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Achieving manufacturing excellence requires continuous improvement in
operational efficiency, quality, and process performance. Although Lean Six
Sigma (LSS) is widely recognized for process optimization, its application in
complex manufacturing environments remains constrained by the lack of
structured, scalable, and empirically validated frameworks, while existing
literature remains fragmented and provides limited guidance for sustainable
industrial deployment. This study adopts a case study approach to develop and
validate a structured Lean Six Sigma framework for enhancing manufacturing
performance. A systematic review of LSS applications in manufacturing (2010-
2026), combined with a gap analysis, identified key challenges, including
inconsistent implementation practices, limited industrial validation, workforce
capability gaps, and high deployment complexity. To address these gaps, a
comprehensive framework is proposed that integrates the DMAIC methodology
with five functional domains: strategic alignment, process analysis, quality
improvement, reliability and maintenance, and continuous improvement, with
explicit linkages among DMAIC phases, analytical tools, and performance
indicators to support structured and sustainable improvement. The framework
was implemented and validated in a car spare parts manufacturing company in
Egypt, resulting in significant improvements, including an increase in first-time
product quality from 26.7% to 80.0%, achievement of 100% post-rework
quality, sigma level improvement up to 6.0, and a reduction in processing lead
time by more than 50%, alongside an increase in value-added efficiency from
47% to 79%. The findings demonstrate that the proposed Lean Six Sigma
framework bridges the gap between theory and practice and provides a scalable
pathway toward sustainable manufacturing excellence.
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1. Introduction

Manufacturing excellence has become a strategic imperative for organizations operating in highly
competitive global markets. Achieving high operational efficiency, superior product quality, reduced lead times,
and enhanced customer satisfaction is essential for both profitability and long-term resilience. These outcomes
require more than incremental improvements; they demand systematic, structured, and data-driven
methodologies capable of identifying inefficiencies, reducing variability, and optimizing operational
performance. Through rigorous analysis and continuous improvement, organizations can enhance value
creation and sustain competitive advantage in complex industrial environments

1.1. Lean Six Sigma: Conceptual Foundations and Methodological Structure

Lean Six Sigma (LSS) integrates Lean manufacturing principles with Six Sigma methodologies into a
unified approach for operational excellence. It focuses simultaneously on waste elimination and process
variation reduction, thereby improving efficiency, quality, cost performance, and customer satisfaction
Lean emphasizes flow optimization and elimination of non-value-added activities, while Six Sigma applies
statistical techniques to reduce defects and variability. Their integration enables more stable processes, shorter
lead times, and improved organizational performance

Originating from the Toyota Production System (TPS) and Motorola’s Six Sigma initiative, LSS has evolved
into a widely adopted methodology across manufacturing and service sectors . The DMAIC framework—
Define, Measure, Analyze, Improve, and Control—provides a structured cycle for implementation. Define
identifies customer requirements and critical-to-quality (CTQ) characteristics; Measure establishes baseline
performance; Analyze determines root causes; Improve implements targeted solutions; and Control ensures
sustainability through standardization and monitoring

LSS has been widely applied beyond manufacturing, including healthcare, finance, and service industries,
improving efficiency, transparency, and responsiveness. Its integration with quality management systems such
as ISO 9001 further strengthens process standardization, compliance, and strategic alignment
Empirical studies consistently report measurable improvements in quality performance, lead time reduction,
cost efficiency, and customer satisfaction

Lean Six Sigma (LSS) is a data-driven, integrative improvement approach that combines Lean
manufacturing principles with Six Sigma methodologies to systematically enhance operational performance.
Lean concentrates on eliminating non-value-adding activities and streamlining process flow, whereas Six
Sigma seeks to minimize process variability and defects through rigorous statistical analysis. As depicted in the
figure, LSS brings together a coherent set of tools, techniques, and cultural enablers—including value stream
mapping, DMAIC, and root cause analysis—to enable structured problem-solving, sustain continuous
improvement, and deepen employee engagement across organizational levels. Collectively, these elements
yield measurable improvements in operational efficiency and product quality, while also supporting innovation
and long-term organizational sustainability

Lean Six Sigma (LSS) tools provide an integrated, end-to-end framework for enhancing manufacturing
performance by aligning customer requirements with data-driven analysis, process optimization, and sustained
control across the DMAIC cycle. They support structured problem definition and requirement translation
through tools such as SIPOC, VOC, Kano Analysis, and QFD, while measurement and analytical techniques,
including value stream mapping, process capability analysis, time studies, Pareto analysis, and root cause
analysis, enable systematic identification of inefficiencies, variation, and critical improvement priorities.
Improvement methodologies such as Kaizen, Design of Experiments (DOE), SMED, and cellular
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manufacturing enhance efficiency, flow, and process robustness. These gains are sustained through control
mechanisms including Statistical Process Control (SPC), control plans, standardized work, and visual
management systems, while cultural enablers such as 5S and Kaizen practices institutionalize continuous
improvement and employee engagement, ultimately delivering sustained improvements in productivity, quality,
and cost efficiency

Sustainability has also become a significant driver of LSS adoption. By combining waste reduction with
defect minimization, LSS contributes to reduced resource consumption and environmental impact . In
addition, tools such as 5S, Kaizen, Kanban, DFSS, and statistical process control support continuous
improvement, innovation, and workforce engagement, reinforcing LSS as both a technical and organizational
transformation framework

1.2. Problem Statement

Despite its widespread adoption, LSS implementation still faces critical challenges. Existing studies often
adopt generalized approaches that fail to address industry-specific requirements, particularly in complex
manufacturing environments such as machining and discrete production systems. Many contributions focus on
isolated tools or individual DMAIC phases rather than providing integrated, end-to-end frameworks that ensure
consistency, scalability, and sustainability.

Furthermore, sustainability integration within LSS remains insufficiently developed. Although Lean and Six
Sigma independently support efficiency and quality improvement, their combined application is not
consistently aligned with environmental performance, energy efficiency, or broader sustainability objectives.
Organizational barriers, including limited workforce capability, resistance to change, and insufficient employee
engagement, further hinder effective implementation. In addition, there is a lack of comprehensive, empirically
validated case studies—particularly in developing economies—that demonstrate full-cycle implementation
from problem identification to performance validation.

These limitations highlight the need for a structured, scalable, and empirically validated Lean Six Sigma
framework that integrates methodological rigor, sustainability considerations, and industrial applicability.

1.3. Study Objectives and Contributions

This study develops and validates a structured Lean Six Sigma framework for manufacturing operations,
addressing gaps in industry-specific applicability, sustainability integration, and practical implementation.
Based on a systematic literature review (2010-2026), the proposed framework integrates Lean principles with
the DMAIC methodology to enhance process performance and support continuous improvement.

To demonstrate practical applicability, the framework was implemented in a car spare parts manufacturing
company in Egypt. Building on Gomaa (2023) , this study extends prior research by presenting a more
comprehensive and empirically validated framework that bridges theoretical concepts with industrial practice.
The study provides a structured, data-driven approach for achieving operational excellence in complex
manufacturing environments.

The paper is organized as follows: Section 2 presents the literature review; Section 3 identifies key research
gaps; Section 4 outlines the methodology and proposed framework; Section 5 presents the case study; and
Section 6 concludes the study with findings and future research directions.

2. Literature Review on Lean Six Sigma in Manufacturing
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This review systematically examines literature published between 2010 and 2026, retrieved from Scopus,
Web of Science, and ScienceDirect, using keywords including Lean Six Sigma, DMAIC Framework,
Manufacturing Excellence, Process Performance, Process Optimization, Operational Excellence, and
Continuous Improvement. It synthesizes research on Lean Six Sigma (LSS) applications in manufacturing,
highlighting trends, methodologies, implementation practices, and operational outcomes. The review identifies
adoption patterns, best practices, and challenges across various industrial contexts, emphasizing LSS’s impact
on critical performance indicators such as quality, productivity, cycle time, overall equipment effectiveness
(OEE), and cost efficiency. Key gaps include inconsistent application of DMAIC phases, limited integration of
emerging technologies, and the absence of standardized performance metrics. These insights inform the
development of a structured framework to guide future research and practical LSS implementation, providing
actionable guidance for both academic and industrial stakeholders.

Lean Six Sigma integrates Lean manufacturing principles with Six Sigma methodologies to enhance
operational efficiency, reduce waste, and improve process performance . Lean emphasizes the
elimination of non-value-added activities, workflow streamlining, process standardization, and optimal
resource utilization , whereas Six Sigma employs statistical, data-driven methods to minimize variation,
improve quality, and strengthen operational outcomes . By combining these approaches, LSS provides a
structured framework that drives operational excellence, cost reduction, product quality improvement, and
customer satisfaction . Implementation also enhances supply chain coordination, transparency, and
responsiveness, while alignment with ISO 9001 quality management systems ensures standardized processes,
strategic coherence, and measurable outcomes . LSS originates from the Toyota Production System (TPS)
of the 1950s, which emphasizes waste elimination and efficiency, and Motorola’s Six Sigma methodology of
the 1980s, which targets defect reduction and variation control. Lean principles define customer value, map the
value stream, create flow, establish pull, and pursue perfection, while Six Sigma’s DMAIC (Define, Measure,
Analyze, Improve, Control) framework offers a structured, repeatable approach to problem-solving and process
optimization

Lean manufacturing, pioneered by Toyota, is a systematic production philosophy focused on waste
elimination, workflow stabilization, and process standardization to enhance efficiency, competitiveness, and
resilience . Lean is often integrated with complementary practices such as Just-in-Time (JIT), Total
Quality Management (TQM), Total Preventive Maintenance (TPM), and Human Resource Management
(HRM), forming an integrated improvement system that strengthens product quality, reliability, and employee
engagement across the value chain . Empirical evidence demonstrates that Lean adoption improves
operational, financial, and environmental performance by reducing cycle times and production costs, increasing
product quality, and minimizing waste and resource consumption . Tools such as 5S, SMED, Kanban,
Kaizen, and Poka-Yoke operationalize Lean principles, promoting standardization, continuous improvement,
flow efficiency, and defect prevention, supporting sustainable manufacturing performance

Six Sigma complements Lean by offering a rigorous, data-driven methodology designed to achieve near-
perfect process performance, targeting no more than 3.4 defects per million opportunities. It systematically
identifies, analyzes, and eliminates root causes of variation, improving process capability, consistency, and
reliability . Six Sigma has been successfully applied across manufacturing sectors—including
automotive, electronics, textiles, and energy—and service industries such as banking, education, and
transportation, delivering measurable improvements in productivity, quality, and customer satisfaction
Its DMAIC framework guides organizations from problem identification to root-cause analysis, solution
implementation, and performance evaluation, fostering evidence-based decision-making and continuous
improvement
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The integration of Lean and Six Sigma consistently enhances operational performance by optimizing
production processes, inventory management, and cost efficiency . By combining Lean’s focus on waste
elimination and process standardization with Six Sigma’s data-driven reduction of variation, LSS lowers costs
in product design, development, and manufacturing while conserving materials, labor, and management
resources . Embedded transportation and inventory management practices strengthen operational
capabilities by improving cash flow, increasing inventory turnover, minimizing stock obsolescence, and
ensuring timely material availability, reducing bottlenecks and enhancing responsiveness . LSS drives
measurable financial improvements through reduced defects and rework, higher productivity, increased profit
margins, and improved returns on sales, assets, and investments . Beyond operational and financial
benefits, LSS fosters a culture of continuous improvement, value-added activities, and employee engagement,
promoting proactive problem-solving and sustainable organizational growth

LSS also promotes innovation by encouraging continuous improvement, process optimization, customer-
focused solutions, and organizational value creation . Lean principles facilitate creative problem-solving,
enabling organizations to identify internal and external opportunities for innovation. LSS supports innovation
through root-cause analysis, employee empowerment, customer value orientation, and cross-functional
collaboration . Structured methodologies such as DMAIC and Design for Six Sigma (DFSS) provide
systematic, replicable approaches for developing, testing, and implementing innovative solutions . By
fostering a culture of participation, communication, and collaboration, LSS motivates employees to generate
novel processes, products, and solutions, embedding innovation into daily operations and sustaining
competitive advantage

LSS also enhances environmental sustainability by reducing emissions, minimizing waste, improving
resource efficiency, and strengthening corporate reputation while maintaining operational and financial
performance . Lean’s waste-elimination strategies combined with Six Sigma’s data-driven variation
control enable organizations to optimize energy, water, and material use, reduce emissions, and improve overall
resource utilization . Sustainable practices such as energy efficiency, recycling, and renewable resource
adoption reduce environmental impacts while preserving productivity and cost efficiency . Embedding
environmental accountability into organizational culture ensures continuous improvement, operational
resilience, and long-term competitiveness in sustainability-focused markets

Finally, LSS has demonstrated success across multiple industries, including manufacturing, healthcare, food
processing, laboratories, and financial services. It stabilizes laboratory processes, reduces errors, and improves
quality control reliability ; in food processing, it optimizes production lines, minimizes defects, and
streamlines workflows ; in healthcare, it improves patient care workflows, insulin administration, and
hospital service delivery, enhancing safety and efficiency ; in financial services, it accelerates claims
processing, reduces errors, and improves service quality . Maximum benefits are achieved when
defect reduction and process optimization are pursued concurrently, with outcomes influenced by baseline
performance, project scope, team expertise, and implementation strategy. Despite its proven effectiveness, gaps
remain in industry-specific frameworks, machining applications, and comprehensive performance assessment.
Structured implementation, alignment with ISO 9001, and integration of sustainability objectives further
strengthen long-term competitiveness, highlighting avenues for future research and practical application

3. Challenges and Research Gaps Analysis

Lean Six Sigma (LSS) is a well-established methodology for improving operational efficiency, product
quality, and overall manufacturing performance. However, its implementation in machining-intensive
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environments faces multiple technical, organizational, and technological challenges. Machining processes
involve highly interdependent variables—including cutting parameters, tool wear, material properties, machine
dynamics, thermal effects, and vibrations—where even minor deviations can result in surface defects,
dimensional inaccuracies, rework, and premature tool failure. Conventional process improvement approaches
often fail to capture these complexities comprehensively, highlighting the need for structured, data-driven
frameworks capable of analyzing variability, identifying root causes, and optimizing performance in industrial
settings

Table 1 summarizes the key challenges and research gaps in implementing LSS for machining-intensive

manufacturing. These challenges are grouped into three overarching categories: (1) Framework, Validation, and
Research Gaps; (2) Workforce, Culture, and Resource Constraints; and (3) Scalability, Sustainability, and
Digital Integration, reflecting the multidimensional barriers to effective and sustainable adoption.

1) Framework, Validation, and Research Gaps: A major barrier is the absence of a unified, adaptable LSS
framework. Most studies examine Lean and Six Sigma separately, and few integrated frameworks
address the specific complexities of machining operations, resulting in fragmented improvements and
inconsistent outcomes [55,56,116]. Empirical validation is limited: while Lean or Six Sigma tools are
often applied individually, real-world testing in machining environments is scarce, and evaluation of key
performance indicators (KPIs)—including OEE, first-pass yield, cycle time, and customer satisfaction—
is insufficient . Standardized benchmarks are lacking, and performance measurement gaps
persist when operational, financial, and environmental outcomes are not assessed simultaneously

. Most studies focus on general manufacturing rather than machining-specific contexts, and
empirical validation is often confined to laboratory studies, simulations, or small-scale pilots

2) Workforce, Culture, and Resource Constraints: Effective LSS adoption depends on a skilled and engaged
workforce, yet gaps in training and expertise frequently hinder implementation
Organizational culture and change management challenges—including resistance to change, limited
leadership support, and insufficient cross-functional collaboration—further reduce adoption and the long-
term benefits of improvement initiatives . Even with tools such as DMAIC, 5S, Kaizen,
Kanban, and statistical process control, success depends on fostering a culture of continuous
improvement, knowledge sharing, and active employee participation . Alignment with ISO
9001 or similar quality management systems ensures strategic coherence and consistent performance
monitoring . High resource and cost requirements also present barriers, particularly for smaller
organizations . Sustainability considerations are often overlooked; few studies systematically
measure energy consumption, emissions, or material use, especially in machining-intensive operations

. Integrating environmental metrics into LSS initiatives is essential for aligning operational
efficiency with sustainability and long-term competitiveness.

3) Scalability, Sustainability, and Digital Integration: Many LSS applications are limited in scope, focusing
on individual processes or production lines, with little guidance for replicating improvements across
machines, lines, or facilities . Developing scalable frameworks is critical to ensure consistent
performance across diverse production contexts. Despite advances in Industry 4.0, LSS frameworks often
underutilize real-time data analytics and smart manufacturing technologies. Machining data is frequently
underexploited, limiting predictive and proactive decision-making . Integration with CNC
automation, loT-enabled sensors, and Industry 4.0 systems is often insufficient, reducing opportunities
for dynamic process optimization and sustainable performance improvements . Operational
capability—critical for mediating innovation and financial performance—is often addressed indirectly
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, and organizational experience is essential, with quality programs generally requiring at least
three years to achieve stable results
Collectively, these challenges underscore the need for integrated, empirically validated frameworks, a
skilled and engaged workforce, cost-efficient and sustainability-focused practices, scalable strategies, and full
utilization of digital and advanced manufacturing technologies. Addressing these barriers enables LSS to
maximize operational performance, foster innovation, enhance competitiveness, and support sustainable
manufacturing in machining-intensive industries .
Table 1. Key Challenges and Research Gaps in Lean Six Sigma Implementation for Manufacturing

Category

Challenge / Research Gap

Description

1) Framework,
Validation, and
Research Gaps

2) Workforce, Culture,
and Resource
Constraints

3) Scalability,
Sustainability, and
Digital Integration

Lack of a Unified, Adaptable
Framework

Limited Integration and
Empirical Validation

Inadequate Performance
Measurement

Skills and Workforce Readiness

Organizational Culture and
Change Management

Cost and Resource Constraints

Scalability and Adaptability

Sustainability and Environmental
Considerations

Underutilization of Digital
Technologies and Data Analytics

Integration with Advanced
Manufacturing Technologies

Most studies treat Lean and Six Sigma separately; few
integrated frameworks address machining-specific
complexities, leading to fragmented improvements and
inconsistent outcomes.

Lean and Six Sigma tools are often applied in isolation;
real-world validation in machining environments is
scarce, and comprehensive evaluation of KPIs (OEE,
first-pass yield, cycle time, customer satisfaction) is
limited.

Few studies assess operational, financial, and
environmental metrics simultaneously; lack of
standardized benchmarks limits comparability and
practical applicability.

Effective LSS implementation requires personnel
skilled in Lean, Six Sigma, and machining operations;
lack of trained staff hinders adoption and sustainability.
Resistance to change, limited leadership support, and
insufficient cross-functional collaboration impede LSS
adoption and long-term performance gains.

High initial investment in training, data infrastructure,
and process redesign can limit implementation,
particularly in resource-constrained organizations.
Many LSS applications are process-specific or small-
scale, with limited guidance on scaling improvements
across machines, production lines, or facilities.

Traditional LSS focuses on operational efficiency and
quality, often overlooking energy consumption,
emissions, tool wear, and material waste.

Real-time machining data is underexploited; predictive
and proactive decision-making is limited, reducing
process optimization.

LSS frameworks are often not fully aligned with CNC
automation, [oT sensors, and Industry 4.0 systems,
limiting real-time optimization and predictive
capabilities.

4. Research Methodology for Developing a LSS Framework for Manufacturing

Excellence

Achieving manufacturing excellence in modern production systems requires a systematic, data-driven, and
multi-dimensional approach. The increasing complexity, automation, and digital integration of manufacturing
processes have rendered traditional improvement methods insufficient to meet the high standards of precision,
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efficiency, quality, and reliability demanded in competitive industrial environments. Challenges such as
variability in machining operations, unplanned equipment downtime, production bottlenecks, and inconsistent
product quality necessitate robust, evidence-based frameworks that integrate operational, strategic, and
technological perspectives.

To address these challenges, this study proposes a comprehensive Lean Six Sigma (LSS) framework that
integrates structured problem-solving, advanced analytics, reliability engineering, and continuous improvement
practices. LSS principles systematically identify and eliminate inefficiencies, advanced analytics optimize
process performance, reliability engineering enhances equipment availability and operational consistency, and
continuous improvement fosters a culture of operational excellence, collaboration, and workforce engagement.
Together, these elements deliver measurable, sustainable, and scalable improvements in process capability,
product quality, equipment reliability, and operational efficiency, aligned with organizational strategy and
customer expectations.

Figure 1 illustrates the integrated Lean Six Sigma framework, which combines the DMAIC methodology—
Define, Measure, Analyze, Improve, and Control—with five functional groups of LSS tools: strategic
alignment, process analysis, quality optimization, reliability and maintenance, and continuous improvement.
Each functional group is linked to its corresponding DMAIC phase, ensuring structured, evidence-based, and
measurable improvements across operations. Digital technologies, including IoT sensors, digital twins,
predictive analytics, and dashboards, support real-time monitoring, predictive optimization, and data-driven
decision-making, further enhancing process capability, product quality, and operational performance while
fostering a sustainable culture of continuous improvement.

Table 2 provides a detailed overview of the framework, presenting functional groups, associated DMAIC
phases, key tools, and KPIs. Group A emphasizes strategic alignment and project prioritization, ensuring
initiatives are aligned with organizational goals, customer requirements, and long-term priorities while focusing
on high-impact projects. Group B addresses process definition and analysis, providing clarity of process flows,
identification of bottlenecks, and baseline performance measurement. Group C targets process optimization and
quality enhancement, applying statistical and experimental techniques to reduce defects, improve yield, and
enhance product reliability. Group D focuses on reliability, equipment, and maintenance excellence, ensuring
high equipment availability, reduced downtime, and improved operational efficiency. Finally, Group E
emphasizes standardization, sustainment, and continuous improvement, embedding best practices, workplace
organization, and continuous learning into operations. This structured categorization ensures that strategic,
operational, and cultural initiatives are directly linked to measurable outcomes, providing a clear roadmap for
achieving Manufacturing Excellence.

The LSS tools are organized into five functional categories, reflecting the progression from strategic
alignment and process analysis to optimization, sustainment, and continuous improvement. Group A ensures
that initiatives are strategically focused and resource-efficient, utilizing tools such as the Project Selection
Matrix, Impact—Effort Matrix, SWOT Analysis, and Hoshin Kanri, with KPIs tracking strategic alignment,
project ROIL, and initiative impact. Group B clarifies process flow and identifies bottlenecks, employing
DMAIC, SIPOC diagrams, Process Mapping, CTQ Analysis, Value Stream Mapping (VSM), SPC, Cp/Cpk,
and Gage R&R to maintain process stability and data reliability. Group C achieves high precision, robustness,
and defect prevention through DOE, Response Surface Methodology (RSM), Taguchi Method, FMEA, and
Root Cause Analysis (RCA). Group D strengthens equipment performance and operational reliability through
Total Productive Maintenance (TPM), Overall Equipment Effectiveness (OEE), and Reliability-Centered
Maintenance (RCM). Finally, Group E focuses on stabilizing gains and embedding a culture of continuous
improvement, using Standardized Work, 5S, Benchmarking, Control Plans, Visual Management, and Kaizen.
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The DMAIC methodology anchors the framework, providing a structured roadmap for continuous, evidence
-based improvement. In the Define phase, process boundaries, objectives, and strategic alignment are
established, supported by digital twins and real-time sensor data, producing clear process definitions and
prioritized improvement opportunities. The Measure phase captures baseline performance, quantifies variability,
and identifies critical parameters through IoT-enabled monitoring, process capability analysis, and statistical
evaluation, providing actionable insights and highlighting performance gaps. During the Analyze phase, root
causes of defects, inefficiencies, and variability are identified and validated using predictive analytics, machine
learning, and experimental methods, enabling precise optimization of process parameters and improved process
robustness. The Improve phase implements validated solutions using DOE, Taguchi Method, TPM, and RCM,
with digital twin simulations allowing virtual testing prior to physical implementation, reducing trial-and-error
costs and increasing operational confidence. The Control phase sustains improvements by maintaining gains,
reinforcing best practices, and driving continuous improvement through dashboards, predictive monitoring, and
KPI tracking, ensuring long-term process stability and alignment with strategic objectives.

Integration of Industry 4.0 technologies amplifies Lean Six Sigma effectiveness by enabling adaptive,
intelligent, and predictive manufacturing. loT sensors provide continuous, real-time monitoring; digital twins
allow virtual simulation, optimization, and validation of process improvements; predictive analytics and
machine learning facilitate early detection of deviations and identification of improvement opportunities; and
dashboards provide visualization of KPIs for operational and strategic decision-making. This integration
ensures the methodology supports smart, connected, and continuously improving manufacturing systems,
bridging Lean Six Sigma principles with digital transformation initiatives.

Ultimately, the framework delivers measurable improvements across four dimensions. Strategically, it aligns
initiatives with organizational objectives and customer requirements, prioritizing high-impact projects.
Operationally, it reduces process variability, enhances product quality, improves process capability, and
increases equipment efficiency. Culturally, it embeds continuous improvement, evidence-based decision-
making, and workforce engagement, fostering a resilient, learning-oriented organization. Digitally, it enables
predictive, adaptive, and intelligent manufacturing through IoT, analytics, and digital twins. By systematically
linking LSS tools, DMAIC phases, KPIs, digital integration, and operational outcomes, the framework provides
a robust, evidence-based roadmap for achieving sustainable, scalable, and measurable Manufacturing
Excellence in modern production environments.

Lean Six Sigma Framework for Manufacturing Excellence

Process Scope Quantifying Root Cause Solution Sustaining
& Alignment Performance Analysis Implementation Improvements

—————————————— lLeanSixSigmaToolGroups ——————————————————————

Group A J
Strategic Alignment Continuous Improvement
Project Selection, SIPOC, VSM, DOE, FMEA, RCA TPM, OEE, RCM 5S, Standardized
SWOT SPC Work, Kaizen

—————————————————————— Digital Integration
@ IoT Sensors ‘ ,@ Digital Twins ‘ "%i' Predictive Analytics | Dashboards

Strategic Alignment Operational Efficiency Cultural Transformation Smart Manufacturing

Aligned Initiatives Reduced Variability Engaged Workforce Adaptive & Predictive

MANUFACTURING EXCELLENCE

Figure 1. Integrated LSS Framework for Achieving Manufacturing Excellence.
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Table 2. Integrated LSS Framework for Achieving Manufacturing Excellence

Key Performance Indicators

DMAIC  Functional Group Key Tools (KPIs)
Define Strategic Alignment & Project Selection Matrix, Impact—Effort gi;%:mentrglet?t (;{(g)z}nlazrzli(tllonal
Project Prioritization Matrix, SWOT Analysis, Hoshin Kanri 8Y ProJ ’

initiative impact

Process Definition, DMALIC, SIPOC, Process Mapping, CTQ Baseline performance,

Measure Mappine & Analvsis Analysis, Value Stream Mapping (VSM),  variability reduction, and
pping y SPC, Cp/Cpk, Gage R&R identification of bottlenecks
S Design of Experiments (DOE), Respopse Defect reduction, yield
Analyze Procgss Optimization & Surface Methodology (RSM), Taguc}n improvement, enhanced product
Quality Enhancement Method, FMEA, Root Cause Analysis S ’
reliability
(RCA)
Reliability, Equipment & Total Produc;tlve Mamtengnce (TPM), Incyeas.ec.i equipment .
Improve Maintenance Excellence Overall Equipment Effectiveness (OEE), availability, reduced downtime,
Reliability-Centered Maintenance (RCM)  improved operational efficiency
Standardization, Standardized Work, 5S, Benchmarking, fgﬁ:?;ﬁziffglcerssvfxg ¥,
Control Sustainment & Continuous  Control Plans, Visual Management, . P
. adoption, and workforce
Improvement Kaizen
engagement
5. Case Study

The proposed Lean Six Sigma (LSS) framework was applied in an auto parts manufacturing company in
Egypt, specializing in high-quality ductile and gray cast iron components. The company is a leading supplier of
spare parts for car maintenance and repair centers nationwide. The study aimed to reduce product defects,
eliminate waste, and minimize non-value-added time in the production process, thereby improving operational
efficiency, product quality, and overall competitiveness.

The NPR-Jumbo Isuzu drum brake was selected for the study. Figure 2 presents the product and SIPOC
diagram for the machining process, while Figure 3 illustrates the detailed process flow. These tools established
a baseline for identifying bottlenecks, defect sources, and non-value-added activities.

Product Type: Spare parts
Product Name: Car drum brake
Product ID: NPR-Jumbo Isuzu
Material: GG25

Process: Turming machining
Standard / Code / Reference: Jumbo Isuzu

STPOC diagram:

Suppliers Inputs Process Outputs Customers
Casting Casted Machining | Machmed | Car maintenance
department product process product centers

1) Initial L 2) Turning 3) Milling .| 4) Final 5) Packing
painting process process | painting process

Figure 2. Process description and SIPOC diagram.
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Material
Supplier Received

(Casting)

Inspection

. Milling . Turning . Initial
Inspection P Inspection Inspection Painfing

Final
Painting

1 " Packing .
it Process Final "| Customer

Store

Figure 3. Process flow chart.
5.1. Methodology Implementation

The LSS framework was applied systematically, integrating DMAIC methodology with sigma level analysis,
ABC-HML defect classification, cause-and-effect analysis, and Value Stream Mapping (VSM). This combined
approach provided a structured, data-driven method for identifying process inefficiencies and implementing
targeted improvements.

1) Sigma Level Analysis:

Figure 4 presents the sigma level report, highlighting major contributors to machining defects, including
poor surface finish, dimensional deviations, and rework requirements. Corrective actions—such as tool
adjustments, process parameter optimization, and operator training—improved first-time quality from 26.7% to
80% and quality after rework to 100%. Sigma levels increased from 2.12 to 2.34 (first-time) and from 2.34 to
6.0 (after rework). Process control charts (Figure 5) and process capability analysis (Figure 6) confirm reduced
variability and improved consistency.

2) ABC-HML Defect Classification:

Defects were classified based on frequency and business impact. Table 3 lists primary defects and their
associated risks. Figure 7 shows a Pareto chart indicating poor surface finish as the most frequent defect. Table
4 summarizes ABC-HML classification, and Figure 8 presents a cause-and-effect diagram mapping root causes
across materials, methods, machinery, manpower, measurements, and environment. This ensured corrective
actions targeted the most critical defect drivers.

3) Value Stream Mapping (VSM):

VSM visualized the process and identified non-value-added activities. Figures 9 and 10 show the VSM and
value-added time analysis before improvement, highlighting idle time, redundant steps, and excessive handling.
Figures 11 and 12 depict the VSM and value-added analysis after improvement. Processing time decreased
from 1,847 to 915 seconds per unit, and process efficiency increased from 47% to 79%.
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Sigma Level Analysis Report:

e Product Name: Car drum brake
¢ Product ID: NPR-Jumbo Isuzu
® Material: GG25

® Process: Machining Process

Number of Machines: 3 (M1, M2, M3)
Critical To Quality:
- Inner Diameter: ¢ 156 + 0.04 mm
- Surface Roughness: Ra 3.2 pm

Before LSS
+ Defect (First-Time) = Rework + Rejected
=11/15 =73.3%
* Rework =8/15 =333
* Rejected =3/15 =20.0%
¢+ Quality (First-Time) =26.7%
* Quality (After Rework) =80.0%

After LSS
+ Defect (First-Time) = Rework + Rejected
=3/15 =20.0%
* Rewortk =3/15 =20.0 %
* Rejected =0/15 =0.0%
* Quality (First-Time) =80.0 %
* Quality (After Rework) =100 %

* Defect (First-Time) = 733,000 DPPM

+ Sigma Level (First-Time) =2.12 (D)
+ Defect (Rejected) = 200,000 DPPM

* Sigma Level (After-Rework) =2.34 (D)

* Defect (First-Time) = 200,000 DPPM

+ Sigma Level (First-Time) = 2 34 (D)

* Defect (Rejected) = 67,000 DPPM

« Sigma Level (After-Rework) =6.0 (A+)

Figure 4. Sigma level analysis report (Before / After).
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Figure 5. Process control charts first-time (Before / After).
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Sample Mean  156.007
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Sample N 15
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Figure 6. Process capability first-time (Before / After).
Table 3. Main defect list for the machining process.
Defect Types Total Defect # Defect Risk
D1 Wrong Dimension 4 M
D2 Surface Burn 6 L
D3 Axis is not straight 2 L
D4 Porosity 3 M
D5 Bad Surface Finish 10 H
D6 Out-of-Roundness 2 M
D7 Surface Crack 1 H
Defect Risk (Rework time, Rework cost, ... etc.): H:High, M:Medium, L:Low.
120%
100%
80%
60%
40%
20%
0%

D5 D2 D1 D4 D3 D6 D7

Figure 7. Pareto chart of defect types (Before improvement).
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Table 4. ABC-HML classification

A D2
Produ(f; Defect B D4
o
C D3 D6 D7
L M H
Defect Risk (Rework time, Rework cost, ... etc.)
Criticality H M L VL
Defect ID D2, D4, D7 D6 D3
Control Level Medium Low Very Low
Environmental ‘ ‘ Manpower ‘ Method

Low Awareness Operation N
i i " — sheet achining
lighting T Motivation arameters
s 553 P Problem:
Working onditions Skills & Machining
sy —. T tools o
conditions training Machining
| Defects

Accuracy of
inspection
tools

High _, /
Vibration Effect

1d Dimensions (Y)
/ equipment Hardness

Root Causes (Xi) Y=1fXi
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—f
specs [

Analysis

A

Analysis
—
errors
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Figure 8. Fishbone diagram for machining defects.
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Figure 9. Value stream mapping (before improvement).
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Figure 10. Value-added time analysis (before improvement).
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5.2. Results and Analysis

Table 5 and Figure 13 summarize the performance improvements achieved over three months. The first-time
quality rate rose from 26.7% to 80%, indicating a substantial reduction in initial defects and rework. Quality
after rework reached 100%, confirming that all products met specifications following corrective interventions.
Sigma levels improved from 2.12 to 2.34 for first-time quality and from 2.34 to 6.0 after rework, demonstrating
enhanced process capability, reduced variability, and stronger process control.

Processing lead time was reduced from 1,847 to 915 seconds per unit, nearly halving the cycle time. This
reduction highlights the framework’s effectiveness in eliminating non-value-added activities, including idle
time, redundant steps, and excessive handling. As a result, value-added process efficiency increased from 47%
to 79%, indicating that a significantly larger portion of production time contributed directly to product value.
These improvements enhanced throughput, optimized resource utilization, and strengthened overall operational
performance.

The results validate the integrated Lean Six Sigma framework, which combines DMAIC methodology, ABC
-HML defect classification, cause-and-effect analysis, and Value Stream Mapping (VSM). By systematically
identifying critical defects, prioritizing improvement actions, and implementing targeted interventions—such as
process parameter optimization, tool adjustments, and operator training—the framework achieved measurable
and sustainable gains in quality, efficiency, and reliability.

Beyond immediate metrics, the findings highlight broader operational benefits. The structured, data-driven
approach improved process stability, reduced variability, and created a foundation for continuous improvement.
By linking analytical tools to actionable interventions, the framework offers a practical and scalable roadmap
for long-term Manufacturing Excellence, enhancing both operational efficiency and competitive advantage.

The case study demonstrates that integrating multiple LSS tools provides a comprehensive approach to
defect identification, prioritization, and waste elimination. By systematically addressing high-impact defects,
continuously monitoring performance, and applying targeted interventions, the company achieved sustained
improvements in quality, efficiency, and reliability. Furthermore, the study emphasizes the importance of
structured data collection, cross-functional collaboration, and process visualization as essential enablers of
Manufacturing Excellence.

Overall, these results confirm that Lean Six Sigma is not only a methodology for defect reduction but also a
strategic approach for improving competitiveness and operational sustainability, delivering measurable,
scalable, and long-term performance improvements.

Table 5. A summary of process performance indicators (Before and after improvement).

KPIs Unit Target Before After
1) Product quality (first time) % 90 26.7 80

2) Product quality (after rework) % 100 80 100
3) Sigma level (first time) # 2.8 2.12 2.34
4) Sigma level (after rework) # 6 2.34 6

5) Process lead time sec. / unit 780 1847 915
6) Value-added process efficiency % 90 47 79
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KPIs Dashboard
1) Product quality (first time)
10

g
6) Value-added process 6 ~ 2) Product quality (after
efficiency 4 rework)
E
0
5) Process lead time 3) Sigma level (first time)

4) Sigma level (after rework)

—Target —Before —After
Figure 13. A summary of process performance indicators (Before and after improvement).

6. Conclusion and Future Work

This study highlights the critical role of Lean Six Sigma (LSS) in achieving Manufacturing Excellence,
particularly in machining-intensive and automated production environments where variability, process
complexity, and equipment sensitivity present major challenges. A systematic literature review from 2010 to
2026 identified persistent gaps in LSS implementation, including the lack of standardized frameworks, limited
industrial validation, workforce skill shortages, and high resource requirements. These gaps restrict predictive
optimization, hinder scalability, and reduce the sustainability of performance improvements, limiting LSS’s
potential to enhance operational efficiency, product quality, and competitiveness.

To address these challenges, a comprehensive LSS framework was developed, integrating the DMAIC
methodology with five functional tool groups—strategic alignment, process analysis, quality optimization,
reliability and maintenance, and continuous improvement. By systematically linking DMAIC phases, tool
groups, and key performance indicators, the framework enables structured process optimization, continuous
improvement, and data-driven decision-making, delivering measurable, scalable, and sustainable improvements
across operational, strategic, cultural, and technological dimensions.

The framework was validated in a car spare parts manufacturer in Egypt, focusing on the NPR-Jumbo Isuzu
drum brake. Over three months, first-time product quality increased from 26.7% to 80%, quality after rework
reached 100%, sigma levels improved from 2.12 to 2.34 (first-time) and from 2.34 to 6.0 (after rework), and
processing lead time decreased from 1,847 to 915 seconds per unit, raising value-added process efficiency from
47% to 79%. These results confirm that a structured LSS framework can substantially enhance process
capability, product quality, and operational efficiency, providing a practical, adaptive roadmap for sustainable
Manufacturing Excellence.

Theoretical Implications: The study contributes to LSS literature by presenting a structured, integrated
framework that addresses gaps in standardization, scalability, and industrial validation, offering a foundation
for systematic LSS implementation in complex manufacturing environments.

19


https://orcid.org/0009-0007-9770-6796

Transnational Supply Chain Research | Volume 02 | Issue 02 | May 2026

Practical Implications: The framework provides practitioners with actionable guidance to identify
inefficiencies, optimize processes, reduce defects, and achieve measurable performance improvements in
highly variable and automated production settings.

Managerial Implications: Managers can use the framework to prioritize improvement initiatives, allocate
resources effectively, and foster a culture of continuous improvement, supported by clear, evidence-based
performance metrics.

Study Limitations: This study is based on a single case in a car spare parts manufacturer, limiting
generalizability. The implementation period was short, and long-term effects were not assessed. Further
validation across diverse industries and production contexts is recommended.

Future Research Directions: Future research should test the framework in different manufacturing sectors to
assess generalizability and long-term sustainability. Studies could explore workforce training, change
management strategies, advanced process monitoring, and broader organizational impacts such as cost
reduction, efficiency gains, and supply chain performance. Comparative analyses of different LSS
implementations could identify best practices and support scalable, context-specific operational excellence
strategies.
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Abbreviations
Abbreviation Full Term Short Definition
58S Sort, Set in Order, Shine, Standardize, Sustain Workplace organization and efficiency

CI Continuous Improvement Ongoing process enhancements
CTQ Critical to Quality Key quality requirements
DMADV Define, Measure, Analyze, Design, Verify Six Sigma design method
DMAIC Define, Measure, Analyze, Improve, Control Process improvement framework
DOE Design of Experiments Statistical process optimization
FMEA Failure Mode and Effects Analysis Identify and prevent failures

Gage R&R Gage Repeatability and Reproducibility Measurement system accuracy

JIT Just-In-Time Produce only as needed

KPIs Key Performance Indicators Performance measurement metrics
LSS Lean Six Sigma Lean and Six Sigma methodology
OEE Overall Equipment Effectiveness Equipment productivity measure
PDCA Plan-Do-Check-Act Iterative improvement cycle

RCA Root Cause Analysis Identify underlying causes

RCM Reliability-Centered Maintenance Maintenance based on equipment criticality
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Abbreviation Full Term Short Definition

SIPOC Suppliers, Inputs, Process, Outputs, Customers High-level process mapping

SOP Standard Operating Procedure Documented standard work instructions

SPC Statistical Process Control Monitor and control variation

SWOT Strengths, Weaknesses, Opportunities, Threats Strategic analysis tool

Takt Takt Time Production rate to meet demand

TPM Total Productive Maintenance Maximize equipment performance

TQM Total Quality Management Organization-wide quality focus

vVOC Voice of Customer Capture customer needs and feedback

VSM Value Stream Mapping Visualize process flows and waste
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