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Abstract 

Lean manufacturing has long been a foundational strategy for enhancing productivity, reducing 

operational waste, and improving overall efficiency in mechanical industries. Initially developed as 
part of the Toyota Production System, lean principles focused on eliminating non-value-adding 

activities and streamlining processes using a set of well-established tools such as 5S, Kaizen, Kanban, 

and value-stream mapping. Over the decades, these principles have been adopted and refined globally, 
particularly within the mechanical sector, to optimize shop floor operations, minimize lead times, and 

improve product quality. However, the advent of Industry 4.0 has brought a paradigm shift in how lean 
manufacturing is perceived and implemented. This systematic review traces the evolution of lean 

manufacturing—from its early, tool-centric approaches to its present-day integration with advanced 
digital technologies. The paper explores how the incorporation of smart systems, including the Internet 

of Things (IoT), artificial intelligence (AI), digital twins, and cyber-physical systems (CPS), has 
transformed traditional lean practices into intelligent, adaptive frameworks. These digital 

enhancements allow for real-time data acquisition, predictive maintenance, automated quality checks, 
and dynamic scheduling, enabling a new generation of lean systems—referred to as Lean 4.0. 

Moreover, the paper highlights key case studies from leading mechanical manufacturing firms that have 
successfully merged lean principles with digital transformation initiatives. It also discusses the 

challenges organizations face in this transition, including technological barriers, workforce resistance, 
skill gaps, and cybersecurity concerns. Finally, the review outlines future trends and opportunities for 

mechanical industries to harness the full potential of digital lean systems. 
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INTRODUCTION 

The demand for mechanical industries to produce high-quality goods at lower prices while retaining 
agility and sustainability in today’s fiercely competitive manufacturing environment to meet these 

challenges, companies have consistently turned to 
operational strategies that emphasize efficiency and 

waste reduction. One of the most impactful among 
these strategies is lean manufacturing, which has its 

origins in the Toyota Production System (TPS) 
developed in the mid-20th century [1–4]. Lean 

manufacturing promotes a systematic approach to 
identify and eliminate non-value-adding activities 

across the production cycle, thereby enhancing 
overall productivity and customer satisfaction. 

 

Over the years, lean principles, such as 

continuous improvement (Kaizen), pull-based 

production, standardization, and flow optimization, 
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have been widely adopted across mechanical manufacturing sectors. These principles were traditionally 

executed through physical tools and manual methods, such as 5S, value-stream mapping (VSM), and 

Kanban. Although effective in their time, the rise of complex production systems, global supply chains, 

and fluctuating customer demands has exposed limitations in traditional lean approaches [5–8]. 

 

The emergence of digital technologies under the umbrella of Industry 4.0, including the Internet of 

Things (IoT), artificial intelligence (AI), cyber-physical systems (CPS), and digital twins, has created 

new opportunities for enhancing lean practices. This combination, sometimes known as Lean 4.0, 

enables data-driven decision-making, predictive analytics, and real-time monitoring, all of which can 

significantly enhance factory performance [9–12]. 

 

ORIGINS AND PRINCIPLES OF LEAN MANUFACTURING 

Lean manufacturing originated in post-World War II Japan and was primarily developed by Toyota 

to improve operational efficiency and address resource scarcity. The TPS combines quality 

improvement with cost reduction by focusing on the elimination of waste (muda) and the smooth flow 

of materials and information. Its success soon gained global recognition, making it a foundational 

philosophy in the mechanical production and other manufacturing domains. 

 

The main goal of lean manufacturing is to maximize customer value while using the fewest resources 

possible by continuously refining processes and eliminating non-value-adding activities. This is 

accomplished by following a set of guidelines that directs the application of lean strategies. 

• Define value from the customer’s perspective 

• Map the value stream to identify and eliminate waste 

• Create a continuous process flow to maintain momentum 

• Establish pull-based production to produce only as needed 

• Pursue perfection through ongoing improvement (Kaizen) 

 

These principles aim to eliminate seven classic types of waste: overproduction, waiting time, 

transportation, over-processing, excess inventory, unnecessary motion, and defects. 

 
TRADITIONAL LEAN TOOLS IN MECHANICAL INDUSTRIES 

Before the rise of digital technologies, lean manufacturing relied on a series of well-structured and 

manually implemented tools designed to standardize processes, reduce waste, and foster a culture of 

continuous improvement. These tools formed the backbone of early lean initiatives in mechanical 

industries and remain relevant in foundational training and practice (Table 1). 

 
DRIVERS OF DIGITAL TRANSFORMATION 

The shift from traditional lean tools to digitally enhanced lean systems has been driven by several 

key drivers. These factors reflect the evolving needs of mechanical industries to remain competitive, 

agile, and responsive in a data-driven manufacturing environment. 

 
Increased Complexity of Manufacturing Systems 

As products and processes become more complex, traditional lean tools often fail to handle the 

variability and customization required. Digital transformation enables enhanced process control, 

flexible automation, and real-time adaptability, making it easier to manage intricate production 

workflows in mechanical industries without compromising the quality or efficiency. 

 
Demand for Real-Time Data and Analytics 

The growing need for instantaneous decision-making in manufacturing necessitates access to real-

time data. Digital technologies such as IoT and edge computing provide continuous monitoring of 

machine performance, material flow, and quality parameters. This enables proactive interventions, 

reduces downtime, and supports dynamic optimization in line with lean principles. 
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Table 1. Traditional lean tools. 

Tool Description 

5S Sort, Set in order, Shine, Standardize, and Sustain are the 5S. This approach to workplace 

organization seeks to establish a hygienic, effective, and secure working environment. In 

mechanical workshops, 5S decreases errors brought on by clutter, increases worker efficiency, and 

cuts down on time spent looking for tools and components. 

Value-

stream 

mapping 

(VSM) 

All the actions in the manufacturing process, both value-adding and non-value-adding, are mapped 

using the visual supply chain management (VSM) tool. It facilitates the identification of waste, 

inefficiencies, and bottlenecks, enabling methodical changes. In mechanical industries, VSM is 

widely used to optimize production flow, minimize cycle times, and align production phases with 

customer demand. 

Kanban A visual workflow management solution called Kanban lets you know when to make or reorganize 

pieces. Kanban cards or boards are positioned at points in mechanical manufacturing to initiate 

operations like material replenishment or assembly. Encouraging just-in-time (JIT) manufacturing 

reduces inventory and avoids overproduction. 

Kaizen Continuous improvement through tiny, gradual adjustments involving all staff levels is known as 

kaizen. It encourages managers, engineers, and shop floor employees in mechanical sectors to point 

out inefficiencies and make suggestions for changes. Kaizen events, which can be held daily or 

monthly, aid in addressing quality problems, equipment outages, and production delays. 

SMED A technique called SMED (Single-Minute Exchange of Die) aims to cut down on equipment setup 

and changeover times to less than ten minutes. SMED is frequently used by the mechanical industry 

to reduce downtime when alternating between manufacturing runs. Analyzing setup processes, 

differentiating between internal and external tasks, and streamlining or automating phases are all 

part of it. 

Poka-Yoke Poka-Yoke, often known as mistake-proofing, is the technique of designing machinery and 

processes so that mistakes are either impossible or instantly apparent in order to prevent defects. 

Examples in mechanical systems are sensors that identify missing parts or fittings that only permit 

proper part orientation. For quality assurance, this tool is essential, especially in production settings 

where precision or volume is crucial. 

 
Need for Higher Customization and Flexibility 

Customer expectations are shifting toward personalized products and shorter lead times. Digital lean 

systems enable mechanical manufacturers to implement flexible production lines, modular setups, and 

on-demand manufacturing. This adaptability helps achieve lean objectives while addressing market 

diversity and fluctuating demand, without increasing waste or cost. 

 

Availability of Enabling Technologies 

The widespread accessibility and affordability of technologies, such as IoT, cloud platforms, AI, and 

CPS, have made digital transformation more feasible. These tools complement traditional lean practices 

by enhancing visibility, control, and predictive capability, thereby enabling smarter and more efficient 

lean implementation across mechanical production facilities. 

 
INTEGRATION OF LEAN WITH DIGITAL TECHNOLOGIES 

The integration of lean principles with Industry 4.0 technologies has led to a new paradigm—Lean 

4.0. This synergy empowers mechanical industries to enhance traditional lean practices through digital 

intelligence, automation, and real-time control, thereby resulting in improved efficiency, 

responsiveness, and value delivery. 

 
Cyber-Physical Systems 

Cyber-Physical Systems bridge the physical and digital worlds by integrating sensors, actuators, and 

control systems with computing and networking technologies. In the mechanical industry, CPS 

facilitates real-time data acquisition, adaptive process control, and immediate feedback loops. This 

enhances lean practices such as error-proofing (Poka-Yoke), just-in-time (JIT) delivery, and total 

productive maintenance (TPM), resulting in reduced downtime, improved quality, and dynamic process 

optimization aligned with lean objectives. 
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Internet of Things 

IoT enables machines, tools, and other equipment to be connected throughout the shop floor, 

facilitating smooth communication and monitoring. In lean manufacturing, IoT provides real-time data 

for tracking machine health, material usage, and energy consumption. This approach supports predictive 

maintenance, waste reduction, and enhanced resource planning. In mechanical production, the IoT 

strengthens lean metrics, such as overall equipment effectiveness (OEE), enabling more precise, data-

driven decisions across manufacturing operations. 

 

Artificial Intelligence and Machine Learning 

Artificial intelligence and machine learning algorithms analyze vast datasets to uncover patterns, 

predict failures, and recommend actions. Lean systems enhance decision-making, automate root-cause 

analysis, and enable continuous improvement without human intervention. Mechanical manufacturers 

can use AI to optimize inventory, reduce lead-time variability, and enhance quality control, thereby 

aligning closely with lean goals such as defect reduction and pull-based systems. 

 

Digital Twins 

Digital twins are virtual models of the physical processes, machines, and production systems. They 

simulate real-time operations, allowing manufacturers to test lean strategies, such as line balancing, 

layout reconfiguration, and takt time optimization, in a risk-free digital environment. In mechanical 

industries, digital twins accelerate problem-solving, facilitate remote monitoring, and validate process 

improvements, leading to better alignment with lean performance targets and operational agility. 

 

CASE STUDIES IN MECHANICAL INDUSTRIES 

Several leading mechanical manufacturing firms have successfully integrated lean principles with 

digital technology. The case studies demonstrate how Industry 4.0 tools enhance traditional lean 

outcomes, leading to measurable gains in efficiency, quality, and responsiveness (Table 2). 

 

CHALLENGES IN DIGITAL LEAN IMPLEMENTATION 

Although the integration of digital technologies with lean offers substantial benefits, several 

challenges hinder its seamless adoption in the mechanical industry. These barriers must be addressed 

to unlock the full potential of Lean 4.0. 

 

High Initial Investment 

Implementing digital lean systems requires significant financial resources for advanced technologies, 

infrastructure upgrades, and training programmes. Many small- and medium-sized mechanical 

enterprises struggle to justify or secure these investments without immediate return on investment, 

delaying their transition toward smart lean manufacturing. 

 

Table 2. Mechanical industries case studies. 

Company Digital lean application Impact 

Bosch Bosch implemented IoT-enabled predictive maintenance 

across its mechanical production lines, utilizing sensors 

and cloud analytics to monitor equipment health in real-

time.  

The initiative led to a 25% reduction in 

machine downtime and significantly 

enhanced overall equipment effectiveness 

(OEE).  

Siemens Siemens adopted digital twin technology to simulate and 

optimize mechanical assembly line configurations. This 

virtual testing allowed layout modifications, process 

flow improvements, and workload balancing before 

physical implementation.  

The application resulted in an 18% 

improvement in layout efficiency and a 

12% increase in production throughput.  

GE 

Aviation 

GE Aviation deployed AI-driven visual inspection 

systems to automate quality checks in mechanical 

component manufacturing. 

The smart inspection framework reduced 

inspection errors by 30% and increased 

first-pass yield rates. 
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Resistance to Change 

New digital workflows are frequently met with resistance from managers and staff used to traditional 

lean technologies. The fear of losing one's job, lack of acquaintance with technology, and disruption of 

established procedures are the main causes of this opposition. Promoting acceptance and active 

involvement requires clear communication and efficient management techniques. 

 

Cybersecurity Risks 

The increased connectivity of machines and systems through the IoT and cloud platforms exposes 

production environments to cybersecurity threats. Mechanical manufacturers face risks such as data 

breaches, system downtimes, and sabotage, necessitating robust cyber defense mechanisms and a secure 

architecture for sustaining digital lean operations. 

 

Skill Gaps in the Workforce 

Successful digital lean implementation requires skilled workers in data analytics, IoT integration, and 

automation systems. However, the existing workforce in many mechanical industries lacks such 

competencies. Upskilling initiatives, technical training, and academic-industry collaborations are 

essential to build a digitally literate lean workforce. 

 

FUTURE PROSPECTS 

As lean manufacturing continues to evolve along with digital advancements, mechanical industries 

can anticipate several transformative developments. These prospects promise to enhance adaptability, 

sustainability, and data-driven excellence in production systems. 

 

Hyper-Automation 

Hyper-automation integrates AI, robotics, and process mining to automate complex tasks end-to-end. 

For mechanical industries, this enables autonomous decision-making, optimized resource utilization, 

and real-time responsiveness. It extends lean benefits by reducing manual intervention and supporting 

scalable and flexible production environments. 

 

Real-Time Performance Dashboards 

Advanced dashboards powered by AI and IoT will enable the continuous monitoring of lean metrics, 

such as takt time, cycle time, and OEE. These systems offer immediate insights into process deviations, 

enabling instant corrective actions that drive continuous improvements and enhance operational 

visibility. 

 

AI-Driven Lean Audits 

Artificial Intelligence will increasingly be used to conduct lean audits by analyzing vast production 

data to identify inefficiencies, waste sources, and areas of improvement. This predictive capability 

supports proactive decision-making and ensures that lean implementation remains dynamic, data-

informed, and aligned with changing operational demands. 

 

Green Lean Practices 

Future lean systems should integrate environmental sustainability goals, focusing on energy 

efficiency, carbon footprint reduction, and circular manufacturing. Mechanical industries adopting 

green lean will benefit from cost savings, regulatory compliance, and improved corporate responsibility, 

while maintaining production efficiency. 

 

Collaborative Digital Platforms 

Cloud-based and IoT-enabled platforms allow real-time collaboration among cross-functional teams, 

suppliers, and stakeholders. These systems will support remote lean implementations, knowledge 

sharing, and decentralized decision-making, expanding the lean reach beyond the shop floor into 

enterprise-wide digital ecosystems. 
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CONCLUSION 

The evolution of lean manufacturing from traditional tools to digitally enabled systems has 

significantly transformed the mechanical industry. While the core philosophy of waste elimination and 

value maximization remains intact, the integration of technologies, such as IoT, AI, and digital twins, 

has elevated lean practices to new levels of efficiency and responsiveness. These innovations enable 

real-time decision-making, predictive insights, and flexible operations, fitting well with modern 

production demands. However, obstacles, including investment costs, a lack of skilled workers, and 

cybersecurity concerns, must be overcome for deployment to be successful. In the smart manufacturing 

age, adopting digital lean tactics is essential for maintaining competitiveness. 
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