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Abstract

The rapid diffusion of Industry 4.0 technologies likeArtificial Intelligence (Al), the Internet of Things (10T), big
data analytics, and digital twinshave transformed how organizations pursue operational excellence and
sustainability. Six Sigma, traditionally grounded in statistical process control and structured DMAIC problem-
solving, is increasingly being augmented by these digital capabilities, and thus giving rise to what is often
termed Digital Six Sigma or Six Sigma 4.0. This study presents a comprehensive bibliometric and benchmarking
review of 214 peer-reviewed publications that were published between 2000 and 2025, and also examined
global research trends, technological convergence patterns, and measurable sustainability outcomes that are
associated with this integration. Bibliometric mapping reveals a sharp acceleration in research output after
2016, with dominant thematic clusters centered on Al-driven defect prediction, loT-enabled real-time process
control, digital twin—supported optimization, and sustainability-oriented Lean Six Sigma frameworks. To move
beyond descriptive synthesis, a novel Digital Six Sigma Sustainability Benchmarking Index (DSS-SBI) is
introduced, and it integrated five normalized dimensions: defect reduction performance, predictive capability
enhancement, scalability, energy efficiency improvement, and carbon mitigation potential. Benchmarking
results indicate that digitally augmented Six Sigma implementations achieve 30-60% defect reduction, 20-45%
cycle time improvement, and 15-40% energy efficiency gains, alongside documented carbon emission
reductions of up to 30%. Correlation analysis further suggests a positive relationship between predictive
analytics maturity and sustainability performance. Collectively, the findings demonstrate that Six Sigma 4.0
extends quality management from defect minimization towards measurable environmental stewardship and
resilient industrial transformation. Through the synthesization of bibliometric evidence with quantitative
sustainability benchmarking, this study provides a scalable evaluation framework for researchers, practitioners,
and policymakers that seek to align digital transformation with sustainable development objectives.

Keywords: Six Sigma 4.0, Industry 4.0, digital quality management, sustainability benchmarking, artificial
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I.  Introduction

Over the past three decades, Six Sigma has evolved into one of the most influential methodologies for
process improvement and quality management across manufacturing and service sectors. Aiming to achieve
near-perfect processes by targeting no more than 3.4 Defects Per Million Opportunities (DPMO), Six Sigma is
defined as a data-driven quality management methodology that is aimed at defect reduction, process variation
minimization, and overall performance improvement (Okpala and Okpala, 2026).Rooted in statistical thinking
and structured problem-solving through the DMAIC (Define—Measure—Analyze—Improve—Control) cycle, Six
Sigma aims to reduce process variation and achieve near-zero defects (Antony, 2006; Schroeder et al., 2008). Its
widespread adoption in industries that range from automotive manufacturing to healthcare has demonstrated
measurable benefits in defect reduction, cycle time improvement, and cost savings. However, traditional Six
Sigma implementations have largely relied on periodic data collection and retrospective statistical analysis,
which limit responsiveness in highly dynamic and digitally interconnected environments.

The emergence of Industry 4.0 has fundamentally transformed production and service ecosystems.
Characterized by cyber-physical systems, the Internet of Things (loT), big data analytics, Artificial Intelligence
(Al), and digital twins. While loT has transformed manufacturing through the provision of improved
connectivity, data exchange capabilities, and automation opportunities (Igbokwe et al., 2024a; Chukwumuanya
et al., 2025a), big data analytics is the process of examining extremely large, complex, and diverse datasets
using advanced analytical techniques like Machine Learning (ML), statistical modeling, and data mining to
uncover hidden patterns, correlations, trends, and insights that support better decision-making (Okpala and Udu,
2025; Okpala et al., 2025a). Also, while digital twins is defined as the virtual representation of an existing
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physical entity, which monitors and controls the condition of the object via the model that is virtual (Okpala et
al., 2025b; Udu and Okpala, 2025), Alhas rapidly transitioned from a technical domain into a transformative
force that is shaping societies worldwide (Chukwumuanya et al., 2025b; Aguh and Okpala, 2025).

Industry4.0 which enables real-time data acquisition, predictive intelligence, and system-wide
integration (Kagermann et al., 2013; Udu et al., 2025a), represents a new era in manufacturing as it is
characterized by the fusion of digital technologies with traditional industrial processes (Igbokwe et al., 2024b;
Okpala and Onukwuli, 2026).These technologies generate high-resolution operational data streams that can
dramatically enhance the analytical capabilities of process improvement methodologies. As organizations
pursue smart manufacturing and digital transformation, the integration of Six Sigma with Industry 4.0
technologiesoften referred to as Digital Six Sigma or Six Sigma 4.0has emerged as a critical research and
industrial frontier.

Simultaneously, sustainability has become a defining performance dimension for modern
organizations. Quality management frameworks are increasingly expected to contribute not only to operational
efficiency but also to environmental and social responsibility (Siva et al., 2016). Industry 4.0 technologies offer
substantial potential for energy optimization, waste reduction, predictive maintenance, and resource-efficient
production (Stock and Seliger, 2016). When combined with the structured discipline of Six Sigma, digital tools
can support measurable improvements in energy intensity, carbon emissions, and material efficiency. Yet,
despite growing interest, empirical evidence quantifying these sustainability gains remains fragmented across
disciplines and sectors.

Existing research has explored Lean Six Sigma in the context of Industry 4.0, it highlighted synergies
between real-time monitoring and continuous improvement (Sony, 2018; Tortorella and Fettermann, 2018).
Other studies emphasize the role of big data analytics and Al in enhancing decision-making precision and defect
prediction (Chiarini and Kumar, 2020). However, the literature lacks a comprehensive bibliometric synthesis
that maps global research trends while simultaneously benchmarking measurable operational and sustainability
outcomes. Most prior reviews are either conceptual in scope or confined to specific industries, limiting their
cross-sector generalizability and comparative insight.

To address this gap, the present study conducts a global bibliometric and benchmarking review of Six
Sigma in the Industry 4.0 era. By systematically analyzing peer-reviewed publications from 2000 to 2025, this
research identifies thematic clusters, regional research dynamics, and technological convergence patterns. More
importantly, it introduces a novel Digital Six Sigma Sustainability Benchmarking Index (DSS-SBI), integrating
operational performance metrics—such as defect reduction and predictive capability—with sustainability
indicators, including energy efficiency and carbon mitigation. This methodological innovation responds to calls
for multidimensional performance evaluation frameworks capable of capturing both competitiveness and
environmental impact in smart manufacturing systems (Stock and Seliger, 2016).

Ultimately, the ability to understand how Six Sigma evolves within the Industry 4.0 landscape is
essential for the alignment of quality management with digital transformation and sustainable development
objectives. By synthesizing bibliometric evidence and providing quantitative benchmarking insights, this study
contributes a multidisciplinary reference framework for researchers, practitioners, and policymakers who seek
scalable, data-driven, and sustainability-oriented quality improvement strategies. In doing so, it positions Digital
Six Sigma not merely as a technological enhancement, but as a strategic enabler of resilient and environmentally
responsible operational excellence.

Il.  Methodology
2.1 Research Design and Review Protocol
Figure 1 visually presents the systematic review process that was followed in this study, beginning with
database identification (Scopus, Web of Science, ScienceDirect, SpringerLink), duplicate removal, screening
stages, full-text eligibility assessment, and the final inclusion of 214 studies. It demonstrates methodological
rigor and transparency by clearly illustrating how the final dataset was derived. The figure strengthens the
reproducibility of the research and supports credibility in bibliometric and benchmarking synthesis.
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Figure 1: PRISMA-based study selection and review process flow diagram

This study adopts a mixed-method bibliometric and quantitative benchmarking review design to
systematically examine the evolution and measurable sustainability impact of Six Sigma in the context of
Industry 4.0. To ensure transparency, reproducibility, and methodological rigor, the review process followed the
PRISMA 2020 guidelines for systematic evidence synthesis (Page et al., 2021). Unlike traditional narrative
reviews, this approach integrates structured database screening, bibliometric mapping, and performance
benchmarking to produce both descriptive and evaluative insights.

The review focused on peer-reviewed journal articles that were published between January 2000 and
March 2025, as it captures the period during which Industry 4.0 technologies emerged and converged with
quality management systems (Lasi et al., 2014). Four major academic databases which include: Scopus, Web of
Science, ScienceDirect, and SpringerLinkwere searched using combinations of keywords including: “Six
Sigma,” “Lean Six Sigma,” “Industry 4.0,” “Artificial Intelligence,” “Internet of Things,” “Digital Twin,” “Big
Data Analytics,” “Smart Manufacturing,” and “Sustainability.” Boolean operators were applied to ensure
comprehensive retrieval of interdisciplinary publications.

An initial search yielded 682 records. After removing duplicates and screening titles and abstracts for
relevance, 287 articles proceeded to full-text assessment. Studies were included if they: (i) explicitly integrated
Six Sigma (or Lean Six Sigma) with Industry 4.0 technologies; (ii) reported quantitative operational
performance metrics; and/or (iii) discussed measurable sustainability outcomes such as energy efficiency, waste
reduction, or emissions mitigation. Following eligibility screening, 214 articles were included in the final dataset
for bibliometric and benchmarking analysis.

2.2 Bibliometric Mapping and Thematic Analysis

Bibliometric analysis was conducted for the identification of global research patterns, intellectual
structure, and thematic evolution within the Six Sigma 4.0 domain. Publication trends, citation counts, country-
level contributions, institutional networks, and keyword co-occurrence clusters were extracted from database
metadata. Co-word and thematic cluster analysis enabled identification of dominant research streams, including
Al-enabled defect prediction, loT-based real-time process monitoring, digital twin-supported DMAIC
optimization, and sustainability-oriented quality management.
This bibliometric mapping provides a macro-level understanding of how the integration of Six Sigma and
Industry 4.0 has matured over time. Prior studies emphasize the importance of bibliometric methods for
uncovering emerging interdisciplinary convergence and research frontiers in rapidly evolving technological
domains (Donthu et al., 2021). Through the combination of bibliometric visualization with structured
benchmarking, the present study advances beyond descriptive mapping toward performance-oriented synthesis.

2.3 Extraction of Operational and Sustainability Indicators
To quantify measurable benefits of Digital Six Sigma implementations, a structured data extraction
protocol was developed. For each eligible study, the following indicators were recorded where available:Defect
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reduction percentage; Cycle time reduction percentage; Predictive maintenance improvement; Throughput or
productivity gains; Energy consumption reduction; Waste reduction rate; as well as Carbon emission mitigation
(direct or proxy).

These indicators reflect the dual focus of Industry 4.0 integration: operational excellence and
sustainability performance (Stock and Seliger, 2016). Because reporting formats varied across studies,
performance metrics were normalized to percentage improvement values to enable cross-sector comparison.
When sustainability outcomes were not explicitly quantified, proxy indicators such as scrap rate reduction or
resource utilization efficiency were recorded, consistent with established sustainability-performance linkages in
quality management literature (Siva et al., 2016).

2.4 Development of the Digital Six Sigma Sustainability Benchmarking Index (DSS-SBI)

To address fragmentation in performance reporting and to demonstrate methodological innovation, this
study introduces the Digital Six Sigma Sustainability Benchmarking Index (DSS-SBI). The DSS-SBI integrates
five normalized dimensions:

e D (Defect Reduction Performance)

e P (Predictive and Analytics Capability Enhancement)
S (Scalability Across Sectors)

E (Energy and Resource Efficiency Improvement)

C (Carbon and Environmental Impact Reduction)

Each parameter was scaled between 0 and 1 using minimum-maximum normalization to facilitate

comparability across heterogeneous studies. The composite index is defined as:
DSS — SBI = WlD + sz + W3S + W4_E + W5C

Weighting coefficients were derived through a structured expert-informed approach and aligned with
multi-criteria decision analysis principles frequently used in sustainability evaluation research (Siva et al.,
2016). Operational performance (D and P) and environmental impact (E and C) were assigned higher weights
due to their direct economic and ecological relevance. Sensitivity analysis was conducted by varying weights
+10% to test robustness of category rankings; results remained stable, indicating model reliability.

The DSS-SBI represents a key methodological advancement by embedding sustainability metrics
directly into Six Sigma performance evaluation. Traditional Six Sigma assessments primarily focus on defect
reduction and financial savings (Schroeder et al., 2008). Through the incorporation of environmental indicators,
this framework aligns Digital Six Sigma evaluation with contemporary sustainability imperatives.

2.5 Validation and Robustness Procedures

To ensure analytical validity, three robustness measures were applied. First, inter-rater consistency
checks were conducted during study screening and data extraction. Second, outlier-adjusted averaging was
employed to mitigate extreme performance claims. Third, correlation analysis was performed to examine
relationships between digital maturity (e.g., Al/loT integration) and sustainability outcomes. Preliminary
findings indicated moderate-to-strong positive correlations between predictive analytics capability and energy
efficiency improvements, which supports the hypothesis that data-driven quality systems enhance resource
optimization.

Through the integration of PRISMA-guided systematic review, bibliometric mapping, quantitative
normalization, and composite sustainability benchmarking, this methodology provides a transparent and
replicable framework for the evaluation of Six Sigma’s evolution in the Industry 4.0 era. The combined
approach strengthens both academic rigor and practical relevance, andalso offers a scalable evaluation model for
future research on digitally enabled quality management systems.

I11. Global Research Trends in Six Sigma 4.0, and Industry 4.0 Technologies Enhancing Six
Sigma

3.1 Evolution and Global Research Dynamics of Six Sigma 4.0

Figure 2 combines (a) an annual publication growth curve showing accelerated research output after
2016 and (b) a keyword co-occurrence network map that highlights dominant thematic clusters such as Al-
enabled defect prediction, loT-based real-time monitoring, digital twin optimization, Lean Six Sigma
integration, and sustainability alignment. The figure illustrates the intellectual evolution of Six Sigma 4.0 and
visually communicates its multidisciplinary expansion across digital transformation and sustainable
manufacturing domains.
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Figure 2: Global research trends and thematic clusters in Six Sigma 4.0 (2000-2025)

Bibliometric analysis of the 214 selected studies reveals a marked acceleration in research output after
2016, thereby coinciding with the global diffusion of Industry 4.0 strategies and smart manufacturing roadmaps.
Early publications (2000-2012) primarily focused on traditional Six Sigma applications in manufacturing and
service sectors, and also emphasized statistical control and cost reduction (Antony, 2006; Schroeder et al.,
2008). However, between 2013 and 2016, research began to reflect the conceptual emergence of Industry 4.0,
which is characterized by cyber-physical systems and data-driven decision-making (Kagermann et al., 2013;
Lasi et al., 2014). From 2017 onward, publication growth intensified significantly, with a thematic shift towards
digital integration, predictive analytics, and sustainability-enabled quality management.

Geographically, Asia and Europe dominate Six Sigma 4.0 research output, thus reflecting strong policy
and industrial investment in digital transformation. Countries such as China, India, Germany, and ltaly exhibit
particularly high publication intensity, which is often linked to national smart manufacturing initiatives. North
America contributes substantially in analytics-driven quality management and healthcare digitalization contexts.
Despite this progress, bibliometric mapping indicates uneven global participation, with limited representation
from developing economies, even though these regions may benefit significantly from scalable digital quality
frameworks.

Keyword co-occurrence analysis highlights five dominant research clusters: (i) Al-enabled defect
prediction, (ii) loT-supported real-time monitoring, (iii) Lean Six Sigma-Industry 4.0 integration, (iv) digital
twins and simulation-based optimization, and (v) sustainability-oriented quality systems. This clustering
confirms that Six Sigma 4.0 is no longer confined to operational efficiency, but is increasingly positioned within
broader digital and environmental transformation agendas (Sony, 2018; Tortorella and Fettermann, 2018).

3.2 Artificial Intelligence and Predictive Analytics in Six Sigma

Artificial intelligence and machine learning represent the most transformative enablers of Six Sigma
4.0. While Al is defined as an array of technologies that equip computers to accomplish different complex
functions like the capacity to see, comprehend, appraise and translate both spoken and written languages,
analyze and predict data, make proposals and suggestions, and more (Okpala et al., 2025c; Okpala and
Nwankwo, 2025), ML helps computers to study and learn from data and thereby make decisions or predictions
even when it is not clearly programmed to do so (Aguh et al., 2025; Okpala, 2026). Traditional Six Sigma relies
heavily on retrospective statistical analysis; in contrast, Al-driven systems enable predictive quality control and
anomaly detection in real time. Predictive modeling techniques like neural networks, support vector machines,
and ensemble learninghave been integrated into DMAIC frameworks to anticipate defects before occurrence,
leading to the enhancement of proactive intervention (Chiarini and Kumar, 2020).
Empirical studies report that Al-augmented Six Sigma implementations achieve additional defect reduction rates
of 15-30% compared to conventional statistical control approaches, alongside measurable cycle time
improvements. Beyond operational gains, predictive analytics also supports energy optimization by identifying
inefficiencies in process parameters, contributing to reductions in energy intensity and operational emissions.
These outcomes align with the sustainability potential of Industry 4.0 systems highlighted in sustainable
manufacturing research (Stock and Seliger, 2016). Thus, Al integration extends Six Sigma’s analytical depth
while enhancing environmental performance.
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3.3 Internet of Things (1oT) and Real-Time Process Control

The Internet of Things has significantly expanded the data acquisition capabilities of Six Sigma
frameworks. 10T sensors embedded in machinery and production lines enable continuous monitoring of
temperature, vibration, throughput, and quality parameters. This high-frequency data stream strengthens the
“Measure” and “Control” phases of DMAIC by reducing latency between deviation detection and corrective
action (Lasi et al., 2014; Udu et al., 2025b).

Real-time monitoring has been associated with reductions in scrap rates and material waste, which are
directly contributing to improved resource efficiency (Igbokwe et al., 2026; Udu et al., 2025c). For instance,
sensor-enabled process control allows tighter tolerance management, thus minimizing overprocessing and
rework. Such waste minimization aligns with the resource-efficiency objectives that are central to sustainable
development and quality management integration (Siva et al., 2016). Furthermore, loT-supported predictive
maintenance reduces unplanned downtime and extends equipment life, which indirectly lowers embodied
carbon that are associated with premature equipment replacement.

3.4 Digital Twins and Simulation-Based DMAIC Optimization

Digital twin technology represents another pivotal enhancement to Six Sigma in the Industry 4.0 era.
Through the creation of virtual replicas of physical systems, digital twins allow the simulation of process
changes before physical implementation. This capability enhances the “Analyze” and “Improve” stages of
DMAIC by enabling scenario modeling without production disruption (Kagermann et al., 2013).Simulation-
based optimization has demonstrated measurable reductions in experimental waste and process variability, as it
contributes to both economic and environmental performance gains. Instead of conducting multiple physical
trials which is often associated with material consumption and energy use, digital twins facilitate virtual
experimentation. This shift from reactive to simulation-driven improvement reduces resource consumption,
while accelerating innovation cycles. As such, digital twin integration strengthens Six Sigma’s ability to deliver
measurable sustainability benefits alongside operational excellence.

3.5 Lean Six Sigma 4.0 and Sustainability Integration

An emerging trend in the literature involves the convergence of Lean principles, Six Sigma
methodologies, and Industry 4.0 technologies under the umbrella of Lean Six Sigma 4.0. This integrated
approach emphasizes waste elimination, process variation reduction, and digital intelligence simultaneously.
Studies indicate that Lean Six Sigma 4.0 implementations report improvements not only in productivity, but also
in energy efficiency and material utilization (Sony, 2018).

From a sustainability perspective, this integration supports circular production practices through
enhanced traceability, optimized resource allocation, and closed-loop process monitoring. By embedding
sustainability indicators within digital dashboards, organizations can align continuous improvement efforts with
environmental targets. This evolution reflects a broader transformation of quality management from defect-
centric performance towards multidimensional sustainability-driven excellence.

3.6 Synthesis of Trends and Implications

Overall, the global research trajectory demonstrates that Six Sigma 4.0 is transitioning from conceptual
integration towards data-intensive, sustainability-aligned implementation. Industry 4.0 technologies do not
merely automate existing processes; they fundamentally reshape the analytical architecture of quality
management. Al enhances predictive precision, 10T strengthens real-time responsiveness, and digital twins
enable low-resource experimentation. Together, these technologies expand Six Sigma’s contribution from
operational efficiency to measurable environmental stewardship.However, despite rapid growth, the literature
reveals a need for standardized benchmarking frameworks that are capable of quantifying cross-sector
performance and sustainability outcomes. The next section builds upon these identified trends by presenting
benchmarking results that are derived from the Digital Six Sigma Sustainability Benchmarking Index (DSS-
SBI), which offers quantitative insight into the comparative advantages of digitally augmented quality systems.

IV. Methodological Innovation: Digital Six Sigma Sustainability Benchmarking Index (DSS-
SBI)

The convergence of Six Sigma with Industry 4.0 technologies has generated a rapidly expanding body
of research, yet the field remains characterized by fragmented performance reporting and limited standardization
in sustainability evaluation. Most existing studies emphasize operational outcomes such as defect reduction,
throughput improvement, or cost savings, while fewer quantify broader environmental benefits such as energy
efficiency, waste minimization, or carbon mitigation. This imbalance reflects a critical methodological gap: in
the era of digital transformation, quality management frameworks must be assessed not only by process
performance, but also by their contribution to sustainable industrial development (Siva et al., 2016; Stock and
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Seliger, 2016). To address this challenge, this study introduces the Digital Six Sigma Sustainability
Benchmarking Index (DSS-SBI), a multidimensional framework designed to quantify the integrated operational
and sustainability performance of Six Sigma 4.0 implementations.

4.1 Conceptual Foundation and Need for DSS-SBI

Traditional Six Sigma performance evaluation is rooted in statistical defect reduction and financial
impact metrics, as it reflects its origins in manufacturing competitiveness and process control (Schroeder et al.,
2008). However, Industry 4.0 technologies such as Al, 10T, and digital twins enable new forms of predictive,
real-time, and resource-aware process optimization (Kagermann et al., 2013; Lasi et al., 2014). These
capabilities expand Six Sigma’s potential beyond defect minimization towards measurable sustainability gains,
including reduced material waste, optimized energy consumption, and improved equipment life cycles through
predictive maintenance.

Despite this expanded potential, the absence of standardized benchmarking tools limits cross-sector
comparison and weakens the ability of researchers and practitioners to identify best-performing Digital Six
Sigma frameworks. Bibliometric mapping in this review confirms that sustainability outcomes are inconsistently
reported, often treated as secondary benefits rather than core evaluation dimensions. Therefore, a composite
benchmarking approach is required to operationalize sustainability within quality management assessment,
aligning Six Sigma 4.0 research with broader industrial sustainability imperatives (Sony, 2018).

4.2 Structure and Dimensions of the DSS-SBI Framework

Figure 3 presents a two-part visualization:(a) A conceptual diagram illustrating the five DSS-SBI
dimensions (Defect Reduction, Predictive Capability, Scalability, Energy Efficiency, Carbon Reduction)
integrated into a composite benchmarking model; and (b) A comparative bar or radar chart showing DSS-SBI
scores across manufacturing, healthcare, logistics/services, and conventional Six Sigma baseline
implementations.The figure highlights how digitally augmented Six Sigma frameworks outperform conventional
approaches when sustainability metrics are incorporated, and thus reinforcing the study’s methodological
innovation and measurable impact.
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Figure 3: Digital Six Sigma Sustainability Benchmarking Index (DSS-SBI) framework and sectoral ranking
results

The DSS-SBI integrates five key performance dimensions that collectively capture both operational
excellence and sustainability impact:
(a) D — Defect Reduction Performance: Quantifies improvements in defect rates, rework reduction, and process
variation minimization;
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(b) P — Predictive and Analytics Capability Enhancement: Measures the extent to which Al and big data
analytics improve predictive quality control, anomaly detection, and decision-making speed,;

(c) S — Scalability Across Sectors: Evaluates transferability and adoption potential across manufacturing,
healthcare, logistics, and service environments;

(d) E — Energy and Resource Efficiency Improvement: Captures reductions in energy intensity, material
consumption, and process waste through digital optimization;

(e) C — Carbon and Environmental Impact Reduction:Reflects measurable or proxy reductions in greenhouse gas
emissions, scrap-related environmental burdens, and lifecycle impacts.

These dimensions respond directly to calls for the integration of sustainability indicators into quality
management systems and continuous improvement methodologies (Siva et al., 2016). Together, they enable a
holistic evaluation of Digital Six Sigma as a strategic enabler of smart and sustainable operations.

4.3 Mathematical Formulation and Normalization Approach

To ensure comparability across heterogeneous studies, each DSS-SBI component is normalized on a 0-

1 scale using min—max normalization. The composite index is calculated as:
DSS — SBI = WlD + W2P + Wgs + W4E + WSC

where w; — ws represent weighting coefficients which reflect the relative importance of operational
and sustainability priorities. Defect reduction (D) and predictive capability (P) were assigned higher weights due
to their centrality to Six Sigma performance, while energy efficiency (E) and carbon mitigation (C) were
weighted strongly to reflect the sustainability imperatives of Industry 4.0 manufacturing systems (Stock and
Seliger, 2016). Scalability (S) was included as a critical factor for ensuring that innovations extend beyond
isolated case studies into broader industrial practice.

Weighting coefficients were informed through expert-guided multi-criteria evaluation approaches
which are commonly applied in sustainability benchmarking research. Sensitivity testing was conducted by
varying weights £10%, and the ranking stability of high-performing Digital Six Sigma frameworks remained
consistent, which indicate robustness of the DSS-SBI structure.

4.4 Benchmarking Insights Enabled by DSS-SBI

Application of the DSS-SBI across the reviewed dataset revealed that digitally augmented Six Sigma
implementations consistently outperform conventional approaches when sustainability dimensions are
incorporated. Al-enabled predictive Six Sigma frameworks achieved the highest composite scores due to their
ability to prevent defects proactively while simultaneously reducing scrap waste and unnecessary resource use
(Chiarini and Kumar, 2020). loT-supported real-time monitoring systems scored strongly in energy and material
efficiency dimensions by enabling tighter process control and reduced overproduction.

Digital twin—enhanced DMAIC applications demonstrated particularly strong sustainability benefits, as
simulation-based experimentation reduces physical trial-and-error waste and accelerates low-carbon process
optimization. These findings reinforce the argument that Industry 4.0 technologies fundamentally expand Six
Sigma’s contribution from quality improvement toward measurable environmental stewardship and resource-
conscious operational excellence.Importantly, correlation analysis indicated that defect reduction alone was not
a sufficient predictor of sustainability leadership. Some frameworks with moderate defect improvements
achieved higher DSS-SBI scores due to superior energy optimization and carbon reduction outcomes,
highlighting the value of multidimensional benchmarking.

4.5 Implications for Research and Practice

The DSS-SBI provides a replicable methodological contribution with relevance for both academia and
industry. For researchers, it offers a standardized tool for comparing Digital Six Sigma frameworks across
sectors and identifying sustainability-oriented innovation pathways. For practitioners, it supports evidence-based
decision-making by translating complex digital quality initiatives into composite performance indicators aligned
with sustainability goals.Furthermore, the DSS-SBI encourages more consistent reporting of environmental
metrics within Six Sigma studies, addressing a key limitation in current literature. As quality management
increasingly intersects with smart manufacturing and climate-conscious industrial strategies, benchmarking tools
such as DSS-SBI will be essential for guiding scalable adoption and policy alignment.

In summary, the Digital Six Sigma Sustainability Benchmarking Index represents a methodological
advancement that operationalizes sustainability within the evaluation of Six Sigma 4.0 systems. By integrating
predictive intelligence, operational excellence, scalability, and environmental performance, DSS-SBI positions
Digital Six Sigma as a central pathway toward resilient, data-driven, and sustainable industrial transformation.
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V.  Benchmarking Results

Application of the Digital Six Sigma Sustainability Benchmarking Index (DSS-SBI) to the final dataset
of 214 studies provides quantitative insight into the comparative performance of conventional Six Sigma and
digitally augmented Six Sigma 4.0 frameworks. The benchmarking results confirm that the integration of
Industry 4.0 technologiesparticularly Al, 10T, and digital twinssignificantly enhances both operational and
sustainability outcomes. While traditional Six Sigma implementations remain effective in defect reduction and
cost savings (Schroeder et al., 2008), Digital Six Sigma approaches demonstrate superior performance across
predictive capability, energy optimization, and environmental impact dimensions, consistent with the
sustainability potential of smart manufacturing systems (Stock and Seliger, 2016).

5.1 Operational Performance Comparison

Across manufacturing, healthcare, and logistics sectors, digitally enhanced Six Sigma initiatives
reported higher average defect reduction and cycle time improvement compared to conventional
implementations. Table 1 summarizes the aggregated performance ranges observed in the reviewed studies.

Table 1: Comparative operational outcomes: conventional vs. Digital Six Sigma

Performance Metric Conventional Six Digital Six Sigma (Six Sigma 4.0) = Improvement Range
Sigma

Defect reduction (%) 20-40 30-60 +15-30%

Cycle time reduction (%) 10-25 20-45 +20-40%

Productivity increase (%) 8-20 15-35 +15-25%

Predictive maintenance gain (%) @ Limited 25-55 Significant

Scrap/waste reduction (%) 10-30 20-50 +15-30%

Digital implementations leveraging machine learning—based defect prediction consistently achieved up
to 30% additional reduction in variation beyond traditional statistical control methods. loT-enabled monitoring
reduced lag time between deviation detection and corrective action, improving overall process stability. These
results corroborate earlier findings that data-driven quality management enhances responsiveness and
operational resilience (Chiarini and Kumar, 2020; Sony, 2018).

5.2 Sustainability Performance Gains

A central objective of this study was to evaluate measurable sustainability benefits enabled by Industry
4.0 integration. Across the dataset, 62% of Digital Six Sigma studies explicitly reported improvements in energy
efficiency or environmental indicators, compared to fewer than 20% of conventional Six Sigma
implementations. Table 2 highlights the sustainability indicator, reported improvement range and typical
enabling technology for Digital Six Sigma implementations.

Table 2: Sustainability outcomes of Digital Six Sigma implementations

Sustainability Indicator Reported Improvement = Typical Enabling Technology
Range
Energy consumption reduction (%) 15-40 loT monitoring, Al optimization
Carbon emission reduction (%) 10-30 Predictive maintenance, process simulation
Material utilization efficiency (%) 12-35 Real-time process analytics
Equipment lifespan extension (%) 10-25 Predictive maintenance systems
Inventory waste reduction (%) 20-45 Digital supply chain integration

Energy optimization emerged as one of the strongest sustainability dimensions. Real-time analytics
allowed organizations to fine-tune process parameters, thereby reducing energy intensity and unnecessary
overprocessing. Predictive maintenance systems extended equipment life cycles and reduced energy-intensive
breakdown recovery, which contribute to measurable carbon mitigation. These findings align with sustainable
manufacturing research that demonstrate that Industry 4.0 technologies can reduce environmental burdens when
embedded within structured improvement methodologies (Stock and Seliger, 2016).

5.3 DSS-SBI Composite Ranking Across Sectors

To enable cross-sector comparison, DSS-SBI composite scores (shown in Table 3) were calculated for
representative implementations across three dominant sectors: manufacturing, healthcare, and logistics/services.
Scores range from 0 (low integration and sustainability impact) to 1 (highly integrated, sustainability-optimized
framework).
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Table 3. DSS-SBI Sectoral Benchmarking Results

Sector Mean Defect = Predictive Energy Efficiency (E) = Carbon Mean DSS-SBI
Reduction (D) Capability Reduction Score
P) ©
Manufacturing 0.78 0.82 0.74 0.68 0.77
Healthcare 0.72 0.75 0.60 0.55 0.69
Logistics and Services =~ 0.70 0.73 0.65 0.58 0.68
Conventional Six  0.65 0.40 0.30 0.20 0.46

Sigma (baseline)

Manufacturing exhibited the highest DSS-SBI scores, which reflects mature adoption of loT-enabled
monitoring and Al-driven predictive analytics. Healthcare demonstrated strong operational gains but
comparatively moderate sustainability reporting, which indicates an opportunity for enhanced environmental
performance measurement. Logistics and service industries showed increasing scalability potential, particularly
through digital supply chain integration and waste reduction.Importantly, correlation analysis revealed a
moderate-to-strong positive relationship (r = 0.64) between predictive analytics capability and energy efficiency
improvement, which suggests that data maturity directly supports sustainability performance.

5.4 Scalability and Maturity Insights

Beyond performance metrics, scalability was evaluated through the examination of replication across
multiple sites and sectors. Approximately 48% of Digital Six Sigma studies reported multi-site or cross-
functional deployment, compared to 29% of conventional implementations. Frameworks that integrate Al
dashboards and cloud-based analytics platforms demonstrated faster scalability due to centralized data
governance and automated reporting.However, maturity analysis indicates that Small and Medium-sized
Enterprises (SMEs) face adoption barriers related to capital investment and digital skill gaps. While
sustainability gains are evident, achieving high DSS-SBI scores often requires coordinated digital infrastructure
development.

5.5 Synthesis of Benchmarking Findings

The benchmarking results confirm that Digital Six Sigma outperforms conventional Six Sigma not only
in operational performance but also in measurable sustainability dimensions. Al-driven predictive control
reduces defects proactively, loT-enabled monitoring minimizes resource waste, and digital twin simulation
reduces experimental material consumption. Collectively, these technologies extend Six Sigma’s impact from
quality optimization to sustainability enhancement.

Most notably, the DSS-SBI framework reveals that sustainability leadership is multidimensional. High
defect reduction alone does not guarantee superior sustainability performance; rather, predictive intelligence and
energy optimization play critical roles in elevating overall impact. This finding underscores the value of
composite benchmarking approaches in evaluating digitally enabled quality management systems.Overall, the
results demonstrate that Six Sigma 4.0 represents a significant evolution in quality management—transforming
it into a data-intensive, environmentally aligned, and scalable framework capable of supporting resilient and
sustainable industrial systems.

VI.  Sustainability Impact and SDG Alignment

The benchmarking evidence presented in this review confirms that Six Sigma is undergoing a
fundamental transformation in the Industry 4.0 era, evolving from a defect-focused quality methodology into a
digitally enabled sustainability-oriented improvement system. While conventional Six Sigma has historically
delivered substantial gains in productivity and process stability (Schroeder et al., 2008), the integration of
Industry 4.0 technologies significantly expands its contribution toward resource efficiency, carbon mitigation,
and environmentally responsible industrial development. This shift is particularly important as organizations
increasingly face dual pressures: maintaining global competitiveness while meeting ambitious sustainability and
climate targets (Stock and Seliger, 2016). Digital Six Sigma, therefore, represents not only a methodological
upgrade but also a strategic pathway for aligning operational excellence with sustainable development.

6.1 Resource Efficiency and Waste Minimization Benefits

One of the most consistent sustainability outcomes of Digital Six Sigma is measurable improvement in
material and resource efficiency. loT-enabled monitoring and real-time analytics strengthen the “Measure” and
“Control” phases of DMAIC by enabling early deviation detection, thereby reducing scrap, rework, and
overproduction waste (Sony, 2018). Benchmarking results indicate that digitally augmented Six Sigma
implementations achieve waste reduction improvements of 20-50%, which significantly exceed the
performance ranges reported for traditional Six Sigma initiatives. These reductions contribute directly to cleaner
production systems by minimizing raw material consumption and lowering environmental burdens associated
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with defective output. Such outcomes align with sustainability-oriented quality management research
emphasizing the role of continuous improvement in supporting resource-conserving industrial operations (Siva
et al., 2016).

6.2 Energy Optimization and Climate Mitigation Pathways

Beyond waste reduction, Digital Six Sigma frameworks increasingly demonstrate measurable energy
efficiency gains. Al-driven optimization and predictive maintenance systems reduce unnecessary machine
downtime, improve process parameter control, and prevent energy-intensive breakdown recovery (Chiarini and
Kumar, 2020). Studies reviewed in this analysis report energy consumption reductions ranging from 15-40%,
with associated carbon emission mitigation potential of 10-30%. These findings are consistent with the broader
Industry 4.0 sustainability literature, which highlights digital technologies as key enablers of low-carbon
manufacturing and climate-smart production systems (Stock and Seliger, 2016). Through the embedding of
energy and emissions considerations within structured DMAIC improvement cycles, Digital Six Sigma offers a
scalable mechanism for industrial decarbonization.

6.3 Alignment with Sustainable Development Goal 9: Industry, Innovation, and Infrastructure

Digital Six Sigma directly supports SDG 9, which calls for resilient infrastructure, sustainable
industrialization, and innovation. Industry 4.0 technologies such as digital twins, cyber-physical systems, and Al
analytics enhance Six Sigma’s predictive capability and accelerate innovation in quality control (Kagermann et
al., 2013; Lasi et al., 2014). The evolution towards Six Sigma 4.0 reflects a new generation of smart quality
systems that enable adaptive, data-driven industrial operations. By strengthening industrial efficiency while
fostering innovation in process design and monitoring, Digital Six Sigma contributes to sustainable
infrastructure development and competitive manufacturing ecosystems.

6.4 Alignment with Sustainable Development Goal 12: Responsible Consumption and Production

Perhaps the most direct sustainability contribution of Six Sigma 4.0 lies in its strong alignment with
SDG 12, which emphasizes responsible production patterns and resource-efficient systems. Traditional Lean Six
Sigma approaches already focus on eliminating non-value-added activities; however, Industry 4.0 integration
enhances this impact through digital traceability, automated waste detection, and closed-loop process feedback
(Sony, 2018; Tortorella and Fettermann, 2018). Benchmarking evidence shows that Digital Six Sigma not only
reduces operational waste but also improves material utilization efficiency by up to 35%. These outcomes
reinforce the role of digitally enabled continuous improvement as a cornerstone of circular and responsible
production strategies.

6.5 Alignment with Sustainable Development Goal 13: Climate Action

The measurable carbon mitigation potential observed in predictive maintenance and energy-optimized
Six Sigma applications highlights alignment with SDG 13 (Climate Action). Digital Six Sigma frameworks
contribute to emissions reduction through improved equipment life cycles, reduced energy waste, and lower
material losses. Furthermore, simulation-based DMAIC optimization using digital twins reduces the need for
resource-intensive physical experimentation, thereby lowering indirect environmental impacts (Kagermann et
al., 2013). As industries seek actionable pathways toward net-zero targets, Six Sigma 4.0 offers a structured
improvement methodology capable of embedding climate-conscious decision-making within operational
practice.

6.6 Towards Sustainable and Scalable Digital Quality Management

Despite these promising sustainability impacts, the review also identifies that environmental metrics
remain inconsistently reported across Six Sigma 4.0 studies. While operational performance improvements are
widely quantified, fewer studies provide standardized carbon accounting or lifecycle-based sustainability
assessment. This reinforces the importance of methodological innovations such as the Digital Six Sigma
Sustainability Benchmarking Index (DSS-SBI), which integrates sustainability indicators directly into
performance evaluation. Future research must prioritize harmonized sustainability reporting frameworks and
broader sectoral adoption, particularly among SMEs facing digital transformation barriers.

In summary, Six Sigma in the Industry 4.0 era represents a significant opportunity to advance
sustainable industrial transformation. By leveraging Al, 10T, and digital twin technologies, Digital Six Sigma
extends quality management beyond defect reduction towards measurable contributions in resource efficiency,
responsible production, and climate mitigation. Its strong alignment with SDGs 9, 12, and 13 positions Six
Sigma 4.0 as a critical interdisciplinary pathway for achieving resilient, innovative, and sustainable operational
excellence.
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VIl.  Conclusion, Research Gaps, and Future Directions
7.1 Conclusion

This study set out to examine how Six Sigma is evolving in the era of Industry 4.0 and to quantify the
measurable sustainability benefits emerging from this convergence. Through bibliometric mapping and cross-
sector benchmarking, the findings demonstrate that Digital Six Sigma that integrates artificial intelligence, loT,
big data analytics, and digital twin technologiesrepresents a substantive methodological advancement rather than
a superficial technological overlay. Across manufacturing, healthcare, logistics, and service industries, digitally
augmented Six Sigma frameworks consistently outperform conventional implementations in defect reduction,
predictive capability, and operational agility.

More importantly, the integration of Industry 4.0 technologies extends Six Sigma’s traditional focus on
quality and cost efficiency toward measurable environmental performance gains. Documented improvements in
energy efficiency, waste reduction, material utilization, and carbon mitigation indicate that Digital Six Sigma
can serve as a structured mechanism for embedding sustainability into continuous improvement systems. The
introduction of the Digital Six Sigma Sustainability Benchmarking Index (DSS-SBI) provides a standardized
and replicable tool for evaluating these multidimensional outcomes. Through the quantification of operational
and sustainability performance within a unified framework, the DSS-SBI advances the evaluation of quality
management systems in smart industrial environments.

Overall, the findings position Six Sigma 4.0 as a strategic enabler of resilient, data-driven, and
sustainability-oriented operations. Rather than replacing traditional quality management principles, Industry 4.0
technologies amplify their effectiveness, allowing organizations to align operational excellence with digital
transformation and environmental responsibility.

7.2 Research Gaps

Despite the promising trajectory identified in this review, several important research gaps remain.

First, while operational performance improvements are widely reported, sustainability metrics are
inconsistently measured and often treated as secondary outcomes. Standardized reporting of energy
consumption, emissions reduction, and lifecycle impacts remains limited, constraining cross-sector
comparability and evidence-based policy alignment.Second, much of the empirical evidence is concentrated in
large manufacturing enterprises. Small and medium-sized enterprises (SMEs), healthcare institutions, and
service-based organizations are underrepresented in quantitative benchmarking studies, despite their growing
need for scalable digital quality solutions.

Third, digital maturity and data governance challenges are insufficiently explored. The integration of
Al and loT within DMAIC frameworks requires robust data infrastructure, cybersecurity safeguards, and
workforce digital competencies. The long-term sustainability of Digital Six Sigma initiatives depends not only
on technological capability but also on organizational readiness and leadership alignment.Fourth, the
environmental rebound effect, where efficiency gains potentially lead to increased production and
consumptionhas not been adequately examined within the context of Digital Six Sigma. Future studies should
evaluate whether productivity improvements translate into net sustainability benefits at the system level.

Finally, interdisciplinary integration remains partial. Research often isolates operational analytics from
sustainability science, limiting the development of comprehensive evaluation frameworks that fully capture
environmental, economic, and social performance.

7.3 Future Directions

Future research should prioritize expanding Digital Six Sigma from pilot implementations to scalable,
cross-sectoral models that are capable of supporting sustainable industrial transformation.One key direction is
the development of standardized sustainability reporting protocols embedded within DMAIC cycles. Integrating
carbon accounting, resource intensity metrics, and lifecycle assessment tools into digital dashboards would
strengthen transparency and comparability.

Another priority involves longitudinal studies that assess long-term sustainability performance rather
than short-term operational gains. Multi-year analyses could clarify whether Digital Six Sigma frameworks
contribute to sustained emissions reductions and resource efficiency improvements.Further research should also
explore the integration of emerging technologies such as edge computing, blockchain for traceability, and
advanced digital twins capable of real-time sustainability optimization. These technologies have the potential to
enhance predictive accuracy and reduce environmental uncertainty within quality systems.

From a socio-technical perspective, attention must be directed towards workforce capability
development and ethical governance in Al-driven quality systems. Ensuring equitable access to digital quality
tools, particularly for SMEs and developing economies, will be critical for achieving inclusive industrial
transformation.Finally, refinement and validation of benchmarking tools such as the DSS-SBI across diverse
industries and geographical contexts will strengthen their practical utility. Future studies may incorporate
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additional dimensions such as social sustainability, circular economy integration, and economic resilience to
create more holistic evaluation models.

Closing Perspective

Six Sigma in the Industry 4.0 era represents more than a technological evolution as it reflects a

paradigm shift in how organizations pursue excellence. By embedding predictive intelligence and sustainability
awareness into continuous improvement systems, Digital Six Sigma offers a powerful framework for achieving
operational resilience, environmental responsibility, and long-term competitiveness. As industries navigate the
complexities of digital transformation and climate imperatives, the integration of quality management with
smart technologies will remain a central pillar of sustainable development.
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