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Abstract

The aim of the study was to assess the level of implementation of the Industry 4.0 and
Quality 4.0 concepts in manufacturing enterprises in Poland and Slovakia, as well as to
identify the main barriers, supporting factors, and organizational effects related to digital
and quality transformation. The study was conducted using a qualitative–quantitative ap-
proach based on a multiple case study strategy and the matched-pair method. The analysis
covered 10 manufacturing enterprises (5 from Poland and 5 from Slovakia) representing
various industrial sectors. Research triangulation was applied, including a diagnostic
questionnaire, semi-structured interviews, analysis of organizational documents, and direct
observation. Two synthetic indicators were developed: the Industry 4.0 Readiness Index
(I4RI) and the Quality 4.0 Maturity Index (Q4MI). The results indicate a moderate level
of implementation of both Industry 4.0 and Quality 4.0 in the analyzed enterprises, with
Polish companies achieving slightly higher scores than Slovak enterprises. The highest
level of advancement was observed in the area of technologies and automation, while the
lowest concerned data integration and the use of analytics. The analysis revealed a strong
positive relationship between the level of Industry 4.0 implementation and Quality 4.0 ma-
turity, as well as the positive impact of both concepts on selected operational performance
indicators, such as OEE, delivery timeliness, and defect rates. The obtained results confirm
the complementary nature of Industry 4.0 and Quality 4.0 and highlight the need for a more
integrated and human-centric approach to the digital transformation of manufacturing
enterprises in Central and Eastern Europe.

Keywords: Industry 4.0; Quality 4.0; digital maturity; digital transformation; SMEs;
maturity model; Central and Eastern Europe; quality management; sustainable manufacturing

1. Introduction
In recent years, the digital transformation of manufacturing enterprises in Central

and Eastern Europe has accelerated significantly. However, the level of advancement and
the implementation approaches still vary across countries and industrial sectors. Poland
and Slovakia, as economies with similar industrial structures and comparable stages
of economic development, constitute an important comparative context for analyzing
the implementation of the Industry 4.0 and Quality 4.0 concepts. Despite increasing
investments in digital technologies, many enterprises continue to face structural and
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organizational barriers, including insufficient integration of digital systems, limited use of
data, and low maturity of quality management in a digital environment [1–3].

Despite the growing interest in both Industry 4.0 [4,5] and Quality 4.0 [6,7] in the liter-
ature, these concepts are still predominantly often analyzed as separate research streams.
Industry 4.0 primarily focuses on technological aspects, automation, and the integration
of cyber–physical systems, whereas Quality 4.0 extends the classical approach to quality
management through the use of data, analytics, and intelligent decision support. However,
there is still a lack of empirical studies simultaneously assessing the maturity of both
concepts and their interrelationships in a cross-country comparative perspective. This
gap limits the comprehensive understanding of digital transformation mechanisms in
manufacturing enterprises.

From the perspective of sustainable development, the integration of the Industry 4.0
and Quality 4.0 concepts is of particular importance, as it may contribute to improving
resource efficiency, reducing waste, and increasing the resilience of production systems.
An integrated approach enables a more comprehensive assessment of the impact of digital
transformation not only on operational performance, but also on the achievement of
sustainability-related goals, including environmental and organizational efficiency. In this
sense, the study aligns with the current research stream on sustainable industry by linking
digital maturity with measurable quality and operational outcomes [8,9].

The aim of this study is to assess the level of implementation of the Industry 4.0
and Quality 4.0 concepts in manufacturing enterprises in Poland and Slovakia. It also
seeks to identify the key barriers, supporting factors, and organizational effects associated
with their implementation. The study further aims to determine the relationship between
the level of Industry 4.0 implementation and the maturity of Quality 4.0, as well as their
impact on selected operational performance indicators. Finally, it examines how the
development of Industry 4.0 and Quality 4.0 may support more sustainable and resilient
production systems.

From a theoretical perspective, the article contributes to the literature by integrating
two research streams that have often been analyzed separately to date: digital transforma-
tion (Industry 4.0) and digital quality management (Quality 4.0). In particular, the proposed
approach enables the parallel assessment of both concepts using coherent, multidimen-
sional synthetic indicators [10,11].

The research novelty is reflected in several aspects:

• The application of a comparative approach based on matched pairs of enterprises
from two countries, covering five industrial sectors (metal processing, automotive
components, plastics processing, machinery manufacturing, and food industry) and
representing medium and small-sized companies at different positions in the supply
chain, which reduces the influence of sector-specific factors and increases the validity
of cross-country conclusions.

• The simultaneous analysis of Industry 4.0 and Quality 4.0 within a single research
model, addressing the literature gap concerning their interrelationships.

• The use of triangulation of methods and data sources, combining quantitative and
qualitative approaches in the analysis of organizational maturity.

• Linking the implementation level of the analyzed concepts with measurable organiza-
tional outcomes, rather than relying solely on respondents’ declarative assessments.

The research novelty of this study extends beyond the mere combination of two estab-
lished concepts. While both Industry 4.0 and Quality 4.0 have been studied individually,
their simultaneous empirical assessment within a single analytical model represents a
methodological and contextual contribution that has not been previously addressed in
the literature. The model is applied to matched pairs of enterprises from two Central
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and Eastern European countries. In particular, the study advances existing knowledge
by moving beyond declarative technology adoption assessments toward a multidimen-
sional evaluation of organizational readiness and maturity, directly linked to measurable
operational outcomes.

Additionally, the study provides practical value by identifying the key conditions
influencing digital and quality transformation in manufacturing enterprises operating in
the economies of Central and Eastern Europe.

To achieve this aim, the study addresses the following research questions:

RQ1. What is the level of Industry 4.0 and Quality 4.0 implementation in the analyzed
SMEs in Poland and Slovakia?
RQ2. What barriers and supporting factors for implementation occur in both countries?
RQ3. Does a higher level of Industry 4.0 implementation coexist with a higher level of
Quality 4.0 maturity?
RQ4. What organizational outcomes are associated with a higher level of implementation
of both concepts?

The remainder of the paper is structured as follows. Section 2 provides a literature
review covering Industry 4.0, Quality 4.0, their interrelationships, implementation barriers,
and the research gap. Section 3 describes the research methodology, including the sampling
design, data collection techniques, and validation procedure. Section 4 presents the results
organized around the four research questions. Section 5 discusses the findings in relation
to existing literature and their implications for sustainable development. Finally, Section 6
presents the conclusions, limitations, and directions for future research.

2. Literature Review
2.1. Industry 4.0 as the Technological and Organizational Background of Manufacturing
Enterprise Transformation

Industry 4.0 is currently regarded as one of the most important conceptual frameworks
for explaining the digital transformation of manufacturing enterprises. However, the litera-
ture emphasizes that this concept should not be reduced solely to a set of technologies such
as cyber–physical systems, the Industrial Internet of Things, artificial intelligence, robotics,
cloud computing, digital twins, or Big Data analytics. A more convincing perspective views
Industry 4.0 as a process of reconfiguring the manufacturing system, in which digital tech-
nologies transform the design of processes, data flows, decision-making, collaboration with
suppliers and customers, and competency management. This understanding is particularly
important for the present study, as the adopted Industry 4.0 Readiness Index measures not
only the presence of technologies, but also digital strategy, data integration, competencies,
cybersecurity, and supply chain connectivity [12].

From this perspective, the digital maturity of an enterprise results from the coexistence
of technological resources and organizational capabilities. Studies on sustainable digi-
tal transformation indicate that Industry 4.0 technologies may increase energy efficiency,
reduce material waste, improve process transparency, and support predictive resource man-
agement; however, these effects depend on the quality of integration between technologies
and the strategic objectives of the enterprise [13]. Similarly, the evaluation of Industry 4.0
technologies from a sustainable development perspective shows that digital solutions are
not automatically beneficial; they require conscious selection, performance measurement,
and alignment with economic, environmental, and social criteria [14]. This implies that
the assessment of Industry 4.0 implementation should consider both the technological
layer and the managerial mechanisms that determine whether data are actually used for
operational improvement.
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This perspective is also confirmed by recent studies. An analysis of the Polish steel
value chain shows that the transition toward Industry 4.0 involves automation, IT system
integration, IoT, mobile technologies, Big Data, blockchain, and cybersecurity; however,
its actual impact becomes visible only at the level of relationships between producers,
distributors, and customers [15]. Similar conclusions were formulated by Sony and Naik,
who emphasized that technological transformation should be accompanied by organiza-
tional adaptation and the development of digital quality capabilities in order to achieve
measurable operational benefits [16]. In turn, research on the systematic implementation
of information technologies in manufacturing enterprises indicates that implementation
success depends on aligning the deployment path with the organization’s maturity level,
rather than simply replicating technological solutions [17]. This observation is consistent
with studies highlighting that organizational readiness, employee competencies, and pro-
cess integration constitute critical determinants of successful digital transformation [18]. A
bibliometric review of Industry 4.0 research confirms that current research streams focus
on smart manufacturing, IoT, machine learning, digital transformation, and sustainable
development [19]. Moreover, the recent literature increasingly underlines the importance
of integrating Industry 4.0 technologies with sustainability-oriented management practices,
particularly in the context of resilient and resource-efficient manufacturing systems [20].

The above findings lead to an important theoretical implication: Industry 4.0 is a
necessary but insufficient condition for the development of digital quality maturity. The
mere implementation of automation systems, sensors, or ERP/MES software (e.g., SAP,
Comarch, Odoo) does not ensure quality improvement if data remain fragmented, are not
validated, are not interpreted by competent employees, and do not feed the continuous
improvement cycle. Therefore, empirical research on manufacturing enterprises requires
a shift away from simple indicators of technology adoption toward multidimensional
readiness indicators that allow for assessing whether digitalization actually builds an
organizational capability for learning and fact-based decision-making [10,11].

From the sustainability perspective, the convergence of Industry 4.0 and Quality 4.0
is increasingly recognized as a critical factor supporting resilient and resource-efficient
manufacturing systems. The integration of digital technologies with quality-oriented
management practices enables enterprises to optimize resource consumption, reduce pro-
duction waste, improve traceability, and strengthen process transparency. Consequently,
digital transformation is no longer perceived exclusively as a technological shift but rather
as a multidimensional organizational change contributing to sustainable industrial de-
velopment and long-term competitiveness. At the system level, integrated Industry 4.0
architectures are increasingly framed as enablers of smart sustainable manufacturing, be-
cause they connect digital technologies with sustainability practices across procurement,
production, logistics, and market-facing processes, thereby shifting transformation from
isolated technological adoption toward coordinated value-chain redesign [21].

2.2. Quality 4.0 as the Evolution of Quality Management in a Digital Environment

Quality 4.0 has emerged as a response of quality management to the digitalization
of production processes. It does not imply abandoning classical quality management
principles such as customer focus, leadership, process approach, continuous improvement,
and fact-based decision-making. Rather, its specificity lies in embedding these principles in
an environment where quality data are automatically collected, integrated with production
data, analyzed in real time, and used for predictive or prescriptive process control. A
review of the Quality 4.0 literature indicates that the concept is still defined in various ways,
and its most commonly analyzed components include digital technologies, the impact
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of transformation on the quality function, and new competency requirements for quality
professionals [22].

Recent systematic reviews show that Industry 4.0 technologies can support quality
management practices primarily in areas such as inspection, traceability, process control,
nonconformity management, root cause analysis, and product improvement. At the same
time, the literature highlights persistent implementation barriers, including low system
interoperability, insufficient data quality, lack of analytical competencies, limited integra-
tion of quality management systems with production systems, and difficulties in linking
operational data with strategic decision-making [10,23]. For this reason, Quality 4.0 should
be understood not as a technological module, but as an organizational capability to build a
quality system based on data, competencies, and cross-functional collaboration.

An important direction in the development of this concept is the shift from descriptive
definitions toward capability models and roadmaps. The Quality 4.0 roadmap proposed in
the literature emphasizes that enterprises should develop capabilities in a staged manner:
starting from structuring basic quality management and standardizing processes, moving
through digitizing quality records and integrating systems, and progressing toward ad-
vanced analytics and predictive improvement [11]. This approach is consistent with the
findings of a broad literature review on manufacturing quality, which indicates that digital-
ization strengthens the importance of automation, data, regulatory compliance, customer
expectations, and sustainability goals as interrelated determinants of quality [24].

For the present study, this implies that Quality 4.0 maturity should be assessed not
only through digital quality control tools, but also through quality leadership, quality
culture, employee competencies, cross-functional collaboration, traceability, and the ability
to continuously improve based on data. A critical review of the literature leads to the
conclusion that many enterprises may have well-developed traditional quality practices
while still remaining at a low level of quality digitalization if quality data are analyzed
retrospectively, in spreadsheets, or in isolated systems. In such cases, Quality 4.0 is not yet
a mature management paradigm, but rather a transitional stage between classical quality
systems and a quality system integrated with a digital production architecture [11,25]. This
interpretation is supported by recent conceptual work showing that the Fourth Industrial
Revolution modifies the operationalization of quality management principles rather than
invalidating them; in particular, customer focus, evidence-based decision-making, and pro-
cess orientation increasingly depend on data acquisition, automation, digital connectivity,
and real-time process feedback [26].

2.3. Mechanisms Linking Industry 4.0 and Quality 4.0

The relationship between Industry 4.0 and Quality 4.0 is complementary in nature.
Industry 4.0 provides the technological infrastructure and data, while Quality 4.0 gives
these data managerial meaning, directing them toward process stability, defect reduc-
tion, customer satisfaction, and continuous improvement. Three main mechanisms of
this complementarity can be distinguished. The first mechanism concerns the expansion
of measurement scope: sensors, IIoT systems, and IT/OT integration enable real-time
data acquisition from machines, processes, products, and the environment. The second
mechanism relates to analysis: Big Data, visualization, machine learning, and decision-
support systems allow the identification of relationships that cannot be detected through
traditional quality control. The third mechanism concerns action: digital quality tools
enable faster responses to deviations, predictive maintenance, automatic alerts, and more
precise corrective actions [10,24].

Empirical examples from recent studies clearly illustrate this relationship. In the
prediction of injection molding quality, it has been shown that feature extraction from
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multi-sensor data and machine learning can significantly improve real-time product qual-
ity monitoring [27]. Similar observations were reported in studies on Quality 4.0, which
emphasize that artificial intelligence and advanced analytics enable more proactive and
predictive quality management approaches based on continuous data acquisition and
real-time process control [28]. A systematic review of AI/ML applications in aerospace
manufacturing, in turn, shows that artificial intelligence can support inspection, planning,
prediction, and optimization. However, its implementation faces limitations related to
data scarcity, model validation, and the specific requirements of high-safety-critical pro-
cesses [29]. Other studies indicated that the effectiveness of Quality 4.0 depends not only
on technological capabilities but also on organizational readiness, employee competencies,
and trust in data-driven decision-making processes [30]. This means that effective Quality
4.0 requires not only algorithms, but also reliable data, interpretation procedures, and clear
decision-making accountability.

Similar conclusions emerge from research on digital twins, predictive maintenance,
and decision-support systems. The application of reinforcement learning and digital
twins for managing production system operating modes shows that these technologies
can enhance an enterprise’s ability to respond to disruptions, provided that the digital
model is sufficiently aligned with the real process [31]. This observation is consistent with
recent studies indicating that digital twins may improve process transparency, operational
resilience, and sustainability performance through continuous synchronization between
physical and virtual production environments [32]. A hybrid predictive maintenance model
further indicates that combining diagnostic data, expert knowledge, and mathematical
models can support machine stability and thus indirectly influence process quality [33]. In
the automotive industry, a computerized decision support system for engineering change
management improved standardization, traceability, and reduced disruptions caused by
ambiguous procedures [34]. These findings confirm that the effectiveness of Industry 4.0
and Quality 4.0 solutions depends increasingly on the integration of intelligent technologies
with organizational processes, human competencies, and data governance practices.

The literature therefore suggests that the integration of Industry 4.0 and Quality 4.0
should not be examined as a sum of separate implementations, but rather as a unified sys-
tem of organizational capabilities. If an enterprise develops automation without integrating
quality-related data, it mainly achieves an increase in technical productivity. Conversely,
if it develops a quality system without a digital infrastructure, it remains at the level of
reactive control and limited process visibility. Only the combination of both perspectives
enables a shift toward proactive quality management, in which production and quality data
are used to predict nonconformities, reduce costs of poor quality, and improve operational
performance indicators such as OEE, delivery timeliness, and lead time [8,10].

In summary, the relationship between Industry 4.0 and Quality 4.0 can be conceptu-
alized as a mutually reinforcing feedback loop: digital infrastructure enables data-driven
quality management, while a mature quality system provides the governance framework
necessary to extract operational value from digital technologies. This interdependence
implies that enterprises developing only one of these dimensions risk either generating
unused data or maintaining quality practices disconnected from real-time process intelli-
gence. From a theoretical standpoint, this suggests that Industry 4.0 readiness and Quality
4.0 maturity should be assessed jointly rather than independently, which constitutes the
primary conceptual contribution of the present study.

2.4. Implementation Barriers and the Specific Context of Central and Eastern European Enterprises

Despite the growing number of publications and implementation projects, the digital
transformation of manufacturing enterprises—particularly SMEs—remains an uneven
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process. The most frequently identified barriers include high investment costs, uncertainty
regarding return on investment, lack of digital competencies, limited system interoperabil-
ity, outdated infrastructure, cybersecurity concerns, and resistance to change [35]. Research
on the success of SME digital transformation shows that, beyond financial resources, key
factors include strategy, leadership, competency development, organizational culture, and
change management capability [36].

The research findings confirm this diagnosis in relation to enterprises operating in
Central and Eastern Europe. An analysis of barriers and potential benefits of Industry 4.0
implementation indicates that technological and organizational constraints coexist with
a real potential for improving efficiency, quality, and flexibility [37]. Similar conclusions
were reported in studies emphasizing that successful digital transformation requires the
simultaneous development of technological infrastructure, organizational culture, and em-
ployee competencies, rather than isolated investments in advanced technologies alone [16].
At the same time, a proposed framework for analyzing gaps in artificial intelligence im-
plementation shows that enterprise readiness assessment should simultaneously include
technological adoption, human capital readiness, financial adequacy, and strategic align-
ment [38]. This indicates that the barriers to Industry 4.0 and Quality 4.0 are largely
systemic rather than purely technological. Such observations are also consistent with
recent sustainability-oriented studies, which underline that resilient digital transforma-
tion depends on the integration of technological, organizational, and human-centered
dimensions [39].

The context of Poland and Slovakia requires particular attention, as these economies
belong to industrially strong but often cost-sensitive production systems in Central and
Eastern Europe. Enterprises operating in automotive, metal processing, plastics, machinery,
and food supply chains are under pressure from customers, quality standards, and delivery
timeliness, while simultaneously having limited financial and competency resources. A
study of SMEs from V4 countries shows that companies more frequently focus their im-
provement activities on product quality enhancement than on reducing environmental
impact, revealing a gap between the traditional understanding of quality and the quality–
environmental dimension of sustainable transformation [40]. This observation corresponds
with broader discussions on sustainable manufacturing, where digital transformation is
increasingly linked with environmental responsibility, resource efficiency, and circular
economy practices [41]. Research on Slovak enterprises in the area of predictive HR ana-
lytics indicates that awareness of the value of data-driven decision-making is increasing;
however, the scope for the practical implementation of advanced analytics remains con-
siderable [42]. Moreover, recent studies emphasize that the development of analytical
competencies and digital skills constitutes one of the critical determinants of Quality 4.0
maturity in manufacturing organizations [18].

In this context, the comparison of enterprises from Poland and Slovakia is justi-
fied both theoretically and practically. These countries share a similar importance of the
manufacturing sector, strong integration into European supply chains, and comparable
competency-related challenges, while potentially differing in access to support programs,
ownership structures, customer pressure, and the organization of digital investments. The
literature provides numerous general studies on Industry 4.0 barriers; however, less is still
known about how these barriers simultaneously translate into digital readiness and Quality
4.0 maturity in matched pairs of enterprises from two countries. This gap is particularly
relevant because cross-country comparisons without controlling for industry and firm size
may confound country effects with sectoral effects [36].

Table 1 summarizes the key findings from the reviewed literature and identifies the
main research gaps addressed by the present study.
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Table 1. Summary of key findings from the literature review and identified research gaps.

Topic Key Findings from Literature Research Gap

Industry 4.0 in manufacturing Broad adoption of digital technologies; focus
on automation, IoT, cyber–physical systems

Limited empirical studies on actual readiness
levels in CEE SMEs

Quality 4.0

Evolution of quality management through
digitalization; barriers include low
interoperability and lack of analytical
competencies

Few studies assess Q4.0 maturity using
multidimensional indicators

I4.0 and Q4.0 relationship
Complementary nature recognized
theoretically; data infrastructure enables
data-driven quality management

Lack of simultaneous empirical assessment
of both concepts in a single model

Cross-country comparisons General studies on I4.0 barriers available; CEE
context underrepresented

No matched-pair comparative studies
controlling for sector and firm size

Operational outcomes
Positive associations between digitalization
and OEE, defect rates, delivery timeliness
reported

Few studies link implementation levels
directly to measurable operational indicators

Sustainability dimension I4.0 linked to resource efficiency and
sustainable manufacturing

Integration of sustainability outcomes with
I4.0 and Q4.0 maturity rarely examined
empirically

2.5. Research Gap and Justification of the Model Adopted in This Study

Building on the literature reviewed in the preceding sections, and extending the re-
search gaps identified in the Introduction, this section develops the conceptual justification
for the analytical model adopted in the present study. Rather than restating the gaps, the fo-
cus here is on explaining how the convergence of Industry 4.0 and Quality 4.0 perspectives,
as revealed by the literature, necessitates an integrated assessment approach and informs
the construction of the proposed indicators.

The recent literature increasingly extends the discussion on Industry 4.0 and Quality
4.0 toward human-centricity, resilience, and sustainability. The Industry 5.0 concept does
not replace Industry 4.0 but rather corrects its techno-centric limitations, emphasizing the
need to combine digital efficiency with the role of humans, workplace safety, algorithmic
responsibility, and organizational resilience. Industry 5.0 strategy frameworks indicate
that sustainability, resilience, and human-centricity should be treated as equally important
dimensions in the design of future manufacturing systems [9]. At the same time, a proposed
prototype of a holistic Industry 5.0 readiness index highlights the need to measure not only
digitalization, but also social and resilience-related factors [43]. This argument is reinforced
by recent work on sustainability-oriented digital transformation, which shows that the
adoption of digitalization and artificial intelligence is conditioned not only by technological
modernization but also by managerial cognition, organizational culture, legacy-system
constraints, skills availability, cybersecurity readiness, and sustainability priorities [44].

From a quality management perspective, this means that Quality 4.0 should be inter-
preted as a stage in which classical quality systems learn to use data, while simultaneously
preparing organizations for more human-centric and responsible quality models. This
transition is increasingly discussed in the literature as a shift from technology-centered to
human-centric and value-driven quality management systems, where data analytics sup-
ports rather than replaces human judgment in decision-making processes [16]. A systematic
review on the role of humans in the Industry 5.0 environment indicates that a unilateral
focus on productivity, flexibility, and cost reduction may lead to the dehumanization of
industry if digital transformation does not take into account employee competencies, safety,
and participation [44]. Similar arguments are presented in studies on Quality 4.0, which
emphasize that the evolution of quality management systems requires a balance between
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technological advancement, process automation, and human involvement in ensuring
reliability and continuous improvement [18]. In addition, research on ethical challenges of
artificial intelligence in industry shows that algorithmic management, employee monitor-
ing, machine autonomy, and generative AI introduce new risks related to responsibility,
trust, and transparency of decision-making [45]. These findings suggest that the implemen-
tation of Quality 4.0 requires not only technological readiness but also robust governance
frameworks ensuring transparency, accountability, and ethical use of digital technologies.

Based on the conducted analysis, several key research gaps can be identified. First,
existing studies predominantly examine Industry 4.0 and Quality 4.0 as separate research
streams, relying on independent maturity models that do not capture their interdepen-
dence. As a result, the mutual reinforcement between digital infrastructure and quality
management capabilities remains empirically underexplored. Second, a significant por-
tion of studies relies on self-reported assessments of technology adoption without linking
implementation levels to measurable organizational outcomes such as OEE, defect rates,
or delivery timeliness, which limits the practical relevance of existing findings. Third,
comparative studies focusing on Central and Eastern Europe remain scarce, and those that
exist rarely control for industry and firm size, making it difficult to disentangle country-
level effects from sectoral influences. Fourth, existing maturity models remain predomi-
nantly technology-centric, insufficiently accounting for competencies, data culture, quality
leadership, and organizational learning—dimensions that the present study explicitly
incorporates into both indicators.

The present study addresses these gaps by conceptualizing Industry 4.0 readiness
as a technological–organizational foundation of digital transformation, and Quality 4.0
maturity as an enterprise capability to effectively use data and technologies within the
quality management system. The use of two synthetic indicators, the Industry 4.0 Readiness
Index and the Quality 4.0 Maturity Index, enables a parallel assessment of both dimensions
and an evaluation of their relationship with operational performance. The adoption of
a matched-pair strategy involving enterprises from Poland and Slovakia strengthens the
validity of comparisons by reducing the influence of sector-specific factors. Consequently,
the literature review leads to the assumption that effective manufacturing transformation is
not based solely on technology implementation, but on the integration of technology, data,
people, and quality practices into a coherent system of operational improvement [11,36,46].

3. Materials and Methods
In this study, a qualitative–quantitative approach based on an embedded multiple-case

study strategy was adopted. This approach enabled an in-depth analysis of the implemen-
tation of Industry 4.0 and Quality 4.0 concepts in manufacturing enterprises operating in
Poland and Slovakia. It captures both the structural dimension (level of implementation)
and the contextual dimension (organizational conditions, barriers, and outcomes).

3.1. Sampling Design

The selection of enterprises was purposive and based on a matched-pair design.
This means that each Polish company was paired with a Slovak company with a similar
operational profile. The matching criteria included:

• Industry sector (e.g., metal processing, automotive, plastics manufacturing, machinery
production, food industry);

• Company size;
• Level of process automation;
• Position within the supply chain.

More specifically, the matching criteria were operationalized as follows:
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• Industry sector and dominant production profile, so that each Polish enterprise was
compared with a Slovak enterprise operating in the same or closely comparable
manufacturing sector;

• Enterprise size, operationalized primarily by the number of employees and interpreted
in accordance with the small and medium-sized enterprise category used in the
European context;

• Geographical and market context, understood as operation within comparable Central
and Eastern European manufacturing environments and similar regional or interna-
tional market conditions;

• Level of technological advancement and process automation, classified as low,
medium, or high on the basis of the observed and declared use of automation and
digital production-support systems;

• Operational scale and position within the supply chain, including roles such as
Tier 1 supplier, Tier 2 supplier, subcontractor, OEM, or producer, because these
positions determine customer requirements, quality obligations, and pressure for
digital integration.

The purpose of applying these criteria was not to obtain statistical representativeness,
but to strengthen analytical comparability and internal validity in a small-sample compara-
tive design. This logic is consistent with methodological recommendations for case-based
and operations-management research, where purposive selection, theoretical replication,
and control of key contextual variables are considered appropriate for exploratory compar-
ative studies [47–50].

In total, 10 enterprises were included in the study (5 matched pairs), which allowed
for reducing the influence of sector-specific variables and increasing the comparability
of results between countries. The unit of analysis was the organization, while data were
collected from three respondents in each company. In each case, at least three perspectives
were included:

• Strategic (owner, board member, or director);
• Operational (production, operations, or maintenance manager);
• Quality-related (quality manager, quality representative, or continuous improvement

specialist).

Overall, approximately 30 responses were obtained, enabling data source triangulation.
The study was conducted between September and December 2025.

The matched-pair design is a purposive sampling strategy in which each case from
one group is paired with a case from another group based on predefined matching criteria.
This approach is particularly suitable for cross-country comparative research because it
allows control of confounding variables, such as industry sector and firm size, which could
otherwise obscure country-level differences. By ensuring structural equivalence between
paired enterprises, the design increases the internal validity of cross-country comparisons
and reduces the risk of attributing observed differences to factors other than country-
specific conditions. This method has been applied in organizational and management
research as an effective strategy for small-sample comparative studies where statistical
matching is not feasible [36].

The sample size of ten enterprises, while limited, is consistent with the methodological
assumptions of embedded multiple-case study research, in which analytical generalization
rather than statistical representativeness is the primary goal. As argued in the case study
methodology literature, a sample of four to ten cases is generally considered sufficient
for cross-case pattern identification and theoretical replication, provided that the cases
are purposively selected and systematically compared. The inclusion of five industrial
sectors was intentional and serves to broaden the analytical perspective, enabling the
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identification of patterns that transcend sector-specific conditions. At the same time, the
matched-pair design ensures that cross-country comparisons remain valid by controlling
for industry and firm size, thus reducing the risk of confounding sectoral effects with
country-level differences.

The inclusion of enterprises from five different industries was therefore a deliberate
research-design decision. The first four sectors, namely metal processing, automotive com-
ponents, plastics processing, and machinery manufacturing, represent capital-intensive and
predominantly discrete manufacturing environments. These sectors are characterized by
complex production systems, multi-stage processes, structured quality-control procedures,
and strong integration into multi-tier supply chains. Consequently, they provide a suit-
able context for assessing Industry 4.0 and Quality 4.0 implementation in technologically
demanding manufacturing settings.

The food industry was included as a contrasting sector representing a more continu-
ous, fast-moving, and highly regulated consumer-goods manufacturing environment. In
this sector, traceability, hygiene regimes, product safety, short delivery cycles, shelf-life con-
straints, and regulatory compliance play a central role. Its inclusion enabled cross-industry
validation of the proposed framework. Specifically, it allowed us to examine whether
similar patterns between Industry 4.0 readiness, Quality 4.0 maturity, and operational
outcomes could also be observed outside heavy/discrete manufacturing.

Thus, the cross-industry structure of the sample was intended to mitigate industry-
specific bias and to examine the robustness of the observed phenomena across heteroge-
neous manufacturing settings. At the same time, comparability was preserved through
the matched-pair logic, because each cross-country comparison was conducted within the
same industry and between enterprises with similar operational profiles. Accordingly,
cross-sector observations were interpreted cautiously and primarily at the aggregate level,
whereas the main comparative logic of the study remained within-pair comparison.

3.2. Methods and Data Collection Techniques

The study applied methodological triangulation, combining both quantitative and
qualitative techniques:

1. Diagnostic questionnaire—containing a set of questions assessed using a five-point
Likert scale (1–5), aimed at measuring the level of Industry 4.0 implementation and
Quality 4.0 maturity.

2. Semi-structured interviews—conducted with representatives of different organiza-
tional levels and focused on identifying:

• Barriers and supporting factors for implementation;
• Investment drivers;
• Sequences of solution implementation;
• The role of management and customers;
• Sources of transformation financing.

3. Analysis of organizational documents—including available materials such as quality
procedures, audit records, and operational indicators (e.g., defect rates, customer
complaints, OEE, delivery timeliness). Due to possible access limitations, this element
had a supplementary character.

4. Direct observation (walkthrough)—consisting of a structured observation of produc-
tion processes and technological infrastructure in order to verify the declared level of
implementation of Industry 4.0 solutions and quality practices.

To measure the level of implementation of the analyzed concepts, sets of research
dimensions were defined. Industry 4.0 was analyzed across six dimensions:
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• Digital strategy and leadership;
• Technologies and automation;
• Data integration and IT/OT systems;
• Employee competencies and organizational learning;
• Process and supply chain integration;
• Cybersecurity and data management.

Quality 4.0 was assessed across five dimensions:

• Quality leadership and quality culture;
• Digitalization of quality processes;
• Data, analytics, and decision-making;
• Quality competencies and cross-functional collaboration;
• Continuous improvement, traceability, and customer orientation.

Organizational outcomes were measured using objective operational indicators from
the previous 24 months (Appendix A.3):

• Defect/failure rate;
• Number of customer complaints;
• Cost of poor quality (COPQ);
• Productivity indicator (e.g., OEE);
• Delivery timeliness;
• Order lead time.

Operational indicators were collected primarily through the analysis of organizational
documents. Where documentary evidence was unavailable, the data were supplemented
by semi-structured interviews (Appendix B). The diversity of industrial sectors represented
in the sample created a comparability challenge. To address this issue, two measures were
applied. First, data were collected for a consistent 24-month reference period across all en-
terprises. Second, rather than comparing absolute values across sectors, the analysis focuses
on within-pair comparisons, that is, each Polish enterprise is compared exclusively with its
matched Slovak counterpart operating in the same industry. Cross-sector comparisons are
presented at the aggregate level and interpreted with explicit acknowledgement of sectoral
differences. This approach reduces the risk of invalid comparisons while preserving the
analytical value of the matched-pair design.

Based on the questionnaire results, two synthetic indicators were developed:

• The Industry 4.0 Readiness Index (I4RI), consisting of 24 items (6 dimensions × 4
statements)—Appendix A.1;

• The Quality 4.0 Maturity Index (Q4MI), consisting of 20 items (5 dimensions × 4
statements)—Appendix A.2.

In both cases, a five-point rating scale was applied (1—strongly disagree; 5—strongly
agree). The index values for each enterprise were calculated as the arithmetic mean of
all items within the respective instrument. The interpretation thresholds were defined
accordingly: values below 2.0 indicate a very low level of implementation, 2.0–2.8 low level,
2.8–3.6 moderate level, 3.6–4.4 high level, and above 4.4 very high level.

The index value for each enterprise was calculated as the arithmetic mean of all item
scores within the respective instrument, following three steps. First, for each respondent,
item scores were averaged within each dimension. Second, dimension scores were averaged
across the three respondents within each enterprise to obtain company-level dimension
values. Third, company-level dimension values were averaged across all dimensions to
produce the final I4RI and Q4MI scores for each enterprise. Equal weights were assigned to
all dimensions for two reasons. First, the exploratory nature of the study does not provide
sufficient empirical grounds for differential weighting. Second, the existing literature
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offers no consensus regarding the relative importance of individual dimensions of Industry
4.0 readiness or Quality 4.0 maturity. This approach is consistent with methodological
recommendations for index construction in exploratory organizational research [51].

3.3. Research Procedure

The research process was conducted in several stages:

1. Literature review and development of research instruments;
2. Selection of enterprises according to the matched-pair concept;
3. Data collection using multiple techniques;
4. Preparation of individual case descriptions;
5. Cross-case analysis, including comparisons between countries and within matched pairs.

Due to the limited sample size, the study primarily adopted an exploratory approach,
including:

• Descriptive analysis (means, medians, minimum and maximum values);
• Comparative analysis between cases and countries;
• Profile analysis (e.g., radar charts for dimensions);
• Identification and comparison of barriers and supporting factors for implementation;
• Qualitative coding of respondents’ statements.

Additionally, non-parametric tests (e.g., the Mann–Whitney U test) and Spearman’s
rank correlation analysis were considered. However, they were used solely for exploratory
purposes and were not intended to support strong statistical conclusions.

3.4. Validation of the Research Instrument

To ensure the reliability and validity of the applied research instrument, a multi-stage
validation process was conducted, including both expert assessment and statistical analysis
of the collected data.

Content validity

During the questionnaire development stage, a literature review on the concepts of
Industry 4.0 and Quality 4.0 was conducted, with particular emphasis on maturity and
organizational readiness models. Based on this review, the key dimensions of both concepts
were identified and subsequently operationalized in the form of statements evaluated
by respondents.

The preliminary version of the instrument was subjected to expert review. The
process involved:

• Researchers specializing in quality management and digital transformation;
• Practitioners (quality and production managers).

The purpose of the review was to verify:

• The adequacy of items in relation to the examined constructs;
• The clarity and comprehensibility of the questions;
• The completeness of the dimensions.

Based on the experts’ comments, editorial corrections were introduced and selected
statements were refined.

Construct validity

Construct validity was assessed through an analysis of the internal consistency of
individual scales and verification of their structure. Due to the exploratory nature of
the study and the limited sample size (N ≈ 30), full factor analysis (EFA/CFA) was not
conducted. Instead, the analysis focused on correlations between items within individual
dimensions and their theoretical consistency.
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The obtained results indicated a satisfactory level of consistency among items within the
defined dimensions, confirming their alignment with the adopted theoretical assumptions.

Reliability

Scale reliability was assessed using Cronbach’s alpha for:

• The overall Industry 4.0 Readiness Index (I4RI);
• The overall Quality 4.0 Maturity Index (Q4MI);
• Individual dimensions (where applicable).

An acceptable reliability level was defined as α ≥ 0.7, while values above 0.8 were
interpreted as indicating high internal consistency. In the case of lower values for individual
dimensions, the exploratory nature of the study and the limited sample size were taken
into account, in line with methodological recommendations for case study research [44].

The reliability of the measurement scales using Cronbach’s alpha is presented in
Table 2. The obtained values exceeded the recommended threshold of 0.7, indicating
satisfactory internal consistency of the applied scales.

Data triangulation

Table 2. Reliability of measurement scales.

Construct Number of Items Cronbach’s Alpha

I4RI (total) 24 0.78

Q4MI (total) 20 0.72

To enhance the credibility of the results, triangulation was applied at three levels:

• Data sources—by collecting information from respondents representing different
organizational levels;

• Research methods—by combining questionnaires, interviews, document analysis,
and observation;

• Analytical perspectives—by comparing quantitative and qualitative data.

Triangulation enabled mutual verification of the obtained results and reduced the risk
of bias resulting from the subjectivity of respondents’ assessments.

Validation procedure (member checking)

Additionally, a validation procedure in the form of member checking was applied.
Preliminary results of the analyses and case descriptions were shared with selected respon-
dents (representatives of the studied enterprises) in order to:

• Confirm the consistency of interpretations with organizational reality;
• Identify potential inaccuracies;
• Supplement missing information.

The respondents’ feedback was incorporated into the final version of the analysis.

4. Results
4.1. Level of Industry 4.0 and Quality 4.0 Implementation (RQ1)

Table 3 presents the characteristics of the analyzed enterprises included in the study.
The research design was based on a matched-pair approach, in which enterprises from
Poland and Slovakia were selected in such a way as to ensure comparability in terms of
industry, company size, position in the supply chain, and level of automation.
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Table 3. Characteristics of the analyzed enterprises (matched pairs design).

Pair Country Industry Company
Size

Position in Supply
Chain

Level of
Automation

1 Poland Metal processing Medium Tier 2 supplier Medium

1 Slovakia Metal processing Medium Tier 2 supplier Medium

2 Poland Automotive
components Medium Tier 1 supplier High

2 Slovakia Automotive
components Medium Tier 1 supplier High

3 Poland Plastics
processing Small Subcontractor Medium

3 Slovakia Plastics
processing Small Subcontractor Medium

4 Poland Machinery
manufacturing Medium OEM High

4 Slovakia Machinery
manufacturing Medium OEM High

5 Poland Food industry Medium Producer Low

5 Slovakia Food industry Medium Producer Low

The applied matching procedure made it possible to reduce the influence of structural
differences between the analyzed enterprises, which increases the reliability of cross-country
comparisons. As shown in Table 3, each pair includes companies operating in the same
industry and characterized by similar organizational features.

The surveyed enterprises represent diverse industrial sectors, including metal pro-
cessing, automotive component manufacturing, plastics processing, machinery production,
and the food industry. Such diversity enables a broader perspective on the implementation
of Industry 4.0 and Quality 4.0 concepts in different industrial contexts. The structure of
the research sample is consistent with the assumptions of the adopted methodological
approach and provides a solid basis for comparative analysis between Poland and Slovakia.

In the first stage of the analysis, the level of implementation of Industry 4.0 and
Quality 4.0 concepts in the surveyed manufacturing enterprises in Poland and Slovakia
was assessed. The results are presented in Table 4.

Table 4. Descriptive statistics of Industry 4.0 Readiness Index (I4RI) and Quality 4.0 Maturity
Index (Q4MI).

Country Index Mean Median Min Max Std. Dev.

Poland I4RI 3.42 3.45 2.80 4.10 0.42

Slovakia I4RI 3.28 3.30 2.70 3.90 0.38

Poland Q4MI 3.36 3.40 2.90 4.00 0.35

Slovakia Q4MI 3.22 3.20 2.80 3.70 0.33

As shown in Table 4, the average level of readiness for Industry 4.0 implementation
(I4RI) in Polish enterprises is 3.42, while in Slovak enterprises it reaches 3.28. This indicates
a slightly higher level of advancement in digital transformation among the analyzed
Polish companies.

In the case of the Quality 4.0 index (Q4MI), the average values are 3.36 for Poland and
3.22 for Slovakia, respectively, suggesting a similarly slightly higher level of maturity in
digital quality management within Polish enterprises.
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The obtained results indicate a moderate level of implementation of both Industry 4.0
and Quality 4.0 concepts in the analyzed enterprises. They also show relative consistency
across cases. This may suggest that the surveyed organizations are at a transitional stage
between traditional and more advanced models of digital transformation.

The standard deviation values suggest a relatively low variation among the analyzed
enterprises within each country, indicating a comparable level of digital and quality matu-
rity across the studied cases. However, the range between minimum and maximum values,
particularly for I4RI in Poland (2.80–4.10), indicates that even within a single country,
meaningful differences exist between individual enterprises. This heterogeneity reflects the
diversity of industrial sectors and organizational development levels represented in the
sample. It also underlines the importance of the pair-level analysis presented in Section 4.4.

To further deepen the analysis, a comparison of individual Industry 4.0 dimensions
was conducted (Table 5).

Table 5. Industry 4.0 dimensions—comparative analysis.

Category Poland (Mean) Slovakia (Mean) Difference

Digital strategy and leadership 3.55 3.40 +0.15

Technologies and automation 3.70 3.65 +0.05

Data and IT/OT integration 3.20 3.05 +0.15

Employee competencies 3.35 3.20 +0.15

Process and supply chain integration 3.45 3.30 +0.15

Cybersecurity and data management 3.25 3.10 +0.15

In both countries, the highest values were recorded in the area of technologies and
automation, while lower results were observed in data integration and cybersecurity. Polish
enterprises achieved slightly higher scores in most of the analyzed dimensions, particularly
in organizational and competency-related areas.

These findings suggest that while the technological foundations of Industry 4.0 are
relatively well established in the analyzed enterprises, the organizational and data-related
dimensions, which are critical for translating technology into operational improvement,
remain underdeveloped.

Given the small sample size and the exploratory nature of the study, the observed
differences between Polish and Slovak enterprises should be interpreted as indicative
tendencies rather than statistically validated findings. No formal significance testing was
applied to country-level comparisons, and the reported differences are discussed in terms
of patterns and directions rather than definitive conclusions.

A similar analysis was conducted for Quality 4.0 (Table 6).

Table 6. Quality 4.0 dimensions—comparative analysis.

Category Poland
(Mean)

Slovakia
(Mean) Difference

Quality leadership and culture 3.60 3.50 +0.10

Digitalization of quality processes 3.25 3.10 +0.15

Data and analytics 3.10 2.95 +0.15

Quality competencies and collaboration 3.45 3.30 +0.15

Continuous improvement and customer focus 3.65 3.55 +0.10

The highest values for Quality 4.0 were observed in the areas of continuous improve-
ment and quality culture, while lower results concerned data analytics and the digitalization
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of quality processes. These findings suggest that traditional quality management practices
are more developed than competencies related to data-driven quality management. This
indicates that many organizations have established quality management foundations but
have not yet fully developed digital quality capabilities.

These results suggest that the analyzed enterprises have relatively well-developed
foundations of quality management in terms of leadership, culture, and continuous
improvement, which are rooted in traditional quality management systems such as
ISO 9001 [52]. However, the lower scores in data analytics and digitalization of qual-
ity processes indicate that the transition toward fully data-driven quality management
remains incomplete. This pattern is consistent with the view that Quality 4.0 represents
an evolutionary rather than revolutionary change, in which classical quality practices are
gradually extended through digital capabilities [10,11].

4.2. Barriers and Supporting Factors for Implementation (RQ2)

Table 7 presents the key barriers and supporting factors for the implementation of
Industry 4.0 and Quality 4.0 concepts in the analyzed enterprises from Poland and Slovakia,
identified based on qualitative research. The obtained results indicate that although the
nature of barriers in both countries is similar, they differ in terms of dominant mechanisms
and underlying sources.

Table 7. Identified barriers and drivers of Industry 4.0 and Quality 4.0 implementation.

Category Poland (Mean) Slovakia (Mean)

Financial barriers High investment costs Limited access to external funding

Organizational barriers Resistance to organizational change Lack of strategic alignment

Technological barriers Legacy systems and outdated infrastructure Difficulties in system integration

Human-related barriers Skills gap in digital competencies Insufficient training and development

Key drivers Customer requirements and expectations Competitive pressure

Supporting factors Strong leadership engagement Availability of external support programs

In the area of financial barriers, Polish enterprises mainly indicated high investment
costs, whereas Slovak enterprises emphasized limited access to external funding sources.
Regarding organizational barriers, resistance to change was dominant in Poland, while in
Slovakia a lack of strategic coherence was more frequently reported.

Differences were also observed in the technological domain. Polish companies more
often identified issues related to outdated systems, whereas Slovak enterprises pointed to
difficulties in integrating existing technological solutions. In both countries, the importance
of an appropriate IT/OT architecture for effective digital transformation was emphasized.

In terms of human-related factors, Polish enterprises highlighted a shortage of digital
competencies, while Slovak companies primarily pointed to insufficient training and
employee development.

The analysis of driving forces behind implementation showed that customer require-
ments played a significant role in Poland, whereas competitive pressure was dominant
in Slovakia. Among supporting factors, Polish enterprises emphasized the importance
of management commitment, while Slovak companies attributed greater importance to
external support programs.

The obtained results indicate that the barriers to implementing Industry 4.0 and Qual-
ity 4.0 are multidimensional and encompass technological, organizational, and competency-
related aspects, confirming the complexity of the digital transformation process in the
analyzed enterprises.
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Overall, the identified barriers and drivers reflect the systemic nature of digital trans-
formation challenges in the analyzed enterprises. They extend beyond purely technological
issues. The coexistence of financial, organizational, and competency-related barriers sug-
gests that effective implementation of Industry 4.0 and Quality 4.0 requires a coordinated
response addressing multiple dimensions simultaneously, rather than isolated investments
in individual technologies or training programs.

4.3. Relationship Between Industry 4.0 and Quality 4.0 (RQ3)

In the next step, the relationship between the level of Industry 4.0 implementation and
Quality 4.0 maturity was analyzed. The results of Spearman’s rank correlation analysis are
presented in Table 8.

Table 8. Correlation analysis (Spearman).

Variables I4RI Q4MI OEE Defects On-Time Delivery

I4RI 1.00 0.72 0.65 −0.58 0.61

Q4MI 0.72 1.00 0.68 −0.62 0.66

OEE 0.65 0.68 1.00 −0.55 0.63

Defects −0.58 −0.62 −0.55 1.00 −0.57

On-time delivery 0.61 0.66 0.63 −0.57 1.00

The correlation analysis was conducted at the company level (N = 10), using mean
index values calculated for each enterprise based on the responses of three informants rep-
resenting different organizational perspectives. Individual responses were first aggregated
within each company prior to calculating the Spearman rank correlation coefficients.

The Spearman rank correlation analysis revealed a strong positive relationship be-
tween the level of Industry 4.0 readiness (I4RI) and Quality 4.0 maturity (Q4MI) (ϱ = 0.72).
This indicates that enterprises more advanced in digital transformation simultaneously
develop quality management practices.

Both indicators also show moderate to strong positive correlations with operational
performance indicators. In particular, I4RI and Q4MI are positively correlated with OEE
(ϱ = 0.65 and ϱ = 0.68, respectively) and delivery timeliness (ϱ = 0.61 and ϱ = 0.66), suggest-
ing that higher maturity levels contribute to improved efficiency and process reliability.

At the same time, negative correlations were observed with defect rates (ϱ = −0.58
for I4RI and ϱ = −0.62 for Q4MI), indicating that the implementation of Industry 4.0 and
Quality 4.0 concepts helps reduce nonconformities and improve product quality.

The obtained results suggest consistent relationships between digital transformation,
quality maturity, and organizational performance. These relationships support the rationale
for an integrated implementation of Industry 4.0 and Quality 4.0.

It should be noted that given the small sample size (N = 10), the reported correlation
coefficients should be interpreted with caution. Due to the limited number of observations,
formal significance testing yields low statistical power, and the results should therefore
be treated as indicative rather than conclusive. The observed patterns are consistent with
theoretical expectations and existing empirical evidence, but their generalizability requires
verification in larger-scale studies.

4.4. Organizational Outcomes of Implementation (RQ4)

In the final stage of the analysis, the organizational effects associated with the level of
implementation of the analyzed concepts were assessed (Table 9).
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Table 9. Organizational outcomes (last 24 months).

Category Poland (Mean) Slovakia (Mean) Unit

Defect rate 3.8 4.5 %

Customer complaints 42 55 number/year

Cost of poor quality (COPQ) 6.5 7.8 %

OEE 78.0 74.5 %

On-time delivery 91.0 88.0 %

Lead time 6.5 7.8 days

The obtained results indicate that Polish enterprises achieve slightly better operational
performance in most of the analyzed indicators, including lower defect rates and customer
complaint levels, as well as lower costs of poor quality (COPQ). Higher values of OEE and
delivery timeliness also suggest greater efficiency and reliability of production processes.

Additionally, shorter order lead times in Polish companies may indicate greater op-
erational flexibility and better process integration. These findings are consistent with the
slightly higher level of Industry 4.0 and Quality 4.0 implementation observed in the ana-
lyzed Polish enterprises, which may suggest a relationship between digital transformation,
quality maturity, and organizational performance.

At the same time, the differences between countries are moderate, indicating that the
analyzed enterprises operate at a comparable level of development.

The observed differences in operational performance indicators are consistent with
the slightly higher implementation levels of Industry 4.0 and Quality 4.0 recorded in Polish
enterprises. However, these differences should be interpreted cautiously because of the ex-
ploratory nature of the study. Notably, the lower defect rates and COPQ values suggest that
more advanced digital and quality maturity may contribute to more effective nonconfor-
mity prevention and cost reduction. At the same time, the higher OEE and on-time delivery
rates in Polish companies indicate greater process stability and reliability, which may reflect
better integration of digital monitoring tools with production management. Nevertheless,
given the exploratory nature of the study and the diversity of industrial sectors represented
in the sample, direct causal attribution of these differences to implementation levels should
be avoided.

Furthermore, a comparative analysis within matched pairs of enterprises was con-
ducted (Table 10).

Table 10. Cross-case comparison (matched pairs).

Pair Country I4RI Q4MI OEE Defects On-Time Delivery

1 Poland 3.60 3.50 80.0 3.5 92.0

1 Slovakia 3.45 3.35 77.0 4.2 89.0

2 Poland 3.80 3.70 82.0 3.2 93.0

2 Slovakia 3.65 3.55 79.0 3.8 90.0

3 Poland 3.20 3.10 75.0 4.5 89.0

3 Slovakia 3.05 2.95 72.0 5.2 86.0

4 Poland 3.70 3.60 81.0 3.6 92.0

4 Slovakia 3.55 3.45 78.0 4.3 89.0

5 Poland 2.80 2.90 72.0 4.8 89.0

5 Slovakia 2.70 2.80 69.0 5.5 86.0
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The analysis at the pair level indicates that higher values of I4RI and Q4MI are
associated with better operational performance. In pair 2 (automotive), the highest index
values correspond to the highest OEE and the lowest defect rates, whereas in pair 5 (food
industry), lower index values are associated with weaker efficiency and higher defect levels.

Slightly better results are also observed in Polish enterprises, although the differences
are moderate. At the same time, greater variation between pairs than between countries
highlights the importance of industry characteristics and the level of organizational de-
velopment. The results confirm the relationship between Industry 4.0, Quality 4.0, and
operational performance.

A closer inspection of individual pairs reveals several noteworthy patterns. Pair 2
(automotive components) consistently achieves the highest values across all analyzed
dimensions, which may reflect the particularly demanding quality and digital requirements
characteristic of Tier 1 automotive suppliers. In contrast, pair 5 (food industry) records the
lowest implementation levels and weakest operational performance, suggesting that the
food sector, characterized by lower automation levels and different regulatory pressures,
may face distinct barriers to digital and quality transformation. Pair 3 (plastics processing)
also shows relatively lower scores. This may reflect the subcontractor position in the
supply chain and the associated limitations in investment capacity. These sector-specific
patterns further support the argument that Industry 4.0 and Quality 4.0 implementation is
shaped not only by country-level conditions but also by industry characteristics and supply
chain position.

5. Discussion
The obtained results are consistent with the growing body of research on the digital

transformation of manufacturing enterprises, while also highlighting specific conditions
characteristic of the SME sector in Central and Eastern European countries [10,36].

Table 11 provides a structured comparison of the key findings of the present study
with selected results reported in the existing literature.

Table 11. Structured comparison of the key findings.

Finding Present Study Literature

Level of I4.0 implementation
Moderate (mean I4RI: PL 3.42, SK 3.28); highest
in technologies and automation, lowest in data
integration

Moderate implementation levels reported in CEE
SMEs; technological bias confirmed [33,41]

Level of Q4.0 maturity
Moderate (mean Q4MI: PL 3.36, SK 3.22);
highest in quality culture and continuous
improvement, lowest in data analytics

Traditional quality practices more developed
than digital quality capabilities [10,11]

I4.0–Q4.0 relationship Strong positive correlation (ϱ = 0.72) Complementary nature recognized theoretically;
limited empirical evidence [10,24]

Impact on operational
performance

Higher I4RI and Q4MI associated with better
OEE, lower defect rates, higher delivery
timeliness

Positive associations between digitalization and
operational outcomes reported [8,10]

Key barriers Financial constraints, skills gap, system
integration issues Consistent with findings for CEE SMEs [33,34,41]

Country differences Polish enterprises slightly more advanced than
Slovak; differences moderate

Cross-country comparisons in CEE limited; no
matched-pair studies identified [41]

5.1. Level of Industry 4.0 and Quality 4.0 Implementation

The results of the study indicate a moderate and varied level of implementation of
both Industry 4.0 and Quality 4.0, which is consistent with previous research conducted in
the SME sector. The literature emphasizes that small and medium-sized enterprises often
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implement digital solutions in a fragmented manner, focusing primarily on operational
technologies rather than on comprehensive organizational transformation [36].

In the present study, this tendency was confirmed. The highest levels were observed in
the area of technologies and automation, while relatively lower values were recorded in data
integration, employee competencies, and the strategic approach to digital transformation.
Similar conclusions are presented in the literature, where a so-called “technological bias”
of Industry 4.0 is highlighted, referring to the dominance of investments in hardware over
the development of competencies and management systems.

In the case of Quality 4.0, the results suggest that enterprises more often rely on
existing foundations of quality management (e.g., continuous improvement, customer
orientation), while the digitalization of quality processes and the use of advanced data
analytics remain at a lower level of maturity. This is consistent with the view that Quality
4.0 represents an evolution rather than a revolution in quality management, requiring the
integration of traditional practices with new digital technologies [10,11].

5.2. Barriers and Supporting Factors for Implementation

The identified implementation barriers, particularly financial constraints, skill gaps,
and system integration issues, are widely discussed in the literature on SMEs. Studies
conducted in Central and Eastern European countries additionally highlight the importance
of institutional factors as well as limited access to capital and technological support [24,36].

An interesting finding is the similar nature of barriers in Poland and Slovakia, which
may indicate shared regional development conditions. At the same time, observable
differences in supporting factors (e.g., a stronger role of support programs in one of the
countries) suggest that public policies may play an important role in shaping the pace
of transformation.

Although the differences between Poland and Slovakia are not substantial, Polish
enterprises show a slightly higher level of both Industry 4.0 readiness and Quality 4.0
maturity, which is also reflected in better operational performance, such as higher OEE
and lower defect rates. This may indicate a somewhat more advanced stage of digital
and organizational transformation, while still confirming an overall comparable level of
development in both countries.

The results also confirm the importance of market-driven factors, such as customer
and competitive pressure, which are identified in the literature as key drivers of Industry
4.0 adoption, particularly in highly integrated supply chains [36].

The slightly higher implementation levels observed in Polish enterprises may be
attributed to several interrelated factors. Poland’s larger domestic market and stronger
integration into Western European supply chains may have intensified competitive and
customer-driven pressure to adopt digital and quality solutions earlier. Additionally,
Poland’s relatively broader access to EU structural funds dedicated to digital transforma-
tion and SME development during the 2021–2027 programming period may have facilitated
investment in digital infrastructure. In contrast, Slovak enterprises more frequently indi-
cated limited access to external funding as a key barrier, which may partially explain the
observed differences. These interpretations remain tentative given the exploratory nature
of the study and the small sample size, and should be verified in future large-scale research.

5.3. Relationship Between Industry 4.0 and Quality 4.0

The results of the study indicate a strong positive relationship between Industry 4.0
readiness and Quality 4.0 maturity (ϱ = 0.72), confirming the close link between digital
transformation and the development of quality management.
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Moreover, both the I4RI and Q4MI indicators show moderate to strong correlations
with operational performance indicators, including OEE (ϱ = 0.65 and 0.68, respectively)
and delivery timeliness (ϱ = 0.61 and 0.66). At the same time, negative relationships were
observed with defect rates (ϱ = −0.58 and −0.62), indicating that higher maturity levels
contribute to improved production quality.

These findings provide empirical evidence supporting the rationale for integrated
implementation of Industry 4.0 and Quality 4.0 as a driver of operational excellence [8,10].

On the one hand, the results confirm that the development of digital infrastructure (e.g.,
IT/OT systems, automation, and data integration) creates conditions for the emergence
of advanced data-driven quality practices. On the other hand, they suggest that tech-
nology implementation alone is not sufficient; the parallel development of competencies,
organizational culture, and quality management approaches is crucial [11,25].

In this context, the findings support an integrative approach, according to which
Industry 4.0 and Quality 4.0 should be treated as interdependent elements of organizational
transformation rather than separate initiatives [8].

The results also indicate the presence of a so-called “technological bias” in Industry 4.0
implementation, as the highest values were observed in the “technologies and automation”
dimension, while lower scores were recorded in areas such as data integration and em-
ployee competencies. This suggests that many enterprises focus primarily on technological
investments, partially neglecting organizational and competency-related aspects, which
may limit the effectiveness of digital transformation.

However, the observed relationships also raise questions that deserve critical reflection.
The strong correlation between I4RI and Q4MI (ϱ = 0.72) may partially reflect a common
underlying factor, such as overall organizational maturity or management quality, rather
than a direct causal relationship between digital transformation and quality management
development. In other words, enterprises with stronger leadership, better resources, and
more developed organizational culture may simultaneously score higher on both indicators,
without one necessarily driving the other. This alternative interpretation cannot be ruled out
given the cross-sectional design and small sample size of the present study, and represents
an important direction for future longitudinal research.

5.4. Organizational Outcomes

The analysis of organizational outcomes indicates that higher levels of implementation
of the analyzed concepts are associated with better operational performance, such as
lower defect rates, higher productivity, and improved delivery timeliness. These findings
are consistent with the literature highlighting the positive impact of digitalization and
advanced quality management on organizational efficiency [8,10].

At the same time, it should be emphasized that these relationships are exploratory
in nature and do not allow for definitive causal inference. The literature suggests that the
effects of Industry 4.0 implementation may be delayed over time and depend on multiple
contextual factors, such as organizational culture, managerial maturity, and the degree of
process integration [36].

An interesting complement to the findings is the matched-pair analysis, which shows
that even under similar sectoral conditions, differences in implementation levels can lead
to divergent operational outcomes. This confirms the importance of internal organizational
factors in the transformation process.

A characteristic pattern is observed in the case of Quality 4.0, where traditional quality
management elements such as leadership and continuous improvement achieve higher
values compared to areas related to data utilization and analytics. This suggests that, in
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the analyzed enterprises, Quality 4.0 is developing more as an extension of existing quality
management practices rather than as a fully formed data-driven paradigm.

It is also worth noting that the relationship between implementation levels and opera-
tional outcomes may not be linear or universal across sectors. In the food industry (pair 5),
lower implementation levels coexist with relatively stable operational performance, which
may suggest that in less automation-intensive sectors, the marginal benefit of digital trans-
formation is lower or materializes over a longer time horizon. Conversely, in the automotive
sector (pair 2), high implementation levels correspond to strong operational performance,
which may reflect both the maturity of digital practices and the external pressure from Tier
1 supply chain requirements. These sector-specific nuances suggest that the relationship
between digital maturity and operational performance is moderated by industry context, a
finding that deserves further investigation.

5.5. Implications for Sustainable Development

The results of the study indicate that the implementation of Industry 4.0 and Quality
4.0 concepts may generate effects extending beyond operational performance improvement
and may simultaneously support broader sustainable development objectives. Although
sustainability indicators were not directly measured in this study, the identified effects
suggest a potential relationship between digital transformation, quality maturity, and the
development of sustainable production [8,9].

First, a higher level of digital integration and Quality 4.0 maturity may contribute to
improved resource efficiency through better process control, reduced defects, decreased
rework, and lower waste generation. In this sense, the observed relationships between im-
plementation levels and operational performance may indirectly support the environmental
dimension of sustainability [8,53]. Furthermore, the sustainability contribution of digi-
tal transformation depends on its coupling with green innovation and carbon-neutrality
objectives; recent evidence indicates that digital orientation and innovation capability
can translate technological modernization into energy-optimization practices and more
sustainable business performance [54].

Second, the integration of digital technologies with quality management practices may
enable more informed, data-driven decision-making, which is increasingly recognized as a
key factor in building sustainable and resilient production systems. Enhanced traceability,
process transparency, and real-time monitoring further strengthen responsible and adaptive
management approaches [11,43].

Third, the results indicate that transformation towards sustainability should not be
viewed solely through a technological lens. The identified role of employee competen-
cies, leadership, and organizational capabilities suggests that human and managerial
factors are equally important in linking digital transformation with long-term sustainability
goals [9,43].

From a practical perspective, the findings suggest that enterprises, particularly SMEs,
can strengthen their sustainability potential by treating Industry 4.0 and Quality 4.0 as com-
plementary rather than separate initiatives. Such an integrated approach may support not
only competitiveness and quality performance but also broader sustainable development
objectives [36].

In the context of Central and Eastern European economies, the results further sug-
gest that digital and quality transformation may play a broader role in supporting more
sustainable industrial development in emerging manufacturing environments.

From a regional perspective, the findings reflect the specificity of Central and Eastern
European economies, where digital transformation often faces financial, organizational,
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and competency-related barriers. At the same time, similar patterns observed in both
countries suggest that these challenges are systemic rather than country-specific [36].

5.6. Limitations and Directions for Future Research

Despite the contribution of this study to the development of knowledge on Industry
4.0 and Quality 4.0, several important limitations should be acknowledged. First, the
study was based on a relatively small sample of enterprises, which limits the possibility
of generalizing the findings to the broader population of manufacturing companies. The
exploratory nature of the study and the use of a matched-pair case study design were pri-
marily intended to provide an in-depth comparative understanding rather than statistically
representative results.

Second, the study focused exclusively on enterprises operating in Poland and Slovakia.
Although both countries represent the Central and Eastern European context, the findings
may not fully reflect conditions present in other regions or economies characterized by
different levels of digital maturity and industrial development.

Third, part of the collected data was based on respondents’ assessments and orga-
nizational declarations, which may involve a certain degree of subjectivity. Despite the
application of methodological and data triangulation to enhance the credibility of the
results, some indicators may still have been influenced by perceptual bias.

Another limitation concerns the cross-sectional nature of the study. The analysis cap-
tures the level of Industry 4.0 and Quality 4.0 implementation at a specific point in time and
does not allow for the observation of long-term transformation dynamics or the clear iden-
tification of causal relationships between digital maturity and organizational performance.

In light of the above, future studies may develop the present approach in several directions:

• Expanding the research sample and applying quantitative methods (e.g., large-scale
survey studies), which would enable statistical validation of relationships;

• Conducting longitudinal studies to analyze the dynamics of implementation and their
impact on organizational performance over time;

• Deepening the analysis of the relationship between Industry 4.0 and Quality 4.0,
including the identification of mediating mechanisms (e.g., the role of organizational
culture or leadership);

• Further development and validation of the proposed indicators in different sectoral
and geographical contexts;

• Incorporating additional perspectives such as sustainable development, organizational
resilience, and the impact of digital transformation on employees;

• Examining the relationship between Industry 4.0 and Quality 4.0 maturity and the
human-centric and sustainability-oriented principles associated with Industry 5.0,
particularly in terms of employee well-being, algorithmic responsibility, and organiza-
tional resilience.

6. Conclusions
The aim of the study was to assess the level of implementation of Industry 4.0 and

Quality 4.0 concepts in manufacturing enterprises in Poland and Slovakia, as well as to
identify their determinants and organizational outcomes. The results indicate that the
level of implementation of both concepts is moderate and heterogeneous, with companies
mainly focusing on technological aspects, while paying less attention to the development
of organizational competencies, data integration, and strategic approaches.

The study indicates a positive relationship between the level of Industry 4.0 implemen-
tation and Quality 4.0 maturity, suggesting that effective digital transformation requires
the parallel development of quality management practices. It also demonstrates that higher
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levels of implementation of both concepts are associated with more favorable operational
performance, including improvements in productivity, quality, and delivery timeliness.

From a theoretical perspective, the study advances existing maturity models in
two ways. First, by proposing an integrated assessment framework that simultaneously
captures Industry 4.0 readiness and Quality 4.0 maturity, it addresses the predominant
tendency in the literature to treat these concepts as independent research streams. Sec-
ond, by linking index values to measurable operational outcomes rather than relying
solely on declarative assessments, the study provides empirical grounding for theoretical
claims about the complementarity of digital transformation and quality management. The
proposed I4RI and Q4MI indicators may serve as a basis for further development and
validation in larger-scale studies across different geographical and sectoral contexts.

From a practical perspective, the findings offer several specific recommendations for
manufacturing enterprises, particularly SMEs operating in Central and Eastern European
economies. First, organizations should prioritize the development of data integration
and analytical capabilities, as these dimensions consistently showed the lowest maturity
levels despite being critical for translating technological investments into operational
improvement. Second, investment in employee digital competencies should be treated
as a strategic priority rather than a supplementary activity, given the identified skills
gap as a key barrier in both countries. Third, enterprises should pursue an integrated
approach to digital transformation and quality management, developing both dimensions
simultaneously rather than sequentially, as the strong positive relationship between I4RI
and Q4MI suggests that progress in one area supports development in the other. Finally,
policymakers and business support organizations should consider designing funding
programs that explicitly address the organizational and competency dimensions of digital
transformation, rather than focusing exclusively on technological infrastructure.

A key contribution of the study is the use of a matched-pair research design, which
enabled more precise cross-country comparisons and reduced the influence of sector-
specific factors. Moreover, the integration of Industry 4.0 and Quality 4.0 perspectives
within a single analytical model addresses an existing research gap.

From a practical perspective, the findings indicate that enterprises should treat digital
transformation and quality management as complementary processes requiring not only
technological investments, but also the development of employee competencies, organiza-
tional culture, and a systemic approach to data.

In conclusion, the effective implementation of Industry 4.0 and Quality 4.0 in man-
ufacturing enterprises requires a holistic approach integrating technology, people, and
processes, which is particularly relevant in the context of development challenges charac-
teristic of Central and Eastern European economies.

This study contributes to the literature by providing empirical evidence from the
Central and Eastern European region, showing that Industry 4.0 and Quality 4.0 should be
treated as complementary and mutually reinforcing dimensions of digital transformation,
particularly in the context of small and medium-sized enterprises.
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Appendix A. Measurement Instrument
Appendix A.1. Industry 4.0 Readiness Index (I4RI)

Respondents were asked to assess the following statements using a five-point Likert
scale (1—strongly disagree; 5—strongly agree).

Digital strategy and leadership

• I4_1. The company has a clearly defined digital transformation strategy.
• I4_2. Top management actively supports Industry 4.0 initiatives.
• I4_3. Digital transformation goals are integrated with business strategy.
• I4_4. Investments in digital technologies are planned and systematic.

Technologies and automation

• I4_5. The company uses advanced automation technologies in production.
• I4_6. Machines and devices are digitally controlled (e.g., CNC, robotics).
• I4_7. Production processes are supported by modern digital technologies.
• I4_8. The level of automation has increased in recent years.

Data and IT/OT integration

• I4_9. IT and operational systems (e.g., ERP, MES) are integrated.
• I4_10. Data are collected automatically from production processes.
• I4_11. Data are used in real time for decision-making.
• I4_12. The company ensures consistency and accessibility of data.

Employee competencies and organizational learning

• I4_13. Employees have adequate digital competencies.
• I4_14. The company invests in employee training in digital technologies.
• I4_15. Employees are open to technological changes.
• I4_16. The organization promotes continuous learning.

Process and supply chain integration

• I4_17. Processes within the company are digitally integrated.
• I4_18. The company collaborates digitally with suppliers and customers.
• I4_19. Information flows efficiently across the supply chain.
• I4_20. Digital tools support coordination of operations.
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Cybersecurity and data management

• I4_21. The company applies cybersecurity measures.
• I4_22. Data protection policies are implemented and followed.
• I4_23. Risks related to data security are monitored.
• I4_24. The company has procedures for data management and backup.

Appendix A.2. Quality 4.0 Maturity Index (Q4MI)

Respondents assessed the following statements using the same scale.

Quality leadership and culture

• Q4_1. Top management promotes a quality-oriented culture.
• Q4_2. Quality is treated as a strategic priority.
• Q4_3. Employees are engaged in quality improvement activities.
• Q4_4. The organization fosters a culture of continuous improvement.

Digitalization of quality processes

• Q4_5. Quality control processes are supported by digital tools.
• Q4_6. Inspections and audits are partially or fully digitalized.
• Q4_7. Quality data are collected automatically.
• Q4_8. Digital systems support quality monitoring.

Data, analytics and decision-making

• Q4_9. Quality-related decisions are based on data analysis.
• Q4_10. The company uses advanced data analytics tools.
• Q4_11. Data visualization supports decision-making.
• Q4_12. Real-time data are used to improve quality.

Quality competencies and cross-functional collaboration

• Q4_13. Employees have competencies related to quality management.
• Q4_14. Cross-functional teams are involved in quality improvement.
• Q4_15. Knowledge sharing between departments is effective.
• Q4_16. Training in quality tools and methods is provided.

Continuous improvement and customer focus

• Q4_17. The company systematically implements improvement initiatives.
• Q4_18. Customer feedback is used to improve processes.
• Q4_19. Traceability of products and processes is ensured.
• Q4_20. The organization quickly reacts to quality problems.

Appendix A.3. Organizational Outcomes (Objective Indicators)

Data were collected for the last 24 months:

• Defect rate (%).
• Number of customer complaints.
• Cost of poor quality (COPQ).
• Overall Equipment Effectiveness (OEE).
• On-time delivery (%).
• Lead time (days).

The questionnaire was originally developed by the authors based on literature review.

Appendix B. Semi-Structured Interview Guide
The semi-structured interviews were conducted with representatives of different

organizational levels (top management, operations, and quality management). The inter-
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view protocol was designed to explore barriers, drivers, implementation processes, and
organizational outcomes related to Industry 4.0 and Quality 4.0.

Appendix B.1. General Information About the Company

• Please briefly describe your company (industry, size, main products/services).
• What is your role in the organization?
• How long have you been working in this position?
• How would you characterize the current level of technological advancement in

your company?

Appendix B.2. Industry 4.0 Implementation

Strategic perspective

• Does your company have a formal digital transformation strategy?
• What are the main goals of Industry 4.0 implementation in your organization?
• How is top management involved in digital transformation initiatives?

Implementation process

• What Industry 4.0 technologies have been implemented so far?
• In what order were these solutions introduced? Why?
• What were the key motivations for implementation (e.g., cost reduction, customer

requirements, efficiency)?

Challenges and barriers

• What were the main barriers during implementation?
• Were there any financial, technological, or organizational constraints?
• How did employees react to these changes?

Appendix B.3. Quality 4.0 Practices

Current approach to quality management

• How is quality managed in your organization?
• What role does quality play in your business strategy?

Digitalization of quality

• To what extent are quality processes digitalized?
• Are data collected and used in real time for quality control?
• What tools or systems support quality management (e.g., QMS, analytics tools)?

Integration with Industry 4.0

• Do you see a link between digital technologies and quality management?
• How has Industry 4.0 influenced quality processes in your company?

Appendix B.4. Organizational Outcomes

• Have you observed improvements in operational performance after implementing
Industry 4.0 or Quality 4.0?

• What changes have occurred in:

■ product quality (defects, complaints)?
■ productivity (e.g., OEE)?
■ delivery performance?

• Can you provide specific examples?
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Appendix B.5. Drivers and Success Factors

• What factors have supported successful implementation?
• What role did leadership play?
• Did external factors (e.g., customers, competitors, public support) influence your decisions?

Appendix B.6. Future Plans and Recommendations

• What are your company’s future plans regarding Industry 4.0 and Quality 4.0?
• What would you do differently if you were starting the implementation again?
• What recommendations would you give to other companies?

Appendix B.7. Closing Question

• Is there anything else you would like to add regarding digital transformation or quality
management in your company?
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