; Ephlux, 2024; EPRS, 2022; Herwig
etal., 2017; Khan et al., 2022)
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Figure 2: From today (reactive action) to cyber (proactive action) pharmaceutical manufacturing

(Pharma 4.0)
Adapted according to: (Basset, et al., 2013; Hzrat et al., 2023; Herve et al., 2013; Reinhardt et al., 2020; Schneider Electric,
2024)

Under the influence of the Industry 4.0 model, in
recent years, terms suitable for the application of the
Industry 4.0 model have been increasingly used in

pharmaceutical manufacturing: "Digital
pharmaceutical manufacturing”, "Pharma 4.0",
"Smart pharmaceutical factory”, “Intelligent

pharmaceutical manufacturing”, or "Factory of the
future” in pharmaceutical manufacturing. All the
mentioned terms represent a narrower or broader
model of Industry 4.0 application in the
pharmaceutical industry. This practically means
that in pharmaceutical manufacturing, individually
automated machines and the separate processes that
take place on them will experience the full
integration of all their entities into a single digital
system of pharmaceutical manufacturing, which
will be managed intelligently, using Al and machine
learning techniques (ML/ DML), Figure 1 (Barenji,
et al., 2019; Binggeli et al.,, 2018; Coglaiti &
UpDyke, 2022; Ephlux, 2024; EPRS, 2022; Herwig

etal., 2017; Khan et al., 2022).

Therefore, it can be said that the term Pharma 4.0
is essentially the same term for a pharmaceutical
factory, as Industry 4.0 is for a manufacturing
organisation from the metal processing industry,
which means (Hariry et al., 2021; Mukhlas et al.,
2022): (a) planning and monitoring of orders in real-
time and based on this management of stocks of
materials and raw materials of pharmaceutical
products, also in real-time, (b) online monitoring of
quality, incoming materials and raw materials, as
well as of finished products, (¢) online management
of the pharmaceutical workshop (manufacturing)
(ERP/SAP model), with monitoring of key business
parameters, including manufacturing (KPI). What is
the basic difference between today's pharmaceutical
manufacturing model and the model representing
the concept of Pharma 4.0 is shown in Figure 2
(Basset, et al., 2013; Hazrat et al., 2023; Herve et
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al., 2013; Reinhardt et al., 2020; Schneider Electric,
2024). The application of the Industry 4.0 model in
the pharmaceutical industry means the transition
from automated process control and reporting of
reactive events to predictive and event analytics
(BDA) in the entire supply chain, manufacturing,
packaging and delivery of drugs and medical
devices.

The Pharma 4.0 model creates a key difference in
process management in pharmaceutical
manufacturing. Today's automation model in this
area monitors and shows us how the process is
currently taking place regarding the defined
parameters (boundaries) and when a scrap may
appear, so that the system under human supervision
could react, which represents reactive action. The
new approach in Pharma 4.0 is based on predictive
analysis, which means that sensor systems collect
large amounts of process data, which are
systematically analysed (BDA) and based on which
events are predicted, including, for example, future
process quality parameters, enabling proactive
control. This means that the potential occurrence of
scrap is prevented in advance.

The key elements of Pharma 4.0 are: pharmaceutical
cyber-physical systems (CPS), pharmaceutical
Internet of Things (loT), and pharmaceutical cloud
computing, all supported by Al and machine
learning (ML/DML) methods and techniques,
which is a complete analogy with technological
systems (Khan, et al., 2024; Kolluri et al., 2022).
The goal of Pharma 4.0 is a smart pharmaceutical
factory (Smart Pharmaceutical Factory), which has
an intelligent manufacturing environment, in which
manufacturing and logistics entities are organised to
work mostly  without human intervention.
Networking of manufacturing entities and dynamic
business, pharmaceutical and engineering processes
enable profitable manufacturing according to
personalised customer requirements (Adhikari et
al., 2022; Ding, 2018). The complex digital model
of Pharma 4.0 includes (Sharma et al., 2023; Tetteh
et al., 2023): PLM of the pharmaceutical product
that forms the basis for all other digital entities:
supply chains, sales, manufacturing, quality control,
outsourcing processes, transport and logistics.

The aim of Pharma 4.0 is to create a networked
factory (using the Internet of Things) for a PLM
model of pharmaceutical products (supported by
ML/DML and BDA analyses), characterised by: (a)
online monitoring of process and machine
parameters according to regulatory requirements,

thus enabling increased market and revenue (no
scrap manufacturing), (b) minimising downtime
due to sudden failures and smart maintenance
(increasing revenue and reducing costs), (c)
monitoring and forecasting complex KPI
parameters (increasing productivity and revenue),
and (d) eliminating all manual operations and
performing automatic operations based on big data
analysis (cost reduction), as illustrated in Figure 3
(Pansare et al, 2023; Soni, 2024).

Reducing unplanned
downtime
Predictive

maintenance

Regulatory compliance
and traceability
(tracking via bar

codes) Capital asset
Increase in management
revenue/market growth Increase in
revenue/market
growth
Monitoring and Eliminate _manual
operations

forecasting of complex
business KPIs
Metrics for KPls
Predictive analytics of
big data
Increase in income

Automated activities
initiated based on
predictive analytics
and reactive
information
Cost reduction

Figure 3: Key elements in the application of the

Pharma 4.0 model
Adapted according to: (Pansare et al, 2023, Soni, 2024)

PHARMA 4.0 - PROJECT EXAMPLE

In 2017, the International Society for
Pharmaceutical Engineering (ISPE) started the
project: "Development of a Roadmap for the
Application of the Industry 4.0 Model in the
Pharmaceutical Industry". The global goal was the
development of a smart pharmaceutical factory
called Pharma 4.0 (ISPE, 2024; Sethu et al.,
2021). The initial goal is to enable pharmaceutical
organisations to use the full potential of
digitalisation, in order to implement pharmaceutical
innovations faster for the benefit of patients.

Although the name Pharma 4.0 symbolises the
Fourth Industrial Revolution, its application is
closer to evolution, towards a new model of
automation in pharmaceutical manufacturing, in
which digitalisation and automation manage very
complex processes of the life cycle of
pharmaceutical products. In addition, it is extremely
important to understand the requirements for
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additional digital elements in ICH Q10 -
Pharmaceutical Quality System (Soni, 2024).
Digitisation is a basic component of the Pharma 4.0
model, which defines and connects all levels of
management in the pharmaceutical plant, as the
basis for the manufacturing of medicines.
Therefore, Pharma 4.0 is a holistic model for
pharmaceutical factories and supply chains of the
future, based on Industry 4.0 characteristics, digital
maturity and data integrity for design, Figure 4
(Guilfoyle, 2018).

Digital maturity

Automation, Vertical/horizontal
resources, integration of the entire
digitisation, manufacturing chain

workforce 4.0

Pharmaceutical industry 4.0 (Pharma 4.0)
Predictive quality Management of
management, knowledge and skills,
holistic management communication,
decision-making

Integrated project data (Products, Processes)

Figure 4: Holistic model of the drug factory 4.0,

according to the Pharma 4.0 model
Adapted according to: (Guilfoyle, 2018)

This model was developed by the ISPE Special
Interest Group (SIG), starting with the Industry 4.0
model, which is based on big data analytics and its
connection (BDA), collaborative robotics, Al tools
and cloud-based distributed network architecture,
with the help of which they develop the basis for
new drugs, which will be used for advanced
therapies for new generations of patients. In this
way, a chain is created between patient and clinical
laboratories (personal advanced therapy) or patient
and patient (clinical trials) (Ding, 2018).

Pharma 4.0 is a digital business model of a
pharmaceutical organisation, based on a new
automation model, which inaugurates the Industry
4.0 model. What are the origins of the evolution of
the Pharma 4.0 model? What is its philosophy and
how will it affect the future of pharmaceutical
manufacturing? So, for example, in 2005, Dr Janet
Woodcock (U.S. Food and Drug Administration,
2011; U.S. Food and Drug Administration, 2018)
presented the vision of the US Food and Drug
Administration  (FDA) on  pharmaceutical
manufacturing good practice (GMP) for the 21st
century as: "A maximally efficient and flexible
pharmaceutical manufacturing sector, reliably
producing high-quality medicines without extensive

regulatory oversight." In addition, the International
Council  for Harmonization of Technical
Requirements  for  the  Registration  of
Pharmaceutical Products for Human Use (ICH),
which supported this approach, defined a life cycle
model for pharmaceutical products, document ICH
Q12 (Pansare et al., 2023; Soni, 2024). The current
quality management strategy in pharmaceuticals is
based on individual process management (SPC),
which ensures critical quality characteristics
(CQA), and achieves the projected quality of
pharmaceutical products. However, this approach
does not allow for the management of changes that
occur in manufacturing and are related to GMP,
manufacturing entities, and outsourced processes,
which would reduce the variability of the process,
and thus the scrap. So we have, that the impact of
unknown disturbances of process parameters,
changes in material properties with the appearance
of impurities in it, is not taken into account in SPC.
As aresult, it is difficult to predict these variations,
which occur throughout the product's life cycle,
such as those that occur during each phase of drug
development (and there are twelve of them in total).

In case of changes to the product or process, using
GMP documentation, the regulatory body is
notified. When it is necessary to change the quality
management model, and the changes come from
product development, it should be done in such a
way that it can be effectively applied in
manufacturing (Juthuri, 2023). Data integrity is
often a problem in the pharmaceutical value chain,
primarily because of its robustness, making it
difficult to implement. The quality management
model in Pharma 4.0 is supplemented with four
elements: resources, information system, holistic
process model and culture (Soni, 2024). This model
combines manufacturing quality management
strategies and quality control strategies throughout
the product life cycle. This approach enables the
integration of digital maturity data and design data
integrity, resulting in a holistic quality control
strategy across the product life cycle. This implies
the exchange of information in the decision-making
hierarchy, in the value chain and network for the
pharmaceutical product.

ICH Q10 defines critical quality characteristics
(CQA), critical process characteristics (CPP) and
critical material characteristics (CMA) in the
product design phase (Vora et al., 2023;
Zhavoronkov et al., 2020). On the other hand,
ICH Q12 also defined key process characteristics
(KPP); these are parameters of the manufacturing
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process that may not be directly related to CQA but
should be monitored in the process of moving to the
Six Sigma model (manufacturing without scrap).
That is why the parameters: KPP, CPP, CQA and
CMA are defined in ICH Q12 as required conditions
(EC). For these reasons, they are monitored through
KPI process performance, and for parameters that
are in trend or out of control limits. ICH Q12
provides guidelines for communication between
regulatory bodies and regulatory organisations
when changes to EC parameters occur, Figure 5
(Arabi, 2021).

Pharmaceutical manufacturing process
parameters (ICH Q12)
Risk-based management (product quality,
process performance)

KPP (Key Process CPP (Critical Process
Characteristics) Characteristics)
Product quality characteristics
Critical Quality Critical Material
Characteristics (CQA)  Characteristics (CMA)

Figure 5: Model of established conditions (EC) in

ICH Q12
Adapted according to: (Arabi, 2021)

Holistically ~ defined  processes on  the
pharmaceutical manufacturing platform ensure the
fulfilment of a number of functional requirements,
which are used for interdisciplinary knowledge
management. All organisational units (internal and
external) of pharmaceutical manufacturing are
included here. In this way, all GxP (good practices)
are integrated, using information technology (IT)
(Singh, & Upkar, 2019). Thus, a model of the
integrity of the relevant data was generated, from

which big data for BDA analysis are created and
used for decision-making. Also, a process analytics
model (PAT) was developed (Michele et al., 2019),
for highly automated manufacturing, which
additionally enables the wuse of advanced
technologies in pharmaceutical manufacturing. The
four quadrants of the Pharma 4.0 operating model,
Figure 4, are common in all phases of the
pharmaceutical industry, but how they are
implemented varies from plant to plant. It is
important to point out that the digital maturity of
pharmaceutical manufacturing defines its ability to
work according to the Pharma 4.0 model. Based on
these facts, the ISPE SIG has developed an
assessment model, with which organisations
determine where they are, and based on this, define
holistic management strategies for their journey to
Pharma 4.0.

Achieving digital maturity is a key factor that
enables a pharmaceutical organisation to become
agile, which means it is data and information-based.
Figure 6 (Ding, 2018; Schuh et al., 2017;), tells us
that the computerisation and connection of
processes (islands of automation) were the basic
characteristics of Pharma 3.0. In order for the
organisation to work according to the Pharma 4.0
model, it is necessary to achieve data visibility and
transparency, as well as their predictability and
adaptability. Advanced technologies such as
paperless work order management systems (MES),
3D printing, collaborative robotics, blockchain
virtual reality (VR), augmented reality (AR), and
other technologies can contribute to a faster path to
the Pharma 4.0 model, as illustrated in Figure 4.

Industry 1.0 2.0 3.0 4.0
Resources Mechanically Electric Digitisation Visibility
Information system Individual work Mar;)tigic(;tssrmg Computerisation Transparency
Organisation and Cemzeiiy
g 1OCESSES Craft manufacturing Taylorism (Islands of Prediction
P Automation)
Internal focus, External focus,
Internal focus, o A External focus,
Culture . : stabilising stabilising : )
adaptive behaviour ; ; adaptive behaviour
behaviour behaviour

Figure 6: Digital Maturity Model for Pharmaceutical Organisations
Adapted according to: (Ding, 2018; Schuh et al., 2017)

It is important to point out that the integrity of
patient safety data was just as important in the era
of classic information systems, as it is today when
we talk about the Pharma 4.0 model. For these
reasons, it is always the focus of regulatory agencies

(Ding, 2018; Mustapa et al., 2022). In the Pharma
4.0 model, data is spread throughout the entire value
chain, so managing its integrity is a particular
challenge. The data flow must be transparent, with
a clear process flow to which it relates. In the
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Pharma 4.0 model, the performance of business
processes in the life cycle of a pharmaceutical
product depends on the structural capabilities of the
organisation. For example, if the organisation is
strictly divided into organisational units, there is a
high probability that the business-technical
information systems are designed so that each unit
forms its own "island".

The Pharma 4.0 model, based on a holistic strategy,
overcomes this problem. Most often, we find that in
a pharmaceutical organisation, as a rule, business
processes are not fully defined and/or documented.
It is important to point out that to work on the
Pharma 4.0 project you must have defined processes
and data flows. As a rule, this means that you have
to start implementing an ERP (enterprise resource
planning) model as well as an MES (work order
management) model. In this case, it is important to
point out that the MES model must be based on a
well-structured, documented and validated software
system, which is part of the Pharma 4.0 model.
Ensuring data integrity is a prerequisite for ensuring
good process traceability in the organisation. So, it
is about the quality of the data, its content, the life
cycle of the data and adherence to the principles of
ALCOA * (a set of principles for ensuring the
integrity of data for GMP) (Ding, 2018; U.S. Food
and Drug Administration, 2016). That's why data
integrity requires  well-defined, robust and
repeatable (but flexible) processes. The principles
of risk management should also be applied, which
must include basic knowledge about the structure
and architecture of data. When defining a risk map
in the ICH Q9 model, the most important step is risk
identification. This process requires extensive
experience, a clear view of risk and anticipation of
possible disruptions. It is extremely important in
this process to have available prior knowledge, in a
structured form. "Resources"” in this model refer to
intangible and physical resources. This includes
employees and their knowledge (human resources),
machinery and equipment, tools, materials and the
final product. Therefore, Cyber-Physical Systems
(CPS) in Pharma 4.0 are rapidly adaptable and
capable of producing diverse products with mass
manufacturing efficiency (Manzano, 2018). Smart
equipment "including products” has the ability to
create different manufacturing configurations,
thanks to the Pharma 4.0 model. Thus, PAT will
monitor all KPP online and communicate using
digital infrastructure with different partners in the
manufacturing network, where new value is created.
Also, new methods of process validation will enable
continuous process improvement in the pharmace-

utical organisation, especially in manufacturing
(MES). Each product quality and process
performance monitoring system in a pharmaceutical
organisation can be explained by the RAMI 4.0
model, Figure 7 (Plattform Industrie 4.0, 2016).

The Connected World
O (Pharmaceutical Supply
S Chain)
£ 1o Company (Drug Factory)
3 8 Work Center
= (Pharmaceutical Plant)
S — i ine -
£3 Station (sr;lgzm;e GRS
< N
foR Control unit
L Device in operation

Product

Processes in
pharmaceutical
organization

Development of
pharmaceutical products
and systems
Projecting
Manufacturing planning
and preparation
Manufacturing and quality
control
Maintenance
Delivery and logistics
Business

RAMI Model Architecture for Industry 4.0

Functional
entities

Function
Information
Communication
Integration
Entity

Figure 7: RAMI model architecture for Industry
4.0 and Pharmacy 4.0 (Plattform Industrie 4.0,
2016)

The integration layer in the RAMI model acts as an
interface between the digital and physical worlds
(i.e. the human-machine interface). The traceability
and visibility of information are realised through the
communication and information layer, which is
used for predictive maintenance using VR with the
support of Al. Each layer communicates through the
value chain network via a single location throughout
the pharmaceutical organisation (Arden et al.,
2021). By designing, implementing and transferring
information along all axes of the model, delay is
reduced, product quality is improved and the
business profit of the pharmaceutical company is
increased. In the part of the model where we have
information-rich nodes, the model helps the new
human-machine communication, in terms of data
collection and reporting on different bases. The
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information system is the basis for the integration of
all computer systems in the Pharma 4.0 model, both
vertically according to the functions of the
pharmaceutical organisation, and horizontally
according to the network of the supply chain and the
life cycle of the pharmaceutical product.

Process automation through data linking provides
continuous process verification (CPV) using the
PAT model, which monitors and predicts process
parameters in real-time (Wolfle et al., 2022). This
model has already been applied by some of the big
pharmaceutical companies, forming their "data
lake" through which they got a "single source™ for
system integration and ad hoc real-time reporting.
In the Pharma 4.0 model, integrations include:
predictive maintenance, environmental
management, energy management, manufacturing
automation (MES), continuous process verification
(CPV), mass sterilisation, real-time performance
monitoring, batch release and tracking, as well as
traceability. For these reasons, ERP and MES
systems must be integrated with equipment (CPS).
The presented integration model must comply with
global technical standards: Good Manufacturing
Practice (GAMP) automation, 1SO and IEC. Also,
product development must be in line with the
automation of manufacturing processes. In this
context, a thorough understanding of data and
information, a broad knowledge base and extensive
experience are paramount for good decision-making
at all levels (Amrich et al., 2022). Fulfilment of
regulatory requirements, the application of a holistic
management strategy, risk management, and well-
defined business and manufacturing processes are
key elements for managing the life cycle of a
pharmaceutical product. Starting from these facts,
the instructions for process validation given by ICH
and FDA recommend flexible pharmaceutical
manufacturing processes, including continuous
process verification, by monitoring CQA and CPP
parameters, thus ensuring high product quality
(ISPE, 2024). In Pharma 4.0, however, the quality
assurance concept must be adapted to the cross-
functional business processes of the pharmaceutical
organisation. In addition, the tasks and
responsibilities of the system, the owner of cross-
functional processes and the owner of their content
must be redefined. A long chain of decisions is
typical for pharmaceutical organisations, at the
beginning of the development of the Pharma 4.0
project, it refers to specialised teams, which work
according to the needs of the value chain network
(Herve et al., 2013; Rawashdeh, et al., 2023).

Pharma 4.0 is a project that has multiple
interconnected entities using 10T, requiring a
pharmaceutical company to establish cross-
functional teams, that will define step-by-step data
integrity and determine the performance of a
holistic management strategy. The application of
Pharma 4.0 and the strategy of holistic management
provides an integrated approach to the design and
management of business processes, especially at the
plant level (MES), without paper, in digital form.
This means a new culture of cooperation between
organisational ~ units  responsible  for  the
manufacturing process, technology and quality. Due
to these facts, some regulatory bodies are now
looking for a defined strategy to manage the
digitalisation of the pharmaceutical organisation,
which makes sense given that the implementation of
a holistic management strategy requires loT
solutions and other elements of Industry 4.0
(Dhingra, et al., 2020; ISPE, 2024). For these
reasons, the organisational culture should be
defined in such a way as to understand the
importance of each element in the management
strategy of the Pharma 4.0 model, and (ISPE, 2024):
(i) clearly defined values of critical parameters, with
which process disturbances will be detected, (ii)
evidence-based risk is a key element for its
management, and (iii) improvements of the Pharma
4.0 model in implementation should involve all
interested parties, thus building the overall culture
of the pharmaceutical organisation.

CONCLUSIONS AND FUTURE RESEARCH

When we summarise the results of the current
application of the Industry 4.0 model in a
pharmaceutical organisation, we can derive the
following facts (Rawashdeh, et al., 2023; Swami, et
al., 2022; Wanjul, et al., 2023; Wolfle, et al., 2022):
(i) Pharma 4.0 is an Industry 4.0 model for the
pharmaceutical manufacturing organisation,
extended with regulatory regulations in the field of
drug manufacturing, (ii) based on the previous
characteristic, it erases borders, or more precisely, it
connects the pharmaceutical industry, regulators,
health care and other interested parties, (iii) as a new
business model of a pharmaceutical organisation, it
is the best framework for the manufacturing of new
generations of drugs, (iv) applied PQS
(Pharmaceutical Quality System) is a prerequisite
for starting the Pharma 4.0 project in an
organisation (Yu & Kopcha, 2017), (v) it is
important to emphasise that Pharma 4.0 isnotan IT
project, because the operational model of Pharma
4.0, in addition to IT, includes: organisational and
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cultural elements, processes (business,
manufacturing) and from all aspects the resources of
the pharmaceutical organisation, (vi) the Pharma
maturity model 4.0 enables the harmonisation of the
operational model of the organisation for innovative
approaches to manufacturing, networking of
suppliers and outsourced processes and bringing
them to the required state, (vii) the application of the
Pharma 4.0 model is not necessary (whereas
digitalisation of the pharmaceutical organisation is),
but is a competitive advantage of the organisation in
the pharmaceutical industry.

Pharma 4.0 is the promising present and secure
future of the pharmaceutical industry. Nevertheless,
we can conclude that a greater application of Al and
ML/DML than currently is inevitable, considering
the following facts (Bhattamisra et al., 2023;
Coglaiti & UpDyke, 2022; Haleem et al., 2023;
Manufacturing Chemist, 2024): (i) thanks to BDA
analysing processes in the pharmaceutical industry,
its operations will be more predictable than ever
before, primarily due to the application of deep
learning models. Moreover,(ii) previous facts have
a great influence on the development of the Industry
5.0 model, which means that this area will also
move towards Pharma 5.0, as the pharmaceutical
factory of the future.

In the context of the previous facts, the directions of
future research can be: (i) decarbonisation of
pharmaceutical manufacturing in the direction of
regulatory requirements and their application in the
Pharma 4.0 model, (ii) development of different
platforms for the Pharma 4.0 model, according to
the types and volume of pharmaceutical
manufacturing, and (iii) personalised manufacturing
of innovative medicines on previous platforms
(Wanjul, et al., 2023).
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KA FABRIKAMA BUDUCNOSTI U FARMACEUTSKOJ
INDUSTRIJI

Industrija 4.0 je dostigla svoju zrelost u proizvodnji, nakon viSe od decenije primene. S
obzirom na to da predstavlja klju¢ni element za digitalizaciju privrede i javnih usluga Sirom
sveta, danas je re¢ o primeni ovog koncepta u razli¢itim oblastima, uklju¢ujuéi farmaciju,
a pre svega farmaceutsku industriju. Cilj ovog rada je da citaocu pruZi najnovije
informacije o stanju razvoja modela Pharma 4.0 (primena modela Industrija 4.0 u
farmaceutskoj industriji na putu ka pametnoj fabrici), koji je po¢eo da se razvija u drugoj
polovini druge decenije ovog veka. Rad se sastoji iz nekoliko delova, i to: (i) analiza okvira
modela Pharma 4.0, (ii) detaljan prikaz modela Pharma 4.0 i (iii) neka zapaZanja o buduéem
razvoju ovog modela u primeni.

Kljuéne reci: Industrija 4.0; Farmaceutska industrija; Pharma 4.0; Pametna fabrika.
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