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Purpose: The purpose of this publication is to present the usage of Six Sigma approach in
Industry 4.0 conditions.

Design/methodology/approach: Critical literature analysis. Analysis of international literature
from main databases and polish literature and legal acts connecting with researched topic.
Findings: The integration of Six Sigma principles with the dynamic landscape of Industry 4.0
offers a promising synergy that brings numerous benefits and challenges. Industry 4.0,
characterized by advanced technologies like 10T, big data analytics, Al, and robotics,
is reshaping manufacturing and industry. This digital revolution demands adaptability and
process optimization for efficiency, quality, and customer satisfaction. Six Sigma, grounded in
data-driven process improvement, aligns well with Industry 4.0's goals. Combining these
approaches can yield remarkable results, enhancing competitiveness and driving continuous
quality and efficiency improvement. Six Sigma's DMAIC methodology, defining, measuring,
analyzing, improving, and controlling, offers a structured approach for problem-solving.
A hierarchy of roles ensures effective project management and expertise utilization. Real-world
applications across various sectors support the integration of Six Sigma and Industry 4.0,
aiming to enhance product or service quality, efficiency, and customer satisfaction.
The advantages of using Six Sigma in Industry 4.0 conditions are substantial, including
improved quality control, enhanced data-driven decision-making, real-time process monitoring,
predictive maintenance optimization, process efficiency improvement, and streamlined supply
chain management, ultimately leading to higher customer satisfaction, cost reduction, employee
skill development, competitive advantage, and improved risk management. However,
this integration presents challenges like data overload, complex technology integration,
skill gaps, data security, process complexity, change management, implementation costs, and
over-reliance on technology. These issues can be addressed through advanced data analytics,
well-defined integration strategies, comprehensive training, robust cybersecurity measures,
simplification of processes, effective change management, compelling business cases,
and maintaining a balanced approach. In a rapidly evolving industrial landscape, integrating
Six Sigma with Industry 4.0 offers a promising path for organizations to enhance quality,
efficiency, and competitiveness while addressing the challenges of digital transformation.
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1. Introduction

In today's rapidly evolving industrial landscape, where technology and automation are at
the forefront, the application of Six Sigma principles has become more crucial than ever before.
Industry 4.0, often referred to as the fourth industrial revolution, is characterized by the
integration of advanced technologies such as the Internet of Things (loT), big data analytics,
artificial intelligence, and robotics into manufacturing processes. This digital transformation
presents both challenges and opportunities for businesses, making it essential to adapt and
optimize processes to ensure efficiency, quality, and customer satisfaction. This text explores
the integration of Six Sigma methodologies in Industry 4.0 conditions, highlighting the benefits,
challenges, and real-world applications (Wolniak, Sutkowski, 2015, 2016; Wolniak, Grebski,
2018; Wolniak et al., 2019, 2020; Wolniak, Habek, 2015, 2016; Wolniak, Skotnicka, 2011;
Wolniak, Jonek-Kowalska, 2021; 2022).

Industry 4.0 aims to create smart, interconnected manufacturing systems that are capable of
self-monitoring, self-diagnosing, and self-optimizing. Six Sigma, on the other hand, is a data-
driven approach to process improvement that focuses on minimizing defects and variations to
achieve higher quality and consistency. Combining these two approaches can yield remarkable
results.

The purpose of this publication is to present the usage of Six Sigma approach in
Industry 4.0 condition.

2. The basics of Six Sigma approach

Six Sigma, a powerful concept that originated from Motorola in the 1980s and was further
popularized by General Electric, has become synonymous with process improvement and
excellence in many industries. This two-page text delves into the fundamental principles and
methodologies of Six Sigma, highlighting its core components and applications (Bousdekis
etal., 2023).

Six Sigma is a systematic and data-driven methodology for process improvement. It aims to
minimize defects and variations in any process, product, or service to achieve a level of near-
perfection, with an error rate of 3.4 defects per million opportunities. The term "Six Sigma"
itself reflects this goal, as it refers to the six standard deviations within the normal distribution
curve, with the goal of keeping defects within the range of +6c.
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Six Sigma employs the DMAIC methodology, which stands for Define, Measure, Analyze,
Improve, and Control. This structured approach guides organizations through the process of
identifying issues, measuring performance, analyzing root causes, making improvements,
and ensuring sustainability (Barsalou, 2023; Maganga, Taifa, 2023):

Define: This phase involves defining the problem, setting objectives, and understanding
customer requirements.

Measure: Measurement is key to Six Sigma, as it provides data to assess current process
performance and establish a baseline.

Analyze: In this phase, data is analyzed to identify the root causes of defects and
inefficiencies.

Improve: With a deep understanding of the problem, teams work to make necessary
improvements and optimize the process.

Control: Finally, control measures are put in place to ensure that the improvements are
sustained over time.

Six Sigma initiatives typically involve a hierarchy of roles, with each person contributing to
the project's success (Antony et al., 2023; Escobar et al., 2023; Antony et al., 2023; Salimbeni

& Redchuk, 2023):
e Champion: High-level executives who sponsor and support Six Sigma initiatives.

e Master Black Belt: Experts who provide guidance and mentor Green and Black Belts.

e Black Belt: Project leaders who drive improvement projects.

e Green Belt: Team members who support Black Belts in their projects.

e Yellow Belt: Employees with basic Six Sigma knowledge who may participate in
projects on a limited scale.
Table 1 contains description of typical applications of Six Sigma.

Table 1.

Examples of applications of Six Sigma

Industry/Sector

Application of Six
Sigma

Description

Manufacturing

Defect Reduction

Six Sigma is used to minimize defects and improve product quality
in manufacturing processes.

Patient Care

In healthcare, Six Sigma is applied to enhance patient care, reduce

Improvement

Healthcare : . - .
Improvement medical errors, and optimize hospital operations.
. . . Process In the financial sector, Six Sigma is used to streamline financial
Financial Services S . .
Optimization processes, minimize errors, and enhance risk management.
. Service Quality In customer service, Six Sigma is employed to improve response
Customer Service . . . X
Enhancement times, reduce customer complaints, and enhance service quality.
. Inventory Six Sigma helps optimize inventory management, reduce carrying
Supply Chain . e
Management costs, and ensure supply chain efficiency.
Information \I?)c;cg\llzgement Six Sigma is applied to software development processes to improve
Technology Quality Assurance quality, reduce defects, and enhance reliability.
Aerospace Safety and Quality | In the aerospace industry, Six Sigma is used to enhance safety,

reduce defects in components, and ensure product quality.
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Cont. table 1.
Academic . s . .
. In education, Six Sigma can improve academic outcomes by
Education Performance : i . .
identifying and addressing factors affecting student performance.
Improvement
. Inventory and Stock | Retailers use Six Sigma to optimize inventory and stock
Retail . .
Management management, reducing overstock or out-of-stock issues.
Project . c o - . .
. In construction, Six Sigma principles are applied to improve
Construction Management .
Efficiency project management, reduce delays, and control costs.

Source: (Almeida, Abreu, 2023; Jokovic et al., 2023; Khourshed, Gouhar, 2023; Maganga,
Taifa, 2023; Liu et al., 2023; Yanamandra et al., 2023; Escobar et al., 2023; Bousdekis et al.,
2023; Antony et al., 2023).

3. How Six Sigma approach can be integrated with Industry 4.0
and Quality 4.0 concept

In Industry 4.0, data is abundant. Machines and sensors generate vast amounts of
information. Six Sigma complements this by providing a structured framework for analyzing
and utilizing this data. Companies can harness the power of advanced analytics and statistical
tools to identify patterns, detect anomalies, and continuously improve processes (Jonek-
Kowalska, Wolniak, 2021, 2022, 2023; Rosak-Szyrocka et al., 2023; Gajdzik et al., 2023;
Jonek-Kowalska et al., 2022; Kordel, Wolniak, 2021, Orzet, Wolniak, 2021, 2022;
Ponomarenko et al., 2016; Stawiarska et al., 2020, 2021; Stecuta, Wolniak, 2022; Olkiewicz
et al., 2021) Data-driven decision-making is a cornerstone of both Six Sigma and Industry 4.0,
ensuring that changes are made based on empirical evidence rather than intuition
(Sureshchandar, 2023; Saihi et al., 2023).

Industry 4.0 enables real-time monitoring of manufacturing processes, allowing for
immediate intervention in case of deviations. Six Sigma principles can help define the critical
parameters that should be monitored and set up control charts and alerts to identify issues before
they lead to defects. This integration reduces the likelihood of defects and minimizes the cost
of poor quality (Almeida, Abreu, 2023).

One of the key advantages of Industry 4.0 is predictive maintenance, which uses sensors and
data analytics to predict when equipment is likely to fail (Sutkowski, Wolniak, 2015, 2016,
2018; Wolniak, Skotnicka-Zasadzien, 2008, 2010, 2014, 2018, 2019, 2022; Wolniak, 2011,
2013, 2014, 2016, 2017, 2018, 2019, 2020, 2021, 2022; Gajdzik, Wolniak, 2023; Swarnakar
et al., 2023). Six Sigma methodologies can be applied to optimize the predictive maintenance
process by fine-tuning algorithms and reducing false alarms. This enhances the overall
equipment effectiveness (OEE) and reduces downtime (Alrabadi et al., 2023).

Implementing Industry 4.0 technologies and Six Sigma methodologies requires a skilled
workforce. Companies need to invest in training and development to ensure that employees can
effectively use the tools and techniques associated with both approaches. Industry 4.0 generates
massive amounts of data, which may raise concerns about data security and privacy (Wolniak,
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2016; Czerwinska-Lubszczyk et al., 2022; Drozd, Wolniak, 2021; Gajdzik, Wolniak, 2021,
2022; Gebezynska, Wolniak, 2018, 2023; Grabowska et al., 2019, 2020, 2021). Companies
need to implement robust cybersecurity measures to protect sensitive information (Jokovic
etal., 2023).

Integrating these two approaches into existing processes can be complex. Companies must
develop a clear strategy and roadmap for adoption, ensuring that Six Sigma principles are
seamlessly integrated into the new digital infrastructure (Yanamandra et al., 2023).

The integration of Six Sigma with the Quality 4.0 concept represents a powerful symbiosis
that leverages data, automation, and structured methodologies to enhance quality, efficiency,
and competitiveness in today's industrial landscape (Liu et al., 2023). As organizations navigate
the challenges and opportunities presented by the digital transformation, the strategic alignment
of Six Sigma with Quality 4.0 emerges as a cornerstone for success, where data-driven decision-
making, continuous improvement, proactive quality management, cost reduction, and process
optimization become pivotal drivers for achieving and sustaining excellence (Singh et al.,
2023). In a world where the quality bar continues to rise, the collaboration between Six Sigma
and Quality 4.0 is the answer to achieving near-perfection in product and service quality
(Maganga, Taifa, 2023).

Table 2 is listing examples of integration of Six Sigma approach with Industry 4.0.
The integration of Six Sigma and Industry 4.0 represents a powerful synergy that leverages
data, automation, and structured methodologies to enhance quality, efficiency,
and competitiveness in today's rapidly evolving industrial landscape.

Table 2.
Six Sigma integration with Industry 4.0

Aspect Description

Industry 4.0 generates vast amounts of data through 10T sensors and automation.

Six Sigma provides the structured framework for analyzing this data, making evidence-
based decisions, and identifying areas for improvement.

Industry 4.0 enables real-time monitoring of manufacturing processes, allowing for

Data-Driven
Decision-Making

Real-Time immediate intervention in case of deviations. Six Sigma principles can be integrated to
Process . o . .
S define critical parameters, set up control charts, and establish alerts for detecting and
Monitoring A ;
addressing issues proactively.
Predictive Industry 4.0's predictive maintenance uses sensors and data analytics to predict

equipment failures. Six Sigma can optimize this process by fine-tuning algorithms,
reducing false alarms, and ensuring maintenance activities are performed efficiently.
Industry 4.0 can enhance quality control with automated inspection and data collection.
Six Sigma methods can be applied to analyze this data, identify defects, and reduce
variations in processes, ultimately improving product or service quality.

Industry 4.0 automates and optimizes various processes. Six Sigma's DMAIC

Maintenance

Quality Control
and Assurance

Proges_s . methodology can be employed to analyze and improve these processes by identifying
Optimization - . L

bottlenecks, reducing waste, and enhancing overall efficiency.

. Industry 4.0 technologies provide real-time visibility into supply chain operations.
Supply Chain e s - :
M Six Sigma principles can be used to improve supply chain performance, reduce lead
anagement . . ; ;

times, and ensure on-time delivery of materials and products.
Employee The integration of Six Sigma and Industry 4.0 may necessitate training employees in
Training and both areas. Six Sigma training can help ensure that the workforce is equipped to handle

Development the data-driven processes and quality improvements associated with Industry 4.0.
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Cont. table 2.
Continuous The combination of Six Sigma and Industry 4.0 fosters a culture of continuous
Improvement improvement, where employees use data and technology to drive ongoing enhancements
Culture in processes, products, and services.

Integrating Six Sigma with Industry 4.0 can also support better risk management, as data
analytics and process improvements can help identify and mitigate risks more

effectively.

Source: (Almeida, Abreu, 2023; Jokovic et al., 2023; Khourshed, Gouhar, 2023; Maganga, Taifa, 2023;
Liu et al., 2023; Amat-Lefort et al., 2023; Alrabadi et al., 2023; Singh et al., 2023; Barsalou, 2023;
Antony et al., 2023; Saihi et al.2023; Sureshchandar, 2023; Swarnakar et al., 2023; Gimerska et al.,
2023; Salimbeni, Redchuk, 2023; Yanamandra et al., 2023; Escobar et al., 2023; Bousdekis et al., 2023;
Antony et al., 2023).

Table 3 is describe the advantages of Six Sigma approach usage in industry 4.0. The use of

Risk Management

Six Sigma in Industry 4.0 conditions offers numerous advantages, from ensuring product and
service quality to optimizing processes and cost-effectiveness, ultimately enhancing

an organization's competitiveness and customer satisfaction.

Table 3.

The advantages of Six Sigma integration with Industry 4.0

Advantage

Description

Improved Quality
Control

Six Sigma helps ensure the highest product and service quality by reducing defects and
variations, which is especially crucial in the precision-driven environment of Industry
4.0.

Enhanced Data-
Driven Decision-

Industry 4.0 generates vast amounts of data. Six Sigma provides a structured framework
for analyzing this data, enabling evidence-based decision-making and continuous

Satisfaction

Making improvement.

Real-Time Industry 4.0 allows for real-time process monitoring, and Six Sigma principles can be
Process integrated to set up control charts and alerts, proactively identifying and addressing
Monitoring issues as they occur.

Predictive o . - . . .

: Six Sigma can fine-tune predictive maintenance algorithms, reducing false alarms and
Maintenance optimizing the process, leading to higher equipment reliability and lower downtime
Optimization P gthep ' g g quip Y '
Process The combination of Industry 4.0's automation and Six Sigma's DMAIC methodology
Efficiency enables companies to analyze and optimize processes, reducing waste, improving
Improvement efficiency, and reducing operational costs.

. Industry 4.0 technologies provide real-time supply chain visibility. By integrating Six
Supply Chain . N - ; 4

A Sigma, organizations can optimize supply chain performance, reduce lead times, and

Optimization - .
ensure on-time delivery.
Customer Higher quality and reduced defects, made possible by Six Sigma in Industry 4.0,

translate to improved customer satisfaction, which is crucial in competitive markets.

Cost Reduction

Reduced defects and improved efficiency often result in cost savings, making Six Sigma
a valuable tool in the cost-conscious landscape of Industry 4.0.

Employee Skill
Development

The integration of Six Sigma and Industry 4.0 may require employee training, leading to
skill development that benefits both process automation and quality improvement.

Competitive
Advantage

Companies that implement Six Sigma in Industry 4.0 conditions gain a competitive edge
by delivering high-quality products, optimizing processes, and responding to customer
needs quickly and effectively.

Risk Mitigation

By using data analytics and process improvements, Six Sigma helps identify and mitigate
risks more effectively in the data-intensive environment of Industry 4.0.

Source: (Almeida, Abreu, 2023; Jokovic et al., 2023; Khourshed, Gouhar, 2023; Maganga, Taifa, 2023;
Liu et al., 2023; Amat-Lefort et al., 2023; Alrabadi et al., 2023; Singh et al., 2023; Barsalou, 2023;
Antony et al., 2023; Saihi et al.2023; Sureshchandar, 2023; Swarnakar et al., 2023; Gimerska et al.,
2023; Salimbeni, Redchuk, 2023; Yanamandra et al., 2023; Escobar et al., 2023; Bousdekis et al., 2023;
Antony et al., 2023).
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Table 4 is describing the problems of Six Sigma approach usage in industry 4.0 and methods
to overcome them. The use of Six Sigma in Industry 4.0 conditions offers numerous advantages,
from ensuring product and service quality to optimizing processes and cost-effectiveness,

ultimately enhancing an organization's competitiveness and customer satisfaction.

Table 4.

The problems of Six Sigma integration with Industry 4.0

Problems Description of Problem Overcoming Strategies
Industry 4.0 generates vast Implement advanced data analytics and machine
amounts of data from loT learning tools to process, analyze, and prioritize data
sensors and automation, efficiently. Focus on actionable insights rather than all

Data Overload leading to |nformat|on available data.
overload. This can . L
overwhelm Six Sigma teams Define key performance indicators (KPIs) that are
and hinder effective data aligned with your objectives and focus on monitoring
analysis. and analyzing these critical metrics.

Integrating Six Sigma with _Develop_) a clear s'Frategy and roadr_nap_) for technology
Industry 4.0 technologies integration, ensuring alignment with improvement goals
such as 10T, big data, and objectives.

Technology — .

Integration and AI can t_)e_ c_omplex, Foster open communication and collaboration between
leading to disjointed _ Six Sigma teams and 1T departments to facilitate
processes and challenges in seamless technology integration and process
achieving synergy. improvement,

Industry 4.0 requires Invest in comprehensive training and development
specialized skills for the programs for employees, aligning them with the specific
_ operation and maintenance of | gy sets needed for Industry 4.0.

Skill Gaps advanced technologies, which Consid traini hiri | with th
Six Sigma teams may lack. ons_,| er cross-_ rammg_or iring p_ersonne wit e
This skills gap can hinder required expertise to bridge the skill gaps within the
effective implementation. organization.

Industry 4.0 data often Implement robust cybersecurity measures, including
contains sensitive encryption, access controls, and intrusion detection

Data Security information, raising concerns systems, to protect sensitive data.

and Privacy about data security and Ensure compliance with relevant data protection
privacy compliance, which is ] P P o
crucial for regulatory and regulations, such as GDPR or HIPAA, to maintain data
ethical reasons. privacy and avoid legal and reputational risks.

The combination of Six Maintain a focus on the core principles of both
Sigma and Industry 4.0 can methodologies and avoid overcomplicating processes.
. lead to complex processes . . ..

Complexity - Ensure that project teams have well-defined objectives,
and projects that may be .
challenging to manage clear scope, and a structured approach to avoid
effectively. unnecessary complexity.

The integration of Six Sigma .
and Industry 4.0 may lead to !Z)evelop a comprehensive change mgnagemer_\t plan that
resistance from employees includes clear and frequent communication with

Change who are reluctant to adapt to employees.

Management new technologies and Provide adequate training and resources to help
methodologies, potentially employees adapt to the new ways of working and
_slowmg dovv_n the understand the benefits of the changes.
implementation process.
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Cont. table 4.
Implementing Industry 4.0 o Develop a well-defined business case that outlines the
Cost of technologies and Six Sigma expected return on investment (ROI) from quality
Implementation methodolpgies can be costly, improvements and efficiency gains.
and securing the necessary e Prioritize projects that offer the most significant ROI to
budget can be challenging. make a compelling case for funding.

In the pursuit of Industry 4.0,
there may be a temptationto | e Maintain a balanced approach where technology

) rely excessively on complements human expertise rather than replacing it.
Over-Reliance technol_ogy, potentially o Continue to emphasize the human factors, such as

on Technology | neglecting the human element . o L e .

of Six Sigma and its focus on collaboration, creativity, and critical thinking, which are
teamwork and problem- integral to the success of Six Sigma projects.

solving skills.
Source: (Almeida, Abreu, 2023; Jokovic et al., 2023; Khourshed, Gouhar, 2023; Maganga, Taifa, 2023;
Liu et al., 2023; Amat-Lefort et al., 2023; Alrabadi et al., 2023; Singh et al., 2023; Barsalou, 2023;
Antony et al., 2023; Saihi et al.2023; Sureshchandar, 2023; Swarnakar et al., 2023; Gimerska et al.,
2023; Salimbeni, Redchuk, 2023; Yanamandra et al., 2023; Escobar et al., 2023; Bousdekis et al., 2023;
Antony et al., 2023).

4. Conclusion

The integration of Six Sigma principles with the dynamic landscape of Industry 4.0 presents
a compelling synergy that offers numerous advantages while also posing certain challenges.
Industry 4.0, characterized by the seamless integration of advanced technologies like 10T, big
data analytics, Al, and robotics, is transforming the manufacturing and industrial sectors.
This digital revolution demands adaptability and optimization of processes to ensure efficiency,
quality, and customer satisfaction.

The core principles of Six Sigma, rooted in data-driven process improvement, align well
with the goals of Industry 4.0. Combining these two approaches can yield remarkable results,
enhancing the overall competitiveness of organizations and driving continuous improvement in
quality and efficiency.

Six Sigma's DMAIC methodology, encompassing Define, Measure, Analyze, Improve,
and Control, provides a structured approach to problem-solving and process optimization. It
guides organizations through the process of identifying issues, measuring performance,
analyzing root causes, making improvements, and ensuring sustainability. A hierarchy of roles
within Six Sigma initiatives ensures that projects are well-managed and that the right expertise
is applied to each task.

The integration of Six Sigma and Industry 4.0 is supported by various real-world
applications across diverse sectors, from manufacturing and healthcare to financial services and
education, all aimed at enhancing product or service quality, efficiency, and customer
satisfaction.
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The advantages of employing Six Sigma in Industry 4.0 conditions are numerous.
It results in improved quality control, enhanced data-driven decision-making, real-time process
monitoring, predictive maintenance optimization, process efficiency improvement,
and streamlined supply chain management. These benefits translate to higher customer
satisfaction, cost reduction, employee skill development, competitive advantage, and improved
risk management.

However, this integration also comes with its set of challenges, such as dealing with data
overload, complex technology integration, skill gaps, data security and privacy concerns,
process complexity, change management, implementation costs, and the risk of over-reliance
on technology. These challenges can be overcome through strategic approaches such as
advanced data analytics, well-defined technology integration strategies, comprehensive training
programs, robust cybersecurity measures, simplification of complex processes, effective
change management, sound business cases for cost justification, and maintaining a balanced
approach to technology.

In a rapidly evolving industrial landscape where innovation and adaptation are key,
the integration of Six Sigma with Industry 4.0 conditions represents a promising avenue for
organizations to achieve higher quality, efficiency, and competitiveness while navigating the
challenges posed by the digital transformation.
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