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[bookmark: _Toc130840978]Introduction
[bookmark: _Toc130840979]Background
Driven by customer expectation for high quality, high speed and defect-free products and to remain competitive and profitable in highly saturated markets, where the significant threat comes from low-cost, mass-produced imports, organisations of today employ a multitude of continuous improvement (CI) mythologies to reduce process waste and variation, while simultaneously improving process capability and performance.   Some of the most popular business improvement techniques are Lean and Six Sigma.   Both methods equip organisations with the correct tools to increase performance whilst reducing process variation, leading to defect reduction and improvement in the quality of services or products, employee morale, profits, competitiveness and long-term stability. 
[bookmark: _Toc130840980]Aims and Objectives
This comparative report aims to provide research and insight into the continuous improvement techniques and methodologies of Lean and Six Sigma, comparing the associated principles and frameworks that production facilities often deploy to reduce process variation and sources of waste.   Furthermore, the research will provide insight into Six Sigma’s DMAIC phases and explain how Tata Steel UK is utilising such methodologies to improve, optimise and stabilise its processes at its Port Talbot Steel Making Facility in South Wales, UK. 









[bookmark: _Toc130840981]Origins of Lean Thinking
[bookmark: _Toc130840982]A Brief History
Rigorous process thinking in manufacturing dates back centuries; however,  the development of Lean Thinking began to accelerate during the turn of the 19th century:
In the late 1700s, American Inventor Eli Whitney’s desire to improve mill reliability drove the development and use of interchangeable components.  
In the 1800s, experiments with time studies and standard work concepts are developed by American Engineer Fredrick Taylor.  
Early 1900 brought a study into removing unnecessary movement by the Gilbreths, focussing on improving bricklaying efficiency.  
Henry Ford, in 1912, became an early pioneer of entire production process integration.  Ford created flow production by combining interchangeable parts with standardisation and moving conveyance in his mass production system. 
Sakichi Toyoda, a Japanese inventor and the founder of Toyota Group, established the first automatic loom factory in 1926.   Toyoda invented Jidoka, a concept capable of automatically detecting and stopping a loom when a problem occurs.  The Jidoka principle would later become a fundamental principle of the Toyota Production System (TPS).
Post WW2, Taiichi Ohno, manager of the Toyota machine shop, developed the Toyota Production System, centred around waste elimination, Kaizen and JIT.   Dr Shigeo Shingo, a consultant hired by Ohno to aid with the development of TPS, refined the single-minute-exchange-of-dies (SMED) system along with zero quality using poke-yoke and source inspection.
After observing TPS, Lean Manufacturing was coined in the 1990s when Womack and Jones released their book (The Machine that Changed the World). 
(Protzman et al, 2016, p 2-3)
Today, Lean Manufacturing principles are adopted by organisations worldwide.  Despite changes to terminology and applications, the core principles and methodologies remain untouched and are pivotal for successful implementation.
[bookmark: _Toc130840983]Lean Manufacturing 
[bookmark: _Toc130840984]Overview 
Lean manufacturing is a systematic approach applied during manufacturing operations to maximise productivity by defining the value of the product/ service as perceived by the customer.  Lean implementation aligns the flow with the customer requirement (pull) whilst striving for perfection through continuous improvement to eliminate waste by identifying and separating Value Added Activity (VA) and Non- Value Added Activity (NVA).  The fundamentals of Lean Manufacturing can be better understood by exploring the House of Lean model:
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[bookmark: _Toc125354310][bookmark: _Toc130839326]Figure 1.  Graphical depiction of the House of Lean or TPS/ Toyota Way (ValueFlo Consulting LLC, 2020)

The work of Dennis (2015) supports the notion that a house, being a self-supporting structure, is a fitting representation of how Lean should be implemented:  
The foundation is based on stability, process levelling, continuous improvement and standardisation. 
The pillars represent Just-in-Time (JIT) and Jidoka.  JIT incorporates continuous flow, takt time and pull systems, while Jidoka is centred around identifying abnormalities, poka-yoke, and separating man and machine.
The roof section of the House of Lean system is the goal.  The primary goal is delivering the highest quality to the customer, at the lowest cost, in the shortest time.  
Finally, at the heart of the system is respect for people.  This element depends heavily on engagement and involvement to develop a motivated and flexible workforce that continually seeks to work more efficiently. 




















[bookmark: _Toc130840985]Lean Wastes
The Lean Methodology aims to eliminate waste from manufacturing processes.  Waste is any action or step in a process that does not add value to the customer.  In other words, waste is any process the customer does not want to pay for (Skhmot, The 8 Wastes of Lean, 2017). 
The term Muda is a common overarching term used for waste; however, Lean waste can is divided into three subcategories called the 3M’s of waste:
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[bookmark: _Toc130839327]Figure 2.  Graphical depiction of the 3M’s of Waste (Creative Safety Supply, 2019)







In his article, Sridharan (2021) describes the 3M’s of Waste as follows:
1. [image: ]Muda is waste caused by processes or activities that use resources but do not add value to the customer.  Figure 3 illustrates the eight sources of Muda: Defects, Overproduction, Waiting, Non-Utilised Talent, Transportation, Inventory, Motion and Extra Processing (D.O.W.N.T.I.M.E).  

[bookmark: _Toc130839328]Figure 3.  The eight sources of Muda – D.O.W.N.T.I.M.E (Haldan Consulting, 2023)

2. Mura is waste caused by unevenness, variability, irregularity and un-uniformity within the process.
3. Muri is waste caused by overloading or overburdening people, equipment or processes. 
Reduction or removal of waste is just one fundamental element of the Lean Manufacturing framework.  For successful implementation and stability, all framework elements must be applied in conjunction with each other, as depicted but the House of Lean analogy in Figure.1. 



[bookmark: _Toc130840986]Lean Fundamentals  
Successful implementation of Lean requires practical understanding, implementation and deployment of the framework’s fundamental elements:
[bookmark: _Toc130840987]Kaizen
Kaizen is the Japanese term meaning change for good, i.e. continuous improvement (CI).  Kaizen functions based on a belief in people's desire to achieve quality and excellence.  Therefore, the workforce must believe in themselves and the system to achieve results.  In today's competitive environment, CI is required within an organisation to sustain its market position.  
Three core principles or pillars underpin Kaizen:
1. [image: ]Housekeeping is Kaizen’s first pillar and workplace management method and works on the premise that a clean, neat and correctly equipped workplace is efficient.  A standard housekeeping tool used under Kaizen is 5S:[bookmark: _Toc130839329]Figure 4. 5S translation and definitions (Kaizen Institute India, 2014)


2. Elimination of Muda (Waste) is the second pillar of Kaizen, detailed in section 3.2 of this report.

3. Standardisation is the third and final pillar of Kaizen.   Kaizen/ CI activities are human-driven and are commonly undramatic, low-cost, low-risk solutions of common sense.  Taiichi Ohno used the tortoise and hare analogy to describe the application of Kaizen.  This is fitting as Kaizen focuses on the daily application of small and incremental improvements that have the potential to result in significant improvement over time.  Once improvements have been identified, proven and reviewed, they can be standardised and applied across the organisation.  The PDCA process (Figure. 5) is a commonly used application to achieve this.
[image: ][bookmark: _Toc130839330]Figure 5.  Depiction of the PDCA Cycle (Profit.co, 2023)

Skhmot describes how the PDCA cycle benefits an organisation by providing a structured framework for identifying Kaizen improvement opportunities along with evaluating and standardising them objectively:
Using PDCA, an organisation practising Kaizen creates a culture of problem solvers and critical thinkers.  Improvement ideas can be rigorously tested on a small scale.  By analysing data, the team can make adjustments and reassess the hypothesis.  After an idea has proved effective, it can be standardised and implemented companywide.  The process of the PDCA cycle enables continual testing of ideas and promotes a CI and continuous learning culture.
(Skhmot, 2017)

 



[bookmark: _Toc130840988]Standardised Work
The essential factor in achieving stability in a manufacturing process, standardised work is establishing procedures and standards to denote the most appropriate and efficient approach to accomplish a task within the best possible and significant time.
Standardised work is achieved through standard work charts, including the required work sequence, takt time and standard inventory. 
After establishing standardised, one can control and improve the work design based on the demands raised at work, i.e., either slow or speed.  Standardised work substantially aids in work reorganisation in terms of Takt time change;  When there is an increase in demand, workers can also be increased.  At the same time, the workers can be removed from the assembly line continuously as soon as the need subsides.
(Obusele & Sodhi, 2022, p. 1107)
Standardised work is one of the critical foundations of the Lean Manufacturing methodology, providing the stability on which many other Lean Principles are built.  Incorrect implementation of standard work will likely affect the stability of the entire process and will probably end with the failure of the whole lean implementation. 












[bookmark: _Toc130840989]Heijunka- Process Levelling and JIT
The term Heijunka comes from Japanese and means levelling.   It is a tool to facilitate Just In Time (JIT) and reduces unevenness in manufacturing processes, minimising overburden by producing the correct product type and volume by optimising capacity. 
With the unpredictability of customer demand, the successful implementation of Hijunka allows organisations to stop batch production and start processing orders in line with customer demand.  This, in turn, will reduce inventory overheads as there are fewer goods in reserve waiting to be purchased when the volume of orders is low.  
Heijunka delivers products and value to the customer allowing the process to be reactive to fluctuations according to average demand.  For that purpose, the following methods must be considered during implementation:
1. Takt Time - The rate at which the product must be produced to meet customer demand.  Takt time = available production time/number of units required.
2. Levelling by Volume - Minimising inventory costs by only producing what is ordered. 
3. Levelling by Type - Manufacturing multiple products allows production levelling based on the average demand for each product in the portfolio.  For such instances, the Hijunka box is a scheduling tool that visualises each product order, levelling the production sequence for optimal flow.  Kanban cards are visual representations of the specific work item and are used to determine the number of products made in each period. 
[image: ][bookmark: _Toc130839331]Figure 6.  Example of Hijunka Box (Kanbanize, 2023)

[image: ][bookmark: _Toc130839332]Figure 7.  Kanban Card Example (Lean Six Sigma Belgium, 2023)


















4. SMED – “The acronym SMED stands for Single-Minute Exchange of Die and is based on the techniques and theory for completing set up in a number of minutes expressed in a single digit, i.e. under 10 minutes”  (Dillon & Shingo, 1985).

In essence, SMED reduces the time it takes to complete equipment changeovers by performing most steps while the equipment is running (known as external) and streamlining and simplifying the remaining steps. 











[bookmark: _Toc130840990]Jidoka
Jidoka is the principle of designing equipment to detect, stop and highlight automatically to problems immediately whenever they occur (mechanical jidoka).  Equally, operators can stop the production flow whenever they note anything suspicious about the products or process (human jidoka), thereby preventing the waste from producing defective items.  The system also empowers operators to concentrate on tasks that enable them to exercise skill and judgement instead of continuous machine supervision.  
Incorporated under the Jidoka umbrella are Andon and Poke-Yoke:
Andon - The installation and activation of an Andon system (a visual system that highlights where the action is required) that further empowers operators to identify an issue as it occurs, stopping the production process and allowing a solution to be found at the source. 
[image: ] 
[bookmark: _Toc130839333]Figure 8.  Andon Visual Management Colour Code Example (Kanban Zone, 2023)


Poke-Yoke - is the term given to fail-safe devices in the manufacturing process that stops the process when an error is detected.  
Toyota UK Magazine (2016) states that using Jidoka principles throughout the process is a vital element of the TPS,  immediately addressing imperfections by self-inspecting workers and reducing the amount of work added to a defective product. 

[bookmark: _Toc130840991]Origins of Six Sigma 
[bookmark: _Toc130840992]A Brief History 
In 1987, with concerns around traditional quality assurance methods, accompanied by below-par product quality,  Motorola developed the six sigma methodology and applied cultural changes that would change how modern organisations deliver and manage quality control. 
[image: ]Motorola achieved significant success upon implementing six sigma and "documented more than $16 Billion in savings from the approach. As a result, organisations worldwide have adopted the methodology to improve quality assurance and remain competitive” (SSGI, 2023).[bookmark: _Toc130839334]Figure 9. Six Sigma Timeline of significant events (SSGI, 2023)




 


	

[bookmark: _Toc130840993]Six Sigma 
[bookmark: _Toc130840994]Overview
In contrast to the waste-eliminating techniques and process streamlining principles of Lean, Six sigma is a data-driven, statistical problem-solving methodology used to improve product or process quality to reduce defects to no more than 3.4 per million opportunities.  

Six Sigma is a top-down, rather than a bottoms-up, system that is commonly led by appointed champions in each business.  The champions are responsible for ensuring the successful implementation of Six sigma in their areas of influence.  Figure 10 shows the Roles and responsibilities associated with Six sigma:

[image: ][bookmark: _Toc130839335]Figure 10.  Six Sigma Roles & Responsibilities (SSGI, 2023)












[bookmark: _Toc130840995]DMAIC
[image: ]DMAIC is a problem-solving framework of Six Sigma.  It is a highly disciplined approach that typically involves five stages Define, Measure, Analyse, Improve, and Control.[bookmark: _Toc130839336]Figure 11.  Overview of DMAIC (Pyzdek, 2018)















[bookmark: _Toc130840996]Basic Tools of Six Sigma 
The Six Sigma methodology has an array of basic, intermediate and advanced tools that are applicable for variability reduction and quality control.   This report will focus on the basic tools and explain how they are applied at Tata Steel UK:
Process mapping and Process Flow Charts are used to document all process steps to identify areas that add variability to the process.  Process maps provide a visual comparison of the current process and potential new process, making it easier for those outside of the project team to understand.
Tata Steel UK uses process mapping to identify and reduce variability in many processes.  An example is Figure 12, completed by the author of this report, which is a basic process flow diagram of the coal crushing process, completed as part of an ongoing six sigma green belt project to reduce variability and improve quality.
[image: ][bookmark: _Toc130839337]Figure 12.  Process Flow Diagram of Coal Crushing Plant at Tata Steel UK (Frey, 2022)

Check sheets are used to collect real-time data at the source.


Pareto bar charts display the frequency or frequency range using the Pareto principle.  They are used to identify the relative frequency of problems within a process.  
[image: ]Cause & effect analysis is a tool used to list the causes associated with a specific effect.  At Tata Steel UK, cause and effect diagrams are used as practical problem-solving tools.  Figure 13 is an example of a cause-and-effect diagram completed as part of the author's Six Sigma green belt project.[bookmark: _Toc130839338]Figure 13.  Cause & Effect Diagram- Coal Crushing Variability Project (Frey, 2022)

 







Histograms are used to view overall  data distribution trends and peaks of the distribution in the data set.  Furthermore, they can be used to identify whether the distribution is skewed or symmetric and to show the outliers.  Histograms help to determine if the process meets the needs of the customer, and it also helps to identify the process changes over time.
(Hessing, 2023)
[image: ][bookmark: _Toc130839339]Figure 14.  Coal Crushing Variability Project Histogram (Frey, 2022)









Run charts are simple but effective that display data collected over time.  They are useful for identifying trends and step changes within a process.
[image: ]
[bookmark: _Toc130839340]Figure 15.  Coal Crushing Run Chart (Frey, 2022)

The Six Sigma toolkit extends further than the tools described above.  Intermediate tools and advanced tools to acknowledge are distributions, statistical inference, control charts, SIPOC, DOE, and Process capability.







[bookmark: _Toc130840997]Conclusion
The research provided within this report has highlighted that the fundamental difference between Lean is primarily waste reduction focussed and often shaped every aspect of the organisation. In comparison, Six sigma focuses on using statistical analysis to drive the reduction of variation and defect rates within production processes.
In conclusion, in today’s fast-paced data-driven society, it can be argued that the synergy, correct implementation and utilisation of both Lean and Six Sigma Methodologies will equip any organisation with the tools and capability to proactively identify and address process issues while reducing defects and striving for near perfection.
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