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Abstract

The dynamic development of Industry 4.0 technologies, referred to as smart manufacturing
technologies (SMTs), is significantly changing both production systems and quality man-
agement practices. The aim of this article is to analyse the impact of smart manufacturing
technologies on the seven principles of quality management (QMP). The research is based
on a narrative, semi-systematic review of the literature from the Web of Science and Scopus
databases from the last seven years, using thematic analysis. Traditional interpretations of
QMP principles were compared with new conditions resulting from the implementation
of technologies such as the Internet of Things, big data, artificial intelligence, cloud com-
puting, vision systems, virtual and augmented reality, and additive manufacturing. The
results indicate that SMTs do not eliminate quality management principles, but significantly
change the way they are implemented. There is a shift towards product personalisation,
shorter product life cycles, decentralised decision-making, flexible and autonomous pro-
cesses, digital surveillance, and intensive use of real-time data. The article argues that SMT
and QMP are complementary approaches—technologies increase the effectiveness and
efficiency of quality management, but do not replace it. The considerations presented here
are a starting point for further empirical research on the new ‘Quality 4.0" model in the
intelligent manufacturing environment.

Keywords: Industry 4.0; smart manufacturing; smart manufacturing technologies; quality
management principles; Quality 4.0

1. Introduction

The history of quality management dates back to the early 20th century. However,
it was not until the 1950s and 1960s that it became an important element of business
management. The most well-known forms of quality management include [1,2] total quality
management (TQM), the criteria of the European Foundation for Quality Management,
and quality systems, especially those developed on the basis of the requirements contained
in ISO 9001 [3,4]. In some organisations, these forms are used in combination, taking
advantage of their complementarity [5]. All of them refer directly, to a greater or lesser
extent, to the principles of quality management (QMP) that were developed in the 1970s
and 1980s. The QMP principles are now known as the seven principles, which refer to the
customer, leadership, involvement, processes, improvement, data, and relationships. These
general quality management practices should be adapted to the production technologies
and production management processes used in the enterprise [6]. Over the past few
decades, these two fields, i.e., management and production, have developed in a relatively
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consistent and synchronised manner. However, the latest advanced technologies that
underpin Industry 4.0, associated with rapid technological progress in the 21st century,
seem to be disrupting this balance. Industry 4.0 means significant technological and
organisational changes in companies, integration of the value chain, and the introduction
of new business models in which information technologies play a key role. In relation to
production systems, this is known as smart manufacturing (or smart factory), in which
people and machines can work together. This enables the creation of supply chains in
which customer requirements and expectations can be met more effectively and efficiently
than in traditional production systems [7].

The most influential technologies in the context of smart manufacturing are
as follows [8-10]:

1.  Internet of Things (IoT)—a system in which objects (e.g., machines, devices, people)
equipped with special sensors communicate and exchange data with computers and
other devices [11].

2. Big data—the processing and analysis of large, variable, and diverse data sets, which
enables the acquisition of knowledge that is not available using traditional data
analysis methods [12,13].

3.  Cloud computing—the provision of IT services, including servers, databases, net-
works, and software, via the Internet [14].

4.  Artificial intelligence (Al)—self-learning systems, including machine learning and
neural networks, based on acquired knowledge [15,16].

5. Virtual and augmented reality (VR/AR)—a computer-generated image, usually
three-dimensional, that emulates the tangible world or offers a representation of
a hypothetical reality, or a system that integrates the real world with a computer-
generated environment [17].

6. Additive manufacturing (AM)—the process of creating three-dimensional prod-
ucts based on digital models by applying thin layers of material, resulting in a
physical model [18].

7. Vision systems (VS)—facilitate data acquisition through the use of optical devices that
enable the observation and measurement of the properties and location of objects [19].

All these technologies can be collectively referred to as smart manufacturing technolo-
gies (SMTs). They include both simple tools and methods as well as large systems. All of
them are based on data from machines, machine operators, and many other sources. These
data are collected using measuring devices such as sensors, vision systems, and test readers.
All devices and systems are immersed in what is known as cyber—physical space (CPS), i.e.,
the space in which communication and digital integration processes take place [20,21].

It should be noted that advanced smart manufacturing technologies are not limited to
processes. They also facilitate the development of innovative products that can be described
as smart products. Such products are equipped with digital interfaces that facilitate the
expansion of their functionality and applications. The emergence of digital interfaces, the
Internet, digital platforms, and artificial intelligence algorithms has enabled the evolution of
products from passive entities, in terms of their ability to interact with their environment, to
active entities. These products are becoming hybrids, a kind of ‘product—service” combining
the characteristics typical of products and services [22-26].

SMTs also have an impact on the sphere of business management [27,28]. This ob-
servation is confirmed by a growing number of studies, including Gunasekaran and
Subramaniam, Glogovac et al., Zairi, Silva et al., Broday, Chiarini, Carnerud and Béckstrom,
Weckenman et al., Baran et al., and Sader et al. [2,21,29-43]. On the one hand, the objectives
of implementing both SMTs and QMP in a company are convergent, related to providing
customers with products that meet their expectations and requirements while achieving
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this in an efficient and productive manner. On the other hand, the understanding of quality
management primarily concerns the implementation of best practices in the field of process
supervision and improvement, minimisation of variability and compliance with a set of
rules and procedures, while smart manufacturing is based on modern technologies, in
particular information technologies [44,45]. Information technologies alone seem sufficient
to achieve quality objectives, as they increase the effectiveness of quality assurance, raising
it to a new level unattainable with conventional quality management [36,46-50].

This apparent contradiction between SMT and QMP raises the question of whether
conventional QMPs, which were developed mainly in the 1970s and 1980s, remain com-
patible with the new technologies mentioned above. It has been observed that over the
last 20-30 years, there has been a lack of reports on innovative, original, or transformative
forms of quality management, as well as original quality tools [21,51]. The literature is
rich in numerous case studies analysing the implementation of traditional QMPs and tools
or demonstrating their effectiveness in various contexts. It can be assumed that TQM,
Six Sigma, SPC, and ISO 9000 have reached a point of maturity or ‘equilibrium’ that is
incompatible with the dynamic evolution of 14.0 technologies.

The question of what quality management should look like in an Industry 4.0 envi-
ronment, especially in intelligent manufacturing systems, is being asked more and more
often. There are opinions supporting a comprehensive transformation of the quality man-
agement model or suggesting its gradual adaptation [6,44,52]. This article aims to present
reflections and positions on the anticipated impact of Industry 4.0 technologies on the
application of quality management principles in enterprises. At the same time, it serves as
an announcement and introduction to the planning and implementation of comprehensive
research in this field. This article presents the authors’” opinion on the impact of SMTs on
quality management. The authors aim to demonstrate that achieving quality management
objectives and implementing SMTs are not mutually exclusive, but rather complementary.
It is assumed that SMTs alone will not replace quality management activities, but will
increase their effectiveness and efficiency [53].

2. Materials and Methods

The overview presented in this article refers to seven principles of quality management.
These include customer focus, leadership, commitment, process approach, continuous
improvement, evidence-based decision-making, and relationship management [6]. The
seven quality management principles listed above were selected as a reference point
due to their universality, covering various quality management concepts, e.g., TQM,
Six Sigma, Kaizen, and their various elements, e.g., products, processes, human resources,
organisational structures, and the environment. These principles are characterised in their
traditional sense, and aspects are indicated in which, according to the authors, changes
will occur in the conditions of Industry 4.0 and smart manufacturing [11-21]. The elements
of each quality management principle are compared with the SMT tools listed in points
1-7 in the Introduction. In order to achieve the objective of the article, namely to analyse
the significance of quality management principles in the context of Industry 4.0 and smart
manufacturing, a literature review was used as a methodological tool. To confirm the
validity of the choice of tool, reference can be made to Tranfield (2003), who argues that
literature reviews are useful when a researcher wants to examine the validity or relevance
of a particular theory or competing theories, as well as when the goal is to provide a
general overview of a particular issue or research problem, e.g., an assessment of the state
of knowledge on a given topic [54]. According to this approach, a literature review can be
used, for example, to develop a research programme, identify gaps in research, or simply
discuss a specific issue, which is consistent with the objectives of this forward-looking
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article. Literature reviews can also be useful if the goal is to develop a theory [55,56]. In
such cases, a literature review provides a basis for outlining the development of a particular
field of research over time [57,58].

Both in theory and in practice, various types of literature review methodologies
are used, including systematic, semi-systematic, and integrative approaches. Systematic
reviews have strict requirements for the search strategy and selection of articles to be
included in the review. However, systematic reviews are not always the best strategy.
When the goal is to explore a broader topic that has been conceptually diverse and studied
across different disciplines, a semi-systematic approach may be a good option. It allows,
for example, to outline theoretical approaches or themes, as well as to identify gaps in the
literature. In some cases, the research question requires a more critical selection of data for
analysis. In such situations, an integrative approach may be useful when the aim of the
review is to combine different perspectives to create new theoretical models [58].

In this case, the aim is not to analyse all available sources on quality management
principles in the context of Industry 4.0, nor does the level of research advancement allow
for the proposal of theoretical models. Therefore, an intermediate approach was chosen: a
semi-systematic approach, called a narrative review, based on heuristics [59]. The semi-
systematic approach is characterised by the fact that the typical goal is to review a research
area and track its development over time; the research questions are broad and open-ended;
the search strategy may be systematic or supported by critical analysis. The range of
sources analysed using the semi-systematic method includes research articles, books, and
other published texts, and the results of their analysis may be qualitative or quantitative.
The results of research conducted using the semi-systematic method include topics in the
literature, historical reviews, research programmes, and theoretical models [58]. This article
aims to summarise the themes addressed in the literature on a specific topic and to propose
a programme for further research.

Among the many methods used to analyse and synthesise the results of a semi-
systematic review, thematic analysis was chosen, which can be broadly defined as
a method of identifying, analysing, and reporting patterns in the form of themes in
a text [60], followed by a qualitative analysis of the results. The analysis used the
texts of peer-reviewed scientific articles indexed in the Web of Science and Scopus
databases. The literature analysis was carried out in accordance with the order proposed in
thematic sources [58]:

Phase 1: developing the review;
Phase 2: conducting the review;
Phase 3: analysis;

Phase 4: preparation of the review.

The following keywords were used in the thematic analysis in the Scopus and Web of
Science databases: quality management principles, Quality 4.0, smart manufacturing, and
Industry 4.0. The review was limited to the 7 years prior to 2025. The authors reviewed
the scientific articles returned by the databases, removed those that did not meet the
requirements, and grouped them according to the topics covered. The review based on the
analysis is presented in the next section of the article.

3. Results and Discussion
3.1. The Evolution of Quality Management Principles in Smart Manufacturing
3.1.1. Customer Focus

The principle of customer focus emphasises the importance of identifying customer
expectations and requirements and ensuring the conditions for meeting them. It points to the
need to respond quickly to customer feedback, including comments and complaints [1,12].
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In the context of smart manufacturing, the principle of customer focus will retain
its central importance, but will be enriched by implications arising from innovative per-
spectives. These include establishing direct contact with individual consumers, design-
ing personalised products with the active participation of customers, and reducing the
time needed to introduce new products. In addition, sustainability issues will be taken
into account.

- Evolution of quality assessment criteria

With regard to smart products, it can be observed that in many cases, properties
such as reliability, durability, aesthetics, or careful workmanship are no longer the main
evaluation criteria for customers. This means that the evaluation of products will often be
based primarily on their functionality, manifested in properties such as intuitive operation,
ease of programming, the ability to purchase new applications, and miniaturisation, which
are the result of the use of digital technologies. The value associated with product quality
in the case of smart products will shift from what is durable and visible to what is fleeting
and hidden. This change will create opportunities for new solutions, primarily through
the combination of physical products with services [21,22]. Smart products will become a
means of creating value in a way that depends solely on the customer’s decision.

- Customer profiling

The increasingly frequent use of information technologies, including the Internet,
big data, and artificial intelligence, will make it easier to persuade customers to purchase
specific goods. This will be possible thanks to the tracking and analysis of consumer
behaviour and the creation of consumer profiles, both individual and collective [61]. This
will make it easier for manufacturers of specific goods to create new needs and expectations
among consumers in a controlled manner [23].

- Customisation

The emergence of SMT has opened up wide opportunities for personalisation, as it
facilitates easy and effective communication between customers and designers [62]. This
is all the more so as today’s customers are clearly willing and increasingly inclined to
co-create product features. The use of configurators, including those using virtual reality,
makes this much easier.

In light of advances in 3D printing, it is reasonable to predict that in the near fu-
ture, customers will increasingly engage in the independent production of products (on a
3D printer) [21,29,31,34].

- Shortening the product life cycle

SMTs, primarily additive manufacturing (3D printing) or reconfigurable manufactur-
ing systems, eliminate many of the technological and organisational barriers that arise when
launching the production of new products [24,25,31,41]. In turn, information technologies
are easy to apply in new products and do not require large development investments on
the part of the manufacturer (this work is performed by software suppliers). As a result,
launching the production of new products requires less and less time and smaller invest-
ments in machinery (a reconfigurable system can be easily and quickly “converted” to new
tasks). Combined with the ease of reaching individual customers and convincing them
to buy new, innovative products, this will lead to a shorter product life cycle [36,49,63].
This will result in manufacturers being less willing to continuously improve the products
they already manufacture (see the principle of continuous improvement). The so-called
commoditisation [64] of quality will intensify, meaning that for the manufacturer, a product
is only good if it sells well. As a result, the meaning of the “price-waiting time—quality”
relationship will change in favour of the first two elements.
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- Attention to sustainable development

The principle of customer orientation must take into account its relationship with
sustainable development [65]. This principle, which has been practised and emphasised
for many years, is indirectly one of the reasons for the continuous growth in consumption
and the associated shortening of the product life cycle, as already mentioned. This, in turn,
generates a faster flow of materials and energy in the process of extracting and processing
raw materials, processing and treating materials, assembly, storage, transport, and other
processes aimed at the production and consumption of essential goods. At the same time,
the premature withdrawal from the use of technically valuable products leads to waste.
All of this has a negative impact on the environment and climate [65]. When applying a
new approach to the principle of customer orientation, attention must be paid to this threat.
Therefore, quality managers will need to pay attention to the product design phase in the
future and inspire designers to introduce design principles that could alleviate the constant
pressure to increase consumption and needs. The new design paradigm should prioritise
the following:

e  Optimising product durability—a product reaches the end of its life cycle when
the purchase of a new product becomes beneficial to the environment and society;
avoiding the so-called deliberate ageing of products, which is currently used mainly
to maximise the manufacturer’s profits [66].

e  Product personalisation—consumer attachment to a product in whose design, produc-
tion, or delivery they were involved.

e  Enriching the product during its life cycle, e.g., through systematic improvement by
replacing physically worn or technically obsolete components, and designing products
with so-called open architecture, which consists of basic and personalised modules,
thus increasing the product’s life cycle [67].

3.1.2. Leadership

In the context of quality management, leadership involves formulating a vision and
setting strategic quality objectives, as well as convincing employees to align themselves
with these objectives. It is essential that quality objectives are customer and consumer-
oriented. Through their behaviour and actions, leaders must demonstrate a clear and
unwavering commitment to the objectives set [68].

It seems reasonable to assume that the role of quality management leaders in relation
to leaders in other areas of the company’s operations will be re-evaluated in the context of
smart manufacturing. It is clear that over the last 60-70 years, their position has been very
influential. To a large extent, it was they, as quality managers, who determined the direction
of the company’s development. The coming change will depend on the accelerated pace
of change and the need to set more direct goals and delegate strategic decision-making to
lower levels [69,70].

- Decentralisation of decisions

The integration of information technology into business operations and the new
opportunities it creates in terms of data access and communication will result in many
decision-making tasks being taken over by lower-level employees (i.e., operational staff).
They will be supported by artificial intelligence tools that will make autonomous decisions
in specific cases [36,49]. Employees will not only be responsible for implementing the
leader’s vision but also play an active role in its development and implementation [69]. As
a result, unlike traditional business models where leadership is concentrated in the hands
of a few people with extensive access to information about the company’s operations and
environment [6], leadership in 4.0 will be more democratic.

https:/ /doi.org/10.3390/app16041919


https://doi.org/10.3390/app16041919

Appl. Sci. 2026, 16, 1919

7 of 19

- Care for resources

While leadership in planning and decision-making will become increasingly dispersed,
managers will be expected to anticipate the competence and material resource requirements
in the area of quality management. The future SMT-equipped factory will require employ-
ees with the necessary knowledge and skills to use digital tools and make data-based
decisions (see the principle of people engagement). For example, employees involved in
quality control or process improvement will need to be knowledgeable about the latest
data analysis methods [44].

3.1.3. Engagement—Employee Engagement

The term ‘engagement’ is defined as participation in activities and taking responsibility
for one’s actions. It is an emotional state that indicates that people want to pursue certain
goals or are willing to achieve certain goals, regardless of any obstacles. Engagement is
influenced by many motivational factors, including internal and external elements such as
role attractiveness, autonomy, working conditions, and organisational culture. Adherence
to established rules and teamwork are key aspects of engagement [38].

Employee engagement in companies using SMTs will be positively influenced by
the possibility of applying new, innovative information technologies to production and
process supervision. At the same time, the use of these technologies will require greater
concentration and individual responsibility from employees.

- Acquiring skills in the use of SMTs

The convergence of the physical, digital, and virtual worlds will lead to the elimination
of some traditional jobs and will require employees to acquire innovative skills in the
operation of collaborative robots, autonomous surveillance systems, or vision control
stations [29,30]. Quality managers will need to acquire new skills in data collection and
processing, including the use of machine learning algorithms. It will become increasingly
essential for employees to have skills in managing large data sets, artificial intelligence,
robotics, and the Internet of Things [15,33,35,41]. This can be described as a shift from
a role focused on monitoring and responding to specific situations to one that involves
anticipating and preventing them. This will make work more attractive to people while
improving the quality of work outcomes and productivity [44].

- Individualisation of approach

Communication within the enterprise will increasingly be carried out using individual
devices such as human-machine interfaces (HMIs) or smartphones connected to the IoT
system and the cyber-physical environment, and data will increasingly be transmitted
along the “human-machine” or “human-IT system” line, bypassing “human-human”
communication. As a result, employees will increasingly rely solely on themselves when
making decisions, which will require them to be more aware of their responsibility for their
actions, including meeting quality requirements, and to take independent corrective or
preventive action.

Employees will be expected to avoid automatically performing their tasks without
considering their sometimes far-reaching consequences. A so-called mindfulness-based
approach will be expected, i.e., focusing on the present moment and trying to experience
it consciously [70], which in traditional quality management is suppressed by the need
to follow specific procedures or instructions [71]. In light of the increasing availability
of data to employees and the growing scope of decision-making powers at the manage-
ment level, it seems likely that forms of collective work, including traditional face-to-face
meetings and quality circles, which have historically played a key role in quality manage-
ment systems, will become less important in the future. It is anticipated that communica-
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tion between employees will become increasingly digital, with online formats becoming
more prevalent [36,38,44].

3.1.4. Process Approach

For several decades, the process approach has been a fundamental principle of man-
agement and quality applied throughout the product life cycle. It requires the establishment
and adherence to channels of communication between the various stages of core processes,
as well as support processes. The application of this approach facilitates the optimisation
of value and management processes. It also requires compliance with regulations to ensure
order and prevent deviations from established arrangements (e.g., sequence of actions,
requirements specifications). The process approach requires a shift in focus from the in-
ternal structure of the organisation to the processes that are actually implemented. The
boundaries between organisational units are replaced by boundaries between processes.
The overriding goal is the outcome of the process, not the outcome of the unit [33,66].

The process approach remains an important principle in the smart manufacturing
environment, although there has been a shift in emphasis. Increasing process fragmen-
tation and the drive for process flexibility will require a change in the very nature of the
process approach [72].

- Focus on process flexibility

The focus on process flexibility, enabled by smart manufacturing, e.g., through the
use of sensors, RFID systems, digital twins, the Internet of Things (IoT), and cloud com-
puting, will facilitate unprecedented synchronisation of activities within core, support,
and management processes [72]. As a result, processes can be divided into sub-processes,
performed simultaneously, and distributed spatially to a greater extent than was previously
possible. Such implementation of production processes will facilitate a faster response
to environmental changes, as it will allow for the dynamic selection of contractors for a
given task, for example, in the event of unforeseen changes in customer expectations or
supply problems [30,47].

In the context of production processes for products with highly dynamic changes in
customer expectations, especially those belonging to the category of smart products, there
will be a shift away from setting detailed, long-term goals and subsequently monitoring
their implementation. Instead, short-term planning will be preferred, and goals will be
reviewed more frequently. The need to ensure process flexibility will encourage manu-
facturers and suppliers to move away from the traditional “push” product distribution
model and adopt a “pull” approach, thus adapting to the principles promoted in the lean
manufacturing concept.

- Moving away from a procedural approach

The modern market is characterised by changing customer expectations and intense
competition, which introduce disruptions in the production system to which the quality
management system must respond in a timely manner. The inflexible procedural approach
traditionally used in such circumstances, where the overriding objective is to comply with
established and documented rules of conduct in a given situation, may prove ineffective.
This requires, among other things, the creation and control of documented information,
such as procedures, instructions, and records, within the framework of an intelligent
production system. These must be strictly adhered to—this is often a prerequisite for a
positive assessment by auditors.

With the growing popularity of SMTs, it may become more effective to rely on the
flexibility of the system and focus on creating a system that quickly and independently
adapts to changing conditions [66,73-75]. A digital twin, as a digital model of the process
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and the resources used in it [76], has online access to all relevant process data, enabling
automatic real-time process adjustment. This eliminates the need for human involvement,
which can be replaced by artificial intelligence. Furthermore, there is no need to create
additional documentation, which is common practice in traditional process approaches, as
all evidence of activity is automatically stored in digital form.

3.1.5. Continuous Improvement

The principle of continuous improvement is a characteristic feature of quality manage-
ment. It means the need to continuously identify potential opportunities for improvement,
both in terms of products and the processes involved in their manufacture and distribution,
in order to optimise effectiveness and efficiency. The aim of improvement is to provide
manufacturers and customers with the greatest possible benefits. Examples of the practi-
cal implementation of this principle include improvement methodologies, also known as
improvement cycles, such as PDCA or DMAIC, which are part of the Kaizen or Six Sigma
improvement strategies [33,38].

The principle of continuous improvement will continue to be a hallmark of quality
management. However, in the SM environment, the principle of continuous improvement
will evolve due to changes in the perception of product quality, shorter product life cycles,
and new opportunities for data acquisition and processing.

- Shorter product life cycles and no time to strive for perfection

If product and manufacturing process improvement is carried out gradually and
systematically over a longer period of time, using appropriate quality tools, including
statistical and experimental techniques, it is possible to achieve process quality above
5 sigma (ppm or DPMO < 1000) and to obtain high product reliability and uniformity.
However, such a procedure requires a long product presence on the market and loyalty to
the product.

In the context of today’s market, especially the smart product market, characterised
by rapidly changing customer needs and expectations, decreasing emphasis on product
durability and excellence, and increasing emphasis on product innovation, striving for
continuous, systematic product improvement through gradual, minor improvements may
no longer be an attractive strategy for companies. The pursuit of perfection will become
less profitable. As a result, manufacturers will spend less time systematically improving
existing products or processes and more time developing new, innovative, and potentially
groundbreaking product variants [27,33,72].

- Growing commoditisation and cheap products

As a result of the increasing commoditisation of products, as well as the pursuit of
sustainability mentioned earlier when discussing the principle of customer orientation,
there will be a trend towards providing products that are economical and environmen-
tally friendly, with a minimal carbon footprint. However, from a qualitative standpoint,
especially in terms of aesthetics, these products may be less valuable or less durable [23,65].

- Shifting product improvement to the usage phase

While continuous improvement of already manufactured products will be less pop-
ular, the improvement of products already in use will evolve. This will be achieved
by offering users new software versions that increase functionality or provide greater
monitoring capabilities [15,16,34].

- Bypassing traditional improvement methods

Traditional improvement projects are dominated by teamwork, brainstorming ses-
sions, quality circles, idea sharing, collective discussions and presentations of ideas to
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management, and the use of proven methodologies (PDCA, DMAIC, 8D). In an SM envi-
ronment, improvement tools and methods will change. More data will be available, mostly
online. The data will be able to be processed using artificial intelligence technologies, which
have been underdeveloped and difficult to access until now. Many related tasks will be
able to be performed by a single person. The work of a team of people will be replaced by
work with a set of artificial intelligence tools.

The availability of data and the ability to analyse it comprehensively in real time
(online) will mean that a flexible approach to improvement will be used more and more
often, with only the general principles imposed by traditional improvement methods
being retained [33,38].

3.1.6. Evidence-Based Decision-Making

In order to make the right decision, access to reliable data and information is essential.
Data can come from a variety of sources, including research, observation, measurement,
audits, inspections, etc. Numerical data are preferred. Therefore, the use of quantitative
quality tools and statistical techniques is crucial in the decision-making process [73].

In the smart manufacturing environment, the principle of evidence-based decision-
making will remain relevant and will have a significant impact on quality management
practices [32]. The growing importance of evidence-based decision-making will result from
the increasing ability to collect data from manufacturing processes and product use, process
it, and transfer it to places where it can be used effectively. The concept of digital quality
management is even discussed in the literature [6,39,76].

- Ease of data acquisition

The ease of data acquisition, including customer data, will increase. More and more
data will be acquired online and continuously [77-79]. Where possible, data will be
collected using vision systems that can capture everything and even more than the human
eye [80]. A properly configured system will be able to process data collected by vision
systems with accuracy, speed, and comprehensiveness unattainable by human senses.

Data acquisition will be carried out by automated robotic measurement systems. As a
result, horizontal and vertical digital integration will enable the aggregation and analysis
of data from different segments of the production system and the market. IoT, IoS, and
physical cyberspace technologies are expected to play a significant role in this regard [11,80].

Significant developments are expected in the ability to collect data from customers
in order to inform manufacturers about their level of satisfaction with the products they
have purchased and used or the services they have received. The use of data collected from
websites, including social media, for monitoring and data collection purposes is expected
to become widespread [13,45].

- Improving data quality

Given the ease and volume of data collection, it is necessary to prioritise data quality
and, consequently, the quality of the information derived from it [44,81,82]. This is because
simply collecting large amounts of data does not in itself create value; value is only
created when the collected data enables appropriate and effective decisions to be made and
ultimately benefits the organisation.

- Comprehensive and in-depth data analysis

The way data are analysed will undergo a significant transformation. The dominant
approach will be the use of artificial intelligence methodologies, such as machine learning,
combined with the capabilities of processing so-called big data, i.e., data from various
sources. The analysis of large amounts of heterogeneous data will be made possible by
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the use of artificial intelligence algorithms, including machine learning and deep learning.
This will facilitate the identification of the causes of problems that are difficult to diagnose
using traditional methods because their causes are deeply hidden in the process. It is
extremely important to be able to identify hidden patterns and predict future events on
that basis [45,61].

The widespread use of artificial intelligence methods will result not only from their
availability but also from the growing complexity of modern devices and processes. The
complex interdependencies characteristic of these systems make classical methods of
reasoning, based on clear cause-and-effect relationships or consistent mathematical models,
inadequate for their description [50]. It can therefore be concluded that the use of artificial
intelligence methods will eventually become the only realistic way to analyse such data.

It should be noted that the results obtained from machine analysis are difficult to
interpret and therefore can only be assigned limited reliability. This is because machine
learning techniques are similar to black boxes, in which patterns are used to categorise
states that are inaccessible or opaque to humans [83]. The inability to link the results to the
physical system makes it difficult to determine the cause of the loss of the required quality
capability and to take appropriate action. Therefore, it is recommended that diagnostic
reasoning based on simple methods such as regression, classification, clustering, or time
series be given priority in practice. Only when these methods prove ineffective, i.e., when
they too often lead to wrong decisions, should additional data be included in the reasoning
and more advanced data processing methods be used [79-84].

3.1.7. Stakeholder Relations

Establishing partnerships with customers and business partners depends on adhering
to values such as cooperation (sharing information about plans and problems and provid-
ing mutual support in solving them), reciprocity (respecting the interests of each party,
especially in terms of financial benefits), trust (belief in the good intentions of each party)
and loyalty (commitment to a partnership that is beneficial to both parties, regardless of
the circumstances) [84].

With the development of SMTs and the growth in the number of companies operating
at the level of smart manufacturing, the above-mentioned values in relationships with cus-
tomers and colleagues will retain their importance. However, the practice of implementing
them will evolve. Factors influencing this evolution include the growing importance of the
individual customer, the creation of supplier networks, and the entry of small businesses
into the market [32,33,72].

- Direct relationships with individual customers

In the traditional approach to quality management, the term “relationship” is largely
used in reference to the customer population and the statistical customer. The relationship
between an individual customer and the manufacturer of a product, such as a car, household
appliance, or furniture, is typically characterised by a lack of closeness or intimacy. Such
relationships are often limited to brief encounters at trade fairs or exhibitions, with most
interaction taking place during the purchasing process. In the context of Industry 4.0 and
intelligent manufacturing systems, there will be a shift in the position of the customer, who
will move from being an anonymous recipient to an active participant. The Internet will
make it easier to track consumer behaviour and preferences, enabling the identification of
specific customers. Personalisation will facilitate the direct involvement of customers in
the product design process, in line with the principle of customer orientation [18,25,62].
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- Opportunities for small suppliers

In the classic value chain, end-product manufacturers and original equipment man-
ufacturers (OEMs) gain a competitive advantage through their ability to operate on a
large scale. In this way, they are able to control the competitive environment and impose
conditions on their suppliers, who are usually small and medium-sized enterprises.

In the context of small and medium-sized enterprises, digital technologies reduce the
physical distance between manufacturers and consumers. The ability to respond quickly
and flexibly is becoming a key factor in determining competitive advantage. Make-to-
order production is becoming increasingly important compared to make-to-stock. In this
context, the role of intermediaries in extracting value from a product is becoming less and
less necessary. This creates greater opportunities for smaller companies to compete with
industry leaders.

This will be particularly important for manufacturers of non-mass-market prod-
ucts [78]. Manufacturers of these products are often small start-ups that use crowdfunding
platforms not only to raise initial capital but also to build a community of supporters and
followers for their products. This strategy effectively generates demand while creating a
direct link between demand and supply. Consumer engagement does not end when the
campaign ends; companies continue to communicate with their followers throughout the
production process, providing detailed information on both successes and challenges [21].

The combination of these factors with growing user expectations for product per-
sonalisation and added value, as well as the development of the smart product mar-
ket, will weaken the importance of the brand. In this context, satisfaction will be mea-
sured more by the uniqueness of the product and less by the identity of the manufacturer
or supplier [34,79,85].

- The development of virtual enterprises

The emergence of IT solutions will mean that organisations will increasingly form
networks, thus creating a business ecosystem in which each organisation is closely linked
to and dependent on others [79]. Virtual enterprises will be created within the network to
undertake a range of activities, including product development, raw material procurement,
production planning, quality assurance, and shipping. However, these entities will not
have their own production facilities, but will enter into outsourcing agreements with a
network of suppliers who may be located in different geographical regions, including
abroad. An extranet platform will facilitate ordering, disseminate order information, and
enable customers to monitor the entire production process [85].

Virtual enterprises will not use the conventional linear model of product develop-
ment and supply chain management, which typically includes procurement, production,
marketing, services, distribution, and customer relationship management. In the future,
transactions may take place directly between parties, bypassing intermediaries and tradi-
tional methods of supply chain and inventory management [34].

The development of virtual enterprises will challenge the assumptions underlying
traditional quality management models, which typically assume a relatively static environ-
ment and a stable set of collaborators and suppliers. Each of them is treated as a separate
and permanent entity with a clearly defined scope, processes, and boundaries [41].

3.2. Analysis of the Impact of SMT on the Application of Quality Management Principles (QMP)

A summary of the considerations presented in Section 3 regarding the expected impact
of SMTs on the application of QMP principles in enterprises and on the market is presented
in Table 1.
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Table 1. Summary of the analysis of the impact of SMTs on the application of quality management

principles (QMP).
QMP QMP Processes
Principle Aspects and Challenges and Opportunities Related Related SMT Literature Sources
to SMT

Expectation survey

Changing customer needs and expectations

IoT, big data/artificial

Custqmer focus Meeting expectations Customer proﬁhr}g by trac.kmg their activity  intelligence . [1,12,21-25,29,31,34,
Meeting . Product personalisation with customer 2D/3D configurators,
. Sustainable . 36,41,49,61-67,75,84]

expectations development involvement VR/AR

P Reducing waiting times for new products 3D printing

Shortening the time horizon for planning

. . quality objectives.
Leadership Eéa.gcr’gi’lgsquahty Transferring responsibility for setting quality E)I;S artificial
Appropriate ) objectives to lower levels of management. ! [6,36,44,49,68-70]

quality objectives

Decision-making

Implementation of a new SMT and

intelligence, cloud

Resource allocation recruitment of employees competent in its computing,
operation.
- Need to train employees in SMT
Commitment ;ﬁﬁlsnis;lt(l)org;f tiMT Ability to use SMT for quality objective CPS
Motivation to erform QMP tasks planning, quality control, data processing, Big data, IoT, artificial [15,29,30,33,35,36,38,
achieve quality llon dividualised and analysis. intelligence 41,44,70,71]
objectives approach Increased importance of engagement, Vision systems,
PP mindfulness, and awareness.
CPs
Process approach ~ Ensuring Agile processes RFID, sensors
Rapid problem communication Moving away from a procedural approachin  Digital twins [30,33,47,66,72-76,81]
solving Improving planning favour of a proactive approach. IoT, artificial intelligence
Cloud computing
Continuous Short time to product improvement. CPs
. . . Improvement through breakthrough RFID, sensors
improvement Using the right . . P [15,16,23,27,33,34,38,
p & & innovations IoT, artificial
Leveraging improvement tools S e 65,72,79,82]
opportunities Commercialisation and products. intelligence, cloud
PP Data availability during the usage phase. computing
Increasing the availability of data and CPS

Evidence-based
decision-making
Accuracy of

Identifying sources of
data acquisition tools
Ensuring data

information at every stage of the product life
cycle (value chain).
Ability to perform comprehensive and

RFID, sensors
IoT, artificial
intelligence, cloud

[6,11,13,32,39,44,45,50,
61,73,76-83]

decisions reliability in-depth data analysis. computing
Relationships Maintaining Individualised approach to customers. CPSn
. p relationships with Low technological threshold; growing role of  Internet, IoT, artificial [18,21,25,32-34,41,62,
Benefits of . R
X customers and small manufacturers. intelligence 72,78,79,84,85]
cooperation

suppliers

Virtual companies; multiple suppliers.

Additive manufacturing

Source: own study.

The impact of SMTs on quality management practices varies. Some technologies are

more useful in performing quality management tasks, while others are less so. An attempt

to classify them in this context is presented in Table 2. The importance of selected SMTs for

QMP implementation.

As Table 2 shows, according to the authors of this article, the Internet of Things,

cloud computing, and artificial intelligence (Al) are particularly important for the practical

application of QMP principles. The importance of the first two technologies is obvious

and indisputable, as they can be used in all enterprises and throughout the business

environment (by both suppliers and customers). This is because they do not require

specialised IT equipment—all that is needed is access to the Internet. In the case of Al the

potential impact is significant, but its use requires specialised software and personnel who

can properly operate the software (prepare data) and then interpret the results obtained.

Similar comments apply to big data and virtual reality technologies.

Additive manufacturing technology has a significant impact on the implementation of

the ‘customer orientation’ principle. It enables product personalisation, shortens the time

to market for new products, and creates opportunities for small manufacturers.
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Table 2. The importance of selected SMTs for QMP implementation—author’s approach.

QMP

Selected SMT

Key Objective

Big Data
IoT
Cloud
Artificial Intelligence
VS
AM

Customer focus

Meeting expectations

Leadership ApprOPrla’ge quality
objectives
; Motivation to achieve
Commitment

quality objectives

Process approach

Rapid problem solving

Continuous
improvement

Seizing opportunities

Evidence-based

decision-making

Accuracy of decisions

Relationships

Benefits of cooperation

Source: own work. Legend: -: high importance. The technology is fundamental. : medium importance.

The technology is used frequently. : low importance. The technology is used sporadically.

The overview of the relationship between advanced SMTs and QMP presented here
shows that the implementation of SMT brings a number of challenges, opportunities, and
phenomena in the seven QMPs, changing the way they are applied. However, it should be
noted that these changes will primarily result from the increasing availability of data and
the ability to process and then transfer it.

The above conclusions were formulated on the basis of an expert analysis carried out
by researchers from the Department of Production Engineering at the Poznan University
of Technology.

The team was familiarised with the assumptions of this article and the results of the
literature analysis. The appointed team is interdisciplinary because the Department of
Production Engineering employs experts in the fields of quality management, production
engineering, virtual reality, and additive manufacturing.

4. Conclusions

Smart manufacturing technologies (SMTs) are changing the business environment
and manufacturing processes, and the resulting changes must also be considered in
the context of their impact on the quality management environment (Figure 1). The
approach to quality management should be refreshed and supplemented with new
elements [8,21,71] so that it can contribute to the effective use of company resources to meet
customer expectations. Quality managers must move beyond the comfort zone of the last
few decades, during which quality management was seen as the main driver of business
and social development [21]. They need to acquire new skills in quality management
methods and tools (QMP), as well as in communication with employees and customers.
Otherwise, the quality management environment will gradually lose its relevance.
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Autonomous systems
Procedures/processes . .
. . Short iterations
Centralised decisions i .
Decentralised decisions
Mass customer .
Personalised customer

Statistical control )
. Real-time control
Paper and digital records i
Big data analysys
Teamwork .
"Human-machine" or "Human-IT system

Figure 1. Evolution QMP in the SMT context; source: own study.

These changes are unlikely to require any particular driving force, but will rather
emerge naturally. It will be a process of gradual adaptation, taking place without the
need for external control. Traditional principles will be reinforced by SMTs while also
merging with new ones. The introduction of these new technologies will not invalidate
traditional principles. It will be a virtually imperceptible process. The conservatism of
those traditionally considered “quality people” will not be an obstacle.

However, it should be noted that although the introduction of new technologies into
a company may be relatively simple, given the novelty of modernity, changing people’s
attitudes, which are influenced by QMP, always meets with resistance and is a long-term
process. In the context of quality management, an additional factor that may hinder the
adoption of new approaches is the attachment, sometimes even cult-like, to the principles
and theories developed by Juran, Deming, Ishikawa, and other authorities in the field of
quality management in the 1970s and 1980s.

The reflections presented in this article are subjective predictions. The reliability of
these predictions depends on many variables that are currently difficult to predict. It is
unclear whether the development of artificial intelligence will be halted in the future due to
growing awareness of its limitations and the social risks it poses. Or, on the contrary, will it
become an essential business tool? It should also be noted that the validity and accuracy of
the predicted changes depend on the specific circumstances of a given company, especially
with regard to its development and commitment to implementing SMTs.

This article is an introduction to research that will involve collecting data based on
structured interviews using questionnaires in manufacturing companies. The conclusions
of the research, based on case studies, will confirm or refute the theses put forward in this
study. The authors will seek to identify potential barriers, threats, or practical challenges
associated with the application of SMTs to QMDP, as well as to propose indicators for
diagnosing the impact of SMTs on QMP.
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