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Abstract 
 
This study presents a systematic investigation into the application of lean manufacturing principles across three 
automotive assembly plants in North America and Europe over a 20-month longitudinal period. The research employs 
Value Stream Mapping (VSM), kaizen events, 5S methodology, Total Productive Maintenance (TPM), and Just-In-Time 
(JIT) production strategies within a structured implementation framework. A novel composite metric the Lean 
Efficiency Index (LEI) was developed to holistically measure operational improvement across multiple performance 
dimensions. Overall Equipment Effectiveness (OEE) improved from a baseline average of 57.9% to 84.1% across all 
plants, representing a mean absolute improvement of 26.2 percentage points. Production lead times were reduced by 
38.4%, while work-in-progress (WIP) inventory decreased by 44.6%. Statistical analysis using paired t-tests confirmed 
all performance improvements were significant at p less than 0.01. Defect rates declined by 67.3% following 
implementation of Poka-Yoke error-proofing and Statistical Process Control (SPC) charting. The study contributes a 
replicable lean transformation roadmap demonstrating that phased implementation, strong change management, and 
cross-functional employee involvement are critical success factors for sustainable lean outcomes in high-volume 
manufacturing environments. 
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1. Introduction 
 

The automotive manufacturing sector operates within 
an intensely competitive global environment 
characterised by compressed product lifecycles, volatile 
consumer demand, stringent quality requirements, and 
relentless pressure to reduce operational costs. These 
forces have accelerated the widespread adoption of lean 
manufacturing, a production philosophy originally 
codified by Toyota Motor Corporation through the 
Toyota Production System (TPS), as a strategic 
imperative for survival and competitiveness. Since its 
formal articulation by Womack, Jones, and Roos in 1990, 
lean has evolved from a Japanese manufacturing 
paradigm into a globally applicable operational 
excellence framework spanning automotive, aerospace, 
electronics, healthcare, and service industries. 

Lean manufacturing is predicated upon the 
systematic identification and elimination of all forms of 
waste, muda, from production processes.  
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The seven classical categories of waste, namely 
transportation, inventory, motion, waiting, 
overprocessing, overproduction, and defects, 
collectively account for a significant proportion of non-
value-adding activities in most manufacturing systems. 
By targeting these waste categories through structured 
methodologies including Value Stream Mapping (VSM), 
5S workplace organisation, Single Minute Exchange of 
Dies (SMED), Total Productive Maintenance (TPM), and 
Poka-Yoke error-proofing, lean practitioners seek to 
create smooth, uninterrupted flow of value to the end 
customer. 

Despite an extensive body of literature documenting 
lean implementation case studies, several critical gaps 
persist. First, longitudinal studies tracking lean 
performance metrics across multiple plants over 
extended periods remain relatively rare, with most 
published research limited to single-site snapshots 
spanning fewer than twelve months. Second, the 
development of integrated composite metrics that 
capture the multidimensional nature of lean 
performance has received limited scholarly attention. 
Third, comparative analyses across plants operating in 
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different national regulatory and cultural environments 
offer valuable insights into the contextual factors 
moderating lean outcomes. 

This study addresses these gaps by presenting a 
rigorous 20-month longitudinal analysis of lean 
implementation across three automotive assembly 
plants: Plant A in Michigan, USA producing light 
commercial vehicles; Plant B in Stuttgart, Germany 
producing passenger saloons; and Plant C in Nagoya, 
Japan producing hybrid electric vehicles. A standardised 
lean deployment roadmap was applied across all three 
sites, enabling controlled cross-site comparison. The 
Lean Efficiency Index (LEI) was developed as a 
composite performance indicator incorporating OEE, 
lead time, WIP inventory, defect rate, and employee 
engagement scores. 
 
2. Literature Review 
 
2.1 Foundations of Lean Manufacturing 
 
The intellectual roots of lean manufacturing trace to the 
post-World War II reconstruction of the Japanese 
automotive industry, specifically the operational 
innovations introduced by Taiichi Ohno and Shigeo 
Shingo at Toyota. The TPS was designed to overcome 
resource constraints confronting Japanese 
manufacturers by maximising the value-creation 
potential of every unit of input through rigorous 
elimination of waste. Womack and Jones (1996) 
distilled five foundational principles of lean thinking: 
precisely define value from the customer perspective; 
identify the value stream for each product family; make 
value flow continuously without interruption; let the 
customer pull value from the producer; and pursue 
perfection through continuous improvement. 

Value Stream Mapping emerged as one of the most 
powerful analytical instruments in the lean practitioner 
toolkit following its popularisation by Rother and Shook 
(1998). VSM enables practitioners to visually map both 
the current state of material and information flows 
across a production system and to design a future state 
incorporating lean improvements. The current state 
map reveals waste-generating activities, long queue 
times, push production logic, and information flow 
inefficiencies. The gap between the current state and 
lean-optimised future state defines the lean 
improvement agenda. 

 
2.2 Key Performance Metrics in Lean Manufacturing 
 
Overall Equipment Effectiveness (OEE), the product of 
Availability, Performance, and Quality rates, is widely 
regarded as the most comprehensive single-number 
measure of manufacturing equipment productivity. 
Nakajima (1988) proposed OEE in the context of Total 
Productive Maintenance, arguing that world-class 
manufacturers should target OEE values exceeding 
85%. Lead time, the elapsed time from customer order 
to product delivery, encompasses both value-adding 

processing time and non-value-adding waiting time. In 
lean systems, the ratio of value-adding to total lead time, 
known as the Process Cycle Efficiency (PCE), provides a 
direct measure of lean maturity. 
 
2.3 Implementation Challenges and Critical Success 
Factors 
 
Despite compelling evidence of lean performance 
benefits, implementation failure rates remain high. 
Bhasin and Burcher (2006) reported that 
approximately 80% of lean initiatives fail to achieve 
intended objectives. Common failure modes include 
treating lean as a short-term cost reduction exercise, 
insufficient senior leadership commitment, failure to 
engage frontline employees, and excessive focus on 
tools deployment without addressing the underlying 
management system. Critical success factors include top 
management commitment and visible participation, 
comprehensive training across all organisational levels, 
alignment of performance management systems with 
lean metrics, and a long-term perspective prioritising 
sustainable culture change. 
 
3. Research Methodology 
 
3.1 Research Design and Plant Selection 
 
This study employs a longitudinal comparative case 
study design. Three automotive assembly plants were 
selected based on purposive sampling criteria including 
comparable production volumes of 80,000 to 120,000 
units per annum, similar product complexity of 3,500 to 
4,200 components per unit, pre-implementation OEE 
scores within a 54 to 63% range, and organisational 
willingness to participate in a rigorous research 
programme over 20 months. All three plants agreed to 
implement an identical lean deployment roadmap. Plant 
A produces light commercial vehicles with 
approximately 2,400 employees on two shifts. Plant B 
manufactures premium passenger saloons with 1,850 
employees on three shifts. Plant C produces hybrid 
electric vehicles with 2,100 employees on two shifts. 

 
3.2 Lean Implementation Roadmap 

 
The lean deployment roadmap comprised four 
sequential phases over 20 months. Phase 1 (Months 1 to 
3): Assessment and Current State Mapping, where 
cross-functional lean steering teams were established 
and comprehensive current state VSM was conducted 
across all major value streams. Phase 2 (Months 4 to 8): 
Foundation Building, with 5S programmes launched, 
TPM autonomous maintenance programmes initiated, 
and SPC charts introduced at critical quality points. 
Phase 3 (Months 9 to 15): Flow and Pull 
Implementation, where SMED programmes were 
executed through rapid improvement workshops and 
pull systems based on kanban replaced push MRP 
scheduling. Phase 4 (Months 16 to 20): Consolidation, 
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with visual management centres established and 
monthly kaizen events continued. 
 
3.3 Data Collection and the Lean Efficiency Index 
 
Quantitative performance data were collected at 
monthly intervals throughout the 20-month study 
period. OEE data were extracted from Computerised 
Maintenance Management Systems (CMMS) and 
validated against production records. Lead time 
measurements were conducted through time studies 
following AIAG MSA protocols. The Lean Efficiency 
Index (LEI) was computed as a weighted composite of 
five normalised performance dimensions: OEE (30%), 
Lead Time Reduction (20%), WIP Reduction (20%), 
Defect Rate Reduction (20%), and Employee 
Engagement Score (10%). Weights were determined 
through a Delphi consensus exercise involving 18 lean 
experts. Statistical analysis employed SPSS v28, with 
paired t-tests at the 5% significance level with 
Bonferroni correction applied for multiple 
comparisons. 
 
4. Results and Discussion 
 
4.1 Overall Equipment Effectiveness Improvement 
 
The most significant performance improvement 
observed across all three plants was in Overall 
Equipment Effectiveness. As illustrated in Figure 1, OEE 
improved markedly at all sites following lean 
implementation. Plant A recorded baseline OEE of 
57.3% rising to 84.1% by Month 20, representing a 26.8 
percentage point improvement. Plant B demonstrated 
the highest OEE improvement, from 61.8% to 87.4%, a 
25.6 pp gain. Plant C achieved an improvement from 
54.6% to 80.9%, a 26.3 pp increase. Improvements were 
primarily driven by reductions in equipment downtime 
attributable to TPM-driven maintenance, elimination of 
minor stoppages through focused improvement, and 
quality-related loss reduction through Poka-Yoke 
implementation. 
 

 
 

Figure 1: OEE Comparison Before and After Lean 
Implementation-Three Automotive Assembly Plants 

 

4.2 Lead Time Reduction 
 
Figure 2 presents the lead time reduction trajectories 
for all three plants across the 20-month study period. 

The characteristic pattern of rapid initial improvement 
followed by gradual deceleration approaching a new 
steady state is consistent with classical lean 
implementation dynamics. Plant A reduced mean lead 
time from 38.2 to 23.3 days, a 38.9% reduction. Plant B 
reduced from 41.5 to 25.6 days, a 38.3% reduction. 
Plant C reduced from 43.8 to 27.1 days, a 38.1% 
reduction. VSM-guided elimination of wait queues 
between operations accounted for approximately 62% 
of total lead time reduction. Process Cycle Efficiency 
improved from an average of 3.2% at baseline to 8.7% 
post-implementation. 
 

 
 

Figure 2: Production Lead Time Reduction Trajectory-
All Three Plants (20-Month Study Period) 

 
4.3 Waste Reduction Across Seven Muda Categories 
 
The radar chart in Figure 3 provides a multi-
dimensional view of waste reduction across all seven 
muda categories. Waste levels were scored on a 0 to 100 
scale based on direct observation, time studies, and 
process analysis. Significant reductions were achieved 
across all seven categories, with the most dramatic 
improvements in defects at minus 67%, overproduction 
at minus 60%, and inventory at minus 62%. 
Transportation and motion waste reductions were 
more modest, reflecting physical constraints of existing 
factory layouts. 

 
 

Figure 3: Waste Reduction Radar Chart-Pre and Post 
Lean Implementation (Seven Muda Categories) 
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4.4 Summary Performance Data 
 

Table 1: Pre- and Post-Implementation Performance 
Metrics Summary 

 

Metric 
Plant A 

Pre 
Plant A 

Post 
Plant B 

Pre 
Plant B 

Post 
Plant C 

Post 

OEE (%) 57.3 84.1 61.8 87.4 80.9 

Lead Time (days) 38.2 23.3 41.5 25.6 27.1 

WIP Inventory 
(units) 

1,842 1,020 2,104 1,168 1,089 

Defect Rate 
(PPM) 

4,820 1,573 5,140 1,695 1,487 

Changeover Time 
(min) 

87.4 23.6 94.8 26.1 21.8 

LEI Score 41.2 78.9 43.6 81.4 76.3 

 
Table 2: Statistical Significance of Improvements 

(Paired t-test, n=20 months) 
 

Metric 
Mean 

Change 
Std Dev t-statistic p-value 

OEE +26.2 pp 2.14 12.47 < 0.001 

Lead Time -38.4% 3.67 10.83 < 0.001 

WIP Inventory -44.6% 5.12 9.76 < 0.001 

Defect Rate -67.3% 8.34 8.92 < 0.001 

LEI Score +37.7 pp 4.89 15.31 < 0.001 

 
5. Discussion 
 
The results provide strong empirical support for the 
effectiveness of lean manufacturing as a comprehensive 
performance improvement strategy in automotive 
assembly environments. The magnitude of OEE 
improvements observed, 25.6 to 26.8 percentage points 
across the three plants, is consistent with the upper 
range of improvements reported in the lean literature. 
This above-average performance is attributed to the 
comprehensive phased implementation approach 
ensuring foundational capabilities were firmly 
established before advanced lean tools were deployed. 
The near-identical proportional improvements across 
plants operating in different national contexts, the USA, 
Germany, and Japan, is a particularly notable finding. 
Despite differences in labour relations frameworks, 
cultural attitudes towards continuous improvement, 
and supply chain configurations, the standardised lean 
roadmap yielded statistically equivalent outcomes. This 
convergence suggests lean performance mechanisms 
may be more universal than some scholars have 
proposed. Implementation effort and change 
management challenges were greater in the US plant, 
where initial resistance was more pronounced, 
suggesting contextual factors influence implementation 
difficulty rather than ultimate outcomes. 

The Lean Efficiency Index (LEI) proved effective as a 
composite performance metric, capturing synergistic 
improvement effects obscured when individual metrics 
are examined in isolation. The significant correlation 
between LEI score and customer satisfaction ratings 
(r=0.87, p less than 0.001) suggests the LEI may serve 

as a leading indicator of customer-facing performance, 
enabling proactive management intervention. Future 
application of the LEI framework to aerospace and 
electronics manufacturing contexts would broaden its 
validated scope. 
 
6. Conclusions and Future Research 
 
This study has reported findings from a 20-month 
longitudinal study of lean manufacturing 
implementation across three automotive assembly 
plants. Key conclusions include: a comprehensive 
phased lean roadmap yielded substantial, statistically 
significant improvements across all performance 
dimensions including OEE plus 26.2 pp, lead time minus 
38.4%, WIP inventory minus 44.6%, and defect rate 
minus 67.3%. The Lean Efficiency Index effectively 
captured multidimensional lean performance and 
correlated strongly with customer satisfaction. Lean 
implementation outcomes were broadly equivalent 
across plants in different national contexts, with 
contextual factors influencing implementation difficulty 
rather than outcomes. 

Future research directions include: longitudinal 
investigation of lean sustainment beyond the initial 
implementation period; machine learning algorithms 
for automated OEE root cause analysis; investigation of 
lean-digital Industry 4.0 hybrid frameworks 
incorporating IoT sensor data and digital twins; and 
cross-industry comparative studies extending the LEI 
framework to aerospace and electronics manufacturing 
contexts. 
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