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Preface
A lot of companies out there still believe that Lean Six Sigma (LSS) is only 
for the big multinational corporations. This book is written to refute that 
myth. Our research and experience with a number of small and medium 
sized enterprises (SMEs) have clearly indicated that LSS can equally work 
in this sector. Obviously, there will be a number of challenges and barri-
ers in the successful deployment of LSS within SMEs. This book covers 
some of the fundamental challenges and the common pitfalls which can 
be avoided in the introduction and successful deployment of LSS in the 
context of SMEs. Unlike larger corporations which invest heavily in LSS 
Black Belt training followed by the execution of a number of strategic proj-
ects, we recommend senior managers in SMEs to develop a number of LSS 
Green Belts and Yellow Belts at the outset of the initiative and then select 
the most talented candidates to become Black Belts if needed.

Don’t look at your LSS team as a bunch of firefighters. They are fire 
preventers. We recommend SMEs to have an LSS infrastructure with a 
number of Green Belts, Yellow Belts, LSS project champions and even 
sponsors. The Green Belts are expected to identify the most critical prob-
lems across the business and try to develop a number of projects which 
can tackle these critical issues. In Lean Six Sigma for Small and Medium Sized 
Enterprises, the authors will systematically take you through the applica-
tion of Six Sigma methodology for problem solving. A separate chapter 
is dedicated to the most appropriate tools and techniques which can be 
useful in each stage of the methodology. We want to highlight the fact 
that it will take a great deal of effort and commitment to learn and apply 
LSS in any SME context. We have tried our best to minimise the amount of 
math and statistics involved within our approach, however, it is virtually 
impossible to teach LSS without any statistics. We encourage companies 
to invest in Minitab, a powerful statistical software system for LSS pro-
grams that helps everyone to make decisions on the graphs.

This book is intended primarily for senior managers, middle man-
agers and people on the shop floor who are preparing to become LSS 
deployment champions, Green Belts and Yellow Belts. A champion needs 
to focus on the LSS roadmap along with the senior management team so 
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that he or she can communicate the progress of the journey on a regular 
basis. In an SME context, it is important that we involve all employees in 
process improvement projects using LSS tools; this will help them to hone 
their skills in problem solving and establish a sense of empowerment. LSS 
is not a quick fix or flavour of the month or management fad, but rather 
it is a proven business strategy which can deliver bottom-line results and 
a world-class practice for making your business processes efficient and 
effective.

The authors felt that SMEs cannot afford to invest a lot in training 
and this is often considered to be one of the major barriers for not launch-
ing a Six Sigma or LSS initiative in many SMEs. The authors of this book 
provide such SMEs with a roadmap for implementing and deploying LSS, 
followed by six excellent case studies showing how LSS tools have been 
integrated into LSS methodology. This would encourage a number of 
SMEs to embark on the LSS journey rather than relying too much on con-
sultancy businesses, which often fail to develop a critical mass of people 
with required skills and expertise on the subject. We have written this 
book with the following salient features:

•	 Readiness factors for the introduction of LSS in SMEs
•	 A roadmap for deployment of LSS in SMEs
•	 Basic and advanced tools of LSS which are most appropriate in the 

context of SMEs
•	 Lean and Six Sigma Metrics
•	 Case studies of LSS from a number of SMEs
•	 Essentials of Lean and Six Sigma
•	 LSS project selection
•	 Six Sigma problem-solving methodology

We firmly believe the applications of LSS in SMEs will continue to 
grow over the years and this book is very timely. It can be a very use-
ful guide for the implementation and deployment of LSS. We encourage 
senior managers in SMEs to use this book for training LSS Green Belts 
and Yellow Belts or for self-study to master the tools and methodology of 
Six Sigma.

This book consists of nine chapters:

Chapter 1 is an introduction to SMEs covering the characteristics of 
SMEs, contribution of SMEs to the world economy and some of the 
critical and fundamental differences between SMEs and larger firms.

Chapter 2 gives readers a general introduction to Continuous Improvement 
(CI) initiatives in SMEs. It highlights the critical factors required 
for the successful deployment of CI and the role of leadership and 
sustainability for CI.
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Chapter 3 provides an excellent commentary on LSS covering a number 
of topics such as Lean methodology, some of the common myths of 
Six Sigma, strengths and weaknesses of LSS, background to LSS and 
some of the challenges in the implementation of LSS.

Chapter 4 gives a roadmap showing the key phases in the introduction 
and successful development of LSS initiatives within an SME. The 
readiness factors for the successful introduction of LSS are detailed 
in this chapter as well as LSS implementation infrastructure.

Chapter 5 is devoted to metrics of Lean, Six Sigma and Lean Six Sigma.
Chapter 6 explains the five phases of the Six Sigma methodology 

and the key activities which take place within each phase of the 
methodology.

Chapter 7 provides the most powerful tools and techniques of LSS 
which can be used in an SME environment. The authors provide 
readers with useful guidelines showing where, when, why and how 
these tools/techniques should be used with an illustrative example 
wherever necessary.

Chapter 8 is dedicated to project selection and prioritization showing 
how projects should be selected and prioritised. The authors also 
provide some tips for making the project selection process successful.

Chapter 9 is a great resource for LSS case studies. This chapter covers 
case studies on both Lean and Lean Six Sigma. Each case study is 
carefully chosen to illustrate the power of the LSS methodology and 
the associated tools within each phase of the methodology.

Finally, we would like to thank all the readers who are using this 
book for the LSS journey and we wish the very best of luck with your 
endeavours.
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chapter one

Introduction to small and medium 
sized enterprises (SMEs)

1.1  Introduction
Small and medium-scale enterprises (SMEs) contribute significantly to 
the global economy. SMEs form the backbone of developing countries 
and represent the rapidly growing sector. SMEs’ key role is to promote 
entrepreneurial focus and innovation, thereby ensuring competitiveness. 
SMEs enable several larger companies and have a significant contribu-
tion to the world economy. This chapter reviews the definition of SMEs 
and their economic share, analysing the characteristics of small firms and 
their comparison with large businesses.

1.2  Definition of SMEs
While formulating plans and policies for any organisation, it is of the 
utmost importance to know the nature and type of business you are deal-
ing with. Businesses across the globe are categorised based upon their 
magnitudes with respect to their size, capacity, capital invested and 
workforce employed. On a broad scale, large companies are grouped as 
one type while all other businesses are grouped as another. Though all 
enterprises falling under the second group enjoy the same social status 
as per legal norms followed by most countries across the globe, their eco-
nomic levels are substantially different. Based on the creation of better 
development plans for such organisations, they are further categorised 
based on their magnitudes as SMEs. Broad classification of enterprises 
has been further extended to include micro enterprises along with SMEs 
to form micro, small and medium enterprises (MSMEs), due to continu-
ous research efforts in recent years into the nature and functioning of 
enterprises.

Various regional authorities have classified SMEs based on vital cri-
teria such as size of the plant, capacity, workforce size, investment and 
returns, which play a major role in deciding on the amenities and services 
to be provided and enjoyed by the firm. Studies on SMEs in the past found 
these criteria to be the appropriate definition of SMEs.
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The definition of SMEs, based on enterprise categories of the European 
Union (Classen et al. 2014), is based on factors such as headcount and turn-
over in euro (EUR). A firm with <10 headcount, <EUR 2 million in turnover 
is defined to be a micro enterprise, whereas a firm with 10–49 headcount, 
EUR 10–49 million in turnover is defined to be small enterprise, and a 
firm with 50–250 headcount, ≥EUR 50 million in turnover is defined to be 
a medium enterprise. These are active definitions for MSMEs followed by 
various European economies.

Alarape (2007) defined Nigerian SMEs as enterprises with labour size 
of 11–100 employees or a total cost of ≥50 million in Nigerian naira, which 
includes working capital and excludes land cost. Shehab (2008) defined 
Libyan SMEs as organisations having an employee count ranging from 50 
to 250, making turnover in the range of 2–12 million in Libyan dinar (LYD) 
and LYD 1–8 million of turnover on the balance sheet. Du Toit et al. (2009) 
defined South African SMEs as enterprises which satisfy one or more of 
the following conditions: fewer than 200 employees, annual turnover of 
less than 64 million rand (ZAR), capital assets of less than ZAR 10 million 
and direct managerial involvement by owners.

There is more than just one definition for SMEs in Malaysia. The mean-
ings based on several factors as described by Husin and Ibrahim (2014), 
which include SMEs based on sales turnover as published in the SME 
Performance Report and full-time employment as cited in the SME Annual 
Performance Report 2013/14, are that micro businesses are those having 
fewer than five employees in both the manufacturing sector, which con-
tributes less than 250,000 Malaysian ringgit (MYR), and the services sector, 
which contributes less than MYR 200,000 to the nation’s economy. Similarly, 
small businesses are those having employee counts within the range of 
5–50 in the manufacturing sector, which contributes in the range from MYR 
250,000 to less than MYR 10 million, and 5–19 employees in the service sec-
tor, which contributes in the range from MYR 200,000 to less than MYR 
1 million. Medium businesses are those having employee counts within the 
range of 51–150 in the manufacturing sector, which contributes in the range 
of MYR 10 million to MYR 25 million, and 20–50 employees in the services 
sector, which contributes about MYR 1 million to MYR 5 million.

Olusegun (2012) defines SMEs as firms with engagement in one form 
of business or another. The author states that definitions of SMEs differ 
across countries, industries, number of employees and asset value.

In the UK, the number of SMEs is estimated to be around 4.9 million. 
An enterprise in the UK context is termed as an SME if it has a turnover 
less than £25 million and the number of employees engaged is fewer than 
250 (Maurya et al. 2015). About 99.3% of private sector businesses in the 
UK are SMEs with an annual turnover of £1.6 trillion that contribute 47% 
of the private sector turnover. In order to support SMEs, about 25% of the 
UK government’s funding goes directly to SMEs.
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Grover and Suominen (2014) define SMEs in the US as firms with 
fewer than 500 employees. SMEs are considered to be the backbone of the 
US economy. In the US, there are around 28 million SMEs functioning, 
and they are responsible for 34% of US export revenues. About 99% of the 
private firms that operate in the US are SMEs, and they employ over 50% 
of private sector employees (Parnell et al. 2015). They produce around 65% 
of the net new jobs in the private sector. Around 543,000 new business 
firms are getting started each month in the US. Only 25% of the SMEs 
around the US sustain for more than 15 years, and nearly 70% of the SMEs 
fail to survive for more than 2 years (Williams 2014).

In Canada, there are around 1.2 million SMEs, and they represent 54% 
of jobs generated by private sector businesses. SMEs in Canada represent 
54.3% of the economic output generated by the business sector (Sui and 
Baum 2014). About 98.1% of Canadian SMEs have fewer than 100 employ-
ees, and about 55% of SMEs employ fewer than four employees.

In Australia, SMEs are defined as any business or company with rev-
enues less than 20 million Australian dollars (Chong 2014). There are over 
1.2 million SMEs in Australia, and they contribute 96% of all businesses 
and generate nearly 33% of the country’s gross domestic product (GDP). 
About 63% of total employees engaged in the Australian private sector 
are from SMEs. The annual turnover of SMEs contributes to 9% of the 
Commonwealth revenue in Australia.

In South Africa, companies with fewer than 200 employees are termed 
as SMEs. They contribute to 91% of the formalised business and produce 
about 60% of the labour workforce. Their total economy contributes nearly 
34% of GDP.

1.3  SMEs’ contribution to world economy
SMEs account for 90% of businesses across the globe and 50%–60% in 
terms of employment (Jenkins 2004; Sannajust 2014). SMEs are major 
contributors to the social and economic development of Poland, since 
Poland has SMEs employing over 6 million people and generating 50% 
of its GDP. Of the total operating companies in Poland, 99.8% are SMEs 
(Walczak and Voss 2013). Of Dutch firms, 70.7% are small sized (10–49 
employees), and 29.3% of firms are medium sized (50–250 employees) 
(Kraus et al. 2012).

In the beginning of 2014, 5.2 million small businesses accounted for 
48% (12.1 million) of the UK private sector. The cumulative annual turn-
over of small businesses is £1.2 trillion, representing 33% of private sec-
tor turnover. In the beginning of 2014, 31,000 medium-sized businesses 
existed. These businesses contributed an annual turnover of £480 billion 
and employed 3.1 million people. In the context of the UK private sector, 
5.2 million SMEs accounted for 60% (15.2 million). The cumulative annual 
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turnover of SMEs is £1.6 trillion, representing 47% of turnover in the pri-
vate sector (White 2014).

In the European Union context, SMEs are economically significant, 
with 99% of an estimated 23 million enterprises defined as SMEs. European 
SMEs generate 65 million jobs. Among those all are small enterprises, with 
23 million companies (96.8%) which have fewer than 10 staff members and 
only 75,000 enterprises which employ more than 250 employees (Wach 
2014). In the context of the European private sector, about two-thirds of 
jobs pertain to SMEs and generate 59% of added value.

In the world scenario, China has the highest number of SMEs in the 
world with 50 million. India is in second place with 48 million SMEs. SMEs 
in India contribute about 40% of its employment, 45% of its manufacturing 
output and 17% of the country’s GDP (Malini 2013). SMEs are a vital con-
tribution to the national economy of Malaysia. SMEs serve as a technol-
ogy facilitator to industries and encompass 96.1% of total Malaysian firms 
(Hilmi and Ramayah 2009).

SMEs represent the backbone of the US economy. They form about 
99% of all firms in the US, and 50% of the country’s private sector employ-
ees are employed by SMEs. SMEs generate 65% of net new jobs in the pri-
vate sector. They contribute over half of US non-farm GDP and form 98% 
of all US exports. SMEs contribute to 34% of US export revenue (Grover 
and Suominen 2014).

Over the last 12 years, the Mexican government has strengthened 
SMEs and its entrepreneurship policy framework and budget. This move 
has resulted in extensive improvements in the business environment for 
SMEs and entrepreneurship in Mexico. Mexico has an expanding SME 
sector. They account for 99.8% of enterprises and 72.3% of employment 
in the country. Micro enterprises (employing fewer than 10 people) of 
Mexico account for 96.1% of all businesses (OECD 2013). Brazil presently 
has around 6.3 million SMEs, and its annual operational revenue is US 
$39 million. SMEs in Brazil contribute 20% to the country’s GDP and cre-
ate around 47,000 new jobs, representing 52% of the formal jobs (Cravo 
et al. 2012).

Indonesian SMEs represent more than 90% of all firms external to 
the agricultural sector and also form the highest source of employment 
(Tambunan 2007). SMEs in Russia are crucial for its socio-economic pros-
perity, growth, employment and technical innovations. There are six 
SMEs per thousand people in Russia, 45 in the EU, 49.6 in Japan and 74.2 
in the US (Zhuplev 2009).

India has nearly 36 million units of SMEs, which account for almost 
50% of industrial output and 45% of the country’s total exports (Nayak 
et al. 2014). Indian SMEs contribute about 8% to the country’s present GDP 
and have significant opportunities to facilitate industrial growth across 
India. The Micro, Small and Medium Enterprises Development Act was 
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framed by the government of India to address policy issues that affect the 
financial performance of SMEs and thereby enhance their competitive-
ness. As per the new Micro, Small and Medium Enterprises Development 
Act 2006, the number of Indian SMEs ranges from 7.8 million to 13 mil-
lion. The total share in GDP of SMEs in India is more than 80%, and more 
than 90% of all the enterprises are SMEs.

1.4  Characteristics of SMEs
SMEs are being classified based on their size and structure, which includes 
employee headcount, assets and financial turnover that is below a par-
ticular limit. SMEs are the key drivers of growth and are important for 
efficient and competitive markets to facilitate job opportunities (Beck and 
Demirguc-Kunt 2006). The difference between an SME and a large enter-
prise originates from how the business entity is conceptualised and man-
aged. SMEs might have a flat hierarchy and an integrated set of business 
functions, whereas large enterprises have a matrix organisation and a set 
of business units which focus on specific market segments and business 
domains. Business ownership patterns are different between the two enti-
ties (Hoffmann and Schlosser 2001). SMEs must evolve the focus of their 
enterprises in a manner compatible with the phases of the industries they 
serve. The roles of technology evolve in a similar manner (Hallberg 2000).

1.4.1  Low start-up costs

Start-up costs for small-scale businesses are normally lower, pertaining 
to specific business models and the kind of products or services provided 
(Blair and Marcum 2015). This contrasts with larger businesses requiring 
huge investments during the start-up stage.

1.4.2  Portability

A small-scale business is normally portable, enabling set-up and tear-
down (Simatele 2014). Small-scale businesses also require an avenue to 
accept payments such as small credit card terminals.

1.4.3  Leadership

An SME’s success often relies on its owner’s leadership skills, character-
ised by unity of ownership, management, liability and risk (Aslan et al. 
2011). Due to flat organisational structure and limited resources, the own-
ership and management of day-to-day operational activities rests with the 
owner/leader in SMEs compared to larger organisations where leadership 
is shared, dispersed and institutionalised.
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1.4.4  Management structure

The management in small businesses is mostly through direct supervision 
or supervision by owner(s)/manager(s) as compared to delegation or decen-
tralisation of responsibilities to employees as witnessed in large firms. 
Understanding the management of small firms is an essential component 
in perceiving the relationship among ownership and decision-making, 
managerial styles, organisational structure and culture and business 
development pattern (Walczak 2005). SMEs have flat organisational struc-
ture, i.e. fewer levels of management, and fewer departmental interfaces 
promoting a flexible work environment which facilitates rapid communi-
cation, fast decision-making process and speedier implementation.

1.4.5  Planning

SMEs exist in uncertain and dynamic environments, where innovation, 
flexibility and responsiveness may be vital for survival (Wang et al. 2007). 
Research studies have emphasised that SMEs cannot survive or sustain 
without strategic planning and strategic developments (Dibrell et al. 2014). 
In such firms, the strategic process is streamlined as in many large firms.

1.4.6  Systems and procedures

The extent of formal systems in small firms ranges from minimal/non-
existent to basic levels compared to large firms, where they have mature 
and formally established systems and procedures in place (Terziovski 
2010). The simple processes in SMEs allow flexibility and encourage inno-
vation and a speedy response to customer requirements.

1.4.7  Human resources

Usually, very few employees are engaged for a small-scale business. During 
busy periods, business may have one or two employees (Thomas and Webb 
2003). Small-scale businesses are staffed by owners themselves to retain prof-
its. It is easier in the SME environment to educate and train employees due 
to the smaller workforce compared to their larger counterparts. But SMEs 
face financial constraints, and they cannot mobilise the same resources for 
education and training that larger firms can (Nolan and Garavan 2015). 
Training and staff development in SMEs is mostly ad hoc and small-scale 
compared to the scheduled and large-scale training in larger firms.

1.4.8  Market and customer focus

Small-scale businesses require a much smaller area than larger corpora-
tions or private businesses, and they focus on single communities (Keskin 
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2006). SMEs are very close to their products and customers, allowing 
rapid information flow between customers and the company and creat-
ing a higher sense of responsibility (Sain and Wilde 2014). SMEs usually 
depend on few customer bases with limited external contacts. On the 
contrary, larger firms have a larger span of activities dispersed externally 
with a large customer domain.

1.4.9  Operational improvement

Implementation of best-in-class management practices such as total qual-
ity management (TQM), Lean, Six Sigma and Kaizen in large organisa-
tions is well documented and cited in literature (Gunasekaran et al. 2000). 
However, existing evidence suggests that SMEs are slower to adopt such 
formalised management practices due to lack of understanding of these 
management practices, lack of resources (people, finance, time, etc.) and 
lack of knowledge and short-term strategic planning.

1.4.10  Innovation

Innovation is a key source of competitive advantage for organisations (Lee 
et al. 2010). The relative advantage of large firms lies mostly in utilising their 
resources and good external networking, while SMEs are relatively strong 
in innovation where effects of scale are not important as compared to their 
behavioural attributes. In SMEs, incremental innovation refers to improving 
or revising the existing features of a product or service, and radical innova-
tion involves developing products or services that offer wider benefits to 
customers than the existing products and services (Klewitz and Hansen 
2014). Most of the SMEs focus on incremental innovation because the neces-
sity for product enhancement is less and due to the unavailability of techno-
logical resources (Prajogo and McDermott 2014). When undergoing radical 
innovations, the firm must improve its learning and knowledge-sharing 
capability and must develop appropriate infrastructure. Moreover the deci-
sion to go with incremental or radical innovation is dependent on the SME’s 
willingness and its absorptive capabilities (Massa and Testa 2008).

1.4.11  Networking

Networking and alliances play a vital role in the skill development of 
entrepreneurs for small firms and provide them a chance to build stra-
tegic market positions that contribute to competitive advantage (Gilmore 
et al. 2006). Research has shown that SMEs are better able to innovate 
when they are part of clusters. This is the reason most advanced manu-
facturing concepts are implemented in a cluster approach wherein groups 
of SMEs are brought together with similar product manufacturing, and it 
promotes inclusive growth.
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1.4.12  Revenue and profitability

Revenue for small-scale business is generally less than for companies 
working on a wider scale (Esselaar et al. 2006). Established small-scale 
businesses often establish their facilities and equipment to maintain lower 
costs than more leveraged businesses.

1.4.13  Ownership and taxes

The corporate form of business organisations is not adaptable to small-
scale operations (Smallbone and Welter 2001). Small-scale businesses pre-
fer to organise as sole proprietorships, partnerships or limited liability 
companies.

1.4.14  Locations

A small-scale business is performed in a limited area. These companies 
do not have sales outlets in multiple states or countries due to financial 
constraints and limited orders. The location of SMEs plays a major role 
in deciding a firm’s direct and indirect expenses. SMEs located in met-
ropolitan areas have lower cost of access to foreign markets and can pro-
mote exports due to the connectivity which SMEs in remote locations 
lack (Freeman and Styles 2014). SMEs located in remote places are mostly 
affected by circumstances inherent to their location that prevent them 
from enhancing business performance.

1.5  SMEs versus larger firms
Global markets are dominated by larger firms due to their huge economies 
of scale and promotional expenses, which SMEs lack. Even though SMEs 
are not able to compete with larger firms in terms of capital investments 
and economies of scale, they have a strong potential to compete on service 
and value metrics with larger firms. SMEs are more adaptable and flexible 
in satisfying customer needs, which most larger firms fail to do. There are 
key factors which need to be identified when benchmarking SMEs and 
larger firms. Based on a literature review, the following factors are found 
to be vital to compare SMEs with larger firms. Innovation, speed of atti-
tude towards risk, decision-making, resource allocation, understanding 
and management of business models are some of the key factors used to 
differentiate small and medium enterprises and large businesses.

1.5.1  Innovation

The business scenario experiences a turbulent situation due to rapidly 
changing customer preferences and the emergence of newer technolo-
gies. Organisations need to make appropriate investments on products 
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or services which will withstand competitiveness that is not possible with 
SMEs. Due to increasing competition, both larger firms and SMEs are 
expected to be innovative. The extent of innovation culture varies from 
larger firms to SMEs. Large firms experience a high degree of innovation 
whereas SMEs are expected to be reasonably innovative.

1.5.2  Attitude towards risk

Large-scale enterprises undertake higher risk in executing business tasks. 
This is because their capital is larger, and buffers exist to absorb any 
uncertainties. However, SMEs must consider the negative consequences 
that may result due to investment and revenue generation.

1.5.3  Decision-making

Large enterprises with higher levels in the organisational hierarchy will 
often require more time to make decisions, which creates frustration 
when immediate decisions are needed. Any delay in the decision-making 
process may affect the progress of the company. In the context of SMEs 
with a lower hierarchical structure, decisions can be made faster in vital 
situations.

1.5.4  Resource allocation

In small businesses, resources are scarce, and the allocation is based on 
bottom-line benefits as they do not have streamlined resource allocation 
procedures. This scenario may not be so distinct in a larger corporation 
wherein appropriate procedures will be followed for the planning and 
allocation of resources.

1.5.5  Understanding and management of business models

A large enterprise establishes business models in a comprehensive man-
ner when compared with SMEs. Larger firms conduct periodic training 
and focus on activities to attain the company’s goal, which is not the case 
in SMEs. Most SMEs do not have a comprehensive business model with 
interlinked functions.

1.6  Summary
The world market witnesses globalisation as a result of which larger firms 
outsource their business to smaller firms. As a result, SMEs are being rec-
ognised worldwide and significantly contribute to economic development, 
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job opportunities and economic welfare. Despite contributing towards the 
worldwide economy, SMEs also face some challenges in the global market 
that restrict them from being competitive. Some of the challenges faced 
by SMEs in global markets are low levels of expenditure on research and 
development (R&D) activities, lack of modern information and technologi-
cal systems, poorly developed innovation systems, stringent policies, lack 
of knowledge on marketing and branding, low managerial capabilities and 
lack of contacts with major local and international enterprises (Khalique 
et al. 2011; Rowley and Cooke 2014). These challenges can be overcome by 
providing a knowledge-based understanding to the SMEs on improving 
R&D infrastructure and to enhance the management’s focus on intellec-
tual capital investments that should be spent on physical assets. SMEs 
must learn to improve their marketing channels and concentrate more on 
product innovation for sustaining themselves in the global market. Based 
on the contribution of small enterprises, their importance needs to be com-
pletely understood. This chapter reviewed the definitions of SMEs, the 
contribution of SMEs towards the global economy and the characteristics 
of SMEs compared to larger firms. The vital differences between large and 
small organisations needs to be analysed based on the characteristics of 
small firms and their differentiators with large organisations. This kind 
of distinction is needed as the business models and theories developed for 
large organisations cannot be directly applied for smaller organisations. 
The difference is based on how the small firms run their businesses and 
the frameworks for facilitating continuous improvement.
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chapter two

Continuous improvement 
initiatives in SMEs

2.1  What is continuous improvement?
The concept of continuous improvement (CI) comes from the Japanese 
term Kaizen that was initially developed and propagated by Masaaki 
Imai, who is recognised as the father of CI. Kaizen is a compound word 
in Japanese that includes two concepts: kai (change) and zen (to improve). 
Boer and Gertsen (2003) provide us with a very meaningful definition 
of CI and define CI as ‘the planned, organised and systematic process 
of ongoing, incremental and company-wide change of existing practices 
aimed at improving company performance’.

CI is an ongoing effort to improve products, services or processes. 
These efforts can seek ‘incremental’ improvement over time or ‘break-
through’ improvement all at once. It is based upon a belief that contin-
ual improvement can be brought about by a never-ending series of small 
changes. It is important to note that all employees must participate in a CI 
initiative, and senior management must be totally engaged with the initia-
tive right from the outset.

CI doesn’t happen overnight − it is a never-ending journey that 
requires long-term vision and uncompromising commitment from the 
senior management team across the organisation early in the process. The 
senior management team should convey the message that CI is not just a 
cost-cutting exercise; rather it is about changing the culture of the organ-
isation. In order to weave CI into the DNA, organisations should focus on 
some key principles of CI, such as leadership, employee engagement and 
process improvement metrics for CI, a data-driven approach to improve-
ment and robust governance.

How do we make sure that a corporate culture is ready for a CI initia-
tive? First of all, leaders in an organisation should understand that CI is 
a philosophy and not a set of tools and techniques for problem solving. 
Many senior managers are often demanding a quick-fix solution to their 
problems, which can deliver short-term results. Moreover, to successfully 
build a culture for CI and other change initiatives, people in the organ-
isation need to be engaged and be a part of the change process. Leaders 
should work with the CI team to set clear goals, but they should give their 
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team the freedom to make their own decisions to achieve the objectives. 
It is important that each team member feels valued and respected, even 
when his or her point of view or approach is not adopted. In addition to 
the above, it is strongly recommended for leaders to link the work of the 
team to business goals, by being decisive and clear in prioritising which 
CI projects will deliver the greatest value.

2.2 � Continuous improvement practices in small 
and medium sized enterprises (SMEs)

The available literature debates the use of CI practices in the context of 
SMEs. One of the reasons why SMEs should work on CI is that they often 
serve as suppliers to large companies which demand CI and demonstrate 
the various capabilities to meet their requirements. In this section, we 
will briefly talk about different CI initiatives adopted by SMEs. These 
CI initiatives include Total Quality Management (TQM), Lean and Six 
Sigma.

Ghobadian and Gallear (1996) reported on the case studies of four 
SMEs where they investigated the reasons for adopting TQM, the main 
steps involved in implementation, the impact and changes resulting from 
its adoption and the difficulties in implementation. They concluded that 
SMEs could apply TQM with considerable success, and they pointed out 
the strengths inherent in SMEs which were beneficial for this.

Shea and Gobeli (1995) in their article cite some of the motives in the 
implementation of TQM reported by a group of small companies they 
studied. They are

	 1.	Promotion of growth − it is easier to convince the company’s bank-
ers to invest in it if there is evidence that the organisation is well run.

	 2.	Management’s belief in the principle of customer satisfaction and 
employee empowerment, which reflects the management style sup-
porting TQM.

	 3.	Changing customer expectations, even for organisations seen to be 
doing well (competitive issue).

	 4.	Making work more enjoyable.
	 5.	 Improving poor company performance if the company is not doing 

well (survival issue).

So what are the key lessons learned from the implementation of TQM 
in SMEs? Certain fundamental processes necessary for TQM implementa-
tion exist, but the rate at which an organisation carries them out depends 
very much on the level of resources available. This means that SMEs 
should adopt TQM in a much more staggered and progressive manner. 
SMEs cannot afford massive investments such as a whole year on TQM 
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education alone, or on visits to TQM companies to perform benchmarking. 
Small businesses should, on a small scale, consider improvement projects 
that can reduce costs, increase profits, reduce rejects and reduce failures, 
with a high degree of success, in the shortest possible time. TQM will 
not solve every problem, and in fact, it may create others. It is just one of 
the many philosophies that a company can adopt to achieve its business 
goals; it is not the panacea for all ills.

According to Achanga et al. (2006), although Lean manufacturing is 
becoming a popular technique for productivity improvement, SMEs are 
still not certain of the cost of its implementation and the likely tangible 
and intangible benefits they may achieve. Most of these companies fear 
that implementing Lean manufacturing is costly and time consuming. 
Moreover, effective application and utilisation of Lean manufacturing 
within SMEs will be delayed or may not be achieved at all unless SMEs 
restructure their focus to become more receptive and capable of absorbing 
new ideas.

A study carried out by Dora et al. (2013) shows that some Lean 
manufacturing practices such as total productive maintenance (TPM), 
employee involvement and customer involvement are widely used 
among the European food SMEs in comparison with other Lean prac-
tices. The finding on the use of TPM by SMEs is not in line with the 
literature, which states that the uptake of TPM is very slow in SMEs. The 
result of this study also illustrates that food-processing SMEs benefit 
from implementing Lean manufacturing practices, particularly regard-
ing reducing cost, improving profitability, increasing productivity and 
reducing customer complains. The full benefits of Lean manufactur-
ing are not realised by the food SMEs because of their early stage of 
adoption.

Wessel and Burcher (2004) in their study identify the specific require-
ments for the implementation of Six Sigma based on a sample of SMEs in 
Germany. This study also examines how Six Sigma has to be modified to 
be applicable and valuable in an SME environment. This is the first study 
of its kind to be carried out on Six Sigma in SMEs.

Snee and Hoerl (2003) argue that there is nothing inherent in Six 
Sigma that makes it more suitable for large companies. They also suggest 
that the greatest barrier to implementation in small companies to date has 
been the way the major Six Sigma training providers have structured their 
offerings. More recently, as more and more sets of deployment guides and 
training materials have become available, the pricing structures have 
begun to change. Today, it is much easier for SMEs to obtain good external 
resources without a large upfront payment. Adams et al. (2003) suggest 
that the initial focus of SMEs can be to reduce quality costs or waste in the 
system. Effort and investment, as well as results in smaller companies, are 
more visible within a short time.
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Davis (2003) points out that the problem arises in SMEs when they 
solicit deployment proposals from Six Sigma consulting companies only 
to learn that the traditional Six Sigma implementation approach in large 
companies can require millions of dollars investment, dedication of their 
best people on Six Sigma projects and training of the masses. He also 
argues that using a yellow belt approach allows SMEs to implement Six 
Sigma at a less costly, more manageable pace. He adds that the ‘one size 
fits all’ Six Sigma black belt deployment model is not practical for every 
company.

A cross-sectional study was conducted by Antony (2015) to assess the 
current status of Six Sigma implementation in UK SMEs. The results of 
the study showed that many SMEs were not aware of Six Sigma or did not 
have the resources to implement Six Sigma projects. Management involve-
ment and participation, linking Six Sigma to customers and linking Six 
Sigma to business strategy were the most critical factors cited for the suc-
cessful deployment of Six Sigma in SMEs. This paper surveyed the use of 
Six Sigma in SMEs and showed that those who adopt it have reaped bene-
fits at both strategic and operational levels. If these benefits are to increase, 
there needs to be greater dissemination of its benefits and the creation of 
user groups that support SMEs in sharing and exchanging experiences 
of successful deployment of Six Sigma, thus promoting the best-in-class 
practice within the user group.

2.3 � Critical success factors in the 
implementation of CI practices in SMEs

Critical success factors (CSFs) are those factors which are critical to the 
success of any organisation, in the sense that, if objectives associated with 
the factors are not achieved, the organisation will fail − perhaps cata-
strophically so. Oakland (2000) defines CSFs as ‘a term used to mean the 
most important sub goals of a business or organization … what must be 
accomplished for the mission to be achieved’. In the context of Six Sigma 
project implementation, CSFs represent the essential ingredients without 
which a project stands little chance of success.

Lee (2004) carried out an exploratory study in small Chinese manu-
facturing firms to investigate the present status of TQM and its perception 
and development in these small firms. The CSFs for TQM implementation 
in his study included top management commitment, employee participa-
tion, supplier involvement and training and education.

Assarlind and Gremyr (2014) identify a number of CSFs for CI initia-
tives based on a review of 59 papers. A number of factors are extracted 
and then grouped into six categories: contextualisation, gradual imple-
mentation using realistic goals, involvement and training of employees, 
involvement of external support, management involvement and fact-based 
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follow-up. These factors are not all unique to SMEs, but collectively, they 
are uniquely targeted towards SMEs.

The following CSFs should be taken into account for the successful 
deployment of Six Sigma in SMEs: leadership and management commit-
ment; organisational infrastructure; cultural change; education and train-
ing; vision and plan statement; linking Six Sigma to customer; linking Six 
Sigma to business strategy; linking Six Sigma to employees; linking Six 
Sigma to suppliers; communication; understanding of Six Sigma; project 
management skills; and project prioritisation and selection.

Antony (2015) has identified the CSFs for the successful implemen-
tation of Six Sigma within UK manufacturing SMEs. These include 
management involvement and participation, linking Six Sigma to custom-
ers, linking Six Sigma to the business strategy, organisational infrastruc-
ture, understanding of Six Sigma methodology, training on Six Sigma 
and project prioritisation and selection. Achanga et al. (2006) identify 
four CSFs for the successful adoption of Lean manufacturing within the 
SME environment. These include leadership and management, financial 
capabilities, organisational culture and skills and expertise.

2.4 � Leadership for CI
Although the importance of CI as a priority in any business setting has 
been recognised by everyone regardless of the size and nature of the 
organisation, the leadership for achieving and sustaining CI has been a 
constant problem over the years. Juran et al. (1995) in one of their articles 
state that ‘attaining quality leadership requires that senior managers per-
sonally take charge of the continuous improvement initiative’. The best 
example for this is explicitly demonstrated by the former CEO of Motorola, 
Robert Galvin, who has made a habit of making quality the very first item 
on the agenda of executive staff meetings.

So, what sort of leadership is required for an organisation to achieve 
and sustain a CI initiative? In our personal opinion, the following traits, 
characteristics or roles should be required in a leader for an organisation 
to sustain CI:

•	 Setting strategic and visionary leadership.
•	 Defining and communicating the strategy adopted by the organisa-

tion to achieve and maintain quality.
•	 Empowering employees and make them accountable for maintain-

ing CI of their own work processes.
•	 Creating the power of an environment of trust, openness and honest 

communication.
•	 Creating an environment that promotes creativity, innovation and 

continual improvement.
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•	 Inspiring, motivating and recognizing employee contributions.
•	 Developing challenging goals and targets − through goal setting, 

leaders are able to foster constant growth and development across 
the organisation, by continually setting realistic and measurable 
goals within each department.

•	 Creating CI projects across the organisation and ensuring that all 
employees actively participate in such projects. We recommend some 
good coaching and mentoring of projects with the help of team leaders 
and CI specialists within each business function in an organisation.

Perhaps the leadership style that most relates to quality leadership 
is transformational leadership, which searches for ways to help motivate 
followers by satisfying high order needs and more fully engaging them 
in the process of the work. Moreover, transformational leaders encour-
age quality improvement by creating a culture of trust, creating an inspi-
rational vision focusing on quality, developing a culture that supports 
a paradigm shift in quality, etc. Deming (1986) stated that ‘the required 
transformation of the Western style of management requires that manag-
ers be leaders’. Although we have described the roles or characteristics of 
leaders for sustaining CI in an organisation, we would argue that we still 
have not done much research on the skills that are required for creating 
the Lean Six Sigma (LSS) leaders of tomorrow in an SME environment.

2.5 � Sustainability of CI initiatives
Over the last few decades, a number of scholars have studied how cor-
porations can achieve a competitive advantage through LSS or any CI 
initiatives. In other words, LSS or similar business process improvement 
methodologies have been some of the primary weapons used by such cor-
porations to win business in the global market place. Sustaining a com-
petitive advantage in CI requires sustaining a high level of quality at low 
operational costs relative to competition. Sustaining a high level of quality 
entails meeting and exceeding customers’ expectations over time. As cus-
tomers’ expectations change over time, it is important for organisations to 
adapt their critical processes too.

Research has shown that a number of factors are critical for sustaining 
LSS or CI over a period of time. These include commitment to and leader-
ship on CI from the senior management team, planning and organisation 
for CI, continuous education and training on CI across the organisation 
at all levels, measurement and feedback, use of tools and techniques of 
CI and culture change. Some of the barriers to sustaining CI are fear and 
resistance to change, inadequate leadership, lack of resources for sustain-
ing CI (for instance, no CI champions or a formal CI team) and so on. A 
recent study shows that companies that practice effective change management are 
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71% more likely to achieve and sustain their objectives than those that minimise 
the people side of change. Top that off with the fact that those same compa-
nies are 55% more likely to be on or ahead of schedule in their efforts to 
accomplish their business goals.

In the authors’ view, organisations which advocate a dynamic capa-
bility approach will likely stay ahead in the race for quality in the forth-
coming years. Dynamic capability is ‘the firm’s ability to integrate, build 
and reconfigure internal and external competences to address rapidly 
changing environments’. In a nutshell, we would highlight the fact that 
organisations which build a dynamic capability would sustain LSS over a 
period of time. Having pursued a number of research projects and deliv-
ered a number of consultancy assignments with many organisations, the 
authors have witnessed that only a handful of companies are sustaining 
CI initiatives over time, and many companies do not have sustainability 
frameworks when it comes to CI methodologies such as Lean, Six Sigma 
or Lean Six Sigma.

2.6 � Summary
This chapter begins with a basic introduction to CI and its importance in 
organisations. It then presents the various CI practices adopted by SMEs, 
which include TQM, Lean and Six Sigma. The chapter then goes on to 
talk about the CSFs for the implementation of any CI initiatives within 
the SME context. The authors then clearly highlight some of the key traits 
that leaders in SMEs should possess if they are to be successful with the 
CI initiative. The last part of the chapter reveals some of the challenges in 
sustaining the CI initiative and the significance of dynamic capability to 
sustain any CI initiative over a period of time.
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chapter three

Lean Six Sigma

3.1 � What is Lean production system?
The manufacturing system has witnessed a transformation of craft 
production to mass production and Lean production. The key variables 
governing this transition include product complexity and market dyna-
mism. Mass production fulfils economies of scale, i.e. unit cost reduces 
as a result of high volume production. The modern customer expects a 
product to be available at an optimum cost and when it is required. To 
attract the customer and to stay competitive in the market, organisations 
should constantly explore ways to reduce cost and improve productivity. 
One of the best avenues to improve the performance of the company is the 
implementation of Lean production systems. Ohno (1988) stated that the 
fundamental goal of the Toyota production system (1988) is to eliminate 
waste; this is achieved by quality control and quality assurance. Ohno 
(1988) emphasised the production of only the required type of units at 
the required time and in the required quantities. This enabled Toyota to 
become market leader in the worldwide automotive industry. The term 
Lean manufacturing was coined in the 1990s when a book titled The 
Machine That Changed the World was written by James Womack et al. (1990). 
This book combined production methods practiced in the US, Europe and 
Japan and referred to in the publication as ‘Lean manufacturing’. Then, 
many production engineers and experts attempted to make production 
methods more efficient. Lean manufacturing enables streamlining the 
production system to achieve cost savings and customer satisfaction and 
further profit improvement.

The term Lean from the manufacturing viewpoint denotes identifica-
tion and elimination of wastes in involved processes (Womack et al. 1990). 
Liker and Wu (2000) defined ‘Lean’ as ‘a philosophy of manufacturing that 
is based on developing the highest-quality products with lowest cost and 
delivered on time’. A Lean production system generates wider product 
variants, at low cost, with higher productivity levels and delivery speed 
at optimum quality. Lean production techniques facilitate improvements 
in efficiency, response speed and production flexibility, which are realised 
by industrial enterprises such as Toyota.

Lean manufacturing is a business philosophy that facilitates continu-
ous improvement of processes involved in the manufacturing scenario, 
independent of what types of products are being manufactured (Shah 
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and Ward 2007). Lean manufacturing includes elements, rules and tools 
that are based on value creation (Gopalakrishnan 2010). Lean production 
focuses on minimising wasteful process steps and improving the speed of 
manufacture. Lean principles ensure an established track record of opera-
tional and strategic success, which facilitates enhanced customer value.

Every product has a value. A product or service is an output of a pro-
cess that includes a series of steps. Value addition happens at all stages of 
the process. Product value implies customer willingness to pay. The cus-
tomer requires a product with maximum value for low cost. Waste implies 
an activity for which the customer is not willing to pay. Waste is an entity 
that consumes resources or time but does not enhance product value.

3.2 � Key principles of Lean production system
There are certain key principles of Lean manufacturing which require 
clear understanding to effectively deploy Lean (Gopalakrishnan 2010). 
Lack of understanding of these principles will end in failure due to lack 
of commitment. Without commitment, the process becomes ineffective.

Five principles of Lean manufacturing (Gopalakrishnan 2010; Dahlgaard 
and Dahlgaard-Park 2006):

	 1.	Value from customer viewpoint
	 2.	Value imbibed process sequence
	 3.	Smooth flow of value stream
	 4.	Pull production
	 5.	Continuous improvement and sustenance

	 1.	Value from customer viewpoint: Customer value denotes the custom-
er’s perceived preference for product characteristics evaluation to 
facilitate the achievement of customer goals. This definition implies 
customer and business perspectives. Customer value implies the dif-
ference between the values that the customer benefits from by acquir-
ing and using a product and the cost of obtaining the product. Value 
denotes customer willingness to pay and its attached cost. The best 
price does not imply the lowest price but rather the best integration of 
quantity, quality and delivery. The product must induce in the cus-
tomer the delight that it has value. To determine the product value, 
the process sequence from beginning to end needs to be analysed.

	 2.	Value imbibed process sequence: Value stream denotes the sequence 
of all processes where cost is incurred. It is a sequence of activities 
needed to design, manufacture and develop a specific good or ser-
vice, along which information, materials and worth flows. Value 
stream denotes product manufacture from the generation of an 
order until the product is delivered to the customer. Value stream 
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implies all essential steps to develop a product or service to the cus-
tomer from start to end:

	 a.	 The process in value stream needs to be classified into activi-
ties adding value to the customer (value added), activities not 
adding value to the customer (non-value added) and activi-
ties needed for product completion (necessary but non-value 
added).

	 b.	 The flow of value stream must be smooth, and obstacles in the 
value stream need to be eliminated.

		  Value-added activities typically add value from the viewpoint 
of the customer and denote customer willingness to pay. These 
activities enable the attainment of competitive performance. 
Non-value-added activities are typical waste, and they must be 
eliminated. Necessary but non-value-added activities are force-
fully induced in the process because of government regulation.

	 3.	Value flow: The product production using value stream based on cus-
tomer requirements is called value flow. Flow must be smooth with-
out any obstacles. The company’s management must ensure that 
there are no bottlenecks in the process and the flow of value stream 
is smooth. Obstacles reduce the velocity of flow and in turn affect 
lead time and increase cost. Flow should also take care of inven-
tory. The obstacles for smooth flow may be due to improper layout, 
improper tooling, downtime, equipment breakdown or large quan-
tity of stock. Appropriate actions need to be effected to overcome the 
obstacles for flow velocity improvement.

	 4.	Customer pull: In a push system, the product is manufactured without 
understanding the customer need and gets pushed to market so as 
to sell to the customer. A pull system focuses on producing products 
purely based on customer requirement. A pull system minimises 
and further eliminates inventory. Pull systems denote a response to 
customer demand rate, i.e. actual customer demand that enables the 
supply chain.

	 5.	Continuous improvement and sustenance: The attainment of the 
organisation’s goal depends on a continuous improvement mind-
set. The term ‘continuous improvement’ implies incremental 
improvement of products, processes or services over time, with 
the objective of waste reduction to improve workplace func-
tionality, customer service or product performance. It is neces-
sary to sustain the process, procedures, standards and efficiency 
and ensure that the organisation doesn’t deviate from set goals. 
Perfection could be attained only by bringing about involvement 
from personnel involved in the process execution. Long-term 
management policy needs to be deployed for implementing Lean 
enterprise.
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3.3 � Benefits of Lean production system
The benefits from the implementation of Lean production are presented 
as follows (Dennis 2007):

	 1.	 Improved quality: Lean facilitates quality improvement through the 
application of problem-solving techniques and mistake-proofing 
mechanisms. Problem-solving techniques overcome the root cause 
of the problem, and mistake proofing prevents the recurrence of the 
problem, thereby facilitating quality improvement.

	 2.	 Improved visual management: Lean production enables visual man-
agement by incorporating a visual scan to recognise abnormalities. 
Lean production incorporates visual control mechanisms to enable 
ease of detection of abnormalities and streamlined processes.

	 3.	 Increased efficiency: Lean production incorporates line balancing and 
standardised work to ensure effective working and improvement. 
Standardised work procedures ensure uniform productivity.

	 4.	Ease of team management: Lean production facilitates easy manage-
ment of teams by proper work instructions and standardised work 
with analysis of problem areas.

	 5.	Total company involvement: Lean production is a management phi-
losophy that promotes involvement and teamwork across the entire 
organisation. Team culture enables the attainment of Lean benefits.

	 6.	Problem elimination: Lean production systematically analyses and 
investigates the issues to determine root causes to overcome the 
problems. Also, actions will be initiated for vital few causes.

	 7.	Reduced space: Lean initiatives reduce inventory and other forms of 
waste to effectively utilise the space. The waste reduction initiatives 
facilitate space creation.

	 8.	Safer work environment: Lean production incorporates visual manage-
ment and 5S* to ensure organised and safe workplaces. Workplace 
organisation facilitates streamlined processes and other associated 
benefits.

	 9.	 Improved employee morale: On deployment of Lean initiatives, 
employee morale could be realised through employee involvement 
and empowerment as part of the team. Rewarding schemes for 
employees on Lean improvement suggestions will be institution-
alised to improve their motivation.

	 10.	Reduced lead time: Lean facilitates faster execution of a business pro-
cess with fewer delays so as to facilitate the timely launch of the 

*	 5S is a methodical way to organise your workplace and your working practices. 5S stands 
for Seiri (sort), Seiton (straighten), Seiso (shine), Seiketsu (standardise) and Shitsuke 
(sustain).
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product in the market. Process cycle time and changeovers will be 
minimised to reduce lead time.

	 11.	 Improved customer service: Lean enhances customer service by deliver-
ing what precisely the customer wants and at the time they require. 
Lean ensures production in pace with demand so as to enable organ-
isations to operate with minimal inventory.

	 12.	Increased responsiveness: Business process from a Lean perspective 
will be faster, and each process is linked to organisational supply 
chains. It generates financial benefits to the organisation.

	 13.	 Improved office performance: Lean facilitates reduced order processing 
errors, streamlined customer service functions and reduced paper-
work. Automation of office tasks will be facilitated by implementing 
Lean initiatives.

	 14.	 Improved productivity and profitability: Lean initiatives ensure produc-
tivity and performance by improving bottom-line benefits through 
reduction of production costs.

3.4 � What is Six Sigma?
Motorola was facing extreme pressures from overseas competition, par-
ticularly Japan. While it is impossible to set a definitive date for the begin-
ning of Six Sigma, around 1987 Bill Smith (a reliability engineer) and 
others began improvement projects that in many ways looked similar to 
Total Quality Management (TQM) projects (Harry and Schroeder 2000). 
Eventually, Mikel Harry and others helped Smith formulate this approach 
into an overall business initiative aimed at protecting Motorola’s pager 
business (Pande et al. 2000). They named the initiative ‘Six Sigma’ based 
on the desire to reduce variation to the extent that specification limits for 
key process metrics were six standard deviations away from target (Harry 
and Schroeder 2000).

Six Sigma has at least three meanings, depending on the context. First, 
it can be viewed as a measure of quality. Sigma is a Greek letter which 
measures the variation in a process. Achieving a Six Sigma measure of 
quality means that processes are producing less than four defects per 
million opportunities. Secondly, Six Sigma can be viewed as a business 
improvement strategy and a philosophy. Thirdly, it is a problem-solving 
methodology that seeks to find and eliminate the causes of defects or 
mistakes in business processes by focusing on process outputs which are 
critical in the eyes of customers. The statistically based problem-solving 
methodology of Six Sigma delivers data to drive solutions, delivering dra-
matic bottom-line results (Snee and Hoerl 2007).

Motorola achieved tangible results, and other organisations began to 
take notice. Honeywell and Allied Signal, other organisations in similar 
markets to Motorola, launched Six Sigma initiatives around 1990. These 
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also met with success. However, it was when General Electric (GE) CEO 
Jack Welch loudly proclaimed that GE was jumping into the Six Sigma 
game in late 1995 that the initiative moved off the back pages of the busi-
ness section to the front page of the newspaper.

Today, Six Sigma has been widely accepted by a large number of 
manufacturing companies as well as service organisations, in particular, 
financial services such as Bank of America, J P Morgan Chase, Citibank 
and Bank of Montreal and health services such as Commonwealth Health 
Corporation and Mount Carmel Health. A number of public sector organ-
isations have also embraced Six Sigma as a strategy to achieve process 
excellence and consistency in the delivery of services to customers.

3.5 � Some common myths of Six Sigma
There is a pervasive perplexity and misinterpretation of what ‘Six Sigma’ 
is about. Here are just a few of the myths and the truths.

3.5.1 � Six Sigma is another management fad

Of course, Six Sigma could be fad in an organisation if the leaders of the 
organisation treat it as a fad – ‘something we do because it is popular and 
others are doing it’. Six Sigma is not, however, a fad in most of the organ-
isations I am aware of; certainly, it is not a fad in those organisations that 
do the deployment properly (Antony 2007). To quote a Honeywell man-
ager, ‘Six Sigma works if you follow the process. If it is not working, you 
are not simply following the process’.

Six Sigma as a management fad that has lasted for nearly 30 years 
in some world-class corporations seems to be an oxymoron. Six Sigma 
has clearly added significant bottom-line value to organisations that have 
implemented it seriously. Conversely, it must be admitted that many 
organisations have blindly jumped on the Six Sigma bandwagon without 
carefully considering the level of commitment required. Such companies 
have either failed or had minimal success. For these organisations, Six 
Sigma was simply a fad, the flavour of the month (Antony 2007).

3.5.2 � Six Sigma is all about statistics

There is another common perception that Six Sigma focuses on only 
training in various statistical tools and techniques and almost ignores 
the human factor (building of company culture by everybody’s involve-
ment and commitment for continuous improvement). The statistical ter-
minology ‘sigma’ provides an impression of Six Sigma being a statistics 
and measurement program. Six Sigma is not just about statistics. The Six 
Sigma drive for defect reduction, process improvement and customer 
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satisfaction is based on the ‘statistical thinking’ paradigm, a philosophy 
of action and learning based on process, variation and data. Statistical 
thinking is fundamental to the methodology because Six Sigma is action 
oriented, focusing on processes used to serve customers and defect reduc-
tion through variation reduction and improvement goals (Snee 2004).

3.5.3 � Six Sigma works only in manufacturing settings

The relevance of Six Sigma extends beyond manufacturing to services, 
government and public sector, healthcare and non-profit organisations. 
Motorola developed Six Sigma and implemented it first in manufacturing. 
From 1990 onwards, they started implementing it in the non-manufacturing 
areas of the company. It was reported at the European Quality Forum in 
Berlin that Motorola managed to save $5.4 billion in non-manufacturing 
processes from 1990 to 1995.

Six Sigma offers a disciplined approach to improve service effective-
ness (i.e. meeting the desirable attributes of a service) and service effi-
ciency (i.e. time and costs). The objective of a Six Sigma strategy in service 
processes is to understand how defects occur and then to devise process 
improvements to reduce the occurrence of such defects, which improves 
the overall customer experience and thereby enhances customer satisfac-
tion (Antony 2004). Experts agree that the most common reason that ser-
vice-oriented organisations stay away from Six Sigma is that they see it as 
a manufacturing solution. One of the major hurdles that service-oriented 
organisations must overcome is the notion that, because their company is 
human driven, there are no defects to measure. This is a pure misconcep-
tion according to various practitioners and experts of Six Sigma.

3.5.4 � Six Sigma works only in large organisations

Six Sigma is about problem solving, and problems are everywhere. It does 
not matter what type or size of business this problem-solving methodol-
ogy is applied to. You might be a wholesaler, a retailer, a manufacturer or 
a service organisation. No matter whether it is a 300-employee company 
or a 10-employee family business, Six Sigma will work as long as you fol-
low the process effectively (Brue 2006).

Snee and Hoerl (2003) argue that there is nothing inherent in Six 
Sigma that makes it more suitable for large companies. They also suggest 
that the greatest barrier to implementation in small companies to date has 
been the way the major Six Sigma training providers have structured their 
offerings. Six Sigma has evolved into a business strategy in many organ-
isations today, and its importance in small and medium sized enterprises 
(SMEs) will continue to grow every day because of the growing signifi-
cance of supply chain issues.
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3.5.5 � Six Sigma is the same as Total Quality Management

Deming, one of the quality gurus of the 20th century, argued that TQM 
is terminologically vague, stating ‘the trouble with total quality manage-
ment, the failure of TQM, you can call it, is that there is no such thing. 
It is a buzzword. I have never used the term, as it carries no meaning’ 
(Deming 1994).

There are three aspects of the Six Sigma strategy that are not empha-
sised in TQM. First of all, Six Sigma is result oriented and therefore 
places a clear focus on the bottom-line business impact in hard dollar 
savings. No Six Sigma project will be approved unless the team deter-
mines the savings generated from it. Second, the Six Sigma methodology 
define-measure-analyse-improve-control (DMAIC) links the tools and 
techniques in a sequential manner. Finally, Six Sigma creates a power-
ful infrastructure for training champions, master black belts, black belts, 
green belts and yellow belts (Snee 2004; Antony et al. 2005, Pande et al. 
2000; Adams et al. 2003).

3.6 � An overview of Six Sigma methodology
In this section, the authors would like to give readers a quick overview 
of the Six Sigma problem-solving methodology. However, a detailed 
explanation of the methodology will be provided in Chapter 6 of the 
book. Six Sigma utilises a powerful five-stage data-driven methodol-
ogy to improve processes. The five stages of the Six Sigma methodol-
ogy are:

Define: In this stage, one has to define the problem and the process 
the problem is associated with. The project goals and milestones will be 
decided, and customer requirements (internal and external) should be 
defined.

Measure: In this stage, one has to measure the baseline performance of 
the process under study. The main purpose of this stage is to collect valid 
and reliable data pertinent to the scope of the project.

Analyse: In this stage, one has to determine the root causes of poor 
performance or excessive variation which lead to defects or errors in the 
process under study. A number of statistical tools can be used to analyse 
the data and determine the potential root causes of the problem.

Improve: In this stage, one has to develop potential solutions which 
can improve the process performance and reduce the impact of the prob-
lem at hand.

Control: The purpose of this stage is to sustain the improved per-
formance, generate a detailed solution monitoring plan, observe imple-
mented improvements for success, update plan records on a regular basis 
and maintain a workable employee training routine.
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3.7 � Benefits of Six Sigma
Six Sigma enables organisations to improve their processes, making 
them more capable of delivering what the customer wants right first time. 
Those organisations that implement Six Sigma correctly achieve signifi-
cant benefits that contribute to competitive advantage and to changing 
the culture in an organisation from reactive problem solving to proactive 
problem prevention. The following are some of the potential benefits of 
Six Sigma:

•	 Increased revenue: Six Sigma increases revenue by enabling your 
organisation to do more with less (i.e. you should be able to produce 
more products or deliver more services with less resources).

•	 Reduced operational costs: Six Sigma reduces costs associated with 
scrap, rework, repair, replacement, warranty, downtime, etc.

•	 Improved employee morale: Six Sigma can improve the morale of 
employees by involving them in the improvement process. It devel-
ops a sense of ownership and accountability for your employees.

•	 Reduced fire-fighting: Effective use of Six Sigma can reduce the costs 
associated with misdirected problem-solving efforts or fire-fighting.

•	 Improved problem-solving skills: Six Sigma utilises a set of tools within 
the problem-solving methodology, and people who are involved 
with Six Sigma project will get an opportunity to learn how the tools 
work in solving real-world problems.

•	 Improved communication: As Six Sigma demands teamwork, the com-
munication between team members can be improved, and more-
over the communication from team members to senior management 
team would also improve significantly from various interventions 
and through regular management review meetings of projects.

•	 Increased quality and reliability: Six Sigma methodology can be used to 
reduce defect rates and even prevent defects from occurring in pro-
cesses. This would lead to increased product quality and reliability.

3.8 � Some pros and cons of Lean and Six Sigma
3.8.1 � Some pros of Lean

The following are some of the pros of a Lean production system 
(Schonberger 2008):

•	 Positive workforce effects: Lean strategies are often based around 
worker initiatives, assuming that those doing the work are the best 
source for ideas about improving the way it is done. Workers are 
more apt to feel involved and satisfied about themselves, their work-
place and the work they do.
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•	 Conducive work environment: With Lean manufacturing, cultures 
become standardised, and unwanted behaviours of employees and 
management are for the most part gone. This creates a more pleasant 
work environment.

•	 Reduced floor space required: Experts have estimated that if Lean 
manufacturing techniques are adopted correctly, it will help com-
panies reduce the requirement for physical floor space by about 
5%–30%.

•	 Improved customer relationship management: The Lean applications 
in an organisation can positively influence its relationship with its 
customers.

•	 Change of attitude: Implementing Lean production often demands a 
significant change in an organisation’s attitude, which can be very 
challenging if an organisation is not well slated to deal with the 
changes.

3.8.2 � Some cons of Lean

The following are some of the cons of a Lean production system (Lindlof 
and Soderberg 2011):

•	 Lack of standard methodology: There is no standard methodology to be 
followed by Lean practitioners in organisations for the deployment 
of Lean.

•	 Over-focus on present: Lean stifles creativity or experimentation, which 
not only hampers the organisation from responding to changes bet-
ter, but also makes it difficult to realise sudden opportunities that 
have become the norm in a fast-changing external environment.

•	 Not good for achieving process stability: Lean does not help organisa-
tions to achieve stability for their critical processes and therefore 
process capability.

•	 Not ideal for high-value low-volume settings: Lean may not be the best 
methodology to use if you produce products which are of high value 
but of low volume.

3.8.3 � Some pros of Six Sigma

The following are some of the pros of Six Sigma:

•	 Six Sigma as a business process improvement strategy places a clear 
focus on achieving measurable and quantifiable financial returns to 
the bottom line of an organisation.

•	 Six Sigma as a problem-solving methodology (DMAIC) utilises the 
tools and techniques for fixing problems in business processes in a 
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sequential and disciplined fashion. Each tool and technique within 
the Six Sigma methodology has a role to play and when, where, why 
and how these tools or techniques should be applied is the differ-
ence between success and failure of a Six Sigma project.

•	 Six Sigma creates an infrastructure of deployment champions, mas-
ter black belts, black belts and green belts who lead, deploy and 
implement the approach.

•	 Six Sigma emphasises the importance of data and decision-making 
based on facts and data rather than assumptions and hunches! Six 
Sigma forces people to put measurements in place.

3.8.4 � Some cons of Six Sigma

The following are some of the cons of Six Sigma:

•	 The challenge of having quality data available, especially in pro-
cesses where no data are available to begin with (sometimes this 
task could take the largest proportion of the project time).

•	 The calculation of defect rates or error rates is based on the assump-
tion of normality. The calculation of defect rates for non-normal situ-
ations is not yet properly addressed in the current literature of Six 
Sigma.

•	 The statistical definition of Six Sigma is 3.4 defects or failures per 
million opportunities. It would be illogical to assume that all defects 
are equally good when we calculate the sigma quality level of a pro-
cess. For instance, a defect in a hospital could be a wrong admission 
procedure, lack of training required by a staff member, misbehav-
iour of staff members, unwillingness to help patients when they 
have specific queries, etc.

•	 Non-standardised procedures in the certification process of Six 
Sigma black belts and green belts is another limitation. This means 
not all black belts or green belts are equally capable. Research has 
shown that the skills and expertise developed by black belts are 
inconsistent across companies and are dependent to a great extent 
on the certifying body.

•	 The start-up cost for institutionalising Six Sigma into a corporate 
culture can be a significant investment. This particular feature 
would discourage many SMEs from the introduction, development 
and implementation of a Six Sigma business process improvement 
strategy.

•	 Six Sigma can easily digress into a bureaucratic exercise if the focus 
is on such things as the number of trained black belts and green 
belts, number of projects completed, etc., instead of bottom-line 
savings.
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3.9 � Why Lean Six Sigma?
Deploying Six Sigma in isolation cannot remove all types of waste from 
the business process, and deploying Lean management in isolation can-
not bring a process into the state of statistical control and remove variation 
from the process (Corbett 2011). Therefore, some companies have decided 
to merge both methodologies to overcome the weaknesses of these two 
continuous improvement (CI) methodologies when they have been imple-
mented in isolation and to come up with a more powerful strategy for CI 
and optimising processes (Bhuiyan et al. 2006).

The integration of these two approaches gives the organisation more 
efficiency and effectiveness and helps to achieve superior performance 
faster than the implementation of each approach in isolation (Salah et al. 
2010). The popularisation and the first integration of Lean Six Sigma (LSS) 
were in the US by the George Group. However, the term LSS was first 
introduced into the literature in 2002 as part of the evolution of Six Sigma 
(Timans et al. 2012). Since that time, there has been a noticeable increase in 
LSS popularity and deployment in the industrial world especially in large 
organisations in the West such as Motorola, Honeywell, GE and many 
others (Timans et al. 2012; Laureani and Antony 2012) and in some small 
and medium sized manufacturing enterprises (Kumar et al. 2006).

LSS is a business strategy and methodology that increases process 
performance resulting in enhanced customer satisfaction and improved 
bottom-line results ($). It is also being widely recognised that LSS is an 
effective leadership development tool. Leaders enable an organisation to 
move from one paradigm to another; from one way of working to another 
way of working. In making these shifts, work processes of all kinds get 
changed. LSS provides the concepts, methods and tools for changing pro-
cesses. LSS is thus an effective leadership development tool in that it pre-
pares leaders for their role, leading change.

According to Arnheiter and Maleyeff (2005), in a highly competitive 
environment, diminishing returns may result when either Lean or Six 
Sigma is implemented in isolation. They argue that an LSS organisation 
would include the following three primary tenets of Lean management:

	 1.	 It would incorporate an overriding philosophy that seeks to maxi-
mise the value-added content of all operations.

	 2.	 It would constantly evaluate all incentive systems in place to ensure 
that they result in global optimisation instead of local optimisation.

	 3.	 It would incorporate a management decision-making process that 
bases every decision on its relative impact on the customer.

There is no universal determinant of when to use Lean and when to use 
Six Sigma. Six Sigma and Lean concepts offer complementary tool sets which, 
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together with each other and with other best management practices, offer a 
comprehensive means of transforming a business from operational chaos at 
one extreme to operational excellence at the other. Bertel (2003) highlighted 
the point that using either one of them alone has limitations: Six Sigma will 
eliminate defects in processes, but it will not address the question of how 
to optimise process flow. In contrast, Lean principles are not very helpful 
in achieving high capability and high stability processes. There are many 
advantages to using strategic Six Sigma principles in tandem with Lean 
strategy. Although Lean methodology can lead to quick process improve-
ments, it is sometimes difficult for a company to leverage such improve-
ments companywide because no infrastructure exists to do so quickly and 
efficiently (Sharma 2003).The strategic use of Six Sigma principles and prac-
tices ensures that process improvements generated in one area can be lever-
aged elsewhere to maximum advantage, resulting in a quantum increase in 
product quality, process performance or organisational performance.

3.10 � Benefits of Lean Six Sigma
In order to understand the real benefits of LSS in various manufacturing 
settings, the authors reviewed 20 case studies published in the literature 
(Snee 2010). The type of case studies represent aircraft manufacturing, 
printed circuit board (PCB) manufacturing, tyre manufacturing, auto-
mobile accessories manufacturing, automotive valves manufacturing 
and semi conductor devices manufacturing to name but a few. Moreover, 
the reviewed case studies have been published in referred international 
journals with some good credibility. The case studies represent various 
countries such as the US, China, Malaysia, New Zealand, India, Taiwan 
and the Netherlands. A review of 20 case studies on LSS revealed the fol-
lowing top 10 benefits:

	 1.	 Increased profits and financial savings
	 2.	 Increased customer satisfaction
	 3.	Reduced operational cost
	 4.	Reduced cycle time
	 5.	 Improved key performance metrics
	 6.	Reduced defects in processes
	 7.	Reduced machine breakdown time
	 8.	Reduced inventory
	 9.	 Improved quality
	 10.	 Increased production capacity

Other soft benefits such as increased employee morale towards cre-
ative thinking and a reduction in workplace accidents as a result of house-
keeping procedures also appeared in a number of cases.
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3.11 � Challenges in the implementation 
of Lean Six Sigma

As with any change in how we work, there are challenges to the new 
way of working that must be overcome. No discussion of LSS execution is 
complete without addressing the hurdles that organisations face in imple-
menting LSS and how to overcome them. Here are a few common road-
blocks in successfully implementing LSS in an organisation, and how to 
eradicate them:

•	 Lack of understanding of Lean Six Sigma methodology: The first is resis-
tance due to lack of understanding of LSS methodology and a lack 
of belief that it will work. All are susceptible to these challenges, 
management and others alike. Education can help, but success-
ful projects are usually the best vehicle to reduce this concern. In 
the final analysis, it is a leap of faith that the approach will work 
in your organisation. Successful projects silence the doubters, 
increase the self-confidence of the proponents of the approach and 
justify the leap of faith (Snee 2010). Companies can overcome this 
obstacle by committing fully to the process and employing and 
supporting LSS experts to ensure that the company is deploying 
the methodology and not just using the terminology. These experts 
also keep the project focused on core operations where they can 
make the most difference, not just on the simple changes and the 
low-hanging fruit.

•	 Lack of LSS deployment road map: A properly constructed deployment 
plan will lay out the project selection process and how the initia-
tive will be sustained over time. Project selection and sustaining the 
effort are arguably the two most difficult aspects of LSS deployment. 
Poor execution of LSS happens when process improvements are not 
aligned with the organisation’s goals, when the project is based 
on reactively solving problems instead of meeting strategic objec-
tives. In many organisations, projects lack effective leadership and 
are managed inefficiently. When leadership is committed to apply-
ing the Six Sigma methodology, assigns top talent to project teams, 
puts the project through a formal selection and review process and 
provides the required resources, the odds of LSS success increase 
dramatically.

•	 Lack of sustainability: Although a number of organisations embark 
on the LSS journey, very few are sustaining the initiative over a 
period of time. Although most agree that LSS is here to stay, they 
also agree that learning how to sustain the results seems problem-
atic at best and unattainable at worst. Reverting to the old way of 
doing things is common if sustainability measures are not a part of 
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the methodology. The following tips might be useful for sustaining 
an LSS initiative in any industrial setting.
•	 Establish process ownership and make sure that people are 

accountable for their own processes across the business.
•	 Focus more on ‘process improvements’ instead of measuring the 

success of the initiative based on the number of people who have 
been trained.

•	 Make LSS a continuous improvement program for everyone in 
the business and encourage cross-functional problem solving to 
break down silos across various business functions.

•	 Make sure that employees are provided with the necessary tools 
for process improvement so that they can continuously improve 
their processes.

•	 Make celebrating success a priority and recognise and reward 
employees for the execution of projects which lead to significant 
process improvements.

•	 Establish visible and committed leadership to make sure that 
LSS is the core strategy for process improvement in the organisa-
tion and the senior management team must be involved in the 
selection of strategic LSS projects which are aligned with the cor-
porate goals.

•	 Cultivate an organisation of learning and innovation.

3.12 � Summary
This chapter provides readers with an introduction to the Lean production 
system, Six Sigma and the rationale behind the integration of two of the 
most powerful process excellence methodologies we have ever witnessed 
in modern organisations. The chapter presents the benefits of both Lean 
and Six Sigma methodologies, some of the fundamental challenges in the 
deployment of LSS, and the benefits from the implementation of Lean, Six 
Sigma and LSS in manufacturing settings. The chapter also highlights some 
of the strengths and limitations of both Lean and Six Sigma methodologies.
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chapter four

Lean Six Sigma road 
map for SMEs
This chapter discusses a general road map for the implementation of 
Lean Six Sigma (LSS) in small and medium sized enterprises (SMEs). 
When any new concept is introduced in an organisation, one needs 
to verify the readiness of the organisation to accept the implemen-
tation and the infrastructure requirements. Hence, this chapter 
incorporates sections on readiness factors (RFs) and infrastructure 
requirements along with an LSS road map for SMEs. All these sections 
of this chapter together act as a systematic approach for LSS imple-
mentation in any organisation. Thus, this chapter guides the people in 
SMEs to understand the general approach and requirements for LSS 
implementation.

4.1 � Readiness factors for the successful 
introduction of LSS

The implementation of LSS requires a significant contribution from all 
levels of the organisation, and it aims at cultural transformation of the 
organisation towards process improvement initiatives. If the organisa-
tion is not ready for implementing LSS, it can lead to failure of the imple-
mentation initiatives, frustration among the workforce and resistance 
within the organisation towards any new initiatives in the future. Before 
an organisation decides to invest its resources in any LSS initiative, RFs 
may be taken into account, which are vital constituents that can make or 
break the chance of success (Antony 2014). Following are the commonly 
identified RFs and the associated variables for LSS implementation in 
SMEs.

4.1.1 � RF1: Senior management commitment and involvement

LSS is a top-down initiative. Senior management commitment 
and involvement is a vital factor for initiating LSS activities in any 
organisation. Management must allocate resources for the execution 
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of improvement initiatives. The following variables are important for 
this RF:

•	 Appropriate communication of LSS deployment and associated 
benefits

•	 Demonstration of involvement within the organisation
•	 Empowerment of employees
•	 Transparent management style
•	 Allocation of appropriate resources for project tasks

The commitment from upper management during all stages of LSS 
implementation should be actively visible throughout the entire process. 
It starts from the project selection and team identification. The top man-
agement should ensure that only high priority projects are selected and 
that the best resources available to the company are used.

4.1.2 � RF2: Visionary leadership and culture inculcation

In the modern industrial scenario, leaders are responsible for setting a 
clear vision for LSS implementation within the organisation. Leaders in 
the organisation should take the initiative of cultural transformation of 
the organisation (Lim et al. 2015). The variables pertaining to this factor 
are listed as follows:

•	 Assisting and encouraging workers
•	 Institutionalising reward and recognition system
•	 Enabling employees to concentrate on process-related improvements
•	 Empowering people to make decisions and create leaders for 

tomorrow
•	 Mentoring style of leaders
•	 Communicating improvements and success

In most of the organisations where full-time LSS resources are not 
available, the team will be executing the LSS activities in addition to 
their usual responsibilities in the organisation. Hence, the team needs 
to put in additional effort for the success of an LSS project. If the organ-
isation does not establish proper reward and recognition schemes for 
successful teams, it is very difficult to maintain the momentum of the 
LSS initiative.

4.1.3 � RF3: Customer focus

One of the key aspects of all modern business strategies is to enhance 
customer satisfaction. An unwavering focus on customers forms the 



43Chapter four:  Lean Six Sigma road map for SMEs

key aspect of LSS initiatives. Avenues for the fulfilment of customer 
expectations need to be embedded within the LSS framework. The fol-
lowing variables are vital for this RF:

•	 Ensuring customers are the focal point, and obtaining customer 
feedback

•	 Initiatives for expanding customer base
•	 Anticipating future customer needs and expectations
•	 Linking customer focus to organisation’s strategy and further 

deployment activities

Projects are to be selected after understanding the perception of the 
customer regarding products supplied or services delivered. If the proj-
ects are selected based only on the observed problems internally, the 
result of an LSS movement will not necessarily create an impact on the 
organisation or the customer.

4.1.4 � RF4: Selecting the right people

The success of LSS deployment depends on the selection of the right 
task force members. An appropriate composition of team members is 
essential for ensuring the success of an LSS deployment initiative. Each 
LSS project would require a team leader and its members. It is essential 
to include the best people from the respective process into the team. The 
team leader should have leadership qualities to take people along with 
him or her. He or she should have the ability to understand data and how 
to analyse the data, and he or she should be confident in communicat-
ing with management and the project team. The team leader is respon-
sible for the timely completion of the project with expected results. The 
team members are to be selected from the respective sub-processes. 
They should learn the necessary skills needed, assist in the collection of 
data and carry out other activities required of the project. Contribution 
in terms of process knowledge and expertise is also expected from the 
members. Overall, the team should act as change agents in the organisa-
tion and be a party to the cultural transformation in the organisation 
towards data-based decision-making. Variables pertaining to this RF are 
listed below:

•	 Clear understanding of LSS efforts by team members
•	 Right composition of members with representation from key 

stakeholders
•	 Knowledge of LSS methodology and tools by members
•	 Flexibility, transparency and learning aptitude by team members
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4.1.5 � RF5: Linkage of LSS deployment to 
organisation’s business strategies

The benefits of LSS deployment could be sustained if LSS initiatives are in 
alignment with the organisation’s business priorities. LSS projects need to 
be planned in such a manner that they are aligned with the goals of the 
organisation and are related to critical processes or business issues. The 
variables pertaining to this RF are presented as follows:

•	 Alignment of LSS projects with the organisation’s strategy, goals and 
objectives

•	 Focus on small-scale projects (also called quick-hit or low-hanging 
fruit projects)

•	 Clear understanding of LSS strategies within the organisation

During the LSS project selection stage, it needs to be ensured by the 
top management that all projects selected have a clear linkage with busi-
ness objectives and results. This can be ensured by selecting projects from 
critical business and customer issues. Management should also prepare a 
mapping of project goals to company objectives, so that everyone under-
stands the linkage of the LSS project with company goals. With this link-
age, the organisation can ensure that the successful completion of the 
project will lead to improved business results. This also can ensure the 
support of all stakeholders for the LSS project.

4.1.6 � RF6: Competence to develop effective framework

The success of the LSS framework depends on its effective integration of 
Lean and Six Sigma tools. The workforce must have a clear understanding 
of the LSS framework and must be trained on the deployment stages of 
the framework. Variables associated with this RF are presented as follows:

•	 Identification of appropriate Lean and Six Sigma tools
•	 Knitting of Lean tools within Six Sigma framework
•	 Training sessions to enable employees to understand the framework

4.1.7 � RF7: Appropriate selection and usage of LSS metrics

LSS metrics must be appropriately selected and subjected to usage. Team 
members must be trained on the computation of LSS metrics. The organ-
isations are benchmarked based on LSS metrics like sigma quality level, 
defects per million opportunities (DPMO), rolled throughput yield, etc. 
More discussion on the LSS metrics is provided in Chapter 5. Variables 
pertaining to this RF are as follows:
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•	 Identification of appropriate LSS metrics
•	 Accurate computation of metrics

While computing the metrics, care must be exercised by the team to 
ensure that they utilise only those metrics which are appropriate for their 
respective processes. The general guidance for calculating these metrics is 
also provided in Chapter 5. Usage of too many metrics may complicate the 
entire scenario and generate confusion among the team members. Hence, 
during the training sessions, emphasis should be given to the selection of 
the right metric suitable for the right situation.

4.1.8 � RF8: Education and training

Training is to be provided in the define-measure-analyse-improve-control 
(DMAIC) methodology to the people associated with the LSS implemen-
tation. The training should cover specific information required to run an 
LSS project, such as data-based decision-making and usage of statistical 
software to analyse data, and motivate people involved in processes to 
participate in the cultural changes in the organisation. The topics listed in 
Chapter 6 are to be addressed during the training. Expert involvement in 
training programs is essential. These experts can be people from inside or 
outside the organisation, who have knowledge on LSS methodology and 
have experience in handling LSS projects. The success of LSS programs 
depends on effective education and training within the organisation. The 
associated variables of this RF are presented as follows:

•	 Identification of training needs
•	 Formulation of training curriculum for different levels of executives 

and employees
•	 Periodic visits to showcase best LSS practices
•	 Expert involvement in handholding of projects during LSS deploy-

ment phases

Training must be planned for champions, black belts (BBs), green belts 
(GBs) and yellow belts (YBs) in LSS methodology. The duration of training 
for champions can be for 1 day, and for BB can range from 10 to 14 days. 
The GB training duration is 4–5 days, and YB is 2 days. It is a good idea to 
provide awareness training for half a day or for 1 day (generally known 
as white belts − WBs) on LSS for all the people working in the organisa-
tion. This will help the workforce to understand the overall structure of 
the LSS implementation framework. Also, guidance needs to be provided 
to the team at different stages of project execution, and periodic review by 
the champion or management is essential to ensure that the projects are 
on track.
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4.2 � Lean Six Sigma implementation 
infrastructure

The provision of necessary infrastructure plays a very critical role in the 
successful implementation of LSS in any organisation. The resources 
include budgetary support for various activities, competent manpower, 
logistic facilities and other software and computational facilities.

The most critical among the resources is trained manpower. As dis-
cussed in the previous chapters, stakeholders in LSS implementation 
include champions, master black belts (MBBs), BBs, GBs and YBs. In 
a typical SME set-up, taking the services of full-time or even part-time 
MBBs and BBs may not be feasible due to various limitations including 
budgetary constraints. Most of the time, the projects need to be managed 
with GBs and YBs. A typical GB project can be of 3- to 4-month dura-
tion, and a YB project can be less than 2 months’ duration. The expected 
saving from a GB project is approximately US$10,000 and a YB project is 
around US$1,000–US$2,000. It is also suggested to have two projects to be 
completed for GB certification, so that the GBs get good expertise in LSS 
concepts.

One of the important decisions that needs to be made at this stage is 
the selection of GBs and YBs. Management should ensure that the best 
possible resources in the organisation are selected as GBs and YBs so that 
the LSS projects can be successfully completed. People with proven track 
records with leadership skills should be selected to lead the projects. As 
LSS is new to the organisation, the people need to be trained as GBs and 
YBs. If the organisation can afford it, one person can be trained by a con-
sulting/training firm as a BB and in turn, the BB takes care of the training 
of GBs and YBs internally. Apart from the training, the BB can provide 
guidance to the project team for successful completion of the project. This 
includes support in conducting appropriate analysis using statistical soft-
ware at various phases of the LSS project.

It is recommended to select a maximum of four or five projects during 
the first year of the introduction of LSS in the organisation. Once the ini-
tial projects are successfully completed, the organisation and its employ-
ees will be confident in handling more and more projects. As a result, 
during the second year onwards, more projects can be executed.

The GB training can be of 4−5 days’ duration in one or two phases. The 
YB training is typically for 2 days’ duration. To bring general awareness in 
LSS among employees who are not covered under the GB/YB training in 
the organisation, a 1-day WB training session is recommended. This can 
help people understand the LSS methodology and ensure support for the 
initiative. Once the training is completed, the GBs or YBs can start work-
ing on the project. A project review is required periodically to ensure the 
smooth completion of the project successfully. A review after every phase 
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is necessary to ensure that the respective phases are completed suitably. 
The progress in terms of the set time frame and results achieved should 
be reviewed by the champion so that the alignment of organisational pri-
orities and project objectives is maintained (Breyfogle 2003).

Since LSS projects necessitate data-based decision-making, it is 
essential to have data collection and analysis at various stages of project 
execution. This requires the usage of statistical software and comput-
ers. Hence, one copy of Minitab or any other similar statistical software 
is required to be installed in the organisation. If it is difficult for the 
organisation to acquire a copy of the Minitab software, the initial statis-
tical analysis can even be performed using Excel software. The GBs and 
YBs need to practice using the available software. The Minitab or Excel 
software can be used to carry out basic statistical analysis mainly dur-
ing the measure and analyse phases of the LSS project. This includes 
different types of graphical analysis like Pareto, Histogram, Box Plot, 
etc., and statistical analysis like correlation and regression, tests of 
hypothesis, etc.

Management also should provide the necessary resources in terms of 
manpower or budgetary support to implement worthwhile ideas emerg-
ing out of the project. This forms the motivation and encouragement for 
the people in the organisation to take part in the LSS initiative.

4.3 � A road map for implementing Lean Six Sigma
This section provides a general roadmap for the implementation of LSS 
in an organisation. The road map acts as an implementation framework/
guideline to enable SMEs to improve their process performance by LSS. 
The organisation-wide implementation of LSS is to be initiated in four 
phases. These phases include conceptualisation, initialisation, imple-
mentation and sustenance (Kumar et al. 2011). The proposed road map 
includes generic implementation steps for SMEs to deploy LSS. This road 
map helps the organisation to understand the steps to be followed for 
implementing the LSS projects in the organisation. As LSS is new to the 
organisation during the first year of implementation, this road map acts 
as a guideline for the teams. It is also suggested that teams can do further 
customisation of this road map after the first year of implementation of 
LSS in their respective organisations after incorporating the knowledge 
and experience gained from the projects. A conceptual road map for LSS 
implementation is presented in Figure 4.1.

4.3.1 � Conceptualisation

This phase forms the preparatory stage wherein the foundation for LSS 
deployment will be initiated. LSS is implemented as a top-down approach; 
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first, top management should evaluate the urgency for competitive 
advantage through implementation of LSS methodology. Top management 
should be convinced about the need for implementing LSS and should 
take the lead in communicating with employees in the organisation about 
the significance of LSS implementation.

LSS methodology can be employed in the following situations:

•	 There is a need to address critical business issues or customer 
requirements.

•	 Previous attempts to solve process problems through application of 
various methods were not successful.

•	 The organisation is looking at addressing the cost of poor quality–
related issues in the organisation.

Conceptualization Initialization Implementation Sustenance

Identify the need of LSS LSS project selection Define phase

• Project charter 
• SIPOC
• CTQ Tree

Control phase

• Standardization of 
the solution

Control plan
Quality plan
Poka-Yoke
Flow chart

Resource planning Selection of GBs, YBs Measure phase

• Data collection 
plan

• MSA
• Graphical 

summary
• Stability study
• Baseline status 

evaluation

• Monitoring results
Control chart
Reaction plan

Management Buy-in Team formation Analyse phase

• Process analysis
• Cause and effect 

analysis
• Data-based cause 

validation

• Horizontal 
deployment

• Estimating the 
savings

• Capturing the 
learning

Training Improve phase

• Solution 
generation

• Solution 
prioritization

• Risk analysis
• Piloting
• Implementation

• Communicating 
success

• Reward scheme

Figure 4.1  LSS implementation road map.



49Chapter four:  Lean Six Sigma road map for SMEs

•	 The problems that need to be addressed are highly complicated, and 
there is no clue to the people in the organisation about the solution 
to these problems.

•	 Organisations are looking for long-term, sustainable solutions.

Budget and other resources required for the implementation of LSS 
also need to be planned at this stage. Lack of resources can lead to the 
failure of implementation of the LSS initiative.

4.3.2 � Initialisation

This phase discusses the modalities for selecting the LSS project and 
identifying the resources required to execute the project. LSS projects are 
selected from a customer or business perspective. Those projects which 
can create an impact on the business or the customer are selected as LSS 
projects − hence the critical business processes and critical customer 
issues to be selected as projects. Once such problems are addressed, it 
can improve customer satisfaction and have huge financial benefits to the 
organisation. Thus, utmost care must be taken while selecting the project. 
The wrong project can lead to the failure of the entire LSS initiative in the 
organisation.

Another important aspect in LSS implementation is the formation of 
LSS project teams. In an SME set-up, the team typically consists of GBs 
and YBs. The GBs and YBs are to be selected from the best performers 
in the organisation. People with good analytical capability, innovative 
thinking and leadership qualities are ideal for these roles.

Management understands the priority of the organisation, and hence 
the involvement of top management in the selection of the projects is very 
important. All the selected projects have to be aligned with the manage-
ment and business priorities.

4.3.3 � Implementation

During the implementation phase, the LSS project is executed by the team 
by following the DMAIC methodology. Each phase of the DMAIC has spe-
cific activities to be completed. The define, measure, analyse and improve 
phases of the DMAIC focus on process improvement, whereas the control 
phase focuses on sustainability of the achieved results. Depending on the 
type and complexity of the problem to be addressed, different types of 
tools and techniques need to be applied for analysis and decision-making 
in each project. During the implementation stage, the define, measure, 
analyse and improve phases are executed in the project.

The objective of the define phase is to define a project with all the nec-
essary details. This phase starts with preparation of a project charter for 
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the selected project. Once the define phase is completed, it provides good 
clarity to the team about the project they are working with in terms of 
objectives, scope, defect definition, etc. This is a major step in the project 
execution stage. If this phase is not properly addressed, it can even lead to 
failure of the project.

During the measure phase, the baseline (current) performance level 
of the process is to be estimated. Hence, data are to be collected for all 
critical to quality characteristics (CTQs), and the baseline status is to be 
evaluated. The deliverable from the measure phase is the performance of 
the process calculated in terms of sigma rating of the CTQs.

The objective of the analyse phase in an LSS project is to study the 
process in detail to identify the root causes of the problem. Broadly there 
are two types of analysis performed during this phase. One is the ‘pro-
cess door’ analysis and the other one is the ‘data door’ analysis. During 
the process door analysis, a detailed study of the existing process is per-
formed. For the data door analysis, the data on various potential causes 
are gathered, and statistical analyses are performed. The deliverable 
in the analyse phase is the list of root causes identified. The identified 
root causes can be from either the process door analysis or the data door 
analysis.

During the improve phase, the solutions are identified for the 
selected root causes, and improvements are made in the process. Thus, at 
the end of the improve phase, solutions are implemented, and results are 
observed. The specific details of these phases are provided in Chapter 6 
of this book.

4.3.4 � Sustenance

The biggest challenge in any process improvement initiative is the sus-
tainability of the achieved results. In SMEs, there can be quite a few chal-
lenges like a high attrition rate for employees, non availability of skilled 
manpower, lack of highly automated machinery, etc. Under this SME 
environment, once an LSS project is completed with good results, main-
taining the same in the long run is extremely difficult.

Sustainability of the results can be achieved mainly through three 
important actions viz, standardisation, monitoring and training. For 
standardisation of the improved process, tools like control plan, qual-
ity plan, Poka-Yoke, flowchart of the improved process, etc., can be used. 
If the organisation is certified to the International Organisation for 
Standardisation (ISO), then it is a good practice to bring all the modi-
fied/newly introduced documents under the ‘document control’ system 
so that it can be ensured that everyone follows the improved process. 
Monitoring of achieved results is done through control charts for each 
CTQ. Depending on the type of data, one can use an individual chart, 
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X-bar−R chart, p-chart or u-chart for monitoring the process. A reaction 
plan can also be prepared to describe the actions to be initiated when 
something goes wrong.

A report on all the success stories of LSS implementation needs to 
be prepared by the team and communicated within the organisation. 
This can be communicated through internal presentations or publica-
tions in a newsletter or on the intranet, etc. Motivating employees by 
suitable reward schemes for successful projects is also very important in 
LSS implementation. This can create intrinsic motivation in employees to 
work on more and more projects. In the LSS methodology, the sustenance 
part is described in the control phase. Further details regarding the con-
trol phase are discussed in Chapter 6 of this book.

4.4 � Managerial implications
A well-planned LSS implementation can lead to a rewarding experience 
and immense benefits for an organisation. On the other side, a failed 
implementation may lead to disappointing results − the failure of the 
entire implementation effort, and wastage of time and resources (Gijo 
2011). The failure of the LSS initiatives can start from the project selection 
and team identification stage itself. If the right project is not selected with 
a competent team, the projects can be a failure. Lack of specific training of 
people and non-availability of other resources can also lead to failure. Due 
to high attrition rates in organisations, the sustainability of the achieved 
results will also suffer (Gijo and Rao 2005).

Successfully avoiding these common mistakes/shortcomings during 
LSS implementation will yield long-term benefits for an organisation and 
accelerate its march towards becoming the best in its class. The key to 
success in LSS is to identify these challenges early and take corrective 
actions to arrest the problems before they become an issue. This will help 
in timely implementation, necessary for deriving the benefits of LSS ini-
tiatives. With responsible professionals’ conscious efforts to avert poten-
tial shortcomings, LSS has all the ingredients to continue to be successful 
for many years to come.

4.5 � Summary
This chapter provides the readers with the RFs, the infrastructure 
requirements and a road map for successful implementation of LSS in 
SMEs. This provides a guideline for the organisation to understand the 
resources required to implement LSS. It also provides a step-by-step road 
map for project execution. The steps to be addressed in each phase of 
the LSS project deployment are explicitly listed. The steps towards sus-
tainability of results, including standardisation of improved processes 
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and monitoring of achieved results, are also discussed. Factors like 
management commitment, employee involvement and provision of 
resources including trained manpower are essential for the success of LSS 
deployment. Even the reward and recognition of successful teams is very 
critical for the LSS journey in the organisation. All these aspects of LSS 
implementation are discussed in this chapter. Thus, this chapter can act as 
a ready reference for the implementation of LSS in SME set-up.
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chapter five

Lean and Six Sigma metrics

5.1 � Introduction
Lean Six Sigma (LSS) enables modern manufacturing/service small and 
medium enterprises (SMEs) to create and sustain competitive advantage. 
It has been observed from various organisations that the integrated LSS 
strategy facilitates organisations to improve quality, productivity and 
product and service consistency and reduce/eliminate different types of 
waste across the business. LSS integrates both waste reduction and value 
improvement tools from the Lean dimension and defect reduction and 
quality improvement tools from the Six Sigma dimension (Devadasan et al. 
2012). In this context, appropriate Lean and Six Sigma metrics need to be 
assessed for performance improvement. Also, such metrics would serve as 
baseline data for enhancing the business process performance of modern 
organisations. LSS emphasises the measurement and evaluation of pro-
cess performance results. The selection and usage of appropriate metrics 
in the context of LSS would enable organisations to identify and target the 
appropriate problems during LSS implementation projects, evaluate poten-
tial improvement initiatives and select action plans, establish baseline data 
for process enhancement, communicate the improvement results and con-
tinuously monitor the deployment of LSS initiatives. Lean metrics include 
customer value, process flow, waste (8 forms), activities (value added, non-value 
added, necessary but non-value added), first-time quality, takt time, lead time, 
cycle time and changeover time. Six Sigma metrics include defects per million 
opportunities (DPMO), sigma quality level, throughput yield, rolled throughput 
yield, cost of poor quality (COPQ) and process capability indices (PCIs). Also, the 
most common performance indicators for an LSS strategy are categorised 
based on time, cost, quality and output along with tangible bottom-line 
savings, profit margin, return on investment (ROI), market growth, rev-
enue growth, employee morale and so on. This chapter presents the details 
of these metrics and provides illustrative examples for the same.

5.2 � Introduction to common metrics of Lean
5.2.1 � Value

Value is defined as ‘any process or action for which the customer is willing 
to pay’. Toyota’s 14 management principles define value as the quality of 
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a product or service as defined by customers. Further, in the customer’s 
view, value governs the transformation of a product or service and creates 
willingness to pay.

Womack and Jones term value as the capability provided to the cus-
tomer at the right time at a price, as defined by the customer for a particu-
lar case. They also emphasise that value is the critical initiation for Lean 
thinking, and can only be defined by the ultimate end customer. They 
also argue that value is product oriented, and it is meaningful only when 
expressed in terms of a specific product.

Every product or service has a value. Value addition takes place at 
each and every stage. The value of raw material gets added at every stage 
and at the end, it becomes a product value. The value of a product or ser-
vice is finalised by customer willingness to pay. The customer aspires for 
maximal value at a competitive price (Gopalakrishnan 2010).

5.2.2 � Customer value

Every activity in a process incurs costs being paid for by the customer. 
The ultimate goal of a customer is value for money. A clear understanding 
of customer requirements is an essential part of any continuous improve-
ment initiative. Thus, before commencing product or service development, 
product or service designers need to understand what product or service 
features add value to the customer. Waste refers to the entities that do not 
add value from the viewpoint of the customer and need to be reduced 
or even eliminated. To understand customer requirements clearly, a 
cross-functional team needs to be formed with executives from different 
departments to clearly understand what the customer expects. Value is 
attached to the cost of a product. It is recommended to work out the target 
cost by studying the process and eliminating visible waste. Also, the cost 
must not be compared with the competitor’s price. It is highly important 
to eliminate non-value-added activities to bring down the cost. Value is 
generally perceived by the customer. A product or service adds value to 
the customer only when it fulfils the customer’s known and perceived 
requirements.

5.2.3 � Creating value

Lean principles emphasise value creation by specifying value from the 
customer’s viewpoint, designing the product which can fulfil all issues 
desired by the customer, determining a value stream by mapping the pro-
cesses, improving the value stream by enhancing its process capability, 
organising value-creating steps, creating flow with capable processes, cre-
ating pull of materials, parts and information and continuously improv-
ing the value chain.
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5.2.4 � Flow

•	 The movement of raw materials or information.

5.2.5 � Value stream

•	 Refers to the sequence of the process from start to finish where the 
cost is incurred or value gets created.

•	 Indicates all the activities required to develop a product or service.
•	 The flow across the value stream must be smooth without any bot-

tlenecks. The prevalence of bottlenecks in the value stream indicates 
the presence of waste and requires its removal. A smooth flow can 
be ensured with the involvement of all personnel associated with 
the process.

5.2.6 � Value flow

•	 Refers to the products produced or services delivered using the 
value stream based on customer requirements.

5.2.7 � Waste

•	 Waste in the context of Lean thinking implies any task or action for 
which the customer does not pay. Any entity in a value stream that 
incurs cost or time without value addition denotes waste.

Lean emphasises the ethos of continuous improvement, and the 
focus is to eliminate waste and non-value-adding activities across the 
core and supporting business processes in an organisation. Waste is 
defined as any operation or step or activity which does not add value 
(Tapping et al. 2002). Some waste reduction initiatives include stopping 
defective products at their source, combining processes that have similar 
attributes, eliminating unnecessary process tasks or procedures or steps 
and reducing the waiting time for materials, parts or people, to name but 
a few here.

According to the Toyota production system (TPS), wastes are classi-
fied into three different forms:

	 1.	 ‘Mura’ or waste due to variation or unevenness
	 2.	 ‘Muri’ or waste due to overburden
	 3.	 ‘Muda’ also known as waste

Further, muda (waste) is classified into two different categories, 
namely type-1 muda and type-2 muda:
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	 1.	Type-1 muda: These are activities (waste) that do not add value but are 
necessary for the system or process to function properly. This type of 
waste can be minimised but not necessarily eliminated completely.

	 2.	Type-2 muda: These are activities (waste) that do not add value (waste) 
and are unnecessary for the system or process. This type of waste 
must be eliminated with immediate action.

Following are the various forms of waste that are most commonly 
associated with a Lean production system (LPS):

	 1.	Transportation: Transportation is the movement of materials from 
one location to another, and this is considered as a form of waste 
as it does not any add value to the product. Excess transportation is 
caused by poor factory layouts, complex material handling systems, 
multiple storage and large batch sizes. This waste can be eliminated 
by designing a linear sequential flow from raw materials to finished 
goods, creating appropriate facility layout using facilities planning 
techniques, one-piece flow, signboards and colour lines.

	 2.	 Inventory: Material quantities including raw materials, work in pro-
cess (WIP) and finished goods which go beyond the immediate need 
are considered as waste as they need space and incur cost for storing 
them. Inventory locks working capital and storage space. This form 
of waste can be eliminated by utilising a just in time (JIT) approach, 
one-piece flow, value stream mapping (VSM) and electronically con-
trolled production using IT infrastructure and by eliminating buffer 
steps in production.

	 3.	Motion: Movement of man or machine or material between work sta-
tions for the completion of a task is considered as another form of 
waste. It can be eliminated by following 5S practices, which creates 
a better organised workplace, and by labelling, sequencing boards, 
Kanban cards, material handling systems, standardised work tech-
niques, designing an appropriate material handling system and 
arranging the machines in the manufacturing sequence to avoid 
unnecessary motion.

	 4.	Waiting: The idle time generated when two interdependent pro-
cesses are not absolutely synchronised. Waiting is considered as a 
waste as it disturbs the flow. This waste is caused by poor man/
machine orientation, long changeovers and improper planning. It 
can be eliminated by following standardised work instructions, 5S, 
single minute exchange of dies (SMED), visual control and continu-
ous flow principles.

	 5.	Overproduction: A form of waste which occurs while producing a 
product before the customer requires it. Overproduction leads to 
high levels of inventory and increases storage cost. It is caused by 
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improper forecasting and inaccurate information on actual demand. 
It also leads to wastage of worker effort and unnecessary money 
locking. It can be eliminated by creating a pull-type manufactur-
ing system, Kanban cards and VSM for analysing material and 
operations flows, by creating a proper balance between supply and 
demand and by using IT utilities.

	 6.	Over-processing: Over-processing is the extra work that is performed 
beyond the standard required by the customer. It is caused by non-
standardisation of processes and unclear information about the 
specifications of the product. It can be eliminated by conducting 
Kaizen activities by comparing customer requirements with manu-
facturing specifications, proper process design, Poka-Yoke (mistake 
proofing), smart processing and sequencing boards.

	 7.	Defects: This refers to the quantity of production that is considered 
as scrap or requires reworking. Defects are caused due to inadequate 
training, operator errors and equipment malfunctioning. Defects 
can be reduced or eliminated by applying Poka-Yoke principles, con-
ducting root cause analysis, practicing proper communication, cre-
ating work instructions as per standardised work and conducting 
effective training programs.

	 8.	Underutilisation of workforce expertise: This is the eighth form of waste, 
which has been identified quite recently and is gaining in popularity 
in many service and public sector organisations. Modern organisations 
recognise that the workforce is one of their key assets. When the work-
force ideas and creativity are not recognised, it becomes a waste for the 
organisation. Hence, this waste can be remedied by encouraging the 
workforce to suggest their ideas and encouraging workforce creativity. 
Table 5.1 presents examples for all categories of waste in an LPS.

5.2.8 � Value-added activity

Value-adding activities denote activities that enhance product value and 
those activities for which the customer is willing to pay. They are also 
defined as activities that physically change the shape or characteristics of 
a product or assembly from its existing form. Any segment of the produc-
tion or service process that enhances product value or service value from 
the customer viewpoint is a value-adding activity.

An activity must satisfy three criteria to become a value-adding 
activity:

	 1.	Activity must transform the item towards completion.
	 2.	Activity is done right for the first time without any rework.
	 3.	Activity for which the customer is willing to pay.
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5.2.9 � Non-value-added activity

Non-value-adding activities denote activities that do not add value to 
the product or service. It denotes customer non-willingness to pay. Non-
value-added activities increase the time involved in product manufacture 
but do not enhance the product value.

The organisation must take necessary efforts to eliminate non-value-
adding activities from the system and can utilise the time saved in other 
improvement activities. Consider the example of inspection, which does 
not directly contribute to product value but is necessary until the pro-
cess is incorporated with automated checking utilities. Table 5.2 presents 
examples of value-adding and non-value-adding activities.

5.2.10 � First-time quality

A Lean metric evaluates the extent to which the parts are produced accu-
rately the first time without any need for inspection or rework. It is one of 
the vital performance measures of a Lean manufacturing system.

Table 5.1  Examples for eight wastes

Waste category Examples

Transportation •	Material transfer
•	Multiple handling

Inventory •	Excess safety stock
•	Excess inventory (raw material, WIP, 

finished goods)
•	Unsold items

Motion •	Unnecessary worker movement
•	Inappropriate layout

Waiting •	Slow pace
•	Excess queue
•	Late delivery
•	Material non availability

Overproduction •	Produce more than required
•	Delivery in advance

Over-processing •	Inappropriate processing steps
•	Excessive paperwork

Defects •	Out of specifications
•	Scrap
•	Rework

Underutilisation of 
workforce expertise

•	Rejecting the workforce suggestions
•	Not encouraging workforce creativity

Source:	 Kavanagh, S. and Krings, D. (2011). Government Finance Review, 
27(6–18).
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5.2.11 � Computation of first-time quality

A component consumes 1 minute to be produced. First-time quality for 
this part is 90% (or it can be said to have a 10% failure rate). Typical pro-
duction day is one 8-hour shift = 480 minutes.

The available time of 430 minute/shift is obtained by subtracting the 
time for two 10-minute tea breaks and a 30-minute lunch break. Running 
this part on a single assembly line with a minute cycle time would result 
in 430  units being produced per shift. First-time quality of 90% actu-
ally produces 387 units per shift. This level of quality, or lack of quality, 
amounts to a loss of 43 minutes of available capacity.

5.2.12 � Cycle time

•	 It is the actual time incurred to perform a task and proceed to the 
subsequent step. One of the major goals of Lean principles is to 
match cycle time with takt time.

•	 It is the time that elapses between one part coming out of the process 
and the next part entering it.

5.2.13 � Takt time

•	 It is the rate at which the customer expects the organisation to per-
form product manufacture. Takt time is the ratio of number of work-
ing hours to number of orders per day.

•	 It is the time needed to complete an activity in order to meet cus-
tomer demand.

•	 It is the rate at which an organisation must manufacture a product 
to fulfil customer demand. It implies the synchronisation of manu-
facture pace with sales speed. In order to synchronise between pro-
duction and demand, takt time needs to be adjusted to increase or 
decrease order volume.

5.2.14 � Lead time

•	 It refers to the time taken for one product to travel through the entire 
value stream from start to finish.

Table 5.2  Examples for value-adding and non-value-adding activities

Value-adding activities Non-value-adding activities

Direct machining Reworking defective products
Assembling of parts Product inspections
Preparing engineering drawings Retesting of products
Raw materials
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5.2.15 � Changeover time

Changeover is the process of transforming a line or machine from 
producing one product to another. Changeover time is the time spent on 
conversion (includes switching fixtures, tools, programming and initial 
set-ups) of a line or machine to manufacture another product from the 
running product:

•	 It is the time spent modifying the setting from one product model 
to another.

•	 It is the actual time available in the shift for carrying out processes 
and changeovers.

•	 It is the time to transfer from manufacturing one product type to 
another.

5.2.16 � Worked examples

5.2.16.1 � Example 1
A manufacturing plant works two shifts of 8.5-hours basis with a lunch 
break of 30 minutes. The workers get 10 minutes at the start and end for 
cleaning purposes and 10 minutes for a tea break.

Compute takt time.
Total available time = 510 minutes
Available production time (AT) = 450 minutes
Customer demand (CD) = 200 parts/day
Takt time = AT/CD = 450/200 = 2.25 minutes

If the cycle time of all processes is closer to the takt time, the customer 
demand can be met without any delay.

5.2.16.2 � Example 2
A raw material has to undergo three different processes (refer to Figure 5.1) 
to get converted into a finished product. C/T denotes the cycle time of 
process 1, process 2 and process 3.

Compute the lead time.

Input Output

C/T1 = 3 min C/T2 = 5 min C/T3 = 7 min
C/O1 = 2 min C/O2 = 3 min C/O3 = 1 min

Process 1 Process 2 Process 3

Figure 5.1  Lead time calculation.
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5.2.16.2.1    Cycle time  Here, the cycle time for process 1 is 3 min-
utes. This implies that the total time required to complete process 1 is 3 
minutes.

5.2.16.2.2    Lead time  In the above case, the lead time is 15 minutes 
(summation of cycle times of process 1, process 2 and process 3).

5.2.16.3 � Example 3
A firm which manufactures submersible pumps has five stations (stator 
assembly, motor assembly, pump assembly, testing and packaging, dis-
patching and inspection). The cycle times of each station are described in 
Figure 5.2. The firm operates for 8 hours (480 minutes) per day with half 
an hour lunch break and two 10-minute tea breaks. The daily demand is 
50 pumps.

From the given data,

Net available time = 480 − (30+10+10) = 430 minutes
Lead time = 20+23+25+15+10 = 93 minutes
Takt time = Net available time
Daily demand
= 430/50
= 8.6 minutes

This implies that the firm has to manufacture a pump every 8.6 minutes.

5.3 � Introduction to common metrics of Six Sigma
The most commonly used metrics of Six Sigma are DPMO, sigma quality 
level, rolled throughput yield, CPQ and PCIs. For any critical to quality 
characteristics, these metrics can be calculated based on the data collected 
from the process.

Finished
product

C/T = 23 min C/T = 25 minC/T = 20 min

Stator assemblyRaw material Motor assembly Pump assembly

Testing

C/T = 15 min

Packaging,
dispatching and

inspection

C/T = 10 min

Figure 5.2  Lead time and takt time calculations.
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5.3.1 � Defects per million opportunities

The quality of output characteristics of any process is evaluated against 
a defined specification. During any such inspection process, each charac-
teristic is checked against the possible opportunities for defects. Any non-
conformity in a product or service is defined as a defect. Then, the defects 
per opportunities (DPO) can be evaluated by the formula:

	
DPO=

Total Defects
Total Opportunities

Based on this, the DPMO can be obtained by the formula 
DPMO  =  DPO  ×  106. This metric provides the defects out of a million 
opportunities.

5.3.1.1 � Example 1
A vendor supplies 20,000 items, and 5% of these items are checked as 
per the sampling plan for five characteristics. During this inspection, 
100 defects are observed. The DPMO of this process can be calculated as 
follows.

In this case, since the inspection was carried out for five characteris-
tics, the opportunity for defect in a unit is five. As 5% of 20,000 items are 
inspected, the sample size is only 1,000 items.

The total opportunities per defect are 1000 × 5 = 5000. Then,
DPO = 100/5000 = 0.02
DPMO = DPO × 106 = 0.02 × 106 = 20,000

5.3.2 � Sigma quality level

Sigma quality level or sigma rating is a commonly used metric in Six 
Sigma methodology. The sigma rating helps us to evaluate the perfor-
mance of a process. This also helps us to compare performances of dis-
similar processes, which is otherwise difficult.

When the inherent variability of the process is used to determine the 
sigma value (assuming mean is centred at the target), it is called SHORT-
TERM sigma denoted by ZST. This is the best performance that the process 
is capable of achieving. Over a period of time, assignable causes creep 
in, and the capability of the process to meet the specified requirements 
diminishes. This sigma, which represents the capability of the process to 
meet the requirements over a period of time considering that extraneous 
conditions cause process shifts, is called the LONG-TERM sigma denoted 
by ZLT. Normally, the short-term sigma is higher than the long-term sigma. 
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If the shift is not specified, then ZST = ZLT + ZSHIFT. Generally in the long 
term, it is assumed that the ZSHIFT is 1.5 and hence ZST = ZLT + 1.5. The value 
of ZLT can be obtained from the standard normal tables based on process 
data. The short-term sigma, ZST, is commonly known as sigma rating. A 
sigma rating of 6 indicates DPMO of 3.4. A comparison of the sigma rating 
and the corresponding DPMO values are presented in Table 5.3.

5.3.3 � Rolled throughput yield

Rolled throughput yield is defined as the probability that a single unit 
can pass through a series of process steps free of defects. To calculate the 
rolled throughput yield for a multistage process, the first pass yield of 
sub-processes is to be calculated first. A product of the first pass yield of 
the individual processes gives the rolled throughput yield. For example, 
consider a process with four stages. The first stage starts with 100 units, 
and after processing 97 units were good. Similarly, after processing in the 
second and third stages, 96 units and 91 units, respectively, come out as 
good (Figure 5.3).

Then the rolled throughput yield  =  97/100  ×  96/97  ×  91/96  =  0.91, 
which is less than the smallest yield value of the individual stages.

5.3.4 � Cost of poor quality

COPQ is the cost of not doing things right first time. In other words, it is 
the cost associated with not meeting customer requirements the first time. 
COPQ has been widely used in many organisations as a powerful manage-
ment tool in identifying and prioritising problem areas. Generally, COPQ 

Table 5.3  Sigma rating and 
DPMO: A comparison

Sigma rating DPMO

1 691,462
2 308,537
3 66,807
4 6,210
5 233
6 3.4

919697100
Stage 1 Stage 2 Stage 3

Figure 5.3  Rolled throughput yield calculation.
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is estimated by organisations as a percentage of sales revenue. COPQ 
accounts for more than 25% of sales revenue in the context of manufactur-
ing, and it is close to 40% in the context of many service organisations. 
This is estimated based on four major components, viz, internal failure 
cost, external failure cost, appraisal cost and prevention cost.

Internal failure cost: The cost associated with not meeting the speci-
fied requirements for products, components, materials, or services 
is considered as internal failure cost. These failures are discovered 
before the product is shipped to the customer. The major categories 
of internal failure cost are related to rework, scrap, retest, downtime, 
yield loss, downgrading of components and products, etc.

External failure cost: These are costs associated with failure of products 
or services after delivery to customers. These include charges for 
warranty, returned product, liability, loss of good will, damaging 
the brand image or company reputation, etc.

Appraisal cost: Appraisal costs are those costs associated with measur-
ing, evaluating or inspecting products and components to ensure 
conformance to specified requirements. These include product 
inspection/test-related cost, instrument maintenance/calibration-
related cost, product life testing, etc.

Prevention cost: Prevention costs are those costs associated with prod-
uct/service design and manufacturing that are directed towards 
the prevention of non-conformance. Generally, these are the costs 
related to making things ‘right first time’. The major categories 
under this are product/process design, process control, training, 
data collection and analysis, development of quality management 
system standards, etc.

5.3.4.1 � Example 1
For a typical month, a manufacturing company identified and reported 
the following quality costs:

Inspection wages $12,000
Quality planning $4,000
Final product test $110,000
Retest and troubleshooting $39,000
Field warranty cost $205,000
In-plant scrap and rework $88,000

What is the total failure cost for this month?
The total failure cost is the sum of internal and external failure 

costs. The internal failure costs in the above example are retest and 
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troubleshooting as well as in-plant scrap and rework, whereas field 
warranty cost is a typical external failure cost. The total failure cost = $39, 
000 + $205,000 + $88,000 = $332,000.

5.3.4.2 � Example 2
A company incurred the following quality costs in the last month.

Evaluating finished product $50,000
Quality auditing training $10,000
Manufacturability study $1,000
Repairing finished product $5,000
Process capability studies $30,000

How much did the company spend on prevention costs?
The prevention costs in the above case include quality audit-

ing training, manufacturability study and process capability stud-
ies. Therefore, the total prevention costs for the above given 
example = $10,000 + $1,000 + $30,000 = $41,000.

5.3.5 � Process capability indices

Any process will have variation in its output, and it is common for specifi-
cation limits to be defined such that if the measured output of the process 
exceeds the specified limits, the process is deemed to have produced a 
non-conforming item. Process capability is a measure of how well a given 
process meets the customer specifications. PCIs are used to evaluate how 
well the process is meeting its customer specifications. The most com-
monly used process capability indices are Cp and Cpk. One of the stringent 
assumptions for the calculation of Cp and Cpk is that the process should be 
in a state of statistical control.

The process capability ratio, Cp, indicates how well the process dis-
tribution fits within its specification limits, and is simply the ratio of the 
specification width to the width of the process. Cp refers to the potential 
capability of a process. For any process with upper specification limit 
(USL), lower specification limit (LSL) and standard deviation σ, the Cp is 
defined as

	 C
USL LSL

p = −
6σ

	 (5.1)

The problem with Cp is that it does not take account of how well the pro-
cess distribution is centred within its limits, which can result in a process with 
high Cp and can have many rejects. The solution to this problem is addressed 
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in Cpk, which measures a similar ratio by the following formula, where X  is 
the average of the collected data. Cpk measures the actual capability of the 
process, and it takes account of both process centring and process variability.

	 C Min
USL LSL

pk
X X= − −



3 3σ σ

, 	 (5.2)

A high value for Cp and Cpk indicates that the process variability is 
low, and there is no process shift. We recommend Cp and Cpk values to be 
greater than 1. However, in real-life scenarios, these values are not iden-
tical due to a shift in the process mean over the long term. A Six Sigma 
process has a Cp and Cpk value of 2 with no shift in the process mean. 
However, with a shift of 1.5 sigma, Cp = 2 and Cpk = 1.5. If Cp and Cpk values 
are identical, we can then conclude that the process is centred.

5.3.5.1 � Example 1
The diameter in inches of a sample of 40 ball bearings manufactured by 
a certain process has an average of 0.7346 with a standard deviation of 
0.0049. If the specification for this characteristic is 0.734 ± 0.02, calculate 
the Cp and Cpk values.

	

C
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p

pk

= −
×

=

= −
×

0 754 0 714
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3 0 0049

0 7

1 36
. .

.
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.

,
.

.
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−
×









( )= =

.
.
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As both Cp and Cpk values are closer to each other, we may conclude 
that the process is more or less centred. Moreover, the process is capable 
of meeting the specifications.

5.3.5.2 � Example 2
A pharmaceutical company producing vitamin capsules desires a propor-
tion of calcium content between 40 ppm and 55 ppm. A random sample of 
20 capsules chosen from the output yields a sample mean calcium content 
of 44 ppm with a standard deviation of 3 ppm. Comment on the ability of 
the process to meet specifications.

	

C

C Min

p

pk

= −
×

=

= −
×

−
×









= (

55 40
6 3

0 833

55 44
3 3

44 40
3 3

1 22 0 44

.

, . , . )) = 0 44.
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In this case, the process is not centred as Cp and Cpk values are 
significantly different. Moreover, both values are less than 1, and there-
fore it is safe to conclude that the process is not able to meet the required 
specifications. One should look into the possibility of reducing process 
standard deviation further and try to determine the process parameters 
which influence the process mean so that it can be fine-tuned to bring it on 
target (47.5 ppm, middle value of the given specifications).

5.3.5.2.1    Process performance indices  The Automotive Industry 
Action Group (AIAG) suggests usage of process capability indices Cp and 
Cpk only when the process is stable. It recommends the usage of process 
performance indices, Pp and Ppk when the process is unstable. The Pp and 
Ppk are defined as follows:

	 P
USL LSL

sp = −
6

	 (5.3)

	 P Min
USL

s
LSL
spk

X X= − −



3 3

, 	 (5.4)

where ‘s’ is the sample standard deviation and can be determined using 
the following equation:

	 s

x x

n

i

i

n

=
−

−
=

∑ ( )2

1

1
	 (5.5)

5.4 � Lean Six Sigma metrics
Appropriate metrics are used in LSS projects to measure the process 
and project outcomes, detect improvement opportunities and monitor 
changes. These metrics will help to pinpoint sources of waste and vari-
ability and determine the root causes of problems. Business improvement 
strategies focus on key improvement initiatives, and deploy the right 
resources, tools and methodologies to utilise opportunities. Selection of 
the right performance metrics enables this aspect. The selected metrics 
depend on the project goals. The metrics can be grouped under four cate-
gories: time, cost, quality and output metrics. Time-based metrics include 
lead time, cycle time, takt time, response time, activity ratio, percent on-
time delivery, value-added time and non-value-added time. Cost met-
rics include total process cost, cost savings, labour savings, etc. Quality 
metrics include customer satisfaction, defect rate, first pass yield, process 
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capability indices, COPQ, etc. Output metrics include production, WIP 
and inventory. Other metrics include bottom-line impact, profit margin, 
ROI, market growth, revenue growth and so on. These measures need to 
be assessed after implementation of pilot LSS projects. The metrics may 
also be categorised in terms of cost, quality and delivery, which serve as 
the fundamental drivers for an organisation. Also, the categorisation could 
be based on process and organisation dimensions. The metrics serve as 
the base for quantification and utilisation of improvement opportunities. 
Also, the metrics evaluate potential process improvements and prioritise 
appropriate actions, establish baseline data for process improvement and 
communicate the results of LSS implementation.

5.5 � Overall equipment effectiveness
5.5.1 � Why do we need OEE?

Overall equipment effectiveness (OEE) helps organisations to

•	 Determine the best avenues to monitor and improve the effective-
ness of manufacturing processes.

•	 Consider various sub-parameters of the manufacturing process: 
availability, performance and quality. The three factors are multi-
plied, and product is expressed as a percentage.

•	 Evaluate it as a key performance metric in Lean manufacturing and 
total productive maintenance (TPM) practices. It is a consistent way 
to ensure the effectiveness of TPM and other initiatives by contribut-
ing an overall framework for evaluating production efficiency.

The definition of OEE does not consider all factors that reduce capac-
ity utilisation, for example, planned downtime, lack of material input, lack 
of labour, etc. (Nakaiima 1988). TPM depicts the relationship between pro-
duction and maintenance, for ensuring continuous improvement in terms 
of product quality, operational efficiency, capacity, assurance and safety 
(Nakaiima 1988).

Nakaiima (1988) emphasises that OEE computation is an effective 
approach for analysing the efficiency of a manufacturing system, and 
it is expressed as a function of availability, performance efficiency and 
quality. Availability losses happen because of breakdowns. Performance 
losses occur because of line stoppages. Quality losses occur due to prod-
uct rejects.

There are three general loss categories to be considered while com-
puting OEE. They are downtime loss, speed loss and quality loss. OEE 
for world-class organisations must be 85% or greater, and the OEE rate of 
manufacturing plants is 60% (Ahuja and Khamba 2008).
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5.5.2 � Availability

It is essential to compare the potential operating time and the actual 
time in which manufacturing products or providing services is essen-
tial. Availability takes downtime loss into account, which includes any 
events or activities that prevent planned production for an appreciable 
time. Examples include breakdowns, minor stoppage, equipment failures, 
material shortages and changeover time. Changeover time is considered 
in OEE analysis as it is a representative of downtime. Changeover time 
cannot be eliminated but can be reduced in most cases using tools such 
as SMED (readers may refer to Chapter 7 for more information on SMED). 
The remaining available time is called the operating time.

	 Availability
Operating time

Planned production time
= × 100% 	 (5.6)

5.5.3 � Performance (utilization or speed)

Performance is the comparison of the speed or actual output with which 
the system could be consistently manufacturing in the same time frame. 
Performance takes speed loss into account, which includes factors that 
make the process operate at less than the maximum possible speed. 
Examples include idling, machine wear and operator inefficiency. The 
remaining available time is considered as the net operating time.

	 Utilization
Actual time

Maximum output in running time
100%= × 	 (5.7)

	 Speed
Actual speed

Best demonstrated speed
100%= × 	 (5.8)

5.5.4 � Yield (quality)

It is required to compare the raw materials quantity fed to the process 
and the number of products/services that meets customer’s specifica-
tions. Quality considers loss, which considers the produced quantity 
that does not comply with quality standards, including products that 
need rework. Table  5.4 presents OEE loss, drivers and computation 
measures.

	 Yield
Actual output defects

Actual input
100%= − × 	 (5.9)
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5.5.5 � Six big losses

The loss of efficiency in manufacturing processes is mainly due to six big 
losses. The scope of OEE and TPM is to reduce or eliminate six big losses 
which are responsible for reducing equipment effectiveness. The six big 
losses are (Dal et al. 2000)

	 1.	Breakdown: This loss is mainly due to equipment defects, which 
result in reduced speed of the manufacturing process. It is catego-
rized as downtime loss as it reduces output. It is mainly caused by 
equipment failure, tool failure and unplanned maintenance. It can 
be avoided by conducting frequent maintenance programs on oper-
ating equipment and tools as per the specified working conditions.

	 2.	Set-up and adjustments: This loss is due to changes in operating condi-
tions such as changeovers, set-up of tools and performing trial-and-
error adjustments. It results in time loss as more time is spent on 
changeovers and initial adjustments and is categorised as downtime 
loss. It can be remedied by conducting time reduction programs.

	 3.	Minor stoppages: It is mainly due to idling of machines. The reasons 
for small stops include misfeeds, component jams and interrupted 
product flow. It is categorised as speed loss since there is a block in 
the production flow. Minor stoppages only include minor stops that 
are less than 9 minutes and do not need help from maintenance per-
sonnel to solve them.

	 4.	Reduced speed: This loss includes losses that occur due to slow equip-
ment speed and losses due to difference in current machine speed 
and actual machine speed. It is recommended to run the equipment 
at its theoretical running speed. At higher operating speeds, quality 
defects and minor stoppages happen frequently, and thereby it is 
required to operate the machine at a lower, more moderate speed. 
Speed losses are measured in terms of the ratio of theoretical to 
actual operating speed.

Table 5.4  OEE loss, drivers and computation measure

OEE loss OEE drivers Calculation Achievable

Downtime 
loss

Availability Ratio of operating time 
to planned production 
time

Process must run 
without any stoppage

Speed loss Performance Ratio of actual output 
to maximum output 
in running time

Process must run at its 
theoretical maximum 
speed

Quality 
loss

Quality Ratio of good pieces to 
total pieces

There must be no 
rejected or reworked 
products
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	 5.	Start-up rejects: This loss is due to the manufacture of defective products 
during warm-up and early stages of operation. These products must be 
reworked or scrapped. It is categorised as quality loss and is measured 
as the ratio of the number of quality products to total production.

	 6.	Production rejects: These are the rejects that are produced during the 
steady-state production. This loss is categorised as a quality loss as it 
requires rework.

5.5.6 � Calculating OEE

OEE is calculated as the product of availability, performance and quality 
(Kwon and Lee 2004).

5.5.6.1 � Availability
Availability is categorised as downtime loss and is calculated as

	 Availability
Operating time

Planned production time
= 	 (5.10)

5.5.6.2 � Performance
Performance is categorised as speed loss and is calculated as

	 Performance

Total units
Operating time
Ideal run rate

=







 	 (5.11)

5.5.6.3 � Quality
Quality is categorised as quality loss and is calculated as

	 Quality
Good pieces
Total pieces

= 	 (5.12)

5.5.6.4 � OEE
OEE is calculated by considering all three factors and is computed as the 
product of availability, performance and quality.

	 OEE Availability Performance Quality= × × 	 (5.13)

5.5.6.5 � Illustrative example
Table 5.5 contains the data needed for OEE computation including the cal-
culation of OEE factors: availability, performance and quality. The same 
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units of measurements as mentioned (minutes and units) must be fol-
lowed throughout the calculation to ensure consistency.

Planned production time  =  [Shift length  −  Breaks]  =  [480  −  50]  = 
430 minutes

Operating time  =  [Planned production time  −  Downtime]  =  [430 
− 45] = 385 minutes

Good pieces = [Total pieces − Reject pieces] = [20,000 − 400] = 19,600 
pieces

	

Availability

.

. %

=

=

=

385
430

0 8953

89 53

	

Performance

 

 

.

. %

,

=

=

=









20 000
385
70

0 7421

74 21

	

Quality

 

 

.

%

,
,

=

=

=

19 600
20 000

0 98

98

Table 5.5  Data for OEE computation

Parameter Data

Shift length 8 hours = 480 minutes
Short breaks 2 @ 10 minutes = 20 minutes
Lunch break 1 @ 30 minutes = 30 minutes
Downtime 45 minutes
Ideal run rate 70 pieces/minute
Total pieces 20,000 pieces
Reject pieces 400 pieces
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OEE Availability Performance Quality= × ×

= × ×

=

. . .0 8953 0 7421 0 98

00 6511

65

.

%OEE ≅

Although the quality part is good, the availability and performance 
aspects can be further improved to increase the OEE values further.

5.6 � Summary
This chapter highlights the need for and benefits of identifying LSS per-
formance metrics for SMEs. The guidelines for selecting the LSS metrics 
include the identification of the purpose for the usage of metrics, usage of 
few appropriate metrics rather than too many metrics and focus on all stake-
holders. The common metrics of Lean include takt time, cycle time, lead time, 
changeover time, etc. The common metrics of Six Sigma include DPMO, 
sigma quality level, throughput yield, rolled throughput yield, COPQ and 
PCIs. The common metrics of LSS, especially the financial metrics, are also 
highlighted in the chapter. Also, the importance of OEE, along with an illus-
trative example, are presented for a good understanding for the readers.
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chapter six

Six Sigma methodology

6.1 � Introduction
Six Sigma utilises a five-stage methodology (define-measure-analyse-
improve-control − DMAIC) for tackling problems related to existing pro-
cesses. The purpose of using this powerful problem-solving methodology 
is to understand and evaluate the root causes of a given problem. DMAIC 
is an iterative process that gives structure and guidance to improving pro-
cesses in any workplace. The five steps in the Six Sigma methodology are 
easy to understand, and they are logical in their sequence. Moreover the 
steps allow a team to adequately scope the problem, measure the current 
performance by quantifying the problem, analyse the root causes of prob-
lems, test and verify improvement recommendations and then implement 
changes for sustainability over the long haul (Brassard et al. 2002).

DMAIC methodology is extremely useful in two scenarios:

	 1.	Complex problems: In complex problems, the causes and solutions are 
not obvious. To determine the root causes of a problem, you need to 
bring together people with different levels of skills, knowledge and 
experience.

	 2.	Solution risks are high: We recommend organisations to utilise DMAIC 
any time when the risks of implementation are high, even if the solu-
tion is obvious and straightforward.

It is always risky to skip any DMAIC steps. The success of DMAIC 
lies with the logical sequence of steps in the methodology. However, 
it is human nature to want to jump to solutions and quickly make the 
improvement. If you think you have a solution to the problem at hand, 
and if the solution is obvious, you can then try to skip some of the DMAIC 
steps. However, it is important to ask the following questions before you 
make a decision on whether you need to skip DMAIC steps or not:

•	 Do I have data to show that the proposed solution to the problem is 
the best? In other words, what evidence do I have to justify that the 
solution to the problem at hand is the best?

•	 How do I know that the solution will really solve the given problem 
at hand?
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6.2 � Define phase
The goal of the define step is to define the scope of the project and obtain 
background information about the process where the problem lies and 
its customers (internal or external or both). We recommend the following 
points to be taken into account in the define phase of the project:

•	 Develop and review project charter: It is important to develop a project 
charter in the define phase and make sure that the project cham-
pion reviews it and provides constructive feedback to the charter. 
Chapter 7 (refer to Section 7.14) provides further explanation of this 
powerful tool along with a template. A project charter includes the 
voice of the customer (VOC), critical-to-quality (CTQ) characteristics 
and the specifications for CTQs. The readers are encouraged to refer 
to Sections 7.13 and 7.14 for more information on VOC and CTQs.

•	 Problem statement and goals: Review existing data to confirm that the 
problem exists, and ensure that it is important to your customers 
(internal, external or both) as well as business.

•	 Validate financial benefits: It is critical to understand the potential ben-
efits (both financial and non-financial) and the total investment to 
the project. We recommend a minimum of 1 to 3 for the investment-
to-benefit ratio.

•	 High-level process map: We recommend the development of a high-
level process map (also known as SIPOC) to verify the project scope 
and to understand the key inputs, outputs and the processes at a 
high level. SIPOC stands for suppliers, inputs, processes, outputs 
and customers. Please refer to Chapter 7 (Section 7.1) for more infor-
mation on SIPOC.

•	 Develop project plans: A project plan should include the five phases: 
key milestones, schedule, team members, key deliverables and 
potential risks associated with the project.

•	 Communication plan: Regular communication with project team 
members and stakeholders (sponsors, customers, managers, etc.) 
can help everyone to understand the progress of the project and 
create more buy-in and avoid any pitfalls in the execution of the 
project.

•	 Tollgate review: A formal review process that helps keep the project 
on track. The Lean Six Sigma (LSS) champion should be executing 
the tollgate review, and he or she needs to approve the key findings 
of the define phase before the project leader and his or her team mem-
bers can move on to the measure phase.

The following tools may be used in the define phase of the methodol-
ogy. It is important to note that these tools are explained in Chapter 7. We 
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recommend readers to refer to Chapter 7 for more information about the 
use of LSS tools.

Recommended tools in the define phase include

•	 SIPOC
•	 Value stream mapping (VSM)
•	 Project charter
•	 VOC analysis

6.3 � Measure phase
The goal of the measure step is to quantify the problem by gathering infor-
mation about the current situation. The key outputs of the measure phase 
include

•	 Data that pinpoint the problem’s location in the process
•	 Baseline data showing how well the process meets customer needs
•	 A more focused problem statement

We recommend the following points to be taken into account in the 
measure phase of the project:

•	 Collect baseline data: The baseline performance of the process must 
be established in the measure phase. The typical measures include 
defect rate (defects per million opportunities − DPMO), process 
capability indices (Cp/Cpk), sigma quality level (SQL) of the process, 
throughput yield or rolled throughput yield, process lead time, cycle 
time of process, etc. (refer to Chapter  5 for more information). In 
some cases, it can be the cost of poor quality or even different forms 
of waste based on waste analysis.

•	 Create a data collection plan: In the data collection planning, one 
should think about the type of data to be collected, how the data 
are relevant to the problem at hand, how many samples should be 
collected from the process and how frequently these samples should 
be collected.

•	 Check the accuracy and precision of data: We strongly recommend one 
to execute a gage repeatability and reproducibility study (measure-
ment system analysis or MSA) to ensure that the measurement sys-
tem is valid and sound. This will ensure the quality and reliability 
of data collected from the process. For more information on MSA, 
readers may refer to Chapter 7 (see Section 7.16).

•	 Operational definition for defects: In the measure phase, we need to 
understand what to measure (also called CTQs), and once we iden-
tify the CTQs, we need to understand the operational definition for 
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defects. What constitutes a defect should be understood by all team 
members, and there should be a standard definition for the term 
‘defect’.

•	 Use of run charts and control charts: It is a good practice to construct 
a run chart or control chart based on the baseline data. For more 
information on these charts, please refer to Chapter 7 (Sections 7.11 
and 7.12).

•	 Tollgate review: We recommend the team leader and members to pur-
sue a tollgate review before moving on to the analyse phase.

Recommended tools in the measure phase include

•	 CTQs and CTQ tree
•	 Detailed process mapping
•	 Run charts
•	 Control charts
•	 MSA
•	 Process capability analysis (refer to Chapter 5)

6.4 � Analyse phase
The goal of the analyse step is to identify root causes and confirm them 
with data. In many cases, we determine the key input variables of the 
process, perform data analysis, determine root causes and prioritise root 
causes.

The key outputs of the analyse phase include

•	 Identification of potential causes associated with the problem
•	 Understanding of potential input variables (Xs) which influence the 

CTQs or (Ys)
•	 Identification of value-added and non-valued-added steps/

activities

We recommend the following points to be taken into account in the 
analyse phase of the project:

•	 Conduct 7 +1 forms of waste analysis: Analyse the different forms of 
waste in our process under consideration.

•	 Analyse the process flow: Understand the bottlenecks in the process, 
assess the value-added and non-value-added activities in the pro-
cess from a customer’s perspective, analyse the CTQs, understand 
the key drivers of CTQs, etc.

•	 Analyse data collected in measure phase: Evaluate the relationship 
between the effect of the problem and the potential causes which 
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lead to the problem, use relevant tools (Pareto analysis, hypothe-
sis testing, root cause analysis, etc.) to narrow the search for root 
causes.

•	 Verify significant relationships between causes: Use scatter plots or more 
sophisticated tools (e.g. correlation analysis, regression analysis, etc.) 
to verify significant relationships between causes.

•	 Tollgate review: A tollgate review must be executed in the analyse 
phase before one can move on to the improve phase.

Recommended tools in the analyse phase include (George et  al. 
2005)

•	 Failure mode and effect analysis
•	 Scatter plot
•	 Correlation analysis
•	 Cause and effect analysis or fishbone analysis
•	 Root cause analysis
•	 Pareto analysis
•	 Regression analysis
•	 Histogram
•	 Hypothesis tests

6.5 � Improve phase
The goal of the improve step is to develop, try out and implement solutions 
that address root causes. In this phase, one may generate potential solu-
tions, select and prioritise solutions, perform risk assessment, pilot the 
solution for its effectiveness and finally evaluate the benefits.

The key outputs of the improve phase include

•	 Planned and effective actions that can eliminate or reduce the impact 
of the problem at hand

•	 ‘Before’ and ‘after’ analysis that shows how much of the performance 
improvement gap was closed

The improve phase not only involves deriving solutions for the prob-
lem at hand but also using the plan-do-check-act (PDCA) cycle to evalu-
ate and improve the solutions you want to implement. We recommend 
the following points to be taken into account in the improve phase of the 
project:

•	 Develop potential solutions: Potential solutions will be derived in the 
improve phase. This is one step where pushing for creativity is highly 
desired.
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•	 Evaluate and optimise the possible best solution: It is recommended to 
develop criteria before choosing an appropriate solution. The criteria 
may include ease of implementation, costs associated with imple-
mentation, associated risks, etc.

•	 Implement pilot solution: The best solution derived for the problem 
needs to be piloted.

•	 Compare before and after scenarios: In this step, one has to compare 
the baseline performance data with improved performance data to 
make sure that the solution is effective.

•	 Tollgate review: A tollgate review must be executed in the improve 
phase before one can move on to the control phase.

Recommended tools in the improve phase include

•	 Brainstorming
•	 Failure modes and effect analysis
•	 Solution prioritisation matrix
•	 Design of experiments
•	 Kanban system
•	 Single minute exchange of dies

6.6 � Control phase
The goal of the control step is to sustain the gains by standardising the 
work methods or processes, anticipating future improvements and cap-
turing and documenting the key lessons learned from the project and 
exploring the opportunities of transferring the knowledge to other opera-
tions in the business. In this phase, one should document standard oper-
ating procedures, develop process control plans, create project storyboard 
and transit process ownership.

The key outputs of the control phase include

•	 Documentation of the new process or method
•	 Training of employees in the new method or process
•	 A system for monitoring the implemented solution (process con-

trol plan) along with specific metrics to be used for regular process 
auditing

•	 Completed project documentation, including lessons learned and 
recommendations for further opportunities

We recommend the following points to be taken into account in the 
control phase of the project:
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•	 Documenting and standardising the improvements: The first step of the 
control phase is to document and standardise the improvements 
that were rolled out during the improve phase.

•	 Creating a process monitoring plan: Perhaps the most critical aspect of 
the control phase is establishing a plan to monitor the new process 
and act when results are not up to specifications so that the project 
gains will be maintained.

•	 Control charts to monitor the improved process performance: We strongly 
recommend the use of control charts for evaluating process stability 
over a period of time.

•	 Six Sigma storyboard: A storyboard is a display created and main-
tained by a project or process improvement team that tells the story 
of a project. It is a powerful communication mechanism to the team 
and stakeholders. It may be used in the future as a guide for other 
or similar projects.

•	 Use of PDCA cycle: PDCA cycle serves as a reminder to think of 
improvement as being continual: How do we improve the process 
further from where we are now? What areas of the process need to 
be improved further and what types of projects need to be pursued 
in the future?

Recommended tools in the control phase include

•	 Run chart
•	 Control chart
•	 5S practice
•	 Visual management
•	 Kanban system
•	 PDCA cycle
•	 Poka-Yoke (mistake proofing)

6.7 � Summary
This chapter provides readers with an introduction to Six Sigma problem-
solving methodology (DMAIC). The authors would like to accentuate the 
point that this methodology should be used only for fixing problems in the 
existing processes. It is strongly recommended not to employ this meth-
odology for tackling poor design problems in your existing processes. The 
authors have explained the five phases of the Six Sigma methodology in 
a cookbook fashion and provided the relevant tools within each phase 
which guide the process improvement leaders or project leaders through 
problem-solving scenarios. The detailed explanation of these tools is pro-
vided in Chapter 7.
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chapter seven

Basic and advanced tools of 
Lean and Six Sigma for SMEs

7.1 � Suppliers, Inputs, Process, 
Outputs and Customer

7.1.1 � What is SIPOC?

SIPOC is a process improvement tool that provides a key summary of the 
inputs and outputs of one or more processes in tabular form. The acronym 
SIPOC denotes suppliers, inputs, process, outputs and customers, which 
represent the columns of the table. It was applied in the field of total qual-
ity management in the 1980s and widely used in Six Sigma, Lean manu-
facturing, and other business process improvement strategies. SIPOC is a 
vital tool for documenting a business process from start to end. SIPOC is 
used in the define phase of the define-measure-analyse-improve-control 
(DMAIC) process (Adams et al. 2004).

The uses of SIPOC include

•	 Provide a detailed overview of processes
•	 Enable the definition of a new process

7.1.2 � How do you construct a SIPOC diagram?

A SIPOC diagram represents the high-level view of a process. The SIPOC 
diagram plays an important role in process definition/improvement. It 
may be used by the analyst in collaboration with other stakeholders to 
arrive at a consensus on the process before moving to a higher level of 
detail (Evans and Lindsay 2005).

7.1.3 � When do you use a SIPOC diagram?

•	 To define the scope of the project.
•	 To document/assess an existing process prior to the deployment of 

improvement efforts.
•	 To obtain a high-level understanding of a process during the initia-

tion of a process improvement activity. It helps the process owner 
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and those related to the process to arrive at a consensus on process 
boundaries.

•	 To discuss the process and obtain agreement before drawing pro-
cess maps.

7.1.4 � How do we create a SIPOC diagram?

•	 Step 1: Designate the process.
•	 Step 2: Indicate the start/end as well the process scope.
•	 Step 3: Depict the output(s) of the process.
•	 Step 4: Indicate the customer(s) of the process.
•	 Step 5: Depict the supplier(s) of the process.
•	 Step 6: Define the input(s) of the process.
•	 Step 7: Indicate present highest level of process steps.

7.1.4.1 � General rules for drawing a SIPOC 
diagram (Pyzdek and Keller 2003)

•	 Maintain it as high level and as simple as possible.
•	 It needs to be organised using a brainstorming session to generate 

ideas on the elements.
•	 Suppliers: Provide inputs.
•	 Inputs: Are the key requirements required for the process to work.
•	 Outputs: Are the results of process steps.
•	 Customers: Receive or use the outputs of the process.

7.1.4.2 � Practical application

	 1.	Organise a brainstorming session including participants who are 
knowledgeable about the process.

	 2.	Develop a diagrammatic representation of the process on a display 
board considering inputs from all members.

	 3.	 Identify the outputs: What are the outcome(s) of each step?
	 4.	From the outputs, identify the customers.
	 5.	For each step in the process, determine what inputs are worked on to 

execute the process.
	 6.	Suppliers: Who are those that provide inputs to the process?

7.1.5 � An illustrative example

A pump manufacturing firm is interested to increase its productivity and 
decrease its defect ratio by adopting the DMAIC approach. As a part of the 
define phase, SIPOC was developed to study all elements and members 
involved in pump manufacturing. It helped in defining the scope and bound-
aries of the project. The SIPOC diagram developed is shown in Figure 7.1.
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7.2 � Value Stream Mapping
7.2.1 � What is VSM?

•	 VSM is a Lean technique used for analysis of the current state and 
deriving a desired future state for the series of processes that take a 
product or service from its start through to the customer (Tapping 
et al. 2002).

•	 VSM is a Lean manufacturing technique used to document, anal-
yse and improve the information flow or materials flow required to 
develop a product or service for a customer.

•	 VSM is a paper-and-pencil tool that helps to observe and analyse 
the material and information flow as a product or service developed 
through the value stream.

•	 VSM may be used in the measure, analyse and improve phases of 
the DMAIC process.

7.2.2 � Why do you use a VSM tool? (Hines and Rich 1997)

•	 Graphically depict, analyse and perceive the flow of materials and 
information needed to process them.

•	 Depict the interaction between multiple functions within the manu-
facturing process and their associated functions.

•	 Represent the flow of information (communications) and materials 
throughout the complete manufacturing process.

•	 Signal problems, inefficiencies and losses within complex systems.

Purpose: Productivity Improvement
Owner:

Supplier Inputs Process Output Customer

ABC castings Motor body

Submersible 
pump

Motor body machining

Winding

Motor assembly

Pump assembly

Testing and inspection

MN Pumps
Southern PumpsH i - t e c h  e n a m e l s  a n d

PVCs
Windings

PQR bearings Impeller 
Cast tech Casing
Bright plastics and 
polymers

Fan and blower

X Y Z  s w i t c h e s  a n d
electricals

Starter

Bolts and nuts

Figure 7.1  SIPOC diagram.



86 Lean Six Sigma for small and medium sized enterprises

•	 Develop and implement improvements in a highly visual manner 
that facilitates culture change within the organisation.

•	 Provide guidelines for Lean transformation teams and top manage-
ment towards continuous improvement.

•	 Enable as a dashboard to track and continuously improve the process.

7.2.3 � When do you use value stream maps?

VSM is to be used for a high-production, low-variety product mix with 
few components.

A current state map depicts the current scenario of processes. This is 
required both to understand the need for change and to plan the improvement.

7.2.4 � How do we create a VSM?

Train the VSM team: Form a cross-functional team that encompasses all 
stakeholders of the process to be mapped. It must include operators and 
maintenance personnel who possess knowledge on the processes.

Undertake a physical walk through the shop floor to map out the pro-
duction process.

Document each step and identify the communication channels.
Create the ‘current state’ VSM with all needed data and information. 

Revise the VSM until the description of the current process is accurate 
and complete.

7.2.4.1 � Step-by-step procedure

Step 1: Select the team leader
Step 2: Form the cross-functional Lean team
Step 3: Select the process to be mapped
Step 4: Collect data and generate current state map
Step 5: Analyse current state
Step 6: Map desired future state
Step 7: Develop action plans and focus on deployment
Step 8: Quantify benefits

7.2.5 � An illustrative example

A manufacturing firm is interested in implementing the Lean technique 
in its product line, which manufactures piston valves. Cutting is the first 
operation to be performed on the raw material followed by turning and 
drilling operations. Next, the machined component is allowed to harden, 
and then grinding is performed. Finally the manufactured camshaft is 
inspected and sent for packaging and dispatching. A total of 11 workers 
are involved in manufacturing the camshafts, and their tasks are properly 



87Chapter seven:  Basic and advanced tools of Lean and Six Sigma for SMEs

assigned. The firm operates 8 hours per day (including a 30-minute lunch 
break and a 10-minute tea break) and manufactures 150 piston valves per 
day. The individual cycle time for each process was identified by conduct-
ing a time study, and work-in-process (WIP) inventory data were also col-
lected visually. Based on the available data, total cycle time and lead time 
was calculated and found to be 56 minutes and 8.71 days. Takt time was 
found to be 4.3 minutes for the current state. The developed current and 
future state maps are shown in Figures 7.2 and 7.3.

After analysing the current state, necessary improvement actions 
were planned. Improvements were made with reference to the individual 
processes, and improvements were observed. After successful implemen-
tation of the improvement actions, a future state map was constructed.

7.3 � 5S practice
7.3.1 � What is 5S?

5S is a workplace organisation method that implies five Japanese words: 
seiri, seiton, seiso, seiketsu and shitsuke. The translated terms are ‘sort’, 
‘straighten’, ‘shine’, ‘standardise’ and ‘sustain’ (Rojasra and Qureshi 2013). 
5S implies workplace organisation for efficiency and effectiveness by iden-
tifying and storing the items used, maintaining the area and items and sus-
taining orderliness. 5S is used in the improve phase of the DMAIC process.

It is one of the most powerful Lean manufacturing tools. 5S is a simple 
tool for ensuring an organised workplace that is clean, efficient and safe 
to enhance productivity and visual management and to ensure work stan-
dardisation. 5S is a team-oriented task.

Seiri: It includes removal of unnecessary items and the disposal of them 
properly. It evaluates necessary items based on cost and the removal 
of all parts not in use.

Seiton: It includes the arrangement of all necessary items for easy 
retrieval to prevent time loss and enable smooth workflow.

Seiso: Ensure cleanliness and safety of workplace.
Seiketsu: Standardise best practices in the work area by ensuring high 

housekeeping standards and orderliness.
Shitsuke: Ensure working order by means of regular audits, training 

and the enforcement of the discipline.

7.3.2 � Why do you use 5S?

•	 To eliminate waste
•	 To instil quality culture at the workplace
•	 To ensure ease of application



88 Lean Six Sigma for small and medium sized enterprises

Pr
oc

es
s l

ea
d 

tim
e 

= 
8.

71
da

ys

Pr
od

uc
tio

n 
co

nt
ro

l

Pr
od

uc
tio

n
su

pe
rv

is
or

M
on

th
ly

 o
rd

er
s

A
nn

ua
l o

rd
er

s

Su
pp

lie
rs

I 5

1
1

10
00

un
its 6.

6 
da

ys
0.

03
 d

ay
s

0.
03

 d
ay

s
0.

03
 d

ay
s

0.
03

 d
ay

s
0.

13
 d

ay
s

0.
8 

da
ys

1 
da

y

10
 m

in
15

 m
in

15
 m

in
4 

m
in

4 
m

in
3 

m
in

5 
m

in

M
on

th
ly

C
us

to
m

er
s

To
ta

l c
yc

le
 ti

m
e 

= 
56

 m
in

Pr
oc

es
s A

C
T

 =
 1

0 
m

in
C

O
 =

 4
 m

in
AT

 =
 4

30
 m

in
U

T
 =

 9
9.

06
 %

1
Pr

oc
es

s D

C
T

 =
 4

 m
in

C
O

 =
 4

 m
in

AT
 =

 4
30

 m
in

U
T

 =
 9

9.
06

 %

2
Pr

oc
es

s F

C
T

 =
 4

 m
in

C
O

 =
 2

 m
in

AT
 =

 4
30

 m
in

U
T

 =
 9

9.
3 

%

4
Pr

oc
es

s G

C
T

 =
 3

 m
in

C
O

 =
 0

 m
in

AT
 =

 4
30

 m
in

U
T

 =
 1

00
 %

Pr
oc

es
s B

C
T

 =
 1

5 
m

in
C

O
 =

 5
 m

in
AT

 =
 4

30
 m

in
U

T
 =

 9
9.

06
 %

1
Pr

oc
es

s C

C
T

 =
 1

5 
m

in
C

O
 =

 5
 m

in
AT

 =
 4

30
 m

in
U

T
 =

 9
9.

06
 %

1
Pr

oc
es

s E

C
T

 =
 5

 m
in

C
O

 =
 3

 m
in

AT
 =

 4
30

 m
in

U
T

 =
 9

9.
10

 %

I 5

I 5

I 20

I 12
0

I 15
0

un
its

I 5

I

Fi
gu

re
 7

.2
 C

u
rr

en
t s

ta
te

 m
ap

.



89Chapter seven:  Basic and advanced tools of Lean and Six Sigma for SMEs

Pr
oc

es
s l

ea
d 

tim
e 

= 
5.

11
da

ys

Pr
od

uc
tio

n 
co

nt
ro

l

Pr
od

uc
tio

n
su

pe
rv

is
or

M
on

th
ly

 o
rd

er
s

A
nn

ua
l o

rd
er

s

Su
pp

lie
rs

I 2

1
1

50
0

un
its 3.

3 
da

ys
0.

01
3 

da
ys

0.
0 

 d
ay

s
0.

02
 d

ay
s

0.
01

3 
da

ys
0.

08
 d

ay
s

0.
66

 d
ay

s
1 

da
y

11
 m

in
10

 m
in

15
 m

in
3 

m
in

2 
m

in
3 

m
in

4 
m

in

M
on

th
ly

C
us

to
m

er
s

To
ta

l c
yc

le
 ti

m
e 

= 
48

 m
in

Pr
oc

es
s A

C
T

 =
 1

1 
m

in
C

O
 =

 4
 m

in
U

T
 =

 9
9.

06
 %

AT
 =

 4
30

 m
in

1
Pr

oc
es

s D

C
T

 =
 3

 m
in

C
O

 =
 4

 m
in

U
T

 =
 9

9.
06

 %

2
Pr

oc
es

s F

C
T

 =
 4

 m
in

C
O

 =
 2

 m
in

AT
 =

 4
30

 m
in

U
T

 =
 9

9.
3 

%

4
Pr

oc
es

s G

C
T

 =
 3

 m
in

C
O

 =
 0

 m
in

AT
 =

 4
30

 m
in

U
T

 =
 1

00
 %

Pr
oc

es
s B

C
T

 =
 1

0 
m

in
C

O
 =

 5
 m

in
AT

 =
 4

30
 m

in
U

T
 =

 9
9.

06
 %

1
Pr

oc
es

s C

C
T

 =
 1

5 
m

in
C

O
 =

 5
 m

in
AT

 =
 4

30
 m

in
U

T
 =

 9
9.

06
 %

1
Pr

oc
es

s E

C
T

 =
 4

 m
in

C
O

 =
 3

 m
in

AT
 =

 4
30

 m
in

U
T

 =
 9

9.
10

 %

I 3

I 2

I 12

I 10
0

I 15
0

un
its

I

I

5S

PO
K

A
-Y

O
K

E

K
A

IZ
EN

JIG
S 

A
N

D
FI

X
T

U
RE

S
SM

ED

Fi
gu

re
 7

.3
 F

ut
u

re
 s

ta
te

 m
ap

.



90 Lean Six Sigma for small and medium sized enterprises

The main benefits of implementing 5S include

•	 To ensure a cleaner, safer, well-organised workplace
•	 To improve floor space utilisation
•	 To ensure a smoother and a more systematic workplace
•	 To reduce machine breakdowns
•	 To make defect-free products
•	 To improve morale and satisfaction of employees
•	 To improve productivity of the organisation

7.3.3 � What is involved in 5S?

Sorting: Establish criteria and identify items not in use, and attach red 
tags to such items. The red tagged items are categorised and moved 
to a designated space. A team is formed to identify disposal actions 
and those actions are recorded.

Simplification: Determine the location for each item. A shadow board 
should be developed, and items labelled. The layout and equipment 
are then determined.

Systematic cleaning: Systematic cleaning enables a way to inspect, by 
performing a clean sweep around a work area. Check points should 
be identified for examining performance, and acceptable perfor-
mance can then be determined. Visual indicators are used to mark 
equipment and control checks to be done.

Standardising: Standardisation implies that everyone knows what is 
expected. A routine check sheet should be developed for each work 
area. An audit system must be developed to document standard 
methods.

Sustaining: It is necessary to sustain the improvements. 5S level of 
achievement is to be ascertained. Worker-led routine should be done 
using the 5S checklist. The scheduled routine checks to be done fol-
lowed by higher-level audits.

7.3.4 � An illustrative example

Table 7.1 shows the audit sheet developed for evaluating 5S practice.

7.4 � Single Minute Exchange of Dies
7.4.1 � What is SMED? (Moreira and Pais 2011)

SMED stands for single minute exchange of dies. SMED includes the 
deployment of a theory and set of techniques that enable equipment 
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Table 7.1  5S audit sheet

5S Audit Sheet

Name:
Date:
Team:

For each question, mark the score that best represents the occurrence of the 
observations taken.

1 = No evidence shown,  2 = Some evidence in areas,  3 = Good evidence in areas,
4 = Extensive evidence in areas,  5 = Found everywhere, no exceptions (100%)

Sort
Very 
poor Poor Good

Very 
good Excellent

	 1.	Is the area free from 
unnecessary inventory/WIP?

1 2 3 4 5

Details:
	 2.	Is the area free from any 

unnecessary/stationary 
materials?

1 2 3 4 5
Details:

	 3.	Is the area free from documents 
that are not essential, duplicate 
and/or out-of-date documents?

1 2 3 4 5

Details:

Set in order
Very 
poor Poor Good

Very 
good Excellent

	 1.	Necessary inventory/WIP 
identified, location defined & 
stored in correct place.

1 2 3 4 5

Details:

	 2.	Is the work area fitted with 
appropriate lightings?

1 2 3 4 5
Details:

	 3.	Is there provision to clearly 
identify poor quality work?

1 2 3 4 5

Details:

Shine
Very 
poor Poor Good

Very 
good Excellent

	 1.	Is equipment clean & free of 
dust?

1 2 3 4 5

Details:
	 2.	Are the containers free from 

dirt?
1 2 3 4 5
Details:

	 3.	Are floors in the area clean, free 
of unnecessary items?

1 2 3 4 5

Details:

(Continued)
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set-up and changeover operations in less than 10 minutes, in the single 
minute range. It is not possible to attain single minute range for all set-
ups, but SMED focuses on reducing set-up times. SMED is used in the 
improve phase of the DMAIC process.

7.4.2 � When do you use SMED?

Modern customers demand a variety of products in arbitrary quantities 
needed. They expect high quality, good price and speedy delivery. SMED 
helps to fulfil these customer needs with reduced set-up time coupled 
with cost effectiveness to generate products in smaller lots.

It avoids problems associated with lot production such as inventory 
waste, delay and reducing quality. Benefits of SMED include quick set-
ups, flexibility, faster delivery, better quality and high productivity.

7.4.3 � How do we create a SMED?

7.4.3.1 � Stage 1: Separating internal and external set-up
The most vital step is to separate internal and external set-ups. The inter-
nal set-up time could be reduced by performing preparatory and other 

Table 7.1  (Continued) 5S audit sheet

Standardise
Very 
poor Poor Good

Very 
good Excellent

	 1.	Are the employees clear on the 
5S implementation?

1 2 3 4 5

Details:
	 2.	Can all employees detail overall 

responsibilities of others to 5S 
activity?

1 2 3 4 5
Details:

	 3.	Is there evidence of 
understanding the importance 
of 5S principles?

1 2 3 4 5

Details:

Sustain
Very 
poor Poor Good

Very 
good Excellent

	 1.	Are 5S plans and action updates 
clearly depicted?

1 2 3 4 5

Details:
	 2.	Are success stories displayed & 

confirmed for improvement?
1 2 3 4 5
Details:

	 3.	Are display boards, activity 
charts, notice boards etc. up to 
date and periodically checked?

1 2 3 4 5
Details:

TOTAL SCORE
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transportation tasks while the machine is being engaged. The separation 
of internal and external set-up tasks could be facilitated by the usage of 
checklists, functional checks and improving transport of die and other 
parts.

7.4.3.2 � Stage 2: Converting internal set-up to external set-up
Further set-up times could be reduced towards single minute range by 
re-examining operations to determine whether any steps are wrongly 
designated as internal setup, and finding avenues to convert such steps to 
external set-up on the basis of true function.

7.4.3.3 � Stage 3: Streamlining all aspects of set-up operation
To further reduce set-up time, the fundamental elements of each set-up 
are analysed in detail. Specific principles are applied to reduce the time 
needed, exclusively for steps that are to be done as internal set-up, when 
the machine is stopped. External set-up improvements include streamlin-
ing the storage and transport of parts and tools as well as tool and die 
management. When set-up is done using parallel operations, it is impor-
tant to ensure reliable and safe operations and reduce waiting time. To 
help streamline parallel operations, workers develop and comply with 
procedural charts for each set-up.

7.4.4 � An illustrative example

Analysis of operations is shown in Table 7.2. Categorisation of activities is 
shown in Table 7.3. Improvement ideas are presented in Table 7.4.

Table 7.2  Description of activities

Operation 
number Description

Time required 
(minutes)

01 Mount the component on machine bed 10
02 Load the component 15
03 Orientation of component 35
04 Clamp the component 30
05 Indexing 48
06 Place the covers 6
07 Machining 300
08 Open the covers 6
09 Unload the component 10
10 Remove the chips 10
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7.5 � Visual management
7.5.1 � What is visual management?

Visual management is described as ‘management by eyes’ (Murata and 
Katayama 2010). It includes management of activities by visual control. 
Visual management is a system that indicates abnormal conditions. Visual 
management allows us to visualise the normal state (standard) and the 

Table 7.3  Categorisation of internal and external activities

Operation 
number Description Activity

Time 
(min)

01 Mount the component on machine bed Internal 10
02 Load the component Internal 15
03 Orientation of component Internal 35
04 Clamp the component Internal 30
05 Indexing Internal 48
06 Place the covers Internal 6
07 Machining External 300
08 Open the covers Internal 6
09 Unload the component Internal 10
10 Remove the chips Internal 10

Table 7.4  Improvement ideas and time savings

S. no. Activity
Before 
SMED

Improvement 
ideas

After 
SMED

Time 
saving 
(min)

01 Mount the component 
on machine bed

10 Pallet changer 0 10

02 Load the component 15 Pallet changer 0 15
03 Orientation of 

component
35 Poka-Yoke 26 9

04 Clamp the component 30 Pneumatic 
torque

10 20

05 Indexing 48 Auto-index 20 28
06 Place the covers 6 – 6
07 Machining 300 – 300
08 Open the covers 6 – 6
09 Unload the 

component
10 Pallet changer 0 10

10 Remove the chips 10 Pallet changer 0 10
Total 470 368 102



95Chapter seven:  Basic and advanced tools of Lean and Six Sigma for SMEs

deviation from it. Visual management is used in the improve phase of the 
DMAIC process.

7.5.2 � When do you use visual management?

•	 To make problems obvious
•	 To make work easier
•	 To indicate standard quantity
•	 To trigger entities that are abnormal

7.5.3 � How do we perform visual management?

Three basic steps include

•	 Decide what entities to be made visual. A focus group or continuous 
improvement team within the organisation can help identify a place 
to start.

•	 Set up a way for the system to trigger a response when the system 
experiences an abnormal condition.

•	 Decide the means to respond when there is an abnormal condition.

7.5.3.1 � Other industry-specific examples

	 1.	Floor outlines or simple markings on the floor indicate the location 
of items.

	 2.	A production board in manufacturing plants that displays the pro-
duction numbers hour by hour and shift by shift.

	 3.	Painting or taping up a red line on the wall or shelf at the point to 
indicate the reordering of items.

	 4.	Notice boards (manual or computerised) in departments and insti-
tutes to convey information to students.

	 5.	Seating chart in the examination hall to indicate the seating arrange-
ment of candidates appearing for an examination.

	 6.	Systematic tracking of operational information.
	 7.	Communicate activities to team members on a daily basis.

7.5.4 � An illustrative example

Sample visual management boards are shown in Figures 7.4 and 7.5.

7.6 � Standard Operating Procedures
7.6.1 � What is SOP?

A SOP is specific to the operation and depicts the activities needed to 
complete tasks in line with industry regulations, and business standards 
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(Doolen and Hacker 2005). SOPs play a vital role in business operations. 
SOPs are policies, procedures and standards that are needed in opera-
tions, marketing and administration disciplines to ensure business suc-
cess. A SOP is used in the control phase of the DMAIC process.

The objectives of developing a SOP include

•	 To improve efficiency and profitability
•	 To ensure consistency and reliability in production and service
•	 To ensure a healthy and safe environment

7.6.2 � When do you use an SOP?

Development and implementation of effective SOPs is needed for today’s 
competitive business environment:

	 1.	To ensure consistency so as to achieve top performance
	 2.	To reduce system variation so as to improve production efficiency 

and quality control
	 3.	To facilitate training
	 4.	To help in conducting performance evaluations

7.6.3 � How do we create an SOP?

	 1.	Designate the SOP using descriptive action words, and ensure that 
the SOP must be accessed by all employees.

	 2.	 Indicate the scope of the SOP, detailing specific operations or tasks, 
coverage of operations and purpose of the SOP.

	 3.	Generate an overall task description indicating the people require-
ment, their skill set, equipment and supplies required, safety equip-
ment required and description of end product.

Hour by Hour board Date:
Demand:
Takt time:

Time Plan Actual Stoppage time Reason

7:00 am – 8:00 am 20 nos 17 nos NIL

8:00 am – 9.00 am 20 nos 18 nos NIL

……..

17:00 pm – 18:00 pm 20 nos 15 nos 10 min Machine break down

Figure 7.4  Visual management board to monitor hourly production. 
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	 4.	Describe each task in detail. It includes specific execution order, tim-
ing sequence, safety considerations and other references.

	 5.	 Involve all employees in discussions as the successful deployment of 
a SOP depends on team effort and action.

	 6.	Set up a system to monitor the SOP regularly. After the implemen-
tation of the SOP, it has to be periodically evaluated and updated. 
During the development of new SOPs, frequent analysis must be 
done to ensure smooth operation.

Visual management
Maintained by:

Business value plan–product launch

Improvement idea Shop floor layout

Agenda

1. Rework reduction
2. Manpower reduction
3. Supplier evaluation

Attendees

1. Owner 
2. Team leader
3. Members

Targets
Achieve zero defects
Improve profit margin

Task Jan'15 Feb'15 Mar'15 Apr'15 Jun'15 Jul'15 Aug'15 Sep'15 Oct'15

Market research

Design specification

Overall design

Project planning

Detail design

Prototype development

Testing

Quality assurance

User documentation

Market team

Design team

Production
team

Quality team

Milling Deburring

�readingPunchingDrilling

Turning

Central
store

Supplier
feedback

Design
improvements

Process
improvements

Quality
improvements

Process
improvements

General
suggestions

Dispatching Inspection

2011–2012 2012–2013 2013–2014

Sales
Gross margin
Net profit

Rs.
1,000,000

900,000

800,000

700,000

600,000

500,000

400,000

300,000

200,000

100,000

0

Illustrative Example 2 

Figure 7.5  A general visual management board displaying manufacturing firm’s 
functional competitiveness.
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7.6.3.1 � Applications of SOPs
7.6.3.1.1  �  Production/operations

•	 Production process steps, equipment maintenance, inspection pro-
cedures, new employee training

7.6.3.1.2  �  Marketing, sales and customer service
•	 Authorisation of external communications: press releases, social 

media, advertising, etc. and preparation of sales quotations, war-
ranty, guarantee, refund/exchange policies

7.6.4 � An illustrative example

A sample SOP is shown in Table 7.5.

7.7 � Cause and effect analysis
7.7.1 � What is cause and effect analysis?

During any problem-solving initiative, first a brainstorming session is 
organised with the individuals associated with the process. During this 
brainstorming session, the potential causes for the problem are identified. 
These potential causes to be further analysed to identify the root causes. 
Hence, as a first step in identifying the root causes, all the potential causes 
are presented in a cause and effect diagram format (Asaka and Ozeki 
1990). For this purpose, all the causes are categorised into different cat-
egories like man, machine, material, method, measurement system, etc. 
and presented in a format as shown in Figure  7.6. This diagram has a 
cause side and an effect side. The cause and effect diagram is also known 
as a fishbone diagram or Ishikawa diagram. The Minitab software can be 
used to prepare a cause and effect diagram. It has provision for 10 catego-
ries of causes.

7.7.2 � When do you use cause and effect analysis?

Cause and effect analysis is generally used in the following situations:

•	 To identify key characteristics and key process parameters affecting 
the output

•	 To help the group to reach a common understanding of a problem
•	 To expose gaps in existing knowledge of a problem
•	 To reduce the incidence of subjective decision-making
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Table 7.5  Standard operating procedure

Standard operating procedure (SOP)

Stage
Station 
name Model name

Control 
plan no. Revision Date

Final 
description

1 Piston line P3-Piston 2

Process description with photos:

S. no.
Process 
name

Process 
description

Safety 
device Quality criteria

Reaction 
plan

11 Turning Turn the given 
blank to its 
specific 
dimension using 
turning centre

Shoes, 
gloves

Ensure proper 
dimensions 
with respect to 
standard part 
diagram

Redo the 
operation to 
achieve the 
specified 
dimension

12 Drilling Drill the 
machined part to 
the required 
dimension using 
the turning 
centre

Shoes, 
gloves

Ensure proper 
dimensions 
with respect to 
standard part 
diagram

Redo the 
operation to 
achieve the 
specified 
dimension

13 Bracket 
assembly

Assemble the 
brackets in the 
machined main 
frame

Shoes, 
gloves

Ensure proper 
tightness of 
main frame 
with bracket

Retighten to 
the required 
torque level

14 Fastener 
tightening

Assemble the 
fasteners in the 
provided slot 
with respect to 
brackets

Shoes, 
gloves, 
ear 
plugs

Ensure proper 
tightness of 
main frame 
with bracket

Retighten to 
the required 
torque level

15 Heat 
treatment

Place the 
assembled 
components in 
oven for 
45 minutes at 
150°C

Shoes, 
gloves

Test the surface 
hardness and 
porosity of the 
heated part 
with standard 
conditions

Test the 
material 
properties 
and reheat 
the parts

16 Packing Place the 
component in 
the provided 
bins according to 
the job number

Shoes, 
gloves

Ensure proper 
seating of the 
parts in the bin

Realign the 
parts and 
ensure 
proper 
seating

Quality check Change information

Checked and verified by quality assurance team
Seal: Approvals

Proposed by:
Approved by:
Released by:
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•	 To help employees to know more about the process and the prob-
lems being studied

•	 To be used as a technical material for further study of the same pro-
cess or different processes

•	 To help employees working on the process to investigate the prob-
lem and causes associated with it

7.7.3 � How do we create cause and effect analysis?

The cause and effect diagram can be created based on the following 
steps:

•	 Conduct brainstorming sessions to generate potential causes of the 
problem

•	 Group the potential causes in different categories like man, material, 
machine, method, etc.

•	 Draw the cause and effect chart using Minitab software
•	 Check for missing information
•	 Perform further analysis to identify the root causes out of the poten-

tial causes

7.7.4 � An illustrative example

A cause and effect diagram is prepared for hardness variation of a compo-
nent and is presented in Figure 7.7.

Problem/
effect

Environment

Measurement

Method

Material

Machine

Man

Figure 7.6  General template of cause and effect diagram.
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7.8 � Pareto analysis
7.8.1 � What is Pareto analysis?

A Pareto diagram is a bar chart that helps to prioritise the actions with 
respect to defects, failures, repairs, customer complaints, etc. This con-
cept was introduced by Wilfred Pareto. The basic principle of Pareto 
is ‘80 percent of overall effect is contributed by 20 percent of causes’. 
Hence, Pareto analysis helps to sort out the ‘vital few’ from the ‘trivial 
many’.

7.8.2 � When do you use Pareto analysis?

When many factors/causes are impacting a problem, a Pareto analysis can 
be used for the following:

•	 Find out the most important item/defect
•	 Identify where to take actions
•	 Determine ratio of each item to the whole
•	 Determine degree of improvement after remedial action in some 

limited area
•	 Compare improvement in each item/defect before and after the 

action on the process

Hardness
variation

Method

Material

Machine

Man

Lack of motivation

No incentives

Lack of skill

Unnecessary adjustments

Preventive maintenance not done

Backlash

Changes in mechanical properties

Variation in composition

Variation in chemical properties

Variation in reservoir volume

Variation in quenching temperature

Variation in quantity of oil

Figure 7.7  An example of cause and effect diagram.
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7.8.3 � How do we create Pareto analysis?

For performing a Pareto analysis, the following steps can be used:

•	 Define a problem and collect data on the factors that contribute to it. 
Historical records generally provide sufficient information.

•	 Arrange the data in descending order and calculate the cumulative 
percentage.

•	 Draw the horizontal and vertical axes.
•	 Prepare a bar graph in the X-axis with descending order of frequency.
•	 Draw a cumulative percentage graph.

7.8.4 � An illustrative example

The data from a tea packaging machine were collected during break-
downs for a period of 1 year, and the summarised data is presented in 
Table 7.6.

The Pareto can be prepared using the Minitab software by enter-
ing the causes in one column and the frequency in another column. The 
Minitab output of the Pareto analysis is presented in Figure 7.8.

The Pareto diagram shown in Figure 7.8 indicates that the ‘top folding 
problem’ is a major cause of breakdowns of the machine. The first two 
causes together contribute 86% of machine breakdowns.

7.9 � Histogram
7.9.1 � What is a histogram?

A histogram is a graphical representation of the data which enables us 
to make quick and objective inferences about the population. A histo-
gram shows the shape or distribution of the data by displaying how 
often different values occur (i.e. the frequency of occurrence of data 
points).

Table 7.6  Data on machine breakdown

S. no. Causes Frequency

1 Weight variation 430
2 Gum pot leakage 67
3 Top folding problem 1115
4 Label machine packet jamming 124
5 Improper foil feeding 43
6 Packet transfer spring not working 18
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7.9.2 � When do you use a histogram?

•	 A histogram summarises data from a process and graphically pres-
ents the frequency distribution. By superimposing specification lim-
its on a histogram, one can judge whether the process is capable of 
meeting customer requirements.

•	 Representing and interpreting large amounts of data in tabular form 
is extremely difficult. By plotting a histogram of the data, the shape, 
centring and spread of the data can be assessed.

•	 A histogram shows the relative frequency of occurrence of various 
data values.

•	 It also helps to illustrate quickly the underlying distribution of the 
data.

7.9.3 � How do we create a histogram?

The first step in creating a histogram is to collect a sample of 50–100 obser-
vations on any characteristic. The histogram can be made only for con-
tinuous types of data. After the data collection is complete, the following 
steps can be used to construct a histogram:

•	 Find the maximum and minimum values in the sample.
•	 Prepare class intervals and frequency table.
•	 Plot the histogram by taking the X-axis as the measured character-

istic and the Y-axis as the frequency. The class interval represents 

Frequency 1115 430 124 67 43 18
Percentage 62.0 23.9 6.9 3.7 2.4 1.0

Cum % 62.0 86.0 92.9 96.6 99.0 100.0
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Figure 7.8  Pareto analysis for machine breakdown.
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the width of each bar. The height of the bar is proportional to the 
frequency of the respective class.

•	 Study the pattern of the plotted histogram and make suitable 
inference.

7.9.4 � An illustrative example

The data shown in Table 7.7 are the chemical process yield on successive 
days. The Minitab software is utilised for preparing the histogram for 
these data, and the same is presented in Figure 7.9.

Table 7.7  Data on yield of a chemical process

94.97 87.97 85.21 86.52 92.82 92.06 85.96 88.41 88.20
89.10 91.66 88.97 93.02 88.76 92.57 89.14 87.33 88.91
93.53 87.66 90.08 88.50 89.93 90.04 89.88 90.19 88.59
91.56 91.45 90.23 88.57 90.90 91.18 91.05 91.14 91.20
88.67 88.08 89.46 88.31 90.58 89.75 90.67 89.10 89.40
86.90 89.12 87.00 87.28 90.95 87.64 85.81 88.39 90.91
88.43 92.32 87.39 89.39 88.15 91.35 90.46 94.23 89.95
91.26 89.50 89.24 88.90 92.78 90.09 86.57 90.84 88.72
92.11 86.06 91.06 91.54 86.96 90.07 89.80 88.30 90.45
88.18 86.28 92.17 93.85 88.00 90.14 91.37 90.22 87.53
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Figure 7.9  Histogram for chemical yield.
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The histogram shows a symmetrical shape, with the process centred 
around the yield value of 90. Also, this does not provide any indication of 
outliers in the data.

7.10 � Scatter diagram and correlation analysis
7.10.1 � What is a scatter diagram and correlation analysis?

A scatter diagram is a simple plot of pairs of observations on a graph 
by taking the independent variable along the X-axis and the dependent 
variable along the Y-axis. A scatter diagram depicts the picture of a rela-
tionship between two variables. If Y increases with X, then X and Y are 
positively correlated. If Y decreases as X increases, then the two types of 
data are negatively correlated. If the scatter diagram does not exhibit any 
identifiable trend, then the variables are said to have no correlation.

The strength of the relationship between variables can be estimated by 
a term called ‘correlation coefficient’, generally denoted by ‘r’. The value of 
‘r’ measures the magnitude and direction of a linear relationship between 
two variables X and Y. Its magnitude determines the strength of relation-
ship whereas the sign indicates whether the variables are positively cor-
related or negatively correlated. The value r = ±1 implies a perfect linear 
relationship, and r = 0 indicates no relationship between the variables. The 
correlation coefficient ‘r’ satisfies the inequality − ≤ ≤1 1r .

7.10.2 � When do you use a scatter diagram 
and correlation analysis?

A scatter diagram and correlation analysis are used to study the relation-
ship between two variables. This analysis is very helpful for identifying 
the root causes of a problem. It is also helpful in determining the optimum 
operating range for variables in a process.

7.10.3 � How do we create a scatter diagram 
and correlation analysis?

The steps for making a scatter diagram are as follows:

•	 Collect 50–100 paired samples of data believed to be related.
•	 Draw the horizontal and vertical axes of the diagram and label the 

axes.
•	 The variable that is being investigated as the possible cause/input is 

usually on the horizontal axis (X-axis), and the effect/result/output 
variable is usually on the vertical axis (Y-axis).

•	 Plot the data on the diagram, and study the pattern of the data.
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The steps for calculating the correlation coefficient are as follows:

•	 Collect the (X, Y) data in pairs.
•	 Enter the data in two different columns of Minitab software. Use the 

Minitab command of ‘Stat > Basic Statistics > Correlation’ to obtain 
the correlation coefficient.

7.10.4 � An illustrative example

Consider the data in Table 7.8 of temperature (X) and strength (Y). These 
data are used for making a scatter diagram and calculating a correlation 
coefficient. The scatter plot is prepared for these data by using the Minitab 
software and is presented in Figure 7.10.

Table 7.8  Data on temperature (X) and strength (Y)

X Y X Y X Y X Y X Y

177 208 207 295 200 277 199 273 211 308
179 214 209 295 201 298 188 277 210 295
188 236 209 298 196 280 209 286 204 295
183 242 220 302 203 289 199 292 206 292
194 248 209 298 178 217 207 305 198 295
191 252 221 302 179 214 206 298 207 280
200 267 213 292 186 233 209 305 202 289
194 264 216 292 183 242 210 302 205 289
205 286 203 292 193 245 215 305 178 211
204 289 205 292 181 248 206 302 180 220
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Figure 7.10  Scatter diagram for temperature vs. strength.
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The scatter diagram gives an indication that as the temperature 
increases, the strength also increases. The correlation coefficient was 
estimated using the Minitab software, and the value was obtained as 
r = 0.903. This shows a strong positive relationship between the X and Y 
variables.

7.11 � Control charts
7.11.1 � What are control charts?

The concept of a control chart was introduced by Walter A. Shewhart 
in the 1920s. The control chart is a line graph used to assess the stabil-
ity of a process. It is based on the principle of normal distribution. The 
control chart has three lines drawn on it, namely the central line (CL), 
upper control limit (UCL) and lower control limit (LCL). The centre line 
is the average, and the upper and lower control limits are calculated 
based on ‘average ± 3 standard deviation’ basis. The points are plotted 
on this chart, and the pattern of behaviour of the graph is studied to 
infer about the stability of the process (Montgomery 2009). If any point 
falls beyond the control limits, it can be a signal for special causes and 
will need further investigation. Figure 7.11 presents a typical sketch of 
a control chart.

Depending on the category of data, there are different types of control 
charts available. The control charts used for variable data are known as 
variable control charts, and the controls used for attribute data are known 
as attribute control charts. Under variable control charts, depending on 
the sample size, different types of charts, namely X-bar and R chart, X-bar 
and S chart etc. are used. Similarly, in the attribute category we have 
p-chart, np-chart, c-chart and u-chart (Table 7.9).

Time (hr/day/week/hr/sequence)

Measurement

Lower
control limit

Average

Upper
control limit

Special

cause

Figure 7.11  A typical sketch of control chart.
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7.11.2 � When do you use control charts?

The control charts are used for the following purposes:

•	 To study the stability of the process.
•	 To analyse the processes to identify the presence of assignable causes 

or special causes so that actions can be initiated for improvement.
•	 To monitor the process over a period of time.

7.11.3 � How do we create a control chart?

The general steps for creating a control chart are as follows:

•	 Collect chronological data from the process.
•	 Depending on the category of data, decide on the type of control 

chart.
•	 Use the Minitab software to plot the chart.
•	 Study the chart for assignable causes.
•	 Take action to understand the assignable causes and try to reduce or 

eliminate them from the process.

7.11.4 � An illustrative example

Data on board thickness (in inches) are given in Table 7.10 for 15 samples 
of three boards each.

As these data are collected in subgroups, and the subgroup size is 
three, an X-bar R chart can be used. The X-bar R chart is plotted with the 
help of Minitab software. The output of the Minitab software is presented 
in Figure 7.12.

In this X-bar R chart, all the plotted points are falling within the con-
trol limits without any specific pattern. Hence we can conclude that there 
are no assignable causes present in the process.

Table 7.9  Summary of different types of control charts

Data type Name of chart

Continuous with subgroup size ≤10 X –R chart (X-bar and R chart)
Continuous with subgroup size >10 X –S chart (X-bar and S chart)
Discrete, defective type, sample size not constant P-chart
Discrete, defective type, sample size constant NP-chart
Discrete, defect type, sample size not constant U-chart
Discrete, defect type, sample size constant C-chart
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Table 7.10  Data on thickness

Sample no. Subgroup

1 0.0629 0.0636 0.0640
2 0.0630 0.0631 0.0622
3 0.0628 0.0631 0.0633
4 0.0634 0.0630 0.0631
5 0.0619 0.0628 0.0630
6 0.0613 0.0629 0.0634
7 0.0630 0.0639 0.0625
8 0.0628 0.0627 0.0622
9 0.0623 0.0626 0.0633
10 0.0631 0.0631 0.0633
11 0.0635 0.0630 0.0638
12 0.0623 0.0630 0.0630
13 0.0635 0.0631 0.0630
14 0.0645 0.0640 0.0631
15 0.0622 0.0644 0.0632
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Figure 7.12  X-bar R chart for thickness.
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7.12 � Run charts
7.12.1 � What are run charts?

A run chart is used to monitor the behaviour of a variable over time for 
a process or system. Run charts graphically display cycles, trends, shifts 
or non-random patterns in behaviour over time. A trend is an unusually 
long series of consecutive increases or decreases in the data. Run charts 
can help identify problems and the time when a problem occurred, or 
monitor progress when solutions are implemented.

7.12.1.1 � Questions to ask about a run chart
	 1.	Is the average line where it should be to meet customer 

requirements?
	 2.	 Is there a significant trend or pattern that should be investigated?

7.12.1.2 � Two ways to misinterpret run charts
	 1.	You conclude that some trend or cycle exists, when in fact you are 

just seeing normal process variation (and every process will show 
some variation).

	 2.	You do not recognize a trend or cycle when it does exist.

Both of these mistakes are common, but people are generally less 
aware that they are making the first type, and are tampering with a pro-
cess which is really behaving normally. To avoid mistakes, use the follow-
ing rules of thumb for a run chart interpretation:

	 1.	Look at data for a long enough period of time, so that a ‘usual’ range 
of variation is evident.

	 2.	 Is the recent data within the usual range of variation?
	 3.	 Is there a daily pattern? Weekly? Monthly? Yearly?

7.12.2 � When do you use run charts?

Run charts are used for the following purposes:

•	 To understand the stability of a process over time.
•	 To understand patterns and trends in a process.
•	 To evaluate the success of improvement efforts in an objective and 

visual way.

Typical applications include charting process and product defects 
over time, logging computer or system downtime, assessing process yield 
over time, etc.
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7.12.3 � How do we construct a run chart?

The following are useful in the construction of a run chart:

•	 Determine the purpose of the chart and the data to be monitored, 
collected and analysed. Select the time interval (minute, hour, day, 
month, etc.).

•	 Collect the data that will be plotted.
•	 Plot time on the horizontal axis (typically located at the bottom).
•	 Label the vertical axis and plot the data collected in step 2 on the 

vertical axis (typically located on the left-hand side).
•	 Title the chart. Indicating which direction is better with an up or 

down arrow may be helpful.

7.12.4 � An illustrative example

Figure 7.13 shows a run chart for the number of software discrepancies 
per modified line of code detected by a customer of a software production 
company.

The different dots represent data for different revisions of some major 
source of source code. It is important to note that there are fluctuations 
in the output, and it is hard to say if the process is unstable from a small 
sample size as shown in Figure 7.13.
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Figure 7.13  Example of a run chart.
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7.13 � Failure Modes and Effects Analysis
7.13.1 � What is a Failure Mode and Effects Analysis?

Failure modes and effects analysis (FMEA) is a step-by-step approach for 
identifying all possible failures in a design, a manufacturing or service pro-
cess, or a system or assembly. ‘Failure modes’ means the ways, or modes, in 
which something might fail. Failures are any errors or defects, especially 
ones that affect the customer, and can be potential or actual. ‘Effects analy-
sis’ refers to studying the consequences of those failures. Failures are pri-
oritised according to how serious their consequences are, how frequently 
they occur and how easily they can be detected. The purpose of the FMEA 
is to take actions to eliminate or reduce failures, starting with the highest 
priority ones.

FMEA includes review of the following:

•	 Steps in the process
•	 Failure modes (what could go wrong?)
•	 Failure causes (why would the failures happen?)
•	 Failure effects (what would be the consequences of each failure?)

7.13.2 � When do we use an FMEA?

FMEA has been proved to be useful when

•	 One has to evaluate processes for possible failures and to prevent 
them by correcting the processes proactively rather than reacting 
after failures have occurred.

•	 One has to evaluate a new process prior to implementation and in 
assessing the impact of a proposed change to an existing process.

•	 One has to design a new product or process or service (i.e. early 
design stages) to ensure the design is robust (i.e. less sensitive to fail-
ures in the user’s environment).

7.13.3 � How do we create an FMEA worksheet?

The basic steps for conducting an FMEA are

Step 1: Study the product/process/service/system/assembly to be 
analysed.

Step 2: Assemble a cross-functional team of people with diverse knowl-
edge about the process, product or service and customer needs.

Step 3: Identify the scope of your FMEA exercise. Identify the functions 
of your scope. Ask, ‘What is the purpose of this system, design, pro-
cess or service? What do our customers expect it to do?’
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Step 4: For each function, identify all the ways that failure could hap-
pen. Brainstorm the possible range of failure modes.

Step 5: List all the potential consequences of each failure mode.
Step 6: Assign severity scores (S) for each failure mode. Severity is usu-

ally rated on a scale from 1 to 10, where 1 is insignificant and 10 is 
catastrophic. If a failure mode has more than one effect, write on the 
FMEA table only the highest severity rating for that failure mode.

Step 7: Identify the causes of each failure mode (you may use cause and 
effect analysis here).

Step 8: For each cause, determine the occurrence rating (O). This rating 
estimates the probability of failure occurring for that reason during 
the lifetime of your scope. Occurrence is usually rated on a scale 
from 1 to 10, where 1 is extremely unlikely and 10 is inevitable. On 
the FMEA table, list the occurrence rating for each cause.

Step 9: Identify control plans to detect the failure modes.
Step 10: For each control, determine the detection rating (D). This rat-

ing estimates how well the controls can detect either the cause or 
its failure mode after they have happened but before the customer 
is affected. Detection is usually rated on a scale from 1 to 10, where 
1 means the control is absolutely certain to detect the problem and 
10 means the control is certain not to detect the problem (or no control 
exists). On the FMEA table, list the detection rating for each cause.

Step 11: Calculate the risk priority number (RPN), which is the prod-
uct of severity, occurrence and detection. These numbers provide 
guidance for ranking potential failures in the order they should be 
addressed.

Step 12: Prioritise the failure modes and causes based on the RPN.
Step 13: Determine the actions to be taken. These actions may be design 

or process or system changes to lower severity or occurrence. They 
may be additional controls to improve detection. Also note who is 
responsible for the actions and target completion dates.

Step 14: Recalculate the RPN values based on the action plans.

7.13.4 � An illustrative example

Consider the process for dispensing fuel at a self-service gas station. There 
are a number of steps or sub-processes involved in this case starting from 
finding a gas pump all the way through to remitting payment. In order 
to make things easier for the reader, we carry out the FMEA exercise 
on three sub-processes − find gas pump, initialise pump and dispense 
fuel. The FMEA worksheet is shown in Table 7.11. The higher the RPN, 
the more critical a failure mode can be, and we should take remedial 
actions to minimise the impact of those failure modes. In the given exam-
ple, the most critical failure mode is when auto shut-off fails. We need to 
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investigate the causes for this failure mode and develop an action plan to 
prevent the occurrence of this failure mode. Once the remedial actions are 
implemented, one may recalculate the RPN values and see if the remedial 
actions are effective or not.

7.14 � Voice of the Customer analysis
7.14.1 � What is a VOC analysis?

The ‘voice of the customer’ (VOC) is a process used to capture the require-
ments/feedback from the customer (internal or external) to provide the 
customer with the best-in-class service/product quality. This process is 
all about being proactive and constantly innovative to capture the chang-
ing requirements of the customers with time. The VOC is the term used 
to describe the stated and unstated needs or requirements of the cus-
tomer. The VOC can be captured in a variety of ways: direct discussion or 
interviews, surveys, focus groups, customer specifications, observation, 
warranty data, field reports, complaint logs, etc. Lean Six Sigma (LSS) 
deployment aligned to VOC enables companies to constantly improve 
their overall competitive value proposition, increase market share and 
improve profitability (Gopalakrishnan 2010).

Table 7.11  FMEA worksheet

Process 
steps

Potential 
failure 
modes

Severity 
(S)

Occurrence 
(O)

Detection 
(D)

RPN = 
S*O*D

Revised 
RPN (after 
actions to 
improve 

the 
process)

Find gas 
pump

All pumps 
are busy

1 6 1 6

Gas cap on 
other side 
of the 
vehicle

4 4 10 80

Initialise 
pump

Pump 
won’t 
reset

4 1 1 4

Pump 
won’t 
read credit 
card

8 1 1 8

Dispense 
fuel

Auto 
shut-off 
fails

10 2 10 200 
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There are two basic types of VOC data. The first is called reactive 
data and can be found as customer complaints, compliments, feedback, 
hotline data, product returns and/or warranty claims. Perhaps to no sur-
prise, this data type is usually negative, and however difficult to hear, it 
typically represents significant improvement opportunities. For example, 
it is likely that a customer complaint occurs after the person experiences 
poor service or receives a bad product. Other dissatisfied customers may 
not announce a complaint and may just immediately switch to a com-
petitor. The second data type is called proactive data and can be collected 
from customer interviews, surveys, focus groups, observations and/or 
test customers. This data type can also identify important improvement 
opportunities.

7.14.2 � When do we use VOC analysis?

VOC analysis is used

•	 To identify potential improvement opportunities and the associated 
priorities from a customer viewpoint

•	 To focus on those items that are most valuable to current and future 
customers

•	 To develop the critical to quality (CTQ) characteristics which are 
critical to your customers

7.14.3 � How do I perform VOC analysis?

The following steps can be followed for performing VOC analysis:

Step 1: Identify your customers and what you need to know about their 
needs − you can have internal and external customers in any organ-
isation. You work primarily with the people involved with the next 
process step, but you check to ensure that their needs are consis-
tent with the needs of the final customer. Different customers have 
different needs and priorities. When you carry out an LSS project, 
you need to understand how the project is aligned with customer 
satisfaction.

Step 2: Determine the tools and techniques you will use to gain feed-
back from your target customers. Surveys, focus groups, and one-
on-one interviews are popular tools used to gather the information. 
One of the most frequent mistakes at this stage is over-reliance on 
surveys; although interviews and focus groups are more labour 
intensive than surveys, they are generally much more effective in 
gathering detailed qualitative information that can help lead to 
improvement.
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Step 3: Analyse the data you collect, and summarise the information in 
a meaningful way.

Step 4: Develop a schedule to reassess your customers on an ongoing 
basis to ensure your product or service offerings meet or exceed 
their requirements.

7.14.4 � An illustrative example

In this example, we consider a scenario where the customer would like 
to apply for a mortgage from a local bank. The VOC in this particular 
case (from surveys and focus group interviews) identifies friendly staff, 
knowledgeable staff, speed of making decisions and accuracy of informa-
tion provided to customers. However, from the bank’s perspective, the 
customers’ voice is not so clear and therefore, it is essential to go back to 
customers and understand their voice better. Further dialogues with cus-
tomers indicated that friendly staff implies willingness to help custom-
ers with their questions, being polite to them and so on. Knowledgeable 
staff implies the mortgage application process from start to finish, under-
standing the finance issues around the mortgage so that customers will 
get the best mortgage deal, knowing the market, having a good under-
standing of the competitors and their products and offers, etc. The speed 
of making decisions is dependent on the application form itself (length of 
the form), manual vs electronic, checking all the required documents of 
customers for making decisions and so on. Finally, the accuracy of infor-
mation implies executing things right first time, giving the correct infor-
mation right first time, etc. This example clearly illustrates the point that 
the VOC at the outset was quite obscure; however, simple tools such as 
surveys and focus group interviews assist the bank to understand what 
the needs and expectations of customers are from a mortgage application 
process.

7.15 � CTQs and a CTQ tree
7.15.1 � What are CTQs?

The CTQ concept is an essential part of LSS projects. CTQ characteris-
tics (CTQs) are developed in order to fulfil the needs of valuable custom-
ers. Customer satisfaction is a primary factor in the development of CTQ 
parameters. CTQs analyse the characteristics of the service or product that 
are termed by both the internal and external customer (Gopalakrishnan 
2012).

A CTQ tree reflects what the customers of your process cite as abso-
lutely essential to success. This helps clarify what constitutes a defect in 
the process. Use a CTQ tree when you want to investigate your customer 
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base by moving from general needs to more specific ones (https://www.
mindtools.com/pages/article/ctq-trees.htm).

7.15.2 � Why do we need CTQs?

CTQs

•	 Link customer needs gathered from VOC data collection efforts with 
specific and measurable characteristics

•	 Enable us to focus on certain quality characteristics which are criti-
cal to our customers, especially when they are broad, vague and 
complex

7.15.3 � How do we construct a CTQ tree?

The following steps can be used to construct a CTQ tree:

Step 1: Identify critical needs that your product or service has to meet − 
During this first step, you’re essentially asking, ‘What is critical for 
this product or service?’ It is best to define these needs in broad 
terms; this will help ensure that you don’t miss anything important 
in the next steps.

Step 2: Identify quality drivers − What are the specific quality drivers 
that meet the needs of your customers? Tools such as Kano analysis 
would be extremely useful to understand the quality drivers and 
even the importance of such drivers.

Step 3: Identify performance requirements − You need to identify the 
minimum performance requirements that you must satisfy for each 
quality driver, in order to actually provide a quality product. Once 
you’ve completed a CTQ tree for each critical need, you’ll have a list 
of measurable requirements that you must meet to deliver a high-
quality product.

7.15.4 � An illustrative example

In this example, we consider a simple example of a store that sells baby 
clothing. After talking to a number of potential customers, one of the criti-
cal needs highlighted by customers is ‘good customer service’. However, 
the term ‘good customer service’ may mean different things to differ-
ent customers, and it is not at all easy to understand what constitutes a 
good service unless we develop a CTQ tree to understand the quality 
drivers and the performance requirements associated with these drivers. 
Figure 7.14 shows a CTQ tree for this example.
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7.16 � Project charter
7.16.1 � What is a project charter?

The project charter is an official, basic document that outlines an LSS 
improvement project. It takes place in the define phase of DMAIC. 
However, it can be periodically reviewed, refined and revised through-
out the project. The elements of a project charter can vary, but they 
generally include the business case, problem statement, goal statement, 
team members/roles and constraints/boundaries and project scope. If 
done correctly, a project charter will be your go-to guide when it comes 
to keeping teams, stakeholders and leaders on track through a pre-
determined guide that must be available to everyone working on the 
project.

7.16.2 � Why do we need a project charter?

A project charter

•	 Provides a reference point that the team can continually refer back to 
in order to keep direction and scope

•	 Gives the LSS project champion and the project team authority to 
use organisational resources for the project and forms the basis of 
communication with stakeholders

•	 Keeps the project from drifting off course by focusing on predeter-
mined goals and objectives

•	 Indicates why a project has priority over other projects
•	 Describes the gap between the current state and the desired state, 

especially when we refer to any process improvement projects

Good
customer

service

Waiting time

Pleasant staff

Refund policy

Need Quality drivers Performance requirements

90% of purchases and refunds
processed within 2 min

All phone calls answered within
20 sec

All customers greeted within
30 sec of entering store

All customer-facing staff to smile
genuinely when interacting with
customers

80% of customers satisfied with
refund policy

Figure 7.14  Example of a CTQ tree.
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7.16.3 � How do we construct a project charter?

The following steps can be used in the development of a project charter:

Step 1: Define the business case. Why is the project important, and why 
now?

Step 2: Define the problem statement. Quantify the problem and its 
impact on the business and its customers. The baseline of the prob-
lem must be understood by everyone, and this might require data 
collection.

Step 3: Define the project scope. What are the boundaries of the project, 
what is in scope, and (sometimes even more important) what is out 
of scope?

Step 4: Define the goal(s) of the project. What are the tangible perfor-
mance improvements that the team has as a target?

Step 5: Define the roles and responsibilities of each team member of the 
project. Also, determine the resources required in carrying out the 
project.

Step 6: Define the key deliverables of the project along with the milestones.
Step 7: Review the project charter with the project champion and gain 

approval. If any changes are required, it is essential to make changes 
and get them approved by the champion.

7.16.4 � An illustrative example

A company uses infrared (IR) lasers for cutting materials such as glass, 
solar panels, etc. The cross-sectional shape and propagation properties 
of the laser beam have a massive impact on the quality of the cut that 
the laser makes in the material being processed. The laser’s IR mode 
is set by a laser systems engineer, and the mode is measured using a 
beam profiler and is brought into specification by correct selection and 
positioning of four lenses. The time taken to set the mode varies greatly 
from 2 hours to nearly 40 hours. This has been an ongoing issue for a 
long period of time, and it has received senior management’s attention 
as a priority.

The project was limited to improving the time taken to set the mode 
through

•	 Reducing the variation of the raw mode
•	 Improving the predicted lens choice and position
•	 Ensuring the relevance of the choice of lenses available

The goal of the project is to reduce the variation in the time taken to 
set the mode. In the first phase of improvement, the target time for setting 
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the IR mode is 6.5 hours ± 1 hour. Anything which is outside the 5.5 and 
7.5 hours is viewed as a defect. The estimated savings of the project were 
close to £100,000 per year.

The team members for the project included

•	 Two Six Sigma green belts
•	 Production manager
•	 Project champion
•	 Project sponsor (director of manufacturing)
•	 Laser systems engineer

7.17 � Hypothesis tests
7.17.1 � What are hypothesis tests?

There are many statistical problems in which we are not directly con-
cerned with the actual value of a parameter of a distribution; instead we 
want to know whether its value exceeds a given value, or is less than a 
given value, or falls into a given interval and so on. Hence, instead of 
estimating the value of a population parameter, a decision about the cor-
rectness of a statement concerning the parameter is tested (Kiemele et al. 
2000). Thus, a hypothesis about the parameter is tested. This hypothesis 
can be based on any population parameter, viz, average, variance, propor-
tion, etc.

Hence, a test of hypothesis is a test of the validity of the assertion, 
and the validity is determined by an analysis of the data. Thus, a test of 
hypothesis is a set of rules on the basis of which a decision is to be taken 
on whether to accept the hypothesis or reject it. Two different hypotheses 
are defined during this test, namely null hypothesis and alternate hypoth-
esis. A hypothesis which needs to be validated by data is known as a ‘null 
hypothesis’, denoted by H0. An alternate hypothesis, denoted by H1, is a 
hypothesis that is accepted when the test of hypothesis leads to rejection 
of the null hypothesis (Montgomery and Runger 2007).

The different types of hypothesis tests available include the tests for 
averages, tests for variation, tests for proportion, tests for independence, 
etc. Some of the commonly used tests are summarised in Table 7.12.

7.17.2 � When do you use hypothesis tests?

Hypothesis tests are used for the following situations:

•	 To prove or disprove any assumptions about a process
•	 To make comparison of the processes before and after improvement
•	 To make inferences about unknown population parameters
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7.17.3 � How do we perform hypothesis tests?

•	 Convert the practical problem to a statistical problem by defining the 
null hypothesis (H0) and alternative hypothesis (H1).

•	 Identify the test to be performed.
•	 Using Minitab software, obtain the p-value of the test.
•	 If the p-value is <0.05, reject H0 at 5% level of significance. If the 

p-value is <0.01, reject H0 at 1% level of significance.

7.17.4 � An illustrative example
Example 1

The shelf life of a photographic film is of interest to the manufacturer. 
The manufacturer observes the following shelf life for eight units (in 
days) chosen at random from the current production: 108, 128, 134, 
163, 124, 159, 116, 134. Is there any evidence that the mean shelf life is 
greater than 125 days?

Solution

In this case the null hypothesis is H0: μ = 125, and the alternative 
hypothesis is H1: μ > 125.

The test to be used is one sample t-test. This analysis is performed 
using Minitab software (Minitab version 16), and the output is given 
as follows:

Variable N Mean St. Dev Std. Error T p-value

Time 8 133.25 19.26 6.81 1.21 0.133

Since the p-value is 0.133, greater than 0.05, we accept the null 
hypothesis. That means there is no evidence that the mean shelf life 
is greater than 125 days.

Table 7.12  Different types of hypothesis tests

Situation Test name

Comparing an average with a constant One sample t-test
Comparing averages of two populations Two sample t-test
Comparing averages of multiple populations Analysis of variance (ANOVA)
Comparing variance with a constant Chi-square test
Comparing variances of two populations F-test
Comparing variances of multiple populations Bartlett’s test
Testing the independence of attributes Chi-square test
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Example 2

A new filtering device is installed in a chemical unit. Before and after 
its installation, a random sample yielded the following information 
about the percentage of impurity: x1 12 5= . , s1

2 101 17= . , n1 = 8, x2 10 2= . , 
s2

2 94 73= . , n2 = 9. Can you conclude that the two variances are equal?

Solution

In this case, the null hypothesis is H0: σ1
2 = σ2

2, and the alternate hypoth-
esis is H1: σ1

2 ≠ σ2
2.

The test to be used is the F-test as we compare two variances. This 
analysis is performed with Minitab software, and the output is given 
as follows:

Test

Method DF1 DF2 F-statistic p-value

F-test 7 8 1.07 0.918

Since the p-value is 0.918, we conclude that there is no significant 
difference between the variances of the processes.

7.18 � Regression analysis
7.18.1 � What is regression analysis?

The technique of regression analysis helps in estimating the relationship 
in mathematical form and measures the strength of that relationship. In 
regression analysis, a functional relationship of the form Y = f(X) between 
two variables is identified.

The simplest form of regression analysis is the study of the linear 
relationship between X and Y of the form Y = a + b X, where a and b are 
constants to be calculated from the data. This type of regression is gen-
erally known as simple linear regression. The coefficients a and b are esti-
mated based on the principle of maximum likelihood (Draper and Smith 
2003).

A generalisation to this simple linear regression is the multiple linear 
regression of the form Y = a0 + a1X1 + a2X2 + a3X3 + … + akXk, where a1, a2, … , 
ak are constants.

7.18.2 � When do you use regression analysis?

The regression analysis is used to estimate the relationship between 
variables (Montgomery and Peck 1982). It also helps to identify a model 
between the output characteristics and input variables. It helps to study 
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the cause−effect relationship in a problem-solving scenario. Once a regres-
sion model is developed, one can predict the output for a given value of 
input or given values of inputs.

7.18.3 � How do we perform simple linear regression analysis?

The following steps are used to create a simple linear regression 
analysis:

•	 Collect the data on X and Y
•	 Estimate the constants a and b of the equation Y = a + bX (using 

Minitab software)

7.18.4 � An illustrative example

Consider the data on temperature and strength provided in Table  7.8 
(see Section 7.10.4). These data can be used for modelling a simple linear 
regression equation of the form Y = a + b X. For this purpose, first the data 
are entered in two different columns of Minitab software. After perform-
ing the analysis, the output is presented in Figure 7.15.

Here, we obtain an equation, Strength = –187.2 + 2.314 Temperature. This 
equation can be used for predicting the strength values for any value of 
temperature.
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Strength = –187.2+2.314 temperature

Figure 7.15  Regression analysis.
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7.19 � Kanban system
7.19.1 � What is Kanban?

Kanban is a visual signal that is used to initiate an action. The word Kanban 
in Japanese means ‘card’. A Kanban system is a work scheduling system 
that maximises the productivity of a team by idle time reduction. Kanban 
starts with a customer’s order and follows production downstream. 
Kanban is referred to as a ‘pull’ system as it works based on customer 
order. A part is only manufactured (or ordered) if it contains a Kanban 
card. Kanban is used in the improve phase of Six Sigma methodology.

Kanban is used in a pull production system where customer orders 
form the basis for product manufacture. The system is simple and can be 
readily used. Kanban delivers the exact quantity of material to the right 
location based on the requirement. A pull system visualises the manu-
facturing process from the viewpoint of the finished part. The produc-
tion controller works based on orders representing the firm’s customer 
requirements.

7.19.1.1 � Rules for Kanban

•	 Kanban authorises production and withdrawal of parts.
•	 The containers/bins must always be accompanied by a Kanban.
•	 The order of receipt of Kanbans sets the priority order for part 

manufacture.
•	 Kanban specifies standard production quantity.
•	 Kanban does not allow the dispatch of defective parts.

7.19.2 � When do you use Kanban?
•	 To establish an upper threshold to work in progress inventory
•	 To identify opportunities for improving efficiency
•	 To improve flexibility
•	 To focus on continuous delivery
•	 To increase efficiency

7.19.3 � How do we create a Kanban?
	 1.	Map the value stream
	 2.	Define the starting and ending points for the Kanban system
	 3.	Agree with initial WIP limits and change procedures
	 4.	Develop a Kanban card
	 5.	 Initiate deployment

7.19.3.1 � Calculation of number of Kanbans
The number of Kanbans is calculated using Equation 7.1 (Haslett and 
Osborne 2000):
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Number of Kanbans = (average demand during lead time + safety 
stock)/container quantity

	 N dL S C= +( )/ 	 (7.1)

where
N	 =	 Number of Kanbans
d	 =	 Average demand per hour
L	 =	 Lead time in hours
S	 =	 Safety stock
C	 =	 Container quantity

7.19.4 � An illustrative example

A firm produces 100 components per day working at 8 hours. Calculate 
the Kanban size and number of Kanban cards required if the replenish-
ment time is 20 hours and the lot size is 60 parts.

The Kanban quantity and number of Kanban cards required are cal-
culated using Equations 7.2 and 7.3:

Kanban quantity
Daily production rate Replenishment time

=
×( )

AAvailable time

 components h
h

 parts

( )

= × =100 20
8

250
( )

	 (7.2)

	

Number of Kanban cards Kanban quantity Lot size=

=

( ) ( )
( )

/

/250 660 4( ) = Cards 	 (7.3)

A sample Kanban card is shown in Figure 7.16.

Part description Part number

M-ring 4123339

Quantity 250 Lead time 1 week Order 

date

06/03/2015

Supplier M/s XYZ rings Due date 13/03/2015

Contact Mr. Kumar Card 1 of 4

Location Rack 112

Figure 7.16  Sample Kanban card.
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7.20 � Poka-Yoke (mistake proofing)
7.20.1 � What is Poka-Yoke?

Poka-Yoke is a Japanese term that implies ‘mistake proofing’ (Shingo 
1986). A Poka-Yoke is a mechanism that aids an equipment operator to 
avoid mistakes at the first instance. The goal of Poka-Yoke is to eliminate 
product defects by prevention, rectification and correction on human 
errors. Shigeo Shingo was instrumental in conceptualizing Poka-Yoke to 
achieve zero defects and eliminate inspection. Poka-Yoke is a meticulous 
approach to preventing errors by analysing their root causes. A Poka-
Yoke is a device that either prevents or detects abnormalities, which may 
impact product quality or employees’ health and safety. Categories of 
Poka-Yoke include prevention and detection. Prevention is engineering 
the process in such a way that the occurrence of errors or mistakes could 
be prevented. In detection, the user is alerted by a signal on occurrence 
of an error to rectify the mistake.

7.20.2 � When do you use Poka-Yoke?

The rationale behind Poka-Yoke is to focus on the intelligence of workers 
by avoiding repetitive activities. Poka-Yoke allows the workers to concen-
trate on creative value-adding activities (Shingo 1986). Poka-Yoke involves 
techniques that make it impossible to commit mistakes. These techniques 
enable driving out product/process defects and improve quality and reli-
ability. The use of simple Poka-Yoke in product and process design can 
eliminate both mechanical and human errors.

There are different types of Poka-Yoke:

•	 Contact
•	 Fixed value
•	 Motion stop

Contact Poka-Yoke: Contact-type Poka-Yoke devices include physical 
shapes that are used to prevent the use of wrong components, pins 
which must mate with holes from prior operations. The mechanism 
is that this Poka-Yoke makes physical contact with the product and 
signals the errors.

Fixed value Poka-Yoke: This type uses physical and visual methods to 
ensure the availability of components in the right quantities.

Motion stop Poka-Yoke: These devices ensure that adequate numbers of 
steps as well as the sequence of steps have been taken.



127Chapter seven:  Basic and advanced tools of Lean and Six Sigma for SMEs

7.20.3 � How do we perform Poka-Yoke?

The step-by-step procedure involved in applying Poka-Yoke concepts 
(Stewart and Melnyk 2000) is discussed as follows:

	 1.	By using Pareto analysis, identify the process or operation where the 
occurrence of error is high.

	 2.	Using 5 Whys analysis or root cause analysis (refer to Section 7.20), 
analyse and explore the ways of process failure.

	 3.	Select the appropriate Poka-Yoke approach.
	 4.	Develop a comprehensive approach of Poka-Yoke.
	 5.	Determine whether a contact type, fixed value or motion stop tech-

nique is most appropriate in addressing the error.
	 6.	Perform trials and explore its workability.
	 7.	Provide suitable training to the operator and review his or her per-

formance to ensure success.

7.20.4 � Illustrative examples

7.20.4.1 � Illustrative examples of Poka-Yoke

•	 An interference pin that prevents workers from installing a part in 
the wrong way (Dvorak 1998)

•	 Usage of push and lift symbols in beverage vending machines 
(Mahapatra and Mohanty 2007)

•	 Mobile phone SIM card which can only be fitted one way in the 
mobile (Lockton et al. 2010)

7.21 � Root cause analysis or 5 Whys analysis
7.21.1 � What is root cause analysis?

Root cause analysis or 5 Whys analysis is a simple but powerful tool for 
quickly uncovering the root of a problem, so that you can deal with it 
once and for all. Sakichi Toyoda, one of the fathers of the Japanese indus-
trial revolution, developed this problem-solving tool in the 1930s, but it 
became more popular in the 1970s, and Toyota still uses it to solve quality- 
and process-related problems today.

Root cause analysis is most effective when the answers come from 
people who have hands-on experience of the process being examined. It 
is remarkably simple: when a problem occurs, you uncover its nature and 
source by asking ‘why’ no fewer than five times (http://asq.org/service/
body-of-knowledge/tools-5whys).
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7.21.2 � When do you use a root cause analysis?

A root cause analysis is used

•	 When you need to determine the root cause of a problem in prob-
lem-solving scenarios

•	 When problems involve human factors or interactions
•	 In conjunction with brainstorming and cause and effect analysis

7.21.3 � How do we carry out a root cause analysis?

Step 1: Identify the key stakeholders who should be involved in the 
process.

Step 2: Determine the problem that you want to analyse (e.g. why 
are sales down?). Clearly identify and document the problem or 
question.

Step 3: Identify appropriate responses to the question (e.g. people don’t 
like our products).

Step 4: Ask ‘why’ you received the answer to the previous question (e.g. 
why don’t people like our products?).

Step 5: Continue these steps until you reach what could be deemed the 
root cause. This will generally not require asking ‘why’ more than 
five times.

7.21.4 � An illustrative example

The quality assurance manager of a company working in a highly gov-
ernment-regulated industry has recognised that most of his staff mem-
bers spend a large proportion of their time reviewing and correcting 
documentation. In a staff meeting, a root cause analysis was performed 
to determine the root cause. Figure 7.17 shows an illustrative example of 
a root cause analysis. The root cause of the above problem was that there 
were no standard procedures put in place for the preparation of docu-
ments. Moreover, there has been a common problem with lack of training 
received by the staff members in this particular case.

7.22 � Design of Experiments
7.22.1 � What is design of experiments?

Design of experiments (DoE) is a powerful technique that can be used for 
process optimisation scenarios. DoE allows for multiple input factors to be 
manipulated determining their effect on a desired output (response). In 
the context of LSS, the response can be a CTQ. By manipulating multiple 
inputs at the same time, DoE can identify important interactions that may 
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be missed when experimenting with one factor at a time (Montgomery 
1991). All possible combinations can be investigated (full factorial) or only 
a portion of the possible combinations (fractional factorial).

Many of the current statistical approaches to designed experiments 
originate from the work of Ronald A. Fisher in the early part of the 20th 
century. A well-performed DoE may provide answers to questions such as

•	 What are the key factors or process variables or inputs in a process?
•	 At what settings would the process deliver acceptable performance?
•	 What are the key, main and interaction effects in the process?
•	 What settings would bring about less variation in the output or 

response or CTQ?

7.22.2 � When do you use DoE?

DoE is most useful when you have to

•	 Determine the best combination of factor or process parameter set-
tings that produce the best output (s) at lowest cost.

•	 Identify and quantify the factors or process parameters that have the 
biggest impact on the output.

Too much time for reviewing and correcting documents

Documents use different formats

Why?

Why?

Staff members have different writing styles

Why?

No standard procedure

Why?

Lack of training

Figure 7.17  An illustrative example of root cause analysis.
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•	 Identify the factors or process parameters that do not have any 
impact on quality or customer satisfaction so that their levels can be 
set at the most economical level.

•	 Reduce the time and costs associated with experiments especially 
when you have to study a large number of variables with minimum 
budget at hand.

•	 Understand the factors or process parameters which influence the 
average of the response or CTQ and the variation in response or 
CTQ.

•	 Build a mathematical model relating the response or output to the 
key input process variables or factors.

7.22.3 � How do we perform a design of experiments?

Step 1: Define the problem in your process.
Step 2: Determine and agree the objectives of the experiment.
Step 3: Identify the response or CTQ which is relevant to the problem 

at hand.
Step 4: Brainstorm all the potential process variables or factors which 

could potentially impact the CTQ.
Step 5: Identify the process parameters and their levels for the 

experiment.
Step 6: Choose a strategy for experimentation depending on a set of 

criteria (this may include complexity of the problem, degree of opti-
misation required, objective of the experiment, costs implications, 
degree of statistical robustness, etc.).

Step 7: Design the experimental layout using a software system such as 
Minitab.

Step 8: Conduct the experiment and collect data. Data can be directly 
fed into Minitab.

Step 9: Analyse the data and interpret the results.
Step 10: Determine the optimal settings for the process under 

investigation.
Step 11: Run confirmatory experiments to verify that the results are 

sound and valid.
Step 12: Capture the key lessons learned − what has gone right and 

what has gone wrong?

7.22.4 � An illustrative example

A chemical engineer in an SME was keen to improve the yield of a 
chemical process. Further to a brainstorming session with the produc-
tion supervisor, production engineers, quality engineer, operators and a 
process improvement engineer in the company, three potential process 
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parameters were thought to affect the yield. The list of parameters and 
their levels are shown in Table 7.13.

The team was interested to understand the effects of all three pro-
cess parameters and the interactions between them (if any exist). It was 
important to analyse all the two-factor interactions, and therefore a 23 full 
factorial design (i.e. eight experimental runs) was chosen. Each trial con-
dition was replicated three times in order to obtain an accurate estimate 
of experimental error (or error variance).

In order to design the experimental layout, Minitab software system 
(version 16) was used. Table 7.14 shows the actual settings of the process 
parameters with the response values (i.e. yield) recorded at each experi-
mental trial condition.

Figure 7.18 illustrates the Pareto plot of effects. The graph shows that 
main effects T (temperature) and R (reaction time) and interaction between 
pressure (P) and reaction time (R) are significant at 5% significance level 
(i.e. the risk). It is quite interesting to note that pressure (P) on its own has 
no significant impact on the process yield. It is important to analyse the 
interaction between P and R to determine the best settings for optimising 
the chemical process yield.

Figure  7.19 indicates that there exists a strong interaction between 
pressure and reaction time. It is clear that the effect of the reaction time at 
different levels of pressure is different. Yield is minimum when the pres-
sure is kept at low level (50 psi) and the reaction time at high level (15 min-
utes). Maximum yield is obtained when the pressure and reaction time 

Table 7.13  List of process parameters and their levels

Process parameters Labels Low level High level

Temperature T 80°C 120°C
Pressure P 50 psi 70 psi
Reaction time R 5 minutes 15 minutes

Table 7.14  Experimental layout with response values

Run/trial T P R Yield 1 (%) Yield 2 (%) Yield 3 (%)

1 80 50 5 61.43 58.58 57.07
2 120 50 5 75.62 77.57 75.75
3 80 70 5 27.51 34.03 25.07
4 120 70 5 51.37 48.49 54.37
5 80 50 15 24.80 20.69 15.41
6 120 50 15 43.58 44.31 36.99
7 80 70 15 45.20 49.53 50.29
8 120 70 15 70.51 74.00 74.68
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Figure 7.18  Pareto plot of effects for the yield example.
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Figure 7.19  Interaction plot between pressure and reaction time.
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are kept at low levels. It was quite interesting to observe that the interac-
tion effect was the most critical one for the present example, and this can 
be easily missed out if one employs or utilises the so-called one-factor-
at-a-time or OFAT approach to experimentation. The interaction effects 
between temperature and pressure as well as temperature and reaction 
were not found to be significant.

7.23 � Process mapping
7.23.1 � What is a process map?

Process mapping is the visual representation of a process or several 
combined processes. Process maps enable improvement of the pro-
cesses under study by identifying opportunities for improvement 
(Ward 2007). Though the study begins with a wider viewpoint of the 
entire process significance, it is later narrowed down to individual 
steps as the study progresses. Process mapping involves steps such 
as understanding, documentation, analysis and improvement of pro-
cesses (Anjard 1996).

7.23.2 � When do we use a process map?

The sequence of a process under study is identified using process map-
ping. Process maps may be attributed to any product or service (Okrent 
and Vorkurka 2004). They are used to evaluate the performance of indi-
viduals or teams and to validate work procedures. The purpose of pro-
cess mapping is to visually represent the present state of a process and 
identify improvement opportunities to achieve improved product or 
service quality, as well as customer satisfaction. Process mapping helps 
in identifying appropriate practices and benchmarking the processes 
for ensuring better product sales.

Process mapping can be used to

•	 Show unexpected complexity, problem areas, redundancy, unnec-
essary loops and where simplification and standardisation may be 
possible

•	 Compare and contrast the actual vs the ideal flow of a process to 
identify improvement opportunities

•	 Allow a team to come to agreement on the steps of the process and to 
examine which activities may impact the process performance

7.23.3 � How do we construct a process map?

Step 1: Decide the scope of the process; in other words, where does the 
process start and where does it end?
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Step 2: Ask participants to record individually from their own perspec-
tive each step in the process, concentrating on what happens ‘most 
of the time’.

Step 3: Participants should then stick the post-it notes onto the wall; 
duplicate steps should be placed under one another.

Step 4: As participants work through this process, issues are generated 
and should be captured on a separate flipchart, as they will prove 
very valuable later.

Step 5: Use SYMBOLS to describe (map) the process:
Oval symbol denotes start and end of the process
Rectangle symbol represents tasks or activities involved in the 

process
Arrow symbol denotes direction of process flow
Diamond symbol denotes decision during the process

Step 6: Once people share a common understanding of the problems 
with a current process, they generate jointly agreed solutions, which 
can be captured on a different flipchart. A thorough brainstorming 
session is strongly recommended here for improvement of the cur-
rent process.

7.23.4 � An illustrative example

Figure 7.20 shows a simple example of a process map for a pump manu-
facturing process.

7.24 � Measurement System Analysis
7.24.1 � What is MSA?

Measurement and data collection are an integral part of any LSS proj-
ect. The collected data from any process exhibit certain variability. Some 
of the observed variability is the inherent variability in the process, and 
the remaining variability is due to the measurement system variability. 
A measurement system consists of three components, viz, instruments 
or gages, inspectors and parts or components under study. Hence, mea-
surement system variability is contributed by these three factors and their 
interactions. A comprehensive study of the measurement system variabil-
ity to assess the adequacy of a measurement system is known as measure-
ment system analysis (MSA).

There are two components of uncertainty in MSA: repeatability and 
reproducibility. This combination is labelled as the precision of a mea-
surement system. Repeatability is the variation found in a measurement 
system when the same item is measured over and over again without 
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changing its position or who appraised it, and all at the same time. This 
uncertainty estimate is really the smallest error you can get on a mea-
surement system without fundamentally changing the equipment or the 
measurement process. Reproducibility is the variation found when trying 
to reproduce the measurement under different conditions. These different 
conditions will include the difference in appraisers, the difference in posi-
tioning of the item in the measurement tool, different times and different 
calibrations. When this value is high, it implies that the measurement pro-
cess is inadequate (https://www.moresteam.com/toolbox/measurement-
system-analysis.cfm).

7.24.2 � When do you use measurement system analysis?

MSA is performed before the collection of data from any process. This 
analysis ensures that the variation due to the measurement system is 
assessed and controlled before the measurements are taken. Thus, MSA 
plays a vital role in segregating the inherent process variation and mea-
surement system variation. Hence, it is advisable to use the MSA before 
the data collection during the measure phase of the LSS project.

7.24.3 � How do we create measurement system analysis?

During the MSA study, one tries to estimate the repeatability (difference 
in readings when measurements are repeated under same condition) and 
reproducibility (difference in readings when measured by a different 
operator) of the measurement system, generally known as gage repeat-
ability and reproducibility (gage R&R). This is represented as a percent-
age of the total variability (AIAG 2002).

The steps for conducting MSA to estimate gage R&R are as follows:

•	 Select the gage for conducting the study and identify at least two 
operators for measurement.

•	 Select 10 parts or units to be measured.
•	 Each operator measures each part or unit at least two times (equal 

number of times), and data are recorded. Thus, if there are 10 
parts, measured by two inspectors twice, there will be a total of 40 
observations.

•	 To perform the analysis, part numbers, operators and measured data 
are entered in three different columns of Minitab software.

•	 Use the Minitab command of ‘Stat > Quality Tools > Gage Study > 
Gage R&R Study (Crossed)’ to analyse the MSA data.

•	 Look at the output of the Minitab analysis and take the appropriate 
decision. The criteria for acceptance of a measurement system are as 
follows:
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•	 If gage R&R value is less than 10% of total process variation, the 
measurement system is acceptable.

•	 If gage R&R value is between 10% and 30% of total process varia-
tion, the measurement system is acceptable depending on the 
application, cost of the measurement device, cost of repair, etc.

•	 If gage R&R value is more than 30% of total process variation, the 
measurement system is unacceptable and should be improved.

7.24.4 � An illustrative example

In this example, we consider two operators A and B who have been using 
a micrometer to measure the thickness of 10 parts. Each part is measured 
twice, and the data are given in Table 7.15.

The data recorded in Table 7.15 are analysed by the Minitab software, 
and the results are given in Table 7.16.

From Table 7.16, the total gage R&R is 55.04%. Since this value is beyond 
the acceptable limit of 30%, the measurement system is not adequate for 
further collection of data. Actions like calibrating instruments, training 
inspectors or validating the procedure for inspection must be considered 
to improve the measurement system. After the improvement actions, it is 
recommended to repeat the MSA study to reconfirm the improvement in 
the measurement system.

Table 7.15  Data for gage R&R study

Operator
Part 
no.

Part number

1 2 3 4 5 6 7 8 9 10

A 1 0.09 0.10 0.11 0.08 0.09 0.08 0.08 0.08 0.09 0.08
2 0.10 0.11 0.10 0.09 0.08 0.08 0.08 0.09 0.08 0.09

B 1 0.09 0.10 0.10 0.08 0.09 0.08 0.09 0.09 0.08 0.08
2 0.10 0.10 0.10 0.07 0.09 0.08 0.09 0.09 0.08 0.08

Table 7.16  Output of MSA in Minitab

Source
Standard 
deviation

% Study 
variation

Total gage R&R 0.0053820 55.04
Repeatability 0.0053820 55.04
Reproducibility 0.0000000 0.00
Part-to-part 0.0081638 83.49
Total variation 0.0097782 100.00
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If the measurement system has error in excess of 30%, the first step 
to improve results is to analyse the breakdown of the error source. If the 
largest contributor to error is repeatability, then the equipment or gage 
must be improved. Likewise, if reproducibility is the largest source of 
error, appraiser training and adherence to standard procedures can yield 
improvement.

7.25 � Solution Selection Matrix
7.25.1 � What is an SSM?

A solution selection matrix (SSM) is a matrix that helps to identify the best 
solution(s) among several solutions identified, by weighting the impact 
of each solution on a set of criteria, hence measuring the effectiveness of 
solving the problem. It helps a team of people to narrow down options 
through a systematic approach of comparing solutions for a problem 
by selecting, weighting and applying criteria. For quality improvement 
activities, an SSM can be useful in selecting a project and in evaluating 
which solutions or decisions are the most viable.

7.25.2 � When do you use an SSM?

An SSM is useful

•	 When a list of options must be narrowed to one choice
•	 When the decision must be made on the basis of several criteria
•	 When you have a number of good alternatives to choose from, and 

many different factors to take into account

7.25.3 � How do you use an SSM?

An SSM works by getting you to list your all possible solutions as rows 
on a table, and the criteria you need consider as columns. You then score 
each solution combination, weight this score by the relative importance 
of the criteria, and add these scores up to give an overall score for each 
solution:

Step 1: Brainstorm the evaluation criteria appropriate to the solution. If 
possible, involve customers in this process.

Step 2: Discuss and refine the list of criteria. Identify any criteria that 
must be included and any that must not be included. Reduce the list 
of criteria to those that the team believes are most important. Tools 
such as multi-voting may be useful here.
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Step 3: List all of your possible solutions as the row labels on the table, 
and list the criteria that you need to consider as the column headings.

Step 4: Score each solution from 0 (poor) to 5 (very good) against the 
criteria. Note that you do not have to have a different score for each 
solution − if none of them is good for a particular criterion in your 
decision, then all options should score 0.

Step 5: The next step is to work out the relative importance of the 
criteria in your decision. Show these as numbers from, say, 1 to 
9, where 1 means that the criterion has low importance in the 
final decision, 5 means moderate importance for the criterion and 
9 means high importance for the criterion. It is perfectly acceptable 
to have criteria with the same importance. The team can assign any 
score between 1 and 9 depending on the importance of a particular 
criterion.

Step 6: Now multiply each of your scores from step 4 by the values for 
relative importance of the criteria that you calculated in step 5. This 
will give you weighted scores for each option combination.

Step 7: Finally, add up these weighted scores for each of your options. 
The option with the highest score will not necessarily be the one to 
choose, but the relative scores can generate meaningful discussion 
and lead the team towards consensus.

7.25.4 � An illustrative example

An LSS black belt has come up with four potential solutions to a problem 
related to one of the core processes in a manufacturing company which 
produces automotive parts and accessories for a large car manufacturer. 
It was not very straightforward for the LSS black belt to choose the right 
solution as there was a trade-off across a number of criteria. The black belt 
has decided to utilise an SSM to help him with the decision-making pro-
cess in this example. The following criteria were initially chosen, which 
could potentially influence the solution:

•	 Ease of implementation
•	 Impact on customer satisfaction
•	 Impact on business performance
•	 Potential risks
•	 Cost of implementation
•	 Cost to maintain
•	 Time until solution is fully implemented
•	 Return on investment
•	 Enthusiasm of team members
•	 Potential effects of the solution on other processes/systems
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A multi-voting analysis was performed on the above criteria, and it 
was decided to choose just four criteria for choosing the solution. The four 
criteria chosen were

	 1.	Ease of implementation (I)
	 2.	 Impact on customer satisfaction (S)
	 3.	Cost of implementation (C)
	 4.	Potential risks (R)

Table 7.17 presents all the possible solutions and the criteria with a 
weightings range from 1 to 9 (1 = low importance, 5 = medium importance 
and 9 = high importance). Also, score each solution from 0 (poor) to 5 (very 
good).

7.26 � Summary
This chapter provides a list of LSS tools which can be used within the 
LSS methodology for problem solving. The application of tools ranges 
from very basic ones such as process mapping, CTQs and CTQ tree, all 
the way through to very advanced techniques such as DoE and FMEA. 
We believe that each tool covered in this chapter has a specific role to 
play in a problem-solving scenario, and success depends on the applica-
tion of the right tool at the right time with the right attitude. The power 
of the LSS methodology lies with the integration of tools and techniques 
in a sequential and disciplined manner across the DMAIC methodol-
ogy. The author would like to conclude this chapter with a simple table 
(see Table 7.18) showing what tools are best to use in each phase of the 
methodology.

Table 7.17  Solution selection matrix

Criteria I (6) S (9) C (7) R (6) Total score

Potential solutions
Solution 1 12 (6 × 2) 27 (9 × 3) 35 (7 × 5) 18 (6 × 3) 92
Solution 2 24 (6 × 4) 18 (9 × 2) 28 (7 × 4) 18 (6 × 3) 88
Solution 3 12 (6 × 2) 36 (9 × 4) 14 (7 × 2) 24 (6 × 4) 86
Solution 4 24 (6 × 5) 45 (9 × 5) 21 (7 × 3) 24 (6 × 4) 114

Note:	 Each solution was mapped against the criteria, and a score was assigned. For 
instance, solution 4 was easy to implement, and hence a score of 5 was assigned 
against ease of implementation. Solution 4 had a big impact on customer satisfac-
tion, and therefore a score of 5 was assigned against impact on customer satisfac-
tion. However, solution 4 was not cheap to adopt, and a score of 3 was assigned 
against that criteria. The risk associated with solution 4 was low, and the team had 
decided to assign a score of 4 to this. The solution with the highest total score was 
considered to be the best solution, and according to Table 7.17, solution 4 was the 
best choice.
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chapter eight

LSS project selection

8.1 � What is an LSS project?
Lean Six Sigma (LSS) is a methodology that provides insight into processes 
and enables us to improve these processes. The processes requiring 
improvement are to be selected based on issues related to increasing mar-
ket penetration or improving the organisational speed of doing things or 
reducing the cost of running the business. Hence, the primary goal of LSS 
is to improve customer satisfaction, and thereby profitability, by improv-
ing yield through elimination of defects. Thus, LSS drives for variation 
reduction and process improvement based on data and their analysis. 
This LSS methodology is implemented in organisations through a project-
by-project approach. First, the area requiring improvement is identified, 
and then it is framed as an LSS project. This project is then allotted to a 
team to execute it. The team works on this project and completes it within 
the time frame.

Since each LSS project requires a huge investment in terms of time 
and resources, it needs to be ensured that projects requiring such levels 
of detailed study only are selected as LSS projects. Hence, the problems 
where solutions are obvious should not be considered as LSS projects. In 
other words, when the root cause of a problem is unknown from the start 
of problem solving, this would be a good candidate for an LSS project 
(Breyfogle 2003).

8.2 � Project selection and prioritisation
The green belts (GBs) and yellow belts (YBs) are the backbone of any LSS 
implementation in small and medium sized enterprises (SMEs). Hence, the 
organisation should ensure that GBs/YBs pursue the project with a lot of 
responsibility and passion. This can be achieved only if top management 
ensures that a suitable environment is created within the organisation 
which is conducive for result-oriented teamwork. For this, the manage-
ment should provide the right support and encouragement to the GBs and 
YBs from the project selection stage to completion of LSS projects.

There can be quite a few problems in every organisation. During the 
project selection stage, the question that needs to be answered is which 
problem or issue should be selected as an LSS project. In a few organisa-
tions, people generally believe that LSS projects are selected only in those 
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cases where huge financial savings are possible. In this process, quite a 
few critical problems in the organisations are not considered under LSS 
methodology. Hence, it should be debated within management about 
what type of projects should be selected as LSS projects.

Before the selection of projects, it is a good idea to work out a strat-
egy for LSS project selection. This should address two important ques-
tions, viz, who will select the project and how the projects will be selected. 
Instead of individuals selecting a project, it is better to form a team for 
the finalisation of projects. This team can consist of members of top man-
agement and project champions/sponsors. The process owners of the 
respective processes also can be included in the team. The presence of 
top management is essential as they understand the priority of the organ-
isation better than anyone else. It is good to include a representative of 
the finance/accounts department in this team. Their involvement will be 
helpful even in the estimation of financial benefits due to the LSS projects, 
as they understand the language of money better (Kumar et al. 2009).

When the projects are selected, generally two approaches can be fol-
lowed. Either the top management team can select a project and give it to 
the LSS project team for execution, or the LSS project teams can identify 
a project and approach top management for approval. In either case, the 
ultimate authority for approval of the project is with top management.

It is not advisable to select any strategic projects of the organisation, as 
it can take much more time than a usual LSS project in an SME scenario. 
It is very important to ensure that the first set of projects is operational 
related and completed on time. Organisations generally have different 
mechanisms to identify improvement opportunities. Hence, they can 
adopt a methodology suitable to their working culture and practices. In 
this chapter, two project selection methods are proposed for SMEs. The 
first method is based on effort–impact matrix and the second one is based 
on criteria-based prioritisation.

Prioritising projects based on effort vs impact matrix is the simplest 
method for selecting projects. In this approach, one tries to estimate the 
effort in completing a project and its impact (benefit) for the organisation. 
The project duration and resources including manpower and other bud-
getary support required for successful completion of the LSS project are 
considered as ‘effort’. The effect of results on the processes and business is 
estimated as the ‘impact’. Hence, the impact can be cost reduction, on-time 
delivery, return on investment, etc. Generally an effort–impact matrix is 
prepared after classifying the effort and impact in two categories viz, 
‘low’ and ‘high’. A typical form of effort–impact matrix is presented in 
Figure 8.1.

Now, from Figure 8.1, we have four combinations of projects based on 
‘high’ and ‘low’ values of effort and impact. The first set of LSS projects 
can be selected from the category of ‘low effort’ and ‘high impact’. During 
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the initial period of implementation of the LSS initiative, there can be quite 
a few projects which fall under this category in every organisation. If the 
teams are selecting such projects, they can achieve faster success. Thus, 
through these set of projects, the teams can learn the LSS methodology.

The second method for selecting the project is based on various cri-
teria identified from the business. In this approach, the criteria for select-
ing a project need to be identified first. Then, each of the criteria needs 
to be given a ranking based on order of preference. Generally, a ranking 
in a scale of 1 to 10 can be used for this purpose. Thus, the most pre-
ferred criterion is given a ranking of 10, and the least preferred criterion is 
ranked as 1. After a list of possible criteria and ranking for each criterion 
are finalised, the projects are ranked. All the possible projects are evalu-
ated against the criteria, and the total score is calculated for each project. 
Finally, the selection of an LSS project is made based on the total score. 
The highest score represents the most preferred project among the list of 
projects.

Examples for possible criteria are

•	 Direct link to strategic goals
•	 Contribute to bottom-line performance
•	 Directly benefit key customers and stakeholders
•	 Can be completed within a 3- to 6-month time frame

An example of criteria-based project selection in an automobile sup-
plier organisation is described below.

First, the team debated about the criteria to be used for project selec-
tion and ranked each criterion based on its importance, in a 1 to 10 scale. 
A total of four criteria were selected in this case. Table 8.1 presents the 
selected criteria and respective score.

Once the criteria and the score are finalised, the team along with the 
champion identifies four projects from various processes. Each of these 
projects are ranked against each criterion, and the values are written in 
the corresponding cell. Finally, a total weighted score is calculated for each 

Im
pa

ct

High

Low

Low High

Effort

Figure 8.1  Effort–impact matrix.
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project. For example, the first project ‘Reducing inventory of raw material 
in stores’ is ranked against each of the four criteria. Based on importance, 
a ranking of 7, 6, 2 and 2, respectively, are given by the team against each 
criterion. Then, these ranks are multiplied by the respective weightage of 
the criteria. Thus, 7 × 9 + 6 × 5 + 2 × 7 + 2 × 8 provides a total score of 123. 
The details are provided in Table 8.2.

The last column in Table  8.2 provides the total weighted score for 
each project. Since the second project, namely ‘Reducing rework and scrap 
in grinding operation’, got the highest total score, it was selected as the LSS 
project.

Thus, under an SME scenario, one can use the effort–benefit matrix 
or the criteria-based method for selection of projects. This ensures that 
important projects are identified from the processes.

8.3 � Management of project reviews
Review of progress plays a vital role in the success of LSS implementation. 
Two types of reviews have to be performed for each LSS project. The first 
type of review is by the top management or a champion, and the second 
type of review is by the LSS expert. In the context of an SME, an LSS 
expert is an experienced GB who can guide the LSS projects.

•	 The focus of review by the top management is about overall progress 
of the project with respect to time line, project objectives and their 
alignment with corporate strategy. The smooth functioning of LSS 
teams is ensured during these reviews. The need for any budgetary 
or other supports required by the LSS team is also planned at the 
time of reviews. These reviews can be generally conducted after com-
pleting every phase of the define-measure-analyse-improve-control 
(DMAIC) methodology. The following questions can be included as 
check points during the review by management or champion:
•	 Is the project executed as per the planned schedule?
•	 Are team members able to provide the time required for the project?
•	 Is the overall progress made in the specific phase of DMAIC 

acceptable?
•	 Is there a problem with respect to budget and resources?

Table 8.1  Criteria and score

S. no. Criteria Score

1 Direct link to strategic goals 9
2 Contribute to bottom-line performance 5
3 Directly benefit key customers and stakeholders 7
4 Can be completed within 3- to 6-month time frame 8
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The review by the LSS expert is mostly based on the methodology of 
LSS. The adequacy of the methodology, appropriateness of data collection, 
appropriateness of analysis and interpretation are the main focus dur-
ing this review. These reviews have to be conducted after every phase. In 
addition to that, whenever the teams require any guidance in the project, 
handholding sessions can be planned. The following are a few important 
points to be checked during this review by the LSS expert:

•	 Is the project addressing all important steps in different phases 
of DMAIC methodology (refer to Chapter 6 for details of DMAIC 
steps)?

•	 Is the plan for data collection appropriate at every stage?
•	 Is the method of data collection proper?
•	 How correctly is the analysis being performed? Are the right tools 

being used for analysis?
•	 Are the conclusions from each analysis and the resulting actions 

appropriate?
•	 Are the benefits estimated from the project based on the existing 

procedures of the organization?

The review by management and the LSS expert together will ensure 
on-time successful completion of the LSS project. Hence, these reviews are 
very important for any LSS implementation. If there is not enough prog-
ress in the project after these reviews, the champion and the LSS expert 
need to sit down together and discuss what is going wrong in the project. 
They can try to understand the difficulties/hurdles from the project team 
and suggest countermeasures to ensure progress in the project.

8.4 � Some tips for making your 
LSS projects successful

The success of the first set of LSS projects is highly critical, as it decides 
the fate of future implementation of LSS in the organisation. Hence, man-
agement should take care to ensure successful and on-time completion of 
projects (Gijo and Rao 2005). It needs to be noted that, like any other initia-
tive, LSS projects can also fail for many reasons (Gijo 2011). Sustaining the 
interest and passion of the LSS teams is very important here. The follow-
ing points should be considered in order to make sure that LSS projects 
are successful:

•	 Select projects from critical business/customer issues of the organ-
isation so that everyone in the organisation feels the importance of 
this problem and provides support for successful completion of the 
same.
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•	 Involvement of top management in all stages, from project selec-
tion to completion of projects, gives a strong signal to the entire 
organisation about the priority given by management to LSS 
implementation.

•	 The scope of the project is suitably defined so that the team will be 
able to complete it within the time frame provided. If the scope of the 
project is very large, completing it successfully within the scheduled 
time is unlikely.

•	 Selection of appropriate team members plays a very vital role in the 
success of the LSS project. People who are highly capable of manag-
ing change within the organisation, with an eagerness to learn and 
implement new ideas, are to be included in the team.

•	 Introduction of appropriate reward and recognition schemes in the 
organisation can motivate people to come forward and take up more 
LSS projects. This reward and recognition scheme can include shar-
ing a part of the savings achieved (e.g. 15%) with the team, giving 
weightage in the annual appraisal system of the company for pro-
motions, etc. It is also suggested that successful GBs can pursue a BB 
course and train GBs and YBs within the business.

•	 As LSS places emphasis on data-based decision-making, projects to 
be selected in processes where data can be collected. If the cycle time 
of the process is long, then completion of the project within a stipu-
lated time frame is a big challenge.

8.5 � Summary
This chapter provides an overview about the LSS projects and the details 
regarding LSS project selection. The different approaches that can be 
adopted for selection of LSS projects are discussed. The role of project 
reviews in successful completion of LSS projects are also discussed in this 
chapter. The different types of reviews to be performed for LSS projects 
are presented with a detailed checklist. The chapter is concluded with 
some tips for making LSS projects successful.
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chapter nine

Industrial case studies 
of Lean Six Sigma*

9.1 � Case study 1: Application of Six Sigma 
methodology in a small-scale foundry industry

9.1.1 � Background of the company

The company where the case study was performed started its operations 
around 15 years ago as a small-scale, private limited company for manufac-
turing automobile leaf springs. This had an initial capacity of 2,000 tons/
annum. The capacity has been gradually increased, and as of today, the 
unit has a capacity of 7,000 tons/annum, with employee strength of 100 
people. The sales, which were to the extent of US$100,000 during the first 
year, have steadily increased to a business turnover of around US$1.5 mil-
lion. There was no formal quality improvement initiative implemented in 
the organisation. There were isolated events of Kaizen and Lean meth-
odology implementation in some of its processes in the past. Very small 
improvements in the processes were achieved through these initiatives.

9.1.2 � Background to the problem

The leaf springs are commonly used for suspension in wheeled vehicles 
and are designed to withstand varying levels of stress and vibration dur-
ing vehicle movement due to different road conditions (Gijo et al. 2014). 
Hardness is one of the most important characteristics maintained dur-
ing manufacturing of leaf springs. The leaf springs with high hardness 
will make the material brittle, which will result in breakage of the spring; 
whereas low hardness will not take up specified loads, creating vibrations. 
Thus, it is very important to manufacture the product within the specified 
hardness limits. The company follows the quench hardening process for 
the manufacturing of leaf springs. The company had an increasing prob-
lem of rework and rejections in the hardening process, with an approxi-
mate rejection of 48.33% during the past 6 months, as the hardness of the 
manufactured spring was crossing desired specification limits.

*	 The authors have been granted permission to reproduce three case studies published in 
this chapter from both Emerald and Interscience Publishers.
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9.1.3 � Six Sigma methodology (DMAIC)

As the company was facing high rejection rates in its processes, the organ-
isation was struggling to manage its commitments to its customers. This 
situation not only increased the manpower, material and other overhead 
costs for manufacturing, but it also created the fear of losing business due 
to lack of on-time delivery of products to the customers. Usage of techni-
cal knowledge and Kaizen improvements were not able to identify the 
root causes of the problem. As the issue was very complex, and the solu-
tions were unknown, the company decided to apply the Six Sigma define-
measure-analyse-improve-control (DMAIC) approach in this process.

The remaining part of this section illustrates various activities carried 
out at different phases of Six Sigma DMAIC methodology.

9.1.3.1 � Define phase
After a detailed discussion at various levels within management, a proj-
ect charter was drawn with all the details of the project as illustrated in 
Table  9.1. This project charter forms the basis of all future actions and 

Table 9.1  Project charter

Project Title: Reducing rejection in the hardening process of automobile leaf 
spring manufacturing. 

Background and reason for selecting the project: Hardness of the material used 
for automobile leaf spring manufacturing crosses the required specification of 
245–265 BHN, leading to an approximate rejection of 48.33% of the products 
manufactured for the past 6 months. This increases the material and labour 
cost in the company and thus affects profitability and on-time delivery. 

Aim of the project: To reduce the rejection of the hardening process from 
48.33% to less than 5%.

Project Champion General Manager 
Project Leader Black Belt 
Team Members Engineer−Production, Engineer−Quality Control, 

Manager−Production, Supervisor−Production, 
Operator−Shift I, Operator−Shift II

Characteristics of product/process output and its measure 
CTQ Measure & Specification Defect Definition
Hardness 245–265 BHN Hardness Crossing 245–265 

BHN
Expected Benefits Reduction in rejection and rework as a result of reduced 

variation in hardness. This will help the organisation to 
improve the on-time delivery of products to its 
customers.

Schedule Define: 1 week, Measure: 1 week, Analyse: 2 weeks,
Improve: 2 weeks, Control: 4 weeks
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decisions within the project. Next, a supplier-input-process-output-
customer (SIPOC) analysis was performed (Table 9.2).

The need of the project is to reduce the rejection percentage of the 
process, which is at 48.33% for the past 6-month period. Whenever 
the hardness values fall beyond the specification limits of 245–265 BHN, 
the product is rejected. Hence, if the variation in hardness is reduced, the 
rejections and rework could be eliminated. Thus, the team decided to 
focus on hardness for further improvement, which is defined as the criti-
cal to quality (CTQ) characteristic for the project. The specification limit 
for this hardness measurement was 245–265 BHN.

9.1.3.2 � Measure phase
The first step in the measure phase is to evaluate the adequacy of the mea-
surement system used for the collection of data. Hence, the team decided 
to conduct a measurement system analysis (MSA) for the measurement 
system used in recording the data on hardness. The instrument used for 
measuring hardness is a ‘Brinell hardness testing machine’ with least-
count of 0.001 mm. The total gage repeatability and reproducibility (total 
gage R&R) value was found to be 7.59%, which is within the acceptable 
limit of 10%.

Next, a detailed data collection plan was prepared with sample size 
and type of sampling with stratification factors like operator, shift, etc. 
As per the plan, the data were collected based on hardness generated 
from the process. The data were tested for normality with the ‘Anderson–
Darling normality test’, and the p-value of the test was found to be less 
than 0.05, which led to the conclusion that the data were from a popu-
lation that is not normal. Since none of the distributions were fitting to 
this data, and transformations like Box–Cox transformation and Johnson 
transformation failed to transform these data to normality, the ‘observed 
PPM total’ of 270,000 from Figure 9.1 was considered as an estimate of the 
baseline performance of the process.

Table 9.2  SIPOC

Supplier Input Process Output Customer

Shearing 
department

Material Hardening 
process

Hardened 
leaf spring

Production 
report

Hardness 
inspector

General 
manager

Heating shop Furnaces
Quenching 
shop

Reservoir
Quenching oil

Hardening process

Heating process Quenching InspectionCambering
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9.1.3.3 � Analyse phase
A brainstorming session was planned and conducted by the team with 
the involvement of all the concerned personnel in the process, and a list 
of potential causes for variation in CTQ was generated. A cause and effect 
diagram was drawn based on these causes and is presented in Figure 9.2.

All the causes listed in the cause and effect diagram in Figure 9.2 are 
to be validated based on data to identify the root causes. Hence, it is neces-
sary to explore the type of data that is possible to collect on each of these 
causes and plan for an appropriate analysis to make meaningful conclu-
sions about the potential causes. A plan was prepared with details on each 
cause and the type of validation required. A summary of these details is 
presented in Table 9.3. As per the plan given in Table 9.3, a few of the causes 
are to be validated by process observation or ‘Gemba’, and the remain-
ing causes are to be validated based on various statistical analyses. There 
are a few cases where Gemba analysis has been used to identify the root 
causes, and those will be explained in the following paragraph. A sum-
mary of the results of all these validations is also presented in Table 9.3. 
Process parameters like reservoir volumes, quenching time, oil tempera-
ture, type of quenching oil, etc., were fixed during the establishment of 
the process based on the trial-and-error method. Hence, it was decided to 
conduct a design of experiment (DoE) at the improvement phase for these 
parameters so that an optimum process setting could be identified.

Some of the Gemba observations during this study were as follows. 
Profiles of the operators and time and motion study for a period of 1 week 
revealed that the operators have adequate skills and experience to carry 
out the process. It was also observed that the workload and rest times 

Personnel
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Heavy workload

Variation in
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Different types
of quenching oil

Reservoir
volume

Variation in
quenching

Changes in mechanical
properties

Changes in chemical
properties

Repeatability &
Reproducibility

Changes in oil
temperature

Lack of time
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Variation in room
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Machines Methods Environment
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Figure 9.2  Cause and effect diagram.
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are strictly followed as per regulatory requirements. Repeatability and 
reproducibility of the measurement system was confirmed with an MSA 
study during the measure phase. Room temperature and humidity were 
checked every hour for 1 week, and it was confirmed that both are within 
the desired specification limits. Material composition was confirmed 
from the past months’ raw material purchase records, as one component 
in every batch was checked by the purchase officer before lot acceptance. 
Mechanical and chemical properties are verified with microstructure 
study by taking two components/day for a period of 1 week. The conclu-
sions from these analyses are also included in Table 9.3.

9.1.3.4 � Improve phase
As per the decision of the team in the analyse phase, a DoE was planned 
and conducted during this phase to identify the optimum settings for the 
process parameters. After a detailed discussion, the parameters selected 
for experimentation were quenching time, oil temperature, type of 
quenching oil and reservoir volume. During the brainstorming session, 
the team felt that the interaction of ‘quenching time’ with ‘reservoir vol-
ume’, ‘oil temperature’ and ‘type of quenching oil’ could have a significant 
impact on hardness. Hence, these interactions also were considered for 
further study. The response of the experiment was decided as hardness 
measured on the component with the hardness tester. The selected factors 
and their levels for experimentation are presented in Table 9.4. The design 
layout for the experiment was prepared by allocating the factors and level 
to the L27(313) orthogonal array (OA). The experimental sequence given in 
the design layout was randomised, and experimentation was completed 
while hardness values were recorded. The experimental plan and the col-
lected data are presented in Table 9.5.

Since the variation in the output characteristic (hardness) was stud-
ied and reduced for this process, Taguchi’s signal-to-noise (S/N) ratio 
concept was utilised for analysing the data. Since hardness is a nominal-
the-best type of characteristic, the S/N ratio formula used for analysis 

Table 9.4  Factors and their levels for experimentation

S. no. Factor

Level

1 2 3

1 Quenching time (in min) 4 5 *6 
2 Oil temperature (in °C) 35 40 *45
3 Quenching oil (quench-

o-meter rating, in sec)
*Fast (9) Medium (13) Slow (17)

4 Reservoir volume (in m3) Small 
(1.5 × 2 × 1) 

*Medium 
(1.75 × 2.25 × 1)

Large 
(2 × 2.5 × 1) 

* Existing level.
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was 10 2 2log ( )/Y s , where Y  is the average and s the standard deviation 
for each experiment. The S/N ratio values were calculated for all the 27 
experiments, and these S/N ratio values were subjected to an analysis of 
variance (ANOVA) to identify the significant factors and interactions. The 
ANOVA table thus obtained is presented in Table 9.6. From the ANOVA 
table, it was found that the p-values for factors ‘quenching time’ and ‘res-
ervoir volume’ and the interaction of ‘quenching time’ with ‘quenching 
oil’ and ‘oil temperature’ were found to be less than 0.05, leading to the 
conclusion that these factors and interactions significantly affect the hard-
ness. The optimum condition was identified from the main effect and 
interaction plots for the S/N ratio values and is presented in Table 9.7.

Table 9.5  Experimental plan with data

Exp. 
no.

Quenching 
time

Oil 
temperature

Quenching 
oil

Reservoir 
volume

Hardness

1 2 3

1 4 35 Fast Small 290 294 300
2 4 35 Medium Medium 270 272 270
3 4 35 Slow Large 277 277 276
4 4 40 Fast Medium 275 270 275
5 4 40 Medium Large 270 270 271
6 4 40 Slow Small 270 270 268
7 4 45 Fast Large 263 265 262
8 4 45 Medium Small 258 258 257
9 4 45 Slow Medium 262 260 262
10 5 35 Fast Small 260 259 261
11 5 35 Medium Medium 255 256 255
12 5 35 Slow Large 257 256 257
13 5 40 Fast Medium 255 255 256
14 5 40 Medium Large 248 249 248
15 5 40 Slow Small 250 251 252
16 5 45 Fast Large 243 244 245
17 5 45 Medium Small 238 230 239
18 5 45 Slow Medium 242 243 240
19 6 35 Fast Small 242 230 239
20 6 35 Medium Medium 239 230 237
21 6 35 Slow Large 238 220 237
22 6 40 Fast Medium 237 240 236
23 6 40 Medium Large 230 231 232
24 6 40 Slow Small 232 220 230
25 6 45 Fast Large 225 226 227
26 6 45 Medium Small 220 230 220
27 6 45 Slow Medium 220 224 220
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Finally these optimum results were implemented after preparing an 
implementation plan with responsibility and target dates. The results were 
observed after successful implementation of the solutions for a period of 1 
week. The data on hardness were recorded during implementation. These 
data were analysed to determine the level of improvement in the process 
characteristics. The PPM level of hardness was found to be 7924. The over-
all rejection percentage was reduced from 48.33 to 0.79, which was very 
significant for the process. The individual control chart (Figure 9.3), plot-
ted for comparing the process data before and after the project, shows 
significant reduction in variation in hardness after the project.

9.1.3.5 � Control phase
In order to ensure that the proposed methods of improvement are sus-
tained, the team implemented a set of control mechanisms. The pro-
cess is standardised and is documented in quality management system 
(QMS) documents. Also, a process flow chart was prepared and dis-
played at the shop floor with details of process specifications. This dis-
play helps everyone to understand the process details. Check sheets 
were prepared for data collection, and control charts were made to 

Table 9.6  ANOVA table

Source DF SS MS F p-value

Quenching time 2 699.91 349.96 23.24 0.001*
Oil temperature 2 56.94 28.47 1.89 0.231
Quenching oil 2 20.12 10.06 0.67 0.547
Reservoir volume 2 249.96 124.98 8.30 0.019*
Quenching time * Oil temperature 4 289.03 72.26 4.80 0.044*
Quenching time * Quenching oil 4 304.23 76.06 5.05 0.040*
Quenching time * Reservoir 
volume

4 54.84 13.71 0.91 0.514

Error 6 90.37 15.06
Total 26 1765.40

* Significant at 5% level of significance.

Table 9.7  Optimum factor level combination from the 
experiment

Sl. No Parameters Optimum level after DoE

1 Reservoir volume Large (2 × 2.5 × 1) m3

2 Quenching time 5 min
3 Oil temperature 40°C
4 Quenching oil Medium (13 sec)
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monitor the process so that the operator can take timely action before 
the critical process parameters and performance characteristics go out 
of specified limits.

A periodic review of these results was planned to ensure sustainabil-
ity of the achieved results. An ‘individual−control chart’ for hardness was 
introduced for monitoring the process, along with an out of control action 
plan (OCAP). This OCAP helps the operator to initiate action in the pro-
cess in case of assignable causes. It is also necessary to make sure that all 
the employees are aware of the improvement actions implemented in the 
process. Hence, a 1-day awareness training program was arranged for all 
the employees about the Six Sigma methodology.

9.1.4 � Managerial implications

This case study was an eye opener for the management as it displayed 
a significant improvement in the process. Data and their analysis gave 
confidence to the people and the top management for taking decisions 
about the process. This has changed the mindset that ‘it is not invented 
here, hence not applicable to our process’. The success in this project has 
made them the ‘change agents’ in the process of cultural transformation 
of the organisation. There were isolated efforts in the organisation in 
the past to implement initiatives like statistical process control, quality 

1

1 1

1

6 11 16

290

280

270

260

250

240

21 26
Observation

Before

I chart for hardness before & after improvement

After

In
di

vi
du

al
 v

al
ue

31 36 41 46

UB=265

LB=245

X
–

=255.28

1

1
1 1

Figure 9.3  Individual chart for hardness.



161Chapter nine:  Industrial case studies of Lean Six Sigma

circles, small group activities, Kaizen, etc. During the implementation of 
those initiatives, no systematic effort was made to identify the improve-
ment opportunities in line with business priorities or customer require-
ments. As a result, the impact was not very visible in the organisation, 
whereas in Six Sigma, projects were identified with respect to the voice 
of the business and the customer, and the problems addressed were of 
highest priority to the organisation. Hence, management decided to use 
Six Sigma methodology for all future improvement initiatives in the 
organisation.

For monitoring of Six Sigma initiatives, a core group was formed 
with all functional heads of the organisation. The responsibility of this 
team was selection of projects and monitoring the execution of projects. 
All issues related to implementation were also reported to this team for 
further action. Thus, Six Sigma was introduced as a system in the organ-
isation to address any type of problems in the processes. The ultimate 
objective of management was to bring a cultural change in the organisa-
tion by involving everyone in the organisation in its movement towards 
excellence.

9.1.5 � Key lessons learned from the case study

The learnings from this initiative are summarised for implementing 
future improvement activities effectively. Key lessons learned from 
the case study focus around the leadership activities, involvement of 
people in improvement initiatives, data collection and subsequent data-
based cause validation. During define, analyse and improve phases 
of the study it was observed that all hurdles in executing the study 
were cleared by strong leadership at middle management level. Thus, 
it was identified that improvement initiatives require strong leadership 
support not only at higher levels but also within middle levels of the 
organisation.

One of the reasons for the success of this study was the strong sup-
port from the champion. The champion was keen to implement the Six 
Sigma methodology for addressing process problems in the organisa-
tion. Training imparted during the measure phase on technical details 
of the process under study, data collection plans and some of the key 
tools of the Six Sigma approach were the backbones in achieving the 
project goal. Involving the people from all levels in the organisation in 
the development of the data collection process and sharing the infer-
ences from data analysis with them greatly helped in getting support 
for collecting the data. Quite often the shop floor workers are not aware 
about the technical details of the process they are working with. Proper 
training on the technical details will help them to do process based 
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thinking, recognise variation in the critical characteristics and focus on 
breakthrough improvement in performance. During the improve phase, 
support from all levels of the organisation is required for successful 
implementation of the solutions.

9.1.6 � Recap of tools used

The tools used during this case study:

Analysis of variance
Anderson–Darling normality test
Cause and effect diagram
Control chart
Design of experiments
Gage repeatability and reproducibility study
Gemba analysis
Main effect plot
Orthogonal array
Process capability evaluation
Signal-to-noise ratio
SIPOC
Taguchi method

9.1.7 � Summary

The case study reported in this section is the application of Six Sigma 
DMAIC methodology in improving the leaf spring manufacturing process 
of a foundry shop. The root causes for the problem of rejection and rework 
were identified through data-based analysis at different stages in the case 
study. The process parameters were optimised, and measures for sustain-
ability of the results were incorporated in the process. As a result of this 
study, the overall rejection was reduced from 48.33% to 0.79%, which was 
a remarkable achievement for this small-scale industry. The company has 
invested around US$1100 for the project towards training and other activi-
ties. This in turn resulted in a financial savings of US$8000/year due to 
the reduction of rejections in the process. This substantial benefit resulted 
in reduced material scrap rate and decreased lead time of the process. 
This led to the improvement of on-time delivery to the customer. This case 
study illustrates the step-by-step application of Six Sigma DMAIC meth-
odology in a small-scale foundry industry to solve an age-old problem in 
the organisation.
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9.2 � Case study 2: Application of Six Sigma 
methodology in road construction 
for wind turbine installation

9.2.1 � Background of the company

In today’s global economy, the renewable energy sector has a significant 
role. Wind generated energy has become the fastest growing source of 
renewable energy. Wind power is expected to grow worldwide in the 21st 
century. India also has progressed in this direction during the last decade. 
The company where this case study was executed is a windmill manufac-
turer in India. This company currently has 275 employees and has been 
in operation for the last 12 years. This organisation manufactures wind 
turbines for its customers and manages the installation, commissioning 
and maintenance of the wind turbines. The turbines are produced at its 
manufacturing facility and then transported to various locations in the 
country and installed (Gijo and Sarkar 2013).

9.2.2 � Background to the problem

Even though solar energy is a relatively newer industry, the challenges in 
this area are far beyond the imagination of other businesses. In India, this 
industry has shown steady growth for the past decade, attracting more 
players in the market. The cost of doing this business is escalating because 
of rising land prices and the cost of raw materials. Most windmills are 
located in geographically fragile locations, which make it even more diffi-
cult in terms of the execution of activities. The organisations dealing with 
wind energy face many challenges because the activities are totally dif-
ferent from the traditional manufacturing set-up and can be described as 
follows:

	 1.	 Identification of location
	 2.	Assessment of wind availability
	 3.	Procurement of land
	 4.	Development of land
	 5.	 Installation of wind turbine
	 6.	Servicing of wind turbine for agreed period, generally for 20 years

Customers expect timely commissioning of wind turbines and ser-
vicing for an agreed period, which helps them to get their return on 
investment (ROI). The power generation guarantee (based on wind avail-
ability) has to be taken up by the organisation. Any delay on site devel-
opment, commissioning or servicing affects the power generation/ROI 
and in turn leads to customer dissatisfaction. One of the major activities 
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which affects the delay is the construction of the road to the project and 
its maintenance. Through the road, they need to transport the whole tur-
bine in which the blade length is of minimum 26 m. It is a challenge to 
the organisation in developing the road and maintaining it. The sites are 
generally on hilltops, in coastal areas, in deserts, etc., all of which add 
more challenges.

In traditional manufacturing organisations, implementation of any 
improvement initiative is relatively easy, as the organisation has to plan its 
implementation during the routine manufacturing operation. However, 
in the wind energy sector, organisations have to start activities a few 
years before selling a turbine to a customer. The organisation also has 
to take care of the maintenance of the equipment for 20 years thereafter. 
Customers will be satisfied only when all the activities are completed on 
time, and power generation takes place as agreed upon.

9.2.3 � Six Sigma methodology (DMAIC)

In order to improve the overall efficiency and customer satisfaction, Six 
Sigma methodology is used in the wind energy sector as well. Studies 
are more challenging in this sector because it is a newer application and 
because of its large dependency on people and the coordination require-
ment between various agencies. For installation of wind turbines, the 
company under study used to construct approximately 500 km of road 
annually in various windmill project sites across the country. Variation of 
land properties among the sites was a challenge for making good roads. 
Also high failure rates (i.e. damage) of the roads make them unusable and 
inaccessible, which in turn affects the installation and maintenance activi-
ties. Maintenance costs for the roads were approximately US$2.0 million 
annually because of the high failure rate of the roads. Because of these 
circumstances, management decided to develop sustainable wind farm 
roads using Six Sigma methodology. The DMAIC approach was selected 
for this study, as we are improving an existing process of road construc-
tion. The following sections will explain the step-by-step application of 
the DMAIC approach for completing this study.

9.2.3.1 � Define phase
A team was formed which consisted of the project manager as the black 
belt, a project engineer, two supervisors and a maintenance engineer. The 
general manager in charge of project execution was identified as cham-
pion for the project. During the define phase of the project, the team 
formed a project charter (Table 9.8) with all details of the project includ-
ing the project title, problem definition, scope of the project, target ben-
efits and schedule. After defining the project in the project charter format, 
the team prepared a SIPOC mapping to have better clarity in the process 
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under consideration for improvement (Table 9.9). This SIPOC provides a 
high-level view of the process, defining the scope of the Six Sigma project. 
The objective of the project was to create a system which would result in 
sustainable construction for the roads leading to wind farms. The team 
further elaborated this objective by defining ‘no-failure within 6 months 
of construction’ of the roads, which will eventually lead to ‘reduction in 
maintenance cost’ of the roads. A target of 6 months was selected because 
during the first 6 months of a wind turbine project, extensive movement of 
heavy vehicles like cranes, trailers, etc., occurs. Once the project is commis-
sioned, for servicing of wind turbines light vehicle movement is sufficient. 
The possible failures of the roads include cracks, subsidence, stripping, 
sub-base failure, slippery surfaces and landslides (Figure 9.4). The team 
decided to identify CTQs for the project as ‘failures within 6 months’, and 
the unit of measure is defined as ‘50 m patch of road’. A reduction of 10% 
was targeted for the maintenance cost during this project.

Table 9.8  Project charter

Project Title: Development of sustainable wind farm roads
Background and reasons for selecting the project:
Wind farm roads are currently wearing out within 3–6 months. Also, there is 
large variation in the road formation process.

Aim of the project:
To arrive at best practices for making sustainable wind farm roads so that the 
life of the road is at least 6 months.

Project Champion: General Manager–Project Execution
Project Leader: Manager–Projects
Team Members: Engineer–Projects

Engineer–Maintenance
Supervisor–Site Development
Supervisor–Installation

Characteristics of product/process output and its measure
CTQ Measure & Specification Defect Definition
Failure rate of roads: Life measured in 

months for each 50 m 
patch of road and 
specification is more 
than 6 months.

Road life less than 
6 months.

Expected Benefits: Reliability in service, reduction in maintenance cost.
Expected customer 
benefits:

Improvement in customer satisfaction.

Schedule: Define: 4 weeks, Measure: 6 weeks
Analyse: 16 weeks, Improve: 8 weeks
Control: 8 weeks.
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9.2.3.2 � Measure phase
The objective of the measure phase in a Six Sigma project is to under-
stand the baseline performance levels of the CTQs selected for the project 
based on the data collected from the process. Before collecting data from 
the process, a failure mode and effect analysis (FMEA) was performed to 
understand the complexity of the process and to decide on further data 
collection in the process (refer to Table 9.10 for FMEA). Based on the out-
put of FMEA, a data collection plan was prepared with details of char-
acteristics where data need to be collected with stratification factors and 
sampling methods. The stratification factors identified were failure type 
and location (different states of India). Pareto charts were plotted with 
these stratification factors for the collected data (Figure 9.5). The number 
of units (50 m patch of road) considered for calculation of baseline per-
formance is 4455. Since there were six different types of failures possible, 
the number of opportunities considered for each unit is six. For these 
4455 units of road, the number of defects was identified as 228, resulting 
in defects per million opportunities (DPMO) of 8530. The corresponding 
approximate sigma level was found to be 3.9. This was the baseline per-
formance of the process.

9.2.3.3 � Analyse phase
The objective of the analyse phase in any Six Sigma project is to identify 
the root cause(s) of the problem under consideration so that corrective 
actions can be initiated and improvements can be achieved. Since the team 
was a cross-functional team for this study, it was first decided to prepare 
an activity flow chart of the entire process to have a clear understand-
ing of the process by all members of the team. This activity flow chart 
helped to identify all inefficiencies and bottlenecks of the process. After a 
detailed study of the process through the flow chart, the team performed 
a brainstorming session to identify the potential causes of bad roads. The 

Table 9.9  SIPOC
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potential causes generated through the brainstorming session were pre-
sented as a cause and effect diagram in Figure 9.6. These causes were vali-
dated through data analysis and Gemba (workplace) investigation. The 
method of cause validation depends on the relationship between cause 
and effect. In case the relationship between cause and effect is known 
and already established, then we need to see the occurrences of causes 
through workplace or Gemba. Where the relationship is not established 

(a) (b)

(c) (d)

(e) (f )

Figure  9.4  Different types of failures: (a) crack, (b) landslide, (c) stripping, 
(d) sub-base failure, (e) slippery surface, and (f) subsidence.
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or unknown, the cause needs to be validated by collecting data and sub-
sequent analysis through test of hypothesis techniques.

The cause validation in this study was done in two stages. During 
the first stage, for causes where relationship between cause and effect is 
unknown, hypothesis tests were performed to validate the cause. For the 
remaining causes, during the second stage, Gemba analysis was carried 
out. A few examples of these are illustrated in the remaining part of the 
analyse phase. The type of data used for analysis and the results obtained 
are also explained in detail.

For example, one such cause requiring validation was the dependency 
of failure type and the type of terrain. A chi-square test was performed 
for the data between type of failure and type of terrain, and the p-value 
was found to be 0.002 confirming that the failure type and type of terrain 
were dependent.

In the Gemba method of cause validation, one needs to visit the work-
place and observe the practices followed and compare with the specifica-
tion and/or desired method. One of the causes, ‘improper compaction’, 
is verified through this method. The requirement for compaction is that 
maximum dry density (MDD) should be greater than 95%. However, dur-
ing process observation, it was found that in 50% of the cases (16 cases out 
of 32), the value is below 95%. In order to verify the effect of MDD on road 
defects, the number of defects is also observed in these 32 cases. A two-
sample Poisson rate analysis is carried out for the data given in Table 9.11. 
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Figure 9.5  Pareto chart for road failure.
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The test has given a Z value of 3.5 with p-value = 0.000. Hence ‘improper 
compaction’ is considered as a root cause.

Similarly, all the remaining causes were validated either through 
statistical analysis or through the Gemba analysis. Through this cause 
validation, a total of eight root causes were identified. (These are included 
in Table 9.12).

9.2.3.4 � Improve phase
A brainstorming session was conducted with the team and all stake-
holders of the process to identify the solutions for the selected causes. 

Table 9.11  Details of two-sample Poisson rate test

Sample
Total 

occurrences
Number of 

defects
Rate of 

occurrence

MDD below 95% 15 16 0.9375
MDD above 95% 1 16 0.0625

Table 9.12  Selected solutions

Sl. No. Root cause Solution

1 Inappropriate 
methodology

Preparation of standard and uniform 
methodology

2 Inadequate 
specification

Quality checklist

3 Improper 
supervision

Recording of the observations at each stage 
with signature

4 Non-availability of 
required materials

Reconnaissance survey to identify the 
sources of materials and suggest 
methodology accordingly

5 Improper work due 
to urgency

Proper planning and review of job status
on a weekly basis at site

6 Villagers’ 
harassment

Not to give false commitment to land 
owners. Commitment to be recorded and 
circulated among the stakeholders. Develop 
social relationship with the villagers. Shall 
discuss with the competitors for uniform 
commitment.

7 Improper drain 
maintenance

Preparing a maintenance manual and 
protocol for checking at frequent intervals

8 Improper 
compaction

Checking the compaction during the 
construction of the road was introduced in 
the checklist, and the supervisors were 
given responsibility for execution
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During this discussion, solutions were identified for all eight root 
causes selected during the analyse phase. The selected solutions along 
with the root causes are presented in Table 9.12. In order to prioritise the 
improvement actions, a benefit–effort matrix is used, and the same is 
presented in Figure 9.7. It may be noted here that various methods exist 
to prioritise the improvement actions based on the perception of the 
team, and in this project scenario, a benefit–effort matrix was found to 
be most acceptable technique. This benefit–effort matrix identifies the 
actions in four categories: highly desirable actions, potentially desir-
able actions, potential quick hits and least desirable actions. As per the 
team assessment, the desirable actions are those which require less 
effort but result in high benefit. Based on this analysis, the actions are 
prioritised for implementation. A risk analysis was performed to iden-
tify the potential risk associated with the desired actions (solutions for 
root causes), and it was concluded that there is no risk associated with 
any of the solutions identified. An implementation plan was prepared 
with details of actions planned with responsibility and target date for 
completion.

A pilot run of the solutions was tried in one of the selected projects 
of a customer in one of the states of India. The results of the solutions 
implemented were observed during the pilot project and are shown in 
Figure 9.8. The data on defects observed were recorded during the imple-
mentation. The DPMO of the improved process was found to be 1852, 
resulting in an approximate sigma level of 4.40, which shows significant 
improvement in the process.

Highly desirable opportunities

Potentially desirable opportunities

‘Potential quick hits’

Least desirable opportunities

Projects in upper left are the most desirable
projects.

Projects in upper right are potentially
desirable, but usually require more analysis to
ensure good decision-making.

Projects in the lower right are the least
desirable.5

42

3

16

7

EffortHighMedLow

Lo
w

M
ed

H
ig

h

Possibility for Kaizen event or small GB project

Figure 9.7  Benefit–effort matrix.
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9.2.3.5 � Control phase
The objective of the control phase of a Six Sigma project is to ensure sus-
tainability of the results achieved during the project. Sustainability can be 
achieved by standardisation of practices and monitoring the performance 
over time. As a first step in the control phase, the process flow charts were 
modified in line with the implemented solutions. This revised process 
flow chart was circulated to all project sites and regional offices for strict 
adherence to the modified procedures. A quality checklist was prepared 
for road construction, so that at different stages during the project execu-
tion, the engineers can ensure that all necessary steps are taken care of. 
A periodic audit was planned by the corporate team to ensure that all the 
procedures were strictly followed during the construction activities. The 
occurrences of ‘road defects’ in each project site were monitored monthly 
and discussed during monthly progress review meetings.

9.2.4 � Managerial implications

It is amply demonstrated through the case study that a structured meth-
odology like Six Sigma can be used effectively in road construction. This 
was the first time in the organisation that a checklist was prepared for 
activities related to road construction to control the processes. There were 
isolated efforts in the organisation in the past to implement initiatives like 
statistical process control, quality circles, small group activities, Kaizen, 
etc. During the implementation of those initiatives, no systematic effort 
was made to identify the improvement opportunities in line with busi-
ness priorities or customer requirements. As a result, the impact was not 
very visible in the organisation, whereas in Six Sigma, projects were iden-
tified with respect to the voice of the business and the customer, and the 

Figure 9.8  Road after the study.
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problems addressed were of highest priority to the organisation. Hence, 
the management decided to use Six Sigma methodology for all future 
improvement initiatives in the organisation. This all may appear simple, 
but it is typically not easy to implement such changes in organisations/
businesses that are culturally not used to practise innovation. However, it 
is highly effective and can be accomplished with the right organisational 
infrastructure.

9.2.5 � Key lessons learned from the case study

Six Sigma methodology helped the people in the organisation to under-
stand how a process problem can be addressed systematically. During the 
project, extensive data collection and analysis were performed to make 
meaningful conclusions regarding the process. Once data collection 
started, hidden problems in the process were uncovered. Learning statisti-
cal software like Minitab and JMP along with Six Sigma has strengthened 
the ability of the people to make data-based decisions. In this process, 
everyone in top management and the team understood the power of data-
based decision-making.

The Six Sigma methodology has helped the organisation to address 
some of the vital problems in procurement, land development, manu-
facturing, installation and servicing of windmills for its customers. Like 
any other business process improvement technique, improvement in 
road quality must be based on facts, which objectively establish the root 
cause(s). The Six Sigma approach for road quality improvement will not 
only result in more effective control over the road development process 
but also permit this objective to be accomplished by saving time, effort 
and money.

9.2.6 � Recap of tools used

The tools used during this case study:

Cause and effect diagram
Chi-square test
Failure mode and effect analysis
Gemba analysis
Pareto analysis
SIPOC
Sigma level calculation
Two-sample Poisson rate test
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9.2.7 � Summary

The purpose of this case study is to apply Six Sigma methodology, a sys-
tematic and structured approach for quality improvement in the wind 
energy sector. This study has addressed one of the very critical processes 
in the installation and maintenance of windmills. The quality of wind 
farm roads is a major problem encountered by all windmill manufactur-
ers in India. This is one of the first case studies of Six Sigma in use in this 
field in India, and it was successfully completed. As a result of this study, 
the failure of roads was reduced significantly. This project has resulted in a 
direct saving of US$168,000 for the company per annum. This includes the 
cost reduction in repair of damaged roads and the cost of equipment wait-
ing time at various sites across the country. The cost of rental equipment 
used for repairs to the road is very high, in addition to the waiting time of 
trailers loaded with windmill parts/spares to be installed/repaired. This 
study also has helped the organisation to complete the installation activi-
ties on time, which has resulted in improvement in customer satisfaction. 
This project has further helped the organisation to ensure availability of 
spare parts for maintenance activities. In total, this project has had a sig-
nificant impact in all the field activities of the company. The results of 
this study provide greater stimulus for the wider application of Six Sigma 
methodology across the company in the future. Also, this case study dem-
onstrates the applicability of Six Sigma methodology in a novel field.

9.3 � Case study 3: Application of Six Sigma 
methodology to reduce the rejection and 
rework in an automobile supplier company

9.3.1 � Background of the company

The company under study is a small-scale organisation catering to a large 
automobile supplier company. This company has around 150 employ-
ees, manufacturing the components/parts used for automobiles. As the 
requirement for quality improvement was very stringent for the suppliers 
of automobile companies, this organisation used to practice a few quality 
improvement techniques such as statistical process control, FMEA, etc. 
After implementing such initiatives in the process, rejection and rework 
were still a big problem for the organisation.

9.3.2 � Background to the problem

This case study deals with reduction of rejection and rework of hinge hole 
diameter of the honing process in an automobile part manufacturing com-
pany. This component is the critical connecting link of flyweight assembly 
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used in fuel injection pumps. Flyweight assembly in turn is a part of gov-
ernor, which regulates the quantity of fuel injected into the engine, and 
thereby regulates the engine speed. If the hinge hole is undersized, it can 
cause undue stresses in the connecting link. This may lead to cracks in 
the link and results in failure of the pump. If the hinge hole is oversized, it 
may make the flywheel sticky, leading to failure of the governor function. 
The first pass yield of this process was only 87.8%.

9.3.3 � Six Sigma methodology (DMAIC)

As the first pass yield was very low, it was affecting on-time delivery of 
the components to the customer. Also, the cost of rejection and rework 
was very high. Solving this problem was very critical to the management 
of the company as it was clear that an effective solution to this problem 
would have a significant impact in reducing rework/rejection and improv-
ing customer satisfaction. Hence, it was decided to address this problem 
by the application of Six Sigma methodology (Gijo and Scaria 2010). In this 
case, since the existing process requires improvement, the DMAIC meth-
odology was applied. The remaining part of this section presents various 
phases of Six Sigma DMAIC methodology.

9.3.3.1 � Define phase
The define phase of the Six Sigma methodology aims to define the 
improvement project in terms of customer requirements and identify the 
underlying process that needs improvement. The first step was to develop 
a project charter with all the necessary details of the project, including 
team composition and schedule for the project. The project charter is pro-
vided in Table 9.13. This has helped the team members clearly understand 
the project objective, project duration, resources, roles and responsibilities 
of team members, project scope and boundaries, expected results from the 
project, etc. This creates a common vision and a sense of ownership for the 
project, so that the entire team is focused on the objectives of the project. 
The project team included a champion, a black belt, three green belts and 
three operators from the process. During the define phase of the project, 
the team, along with the champion, had detailed discussions regarding 
the problem. The project team defined the goal statement of the project as 
improving the yield of the honing process from the current level of 88% to 
98%, which should result in significant reduction in rejection and rework.

A basic flow chart of the process was prepared, and a SIPOC map-
ping was carried out to have a clear understanding of the process. The 
team focused on the honing process for improvement, which is defined 
as the scope of the project. The process mapping along with SIPOC (refer 
Table 9.14) provides a picture of the steps needed to create the output of 
the process.
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Table 9.13  Project charter

Project Title: Reducing the rejection and rework in the honing process.
Background and reason for selecting the project:
The problem is complex, and there are too many variables affecting the 
tolerance. We were unsuccessful in finding the solution in the previous 
attempts. The first pass yield of the honing process is only 87.8% for the past 
6 months. Out of 12.2% defective components, close to 1.3% components were 
scrapped, and the remaining were reworked. Thus the cost of repair and scrap 
was very high and led to the delay in delivery of components to the customer.

Aim of the project: To improve the first pass yield from 88% to 98%.
Project champion Head—Production Department
Project leader Manager—Production
Team members Engineer—Production, Quality Control Inspector

Supervisor—Maintenance
Operator—Shift I, Operator—Shift II, Operator—Shift III

Characteristics of product/process output and its measure
CTQ Measure & specification Defect definition
Diameter 9.000–9.009 mm Diameter beyond 

9.000–9.009 mm
Expected benefits Reduction in rework and scrap as a result of reduction in 

diameter variation. This will help the organisation to 
improve on-time delivery of components to its customers.

Schedule Define: 2 weeks Measure: 2 weeks Analyse: 4 weeks
Improve: 4 weeks Control: 4 weeks

Table 9.14  SIPOC

Supplier Input Process Output Customer

Heat treatment 
department

Component Honing 
process

Machined 
component

Production 
report

Assembly 
shop

Production 
department

Metrology 
department

Preprocess gages

Engineering 
department

Instruction charts

Honing process

Receive the 
component from 

heat treatment

Finish honing 
process InspectionPre-honing
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9.3.3.2 � Measure phase
This phase is concerned with selecting appropriate product characteris-
tics, mapping the respective processes, studying the accuracy of measure-
ment system, making necessary measurements, recording the data and 
establishing a baseline of the process capability or sigma rating for the 
process.

In this project, the CTQ characteristic considered for further study 
is the hinge diameter. The specification limit for the diameter is from 
9.000 mm to 9.009 mm. Since the tolerance is only nine microns, it was 
necessary to validate the measurement system by conducting a gage 
R&R study. For conducting this study, three operators working with this 
process were identified, along with 10 components. After collecting the 
data, analysis was performed, and the total gage R&R value was found 
to be 14.83%. Since this value is within the acceptable limit of 30%, it was 
concluded that the measurement system is acceptable for further data 
collection. Then a data collection plan was prepared with details about 
characteristics for which data were collected, including sample size and 
frequency of data collection with details of stratification factors. As per 
the data collection plan, data were collected for diameter, and the same 
is tested for normality by the ‘Anderson–Darling normality test’ with the 
help of Minitab statistical software. From the Minitab software output 
(Figure 9.9), the p-value was found to be less than 0.05, which leads to the 
conclusion that the data are from a population that is not normal. Hence, 
from the observed performance of the process capability analysis from 
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Figure 9.9  Normal probability plot for diameter.
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Minitab output (Figure 9.10), the parts/million (ppm) total was identified 
as 120,310, and the corresponding sigma level was found to be 2.67.

9.3.3.3 � Analyse phase
The objective of the analyse phase in this study is to identify the root 
cause(s) that create the dimensional variation during the honing process. 
Hence, in the analyse phase, a brainstorming session was conducted with 
all the team members and associated personnel to identify the poten-
tial causes for dimensional variation. The causes identified during the 
brainstorming session were presented as a cause and effect diagram 
(Figure 9.11). For validating the causes, the type of data possible to collect 
on each of these causes was identified. Based on the availability of the data 
on the causes, a decision was taken about the type of analysis possible to 
validate each one of these causes. It was found that some of these causes 
can only be validated by Gemba, and different types of statistical analy-
sis can be performed on data collected for the remaining causes. Based 
on this understanding, a cause validation plan was prepared for all the 
potential causes and is presented in Table 9.15. This cause validation plan 
gives the details of analysis planned for causes. For those causes where 
Gemba was identified as the method of validation, the team observed the 
process at random frequency for a period of 1 month, the observations 
were noted and a decision was made over whether it is a root cause or not. 
The details of analysis and validation of the causes are presented below.

Data were collected on input and process parameters like input part 
size, spindle-1 feed, spindle-2 feed, spindle impulse-1, spindle impulse-2, 

9.0329.0249.0169.0089.0008.992

LSL USL
Process data

Sample N 1546
StDev (Overall) 0.00401323

LSL 9
Target *
USL 9.009
Sample mean 9.00432

Overall capability

Cpm *

Pp 0.37
PPL 0.36
PPU 0.39
Ppk 0.36

Observed performance
PPM < LSL 60155.24
PPM > USL 60155.24
PPM total 120310.48

Exp. overall performance
PPM < LSL 141064.38
PPM > USL 121598.69
PPM total 262663.07

Figure 9.10  Process capability of diameter.
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Dimensional
Variation

Equipment

Material

Method

Man

Untrained operator

Improper tool setting

Improper correction

Tool preparation procedure not OK

Spacer between cone pusher and cone

Process parameters not OK

Different cutting stones

Cutting stone chipping out

Cutting tool cone worn out

Bore distortion after heat treatment

Hole deviation before heat treatment

Input part size not OK

Alignment of tool, hole and guide bush

Hydraulic oil temperature not OK

Runout of machine spindle

Dampening for vertical plate not OK

Supporting plate/bracket not OK

Oil filtration problem

Figure 9.11  Cause and effect diagram for dimensional variation.

Table 9.15  Cause validation plan

S. no. Causes Validation method

1 Input part size not OK Regression analysis/DoE
2 Hole deviation before heat treatment Gemba
3 Bore distortion after heat treatment Gemba
4 Cutting tool cone worn out Gemba
5 Cutting stone chipping out Gemba
6 Different cutting stones Gemba
7 Process parameters not OK Regression analysis/DoE
8 Spacer between cone pusher and cone Gemba
9 Tool preparation procedure not OK Gemba
10 Oil filtration problem Gemba
11 Supporting plate/bracket not OK Gemba
12 Dampening for vertical plate not OK Gemba
13 Runout of machine spindle Gemba
14 Hydraulic oil temperature not OK Regression analysis/DoE
15 Alignment of tool, hole and guide bush 

not OK
DoE

16 Improper correction Gemba
17 Improper tool setting DoE
18 Untrained operator GEMBA
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output spindle size and hydraulic oil temperature with corresponding 
diameter. The effects of the input and process parameters on the diameter 
variation were validated by a regression analysis.

Before performing the multiple regression analysis, the variables were 
tested for ‘multicollinearity’. From the ‘variance inflation factor’ (VIF) of 
the regression analysis (Tables 9.16 and 9.17), it is evident that ‘multicol-
linearity’ is not present in the data. Since the p-values for spindle-2 feed, 
spindle impulse-2, output spindle size and hydraulic oil temperature from 
the regression analysis were found to be less than 0.05, it was concluded 
that these variables significantly affect the diameter variation.

The process parameters like feed rate, impulse, stroke, etc., were ear-
lier fixed based on the experience of the operators. Hence, it was decided 
to conduct a DoE during the improvement phase to identify the optimum 
process setting for these parameters. The other causes listed in the cause 
and effect diagram were validated by Gemba analysis. The detail of vali-
dation of all causes is summarised in a tabular format and is given in 
Table 9.18.

9.3.3.4 � Improve phase
As per the decision of the team in the analyse phase, a DoE is planned 
during this phase. The parameters selected for experimentation are ‘feed 
rate’, ‘impulse’, ‘stock’, ‘stroke’ and ‘oil temperature’. It was also felt by the 

Table 9.16  Minitab software output of regression analysis

Predictor Coefficient
SE of 

coefficient t-statistic p-value VIF

Constant 6.682 0.6297 10.61 0.000 –
Input part size 0.00429 0.01082 0.40 0.692 1.1
Spindle—1 feed 0.0000728 0.000142 0.51 0.609 1.4
Spindle—2 feed 0.0005951 0.0002792 2.13 0.035 1.6
Spindle impulse—1 0.00000038 0.0000525 0.01 0.994 1.4
Spindle impulse—2 0.00150339 0.00006605 22.76 0.000 1.7
Output spindle size 0.24731 0.06792 3.64 0.000 1.6
Hydraulic oil 
temperature

–0.00005682 0.00001826 –3.11 0.002 1.5

Table 9.17  ANOVA table for regression analysis

Source DF SS MS F p-value

Regression 7 0.00152454 0.00021779 132.58 0.000
Residual error 131 0.00021520 0.00000164
Total 138 0.00173974
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team that there might be possible interaction of ‘feed rate’ with ‘impulse’ 
and ‘stock’. Hence, it was also decided to estimate the effect of these 
two interactions. Since the relationship between these variables and the 
diameter is not established as linear, all these factors were experimented 
at three levels. The existing values for the parameters were considered 
as one level for experiment. Five factors at three levels and two interac-
tions require a huge number of components for conducting full factorial 
experiments. Hence, it was decided to use L27(313) OA for conducting this 
experiment. A master plan for the experiment (Table 9.19) was prepared 
by allocating all the experimental factors in L27(313) OA. The experimental 
sequence given in the master plan was randomised, and experimentation 
was done. For each experiment, the diameter was measured. These data 
were analysed by Taguchi’s S/N ratio method. Since the diameter is nomi-
nal, the best type of characteristic, the S/N ratio formula used for analysis 
was 10 log( / )Y s2 2 , where Y  is the average and s the standard deviation for 
each experiment. The main effect plots and interaction plots were made 

Table 9.18  Validated causes

S. no. Causes Conclusion

1 Input part size not OK Not a root cause
2 Hole deviation before heat treatment Not a root cause
3 Bore distortion after heat treatment Not a root cause
4 Cutting tool cone worn out Not a root cause
5 Cutting stone chipping out Not a root cause
6 Different cutting stones Not a root cause
7 Process parameters not OK Root cause/to be 

optimised by DoE
8 Spacer between cone pusher and cone Not a root cause
9 Tool preparation procedure not OK Not a root cause
10 Oil filtration problem Not a root cause
11 Supporting plate/bracket not OK Not a root cause
12 Dampening for vertical plate not OK Not a root cause
13 Runout of machine spindle Not a root cause
14 Hydraulic oil temperature not OK Root cause/to be 

optimised by DoE
15 Alignment of tool, hole and guide 

bush not OK
Root cause/to be 
optimised by DoE

16 Improper correction Not a root cause
17 Improper tool setting Root cause/to be 

optimised by DoE
18 Untrained operator Not a root cause
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for the S/N ratio values (Figures 9.12 and 9.13). The level that maximises 
the S/N ratio was selected as the best level for that factor. Thus, the best 
levels for the factors were identified from the main effect plots and inter-
action plots. The optimum factor level combination identified is presented 
in Table 9.20.

These optimum levels identified were considered as the solution for 
these process parameters. The team had detailed discussions involv-
ing all stakeholders of the process, and solutions were identified for 
all the remaining root causes. The solutions identified are presented in 
Table 9.21. A risk analysis was conducted for identifying possible nega-
tive side effects of the solutions during implementation. The team has 

Table 9.19  Master plan for experimentation with the collected data

Exp. 
no.

Feed 
rate Impulse Stock Stroke Temperature

Diameter

1 2 3

1 1 32 30 18 30 9.00500 9.00375 9.00300
2 1 32 50 20 40 9.00600 9.00525 9.00550
3 1 32 70 22 50 9.00300 9.00175 9.00425
4 1 35 30 20 40 9.00525 9.00325 9.00350
5 1 35 50 22 50 9.00425 9.00400 9.00350
6 1 35 70 18 30 9.01050 9.00700 9.00825
7 1 38 30 22 50 9.00650 9.00625 9.00550
8 1 38 50 18 30 9.00675 9.00550 9.00600
9 1 38 70 20 40 9.00300 9.00375 9.00400
10 2 32 30 18 40 9.00475 9.00425 9.00425
11 2 32 50 20 50 9.00425 9.00325 9.00250
12 2 32 70 22 30 9.00400 9.00400 9.00325
13 2 35 30 20 50 9.00350 9.00425 9.00300
14 2 35 50 22 30 9.00125 9.00400 9.00300
15 2 35 70 18 40 9.00400 9.00250 9.00175
16 2 38 30 22 30 9.00425 9.00400 9.00275
17 2 38 50 18 40 9.00475 9.00500 9.00450
18 2 38 70 20 50 9.00450 9.00500 9.00475
19 3 32 30 18 50 8.99625 8.99275 8.99675
20 3 32 50 20 30 9.00350 9.00525 9.00500
21 3 32 70 22 40 9.00325 9.00200 9.00100
22 3 35 30 20 30 9.00400 9.00250 9.00600
23 3 35 50 22 40 9.00525 9.00500 9.00275
24 3 35 70 18 50 9.00375 9.00500 9.00625
25 3 38 30 22 40 9.00150 9.00300 9.00500
26 3 38 50 18 50 9.00200 9.00400 9.00400
27 3 38 70 20 30 9.00300 9.00325 9.00300
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concluded from the risk analysis that there is no risk associated with any 
of the identified solutions. After the risk analysis, an implementation 
plan was prepared for all solutions with responsibility and target dates 
for completion for each solution. The solutions were implemented as per 
the plan, and results were observed. The data on diameter were collected 
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from the process after the project. The process capability evaluation was 
done, and the details are provided in Figure 9.14. The PPM level of the 
process was 0, and the corresponding sigma rating was 6 (Table  9.22). 
A dot plot (Figure 9.15) was made for comparing the process before and 
after the project, which shows significant reduction in dimensional varia-
tion after the project.

9.3.3.5 � Control phase
The real challenge of Six Sigma implementation is not in making 
improvements in the process but in sustaining the achieved results. Due 
to many organisational reasons like people changing jobs, maintaining 

Table 9.20  Optimum factor level combination

S. no. Factor
Optimum 

level

1 Feed rate in microns 2
2 Impulse in microns 38
3 Stock in microns 70
4 Stroke in mm 20
5 Hydraulic oil temperature in degrees 40

Table 9.21  Validated causes and solutions

S. no. Validated cause Solution

1 Process parameters 
not OK

Established optimum parameters 
by DoE

2 Hydraulic oil 
temperature not 
OK

Established optimum parameters 
by DoE

3 Alignment of tool, 
hole and guide 
bush not OK

	 1	Introduced Poka-Yoke system 
to ensure alignment

	 2	Alignment between 
headstock and tailstock with 
respect to axis corrected. This 
is introduced as a parameter 
to be checked in machine 
preventive maintenance 
checklist.

4 Improper tool 
setting

Optimised the setting parameters 
by DoE
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the results is often extremely difficult. Standardisation of the improved 
methods and continuous monitoring of the results only can ensure sus-
tainability of the results. It is also important to ensure that the operat-
ing personnel in the process feel a sense of ownership in the solutions 
implemented, so that without any external intervention the process can 
be maintained.

Since the organisation was implementing the ISO 9001:2008 QMS, 
the process changes were documented in the procedures of the QMS. 
This has helped to standardise the improved methods in this project. 
A ‘run chart’ was introduced for monitoring the process, along with a 
reaction plan. This reaction plan helps the operators to take action on 
the process in case assignable causes occur. Training was provided to 
the people working with the process about the improved operational 

9.0089.0069.0049.0029.000

LSL USL
Process data

Sample N 1546
StDev (overall) 0.00114352

LSL 9
Target *
USL 9.009
Sample mean 9.00405

Overall capability

Cpm *

Pp 1.31
PPL 1.18
PPU 1.44
Ppk 1.18

Observed performance
PPM < LSL 0.00
PPM > USL 0.00
PPM total 0.00

Exp. overall performance
PPM < LSL 196.79
PPM > USL 7.59
PPM total 204.38

Figure 9.14  Process capability after the project.

Table 9.22  Comparison of results 
before and after

Before After

Sigma level 2.67 6.0
DPMO 120310 0
Yield 88% 100%



187Chapter nine:  Industrial case studies of Lean Six Sigma

methods so that their confidence level in working with the new process 
increased.

9.3.4 � Managerial implications

This case study was an eye opener for the management as it delivered 
a significant improvement in the process. Data and their analysis gave 
confidence to the people and top management for making decisions 
about the process. The success in this project has made them the ‘change 
agents’ in the process of cultural transformation of the organisation. 
Management introduced a team known as the ‘leadership team’ in the 
organisation to oversee the Six Sigma project selection and execution. 
All issues related to implementation were also reported to this team for 
further action.

9.3.5 � Key lessons learned from the case study

The main learning points from the case study can be stated as follows. 
The Six Sigma exercise provided the company with an example of the 
benefits of addressing a problem systematically. Extensive data collec-
tion was essential to the success of the project, but this had to be focused 
on the key areas identified in the study. Also, no amount of data collec-
tion would be valid without the gage R&R study. Statistical software was 
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Figure 9.15  Dot plot of diameter before and after the project.
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essential for the analysis. However, these packages require use by people 
with the correct training. Management and staff began to believe in their 
own ability to implement advanced methods. The good example set by 
this project, supported by making Six Sigma a factor in staff appraisal, 
has encouraged staff to accept the use of the technique. Over the time 
period of the project, difficulties from loss of trained staff delayed the 
project. Future projects would benefit from training additional staff 
beyond initial requirements.

9.3.6 � Recap of tools used

The tools used during this case study:

Analysis of variance
Cause and effect diagram
Design of experiments
Dot plot
Gemba analysis
Main effect plot
Normality test
Orthogonal array
Process capability analysis
Regression analysis
SIPOC
Sigma level calculation

9.3.7 � Summary

As a result of this study, the first pass yield has improved from 88% to 
100%. The sigma rating of the process showed improvement from 2.67 
to 6.0 after the project. The team, with the help of the finance depart-
ment, estimated the tangible savings of this project. It was found that 
the cost associated with scrap, repair and tool has come down drasti-
cally. This has given encouragement to management to implement Six 
Sigma methodology for all improvement initiatives in the organisation. 
To encourage the people in the organisation to use Six Sigma methodol-
ogy, management decided to suitably reward the successful teams. After 
observing the success in this project, the people were more confident in 
implementing Six Sigma in addressing any improvement initiative in the 
organisation.
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9.4 � Case study 4: Application of value 
stream mapping in a camshaft 
manufacturing organisation

9.4.1 � Background of the company

The company where the case study was performed started 20 years ago 
as a small-scale company which manufactures camshafts. The company 
started with 20 employees, and current employee strength is 60. The cur-
rent turnover of the company is 4,000,000 Indian rupees (US$63,000). The 
company had no scientific implementation of Lean initiatives before. 
Certainly some remote activities of Lean manufacturing were prevailing 
in the organisation.

9.4.2 � Background of the problem

The camshafts were in high demand compared to other products manufac-
tured by the company. A macro level analysis on the camshaft manufactur-
ing line implied that wastes occur in manufacturing, and there is potential 
to improve value addition of the manufacturing line. Hence, it has been 
decided to apply value stream mapping (VSM) to the camshaft manufactur-
ing line to identify and analyse wastes and improve value addition.

9.4.3 � Value stream mapping methodology

VSM is one of the powerful Lean tools used to identify wastes and detect 
opportunities for value addition. It starts with analysing the current con-
ditions and developing a current state map, identifying improvement 
opportunities and developing a future state map which indicates the 
desired state of performance. The development stages of VSM are detailed 
in the remaining parts of this section.

9.4.3.1 � Formation of task force
A cross-functional task force team was formed with experts from design, 
manufacturing and quality control and academic researchers. The task 
force analysed the manufacturing stream using VSM methodology and 
identified actions for improvement.

9.4.3.2 � Process map and data collection
The task force prepared the process map shown in Figure 9.16. The process 
map indicates the process sequence for the manufacturing of camshafts. 
The data required for each process are collected using the checklist format 
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shown in Figure 9.17. Process activity mapping is performed to capture 
the overall view of processes involved in manufacturing the product. It 
gives details about product flow and operations and details of manpower 
involved in manufacturing the product. The process activity map for the 
manufacturing line is shown in Figure 9.16.

The task force started collecting the necessary data by visiting the 
shop floor, and the collected information is shown in the data collection 
sheet (refer to Figure 9.18).

Cutting Turning Drilling

Heat treatmentGrindingInspection 

Packaging 

Figure 9.16  Process map for camshaft manufacturing line.

Total time per shift

Process attribute checklist

Planned downtime

Available production time

Quantity of products shipped per month

Cycle time

Changeover time

WIP

Number of operators

Figure 9.17  Process attributes checklist.
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9.4.3.3 � Total product cycle time

•	 It is the actual time taken to complete a task and proceed to the next 
step.

•	 It is the time taken to perform the corresponding process.
•	 It is the time that elapses between one part coming off the process 

and the next part going in.

Customer requirements

• Average demand = 100 units
Supplier information
XYZ receives  shipment of 1,200 units from its supplier
Available production time = 430 min
Cutting
Cycle time = 15 min
Changeover time = 4 min
Uptime = 99.06%
Turning 
Cycle time = 15  min
Changeover time = 5 min
Uptime = 99.06%
Drilling
Cycle time = 20 min
Changeover time = 5 min
Uptime = 99.06%
Heat treatment
Cycle time = 4 min
Changeover time = 4 min
Uptime = 99.06%   
Grinding 
Cycle time = 5 min
Changeover time = 3 min
Uptime = 99.1%
Inspection 
Cycle time = 4 min
Changeover time = 2 min
Uptime = 99.3%
Packaging 
Cycle time = 3 min
Changeover time = 0 min
Uptime = 100%
Flow of material and information 
All communications with customer and supplier are electronic
Production control getsmonthly orders from customers
Production control generatesdaily orders to process owners

Figure 9.18  Data collection sheet.
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•	 One of the vital goals of Lean is to match cycle time with takt time.
•	 The individual cycle time and total cycle time for manufacturing the 

camshaft are shown below:

minutes

Cutting 15
Turning 15
Drilling 20
Heat treatment 4
Grinding 5
Inspection 4
Packaging 3
Total value stream cycle time 66

9.4.3.4  Takt time
Takt time is defined as average unit production time required to fulfil cus-
tomer demand. The production cycle time must always be less than takt 
time to maintain flow in the manufacturing process. It is calculated as the 
ratio of net available time to daily demand. It is denoted in minutes. The takt 
time for manufacturing line was calculated and found to be 4.30 minutes.

	
Takt time = 

Net Available Time
Daily Demand

 = 
430

 




 100

== 4.30 min

9.4.3.5 � Analysis of Lean metrics
Total value stream WIP inventory

Raw material prior to cutting 1200 units
Between cutting and turning 5 units
Between turning and drilling 5 units
Between drilling and heat treatment 5 units
Between heat treatment and grinding 5 units
Between grinding and inspection 20 units
Between inspection and packaging 120 units
Finished product after packaging 150 units
Total inventory 1510 units

9.4.3.6 � WIP calculation
Work-in-process (WIP) inventory denotes inventory that has been partly 
converted through the production process, and extra work must be 
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finished before it can be transported out of the manufacturing line and 
depicted as finished goods inventory.

Raw material prior to cutting 12 days on hand
Between cutting and turning 0.05 days on hand
Between turning and drilling 0.05 days on hand
Between drilling and heat treatment 0.05 days on hand
Between heat treatment and grinding 0.05 days on hand
Between grinding and inspection 0.2 days on hand
Between inspection and packaging 1.2 days on hand
Finished product after packaging 1 days on hand
Total inventory 14.6 days on hand

9.4.4 � Bottleneck analysis

A bottleneck process is defined as the process which stops or slows the 
flow of the manufacturing process. The stoppage can be due to delay 
in material arrival, unavailability of manpower, not following standard 
operating procedures, etc. In a manufacturing line, a bottleneck station 
can be identified as the station which has its cycle time greater than its 
takt time. In the camshaft manufacturing line based on the process indi-
vidual cycle time and total takt time, bottleneck analysis was performed, 
and bottleneck processes were identified. Figure 9.19 shows the bottleneck 
stations for the camshaft manufacturing line.

Bottleneck stations

Takt time = 4.30 minutes

Cutting

25

20

15

10

5

0
Turning Drilling Heat

treatment
Grinding Inspection Packaging

Figure 9.19  Bottleneck analysis for the manufacturing line.
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9.4.5  Description of current state map

The current state map captures the present condition of the manufactur-
ing line. The purpose of current state VSM is to identify value-added and 
non-value-added activities by tracking information and material flow 
within the manufacturing line. The manufacturing line where the study 
is conducted manufactures camshafts. Cutting is the first operation to 
be performed on raw material, followed by turning and drilling opera-
tions. Later the machined component is heat treated and finally, grinding 
is performed. Next, the manufactured camshaft is inspected and sent for 
packaging and dispatching. A total of 11 workers are involved in manu-
facturing the camshafts, and their tasks are properly assigned. The firm 
operates for 8 hours/day (including a 30-minute lunch break and 10-min-
ute tea break) and manufactures 100 camshafts/day. The individual cycle 
time for each process was found out by conducting time study, and WIP 
inventory data were also collected visually. Based on the available data, 
total cycle time and lead time was calculated and was found to be 66 min-
utes and 14.6 days. Takt time was found to be 4.3 minutes, and VA ratio for 
the current state was 0.31%. After analysing the current state map, poten-
tial improvement actions were planned and implemented to improve the 
current state. The current state map for the manufacturing line is shown 
in Figure 9.20.

Total cycle time 66 min
Process lead time 14.6 days = 14.6 × 24 × 60 = 21,024 min
VA ratio 66/21,024 � = 0.31%

9.4.6 � Improvements and future state map

The total time required to manufacture the camshaft was 66 minutes. The 
process lead time was calculated and found to be 14.6 days. Takt time was 
calculated as 4.30 minutes. VA analysis was performed to find out the bot-
tleneck stations. Based on VA analysis, the processes cutting, turning and 
drilling were identified as the bottleneck stations. As a part of improve-
ment activity, 5S (seiri, seiton, seiso, seiketsu and shitsuke) was performed 
on the entire manufacturing line to create an ordered workplace. Further 
tool kits and trolleys were provided to reduce the time spent on searching 
for tools and for transportation. Apart from these improvements, minor 
Kaizen activities were also planned and implemented, and results were 
observed.

9.4.6.1 � Improvements pertaining to cutting process
The cutting process utilises a cutting machine for sizing the raw material 
needed for processing from the bar stock. The machine uses a sawtooth 
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blade as the cutting tool for sizing. After analysing the performance of the 
cutting tool, the old tool was replaced with a new tool of greater thickness 
which is capable of operating at higher cutting speeds. A three-jaw hold-
ing device was installed to reduce the time spent on loading and unload-
ing. Further space was provided to store the accessories such as grease 
waste cloth and spanners to avoid unnecessary movement. All these 
actions improved the process efficiency, and cycle time was brought down 
to 11 minutes from 15 minutes.

9.4.6.2 � Improvements pertaining to turning 
and drilling processes

The turning operation is performed with a centre lathe. It uses a four-jaw 
chuck for holding the job, and more time is spent on loading and unload-
ing the job. The four-jaw chuck was replaced with a three-jaw chuck to 
simplify the process of loading and unloading as it requires less effort 
and saves time. The currently used single point cutting tool was replaced 
with an insert based single point cutting tool, which helped in achiev-
ing better accuracy and process speed. Further quick changeover and 
single minute exchange of die (SMED) concepts were applied apart from 
5S and minor Kaizen activities to reduce the process cycle time. After 
implementing the improvement actions, the cycle time was found to be 
10 minutes.

The drilling operation is performed with a special purpose radial 
drilling machine. Studies were conducted to improve spindle speed 
and feed rate of the drilling machine, and based on the findings, the 
improvement actions were implemented. Stack height and retract rate 
of the drilling machine were synchronised to improve the drilling 
efficiency at greater speeds. Further jigs and fixtures were provided 
to reduce changeover time and time spent on loading and unloading. 
SMED and Poka-Yoke (mistake proofing or foolproofing) concepts were 
deployed while designing jigs and fixtures. The cycle time was brought 
down to 15 minutes from 20 minutes after implementing the improve-
ment actions. Apart from the discussed improvements, maintenance 
and training programs were also conducted to identify and implement 
the improvement actions. The future state map for the manufacturing 
line is shown in Figure 9.21.

Total cycle time 48 min
Process lead time 8.2 days = 8.2 × 24 × 60 = 11,808 min
VA ratio 48/11,808 � = 0.41%

The VA ratio has increased from 0.31% to 0.41%, which shows a 32% 
improvement.
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9.4.7 � Comparison of current and future state maps

After implementing the improvement actions, a comparison was made 
to measure the Lean metrics before and after implementation. Table 9.23 
shows the comparison of the Lean metrics before and after implementa-
tion. The total cycle time was reduced from 66 minutes to 48 minutes. Total 
value stream WIP inventory was reduced from 2310 units to 1121 units. 
The value stream lead time was found to be 8.22 days after implementa-
tion. Finally, the VA ratio was improved from 0.31% to 0.41%.

9.4.8  Managerial implications

The case study has enabled senior management to make effective deci-
sions on Lean implementation. Prior to the conduct of the study, no sys-
tematic and unified efforts were taken to implement Lean tools, and 
improvements were not realised. The results of the present study initiated 
Lean culture in the organisation and mindset transformation among the 
workforce. During this study, a task force team was constituted with all 
divisional heads of the case organisation. The task force members were 
trained on Lean concepts. The task force members analysed the current 
state and identified the improvement initiatives using the primary Lean 
tool called VSM. The identified initiatives were subjected to implementa-
tion for achieving process excellence, streamlined production and quality 
enhancement. The conduct of the pilot study enabled the inculcation of 
Lean culture in the organisation.

9.4.9  Summary

This case study presents the application of VSM to a camshaft manu-
facturing process. A task force team was formed with members from 

Table 9.23  Comparison of metrics before and after VSM implementation

Metrics
Before 

implementation
After 

implementation
Percentage 

improvement (%)

Total cycle time 66 min 48 min 27% reduction
Total value stream 
WIP inventory

2310 1121 51% reduction

Value stream lead 
time

14.6 days 8.22 days 43% reduction

VA ratio 0.31% 0.41% 32% improvement
Problem solving 
competence

Less problem 
solving skills

Enhanced 
problem-solving 
skills

Team morale Low High
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different divisions. The task force members analysed the current status of 
value stream after collecting the data using an attribute checklist. Based 
on analysis of current status, the desired future state was developed by 
achieving streamlined production of the camshaft. The improvements in 
terms of cycle time reduction, lead time reduction, combining processes 
and reduction of workforce are being quantified.

9.5 � Case study 5: An application of Lean 
Six Sigma to a die-casting process

9.5.1 � Background of the company

The die-casting unit under study was established in 1978 with 150 
employees, which comes under the category of SME. The organisation 
is engaged in designing and manufacturing various types of precision 
machined components using pressure and gravity die-casting pro-
cesses. The main customers of the company are ordinance factories, the 
automobile industry and textile machine manufacturers. The company 
manufactures around 250,000 units of die-casting products per year to 
cater to the needs of its customers. The employees work in three shifts 
per day, each shift of 8 hours, and 6 days a week to meet the market 
demand.

9.5.2 � Background to the problem

The die-casting process starts with placing al-alloy ingots in the furnace 
and heating them for a sufficient duration. When the metal melts and 
achieves a suitable temperature in the casting furnace, it is inserted into 
the dies by plunger pressure. As the metal solidifies the cast product is 
taken out with the help of an ejector pin and placed in a trolley. The cast 
product then goes to the trimming and fettling shop where extra projec-
tions are removed. The trimmed product is moved to the drilling section 
where the different holes and grooves are made as per the dimensions in 
the drawing. In the next step, semi-finished products go to the de-burr-
ing unit where the external and internal holes are cleaned and burrs are 
removed. The product is then moved to the chamfering and threading 
unit where fine cutting at different angles along the surface and the mak-
ing of external and internal threads are performed. Cleaning and polish-
ing operations are performed subsequently in the next stage. Finally, the 
finished product is stored in the dispatch department from where it is 
sent to the customer according to an agreed schedule. Customer orders 
are taken care of on the basis of first come first serve. Quick turnaround 
orders are taken care of by rescheduling the batch processing as decided 
by the production manager (Kumar et al. 2006).
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The wish to maximise ROI and the fear of not meeting the customer 
demand compelled management to concentrate more on production than on 
quality of the finished product. This resulted in an increase in WIP inven-
tory, scrap and rework cost, and more defects (external and internal cast-
ing defects like foliation, cracks, cold shut, pinhole porosity, etc.) in the final 
product. There were many hidden wastes embedded in the manufacturing 
process that were ignored by the company because their manufacturing 
capacity was higher than their production requirements. Problems were 
tackled by increasing WIP inventory, leading to higher inventory carrying 
cost. In the last 6 years, demand for their product became high due to global-
isation and the boom in the automobile sector. In order to meet the custom-
ers’ demand, production of automobile accessories was given top priority, 
irrespective of the quality of product. The management was able to meet the 
customer demands by putting the quality of product at risk. This resulted in 
a number of customer complaints from different parts of the country.

As most of the customer complaints were related to crack propagation 
in the final die-casting product (resulting in improper functioning of the 
automobile engine), management formed a team to identify the root causes 
of problems. Moreover, there was a constant increase in in-process inven-
tory, machine downtime and idle time at different workstations, and there 
was also concern about health and safety issues of the employees as the 
average number of accidents on the shop floor was increasing each year.

One of the questions raised during brainstorming was related to the 
selection of a continuous improvement methodology from a range of 
existing quality improvement programmes. The team decided to imple-
ment the Lean Sigma methodology to eliminate defects, reduce variation 
and reduce inventory and overall complexity from the system. While 
Lean streamlines processes and eliminates waste (idle time, machine 
downtime, in-process inventory), reduces overall complexity and helps 
to uncover the value-added activities of a process, Six Sigma can solve 
complex cross-functional problems where the root causes of a problem (in 
this case, crack propagation) are unknown and help to reduce undesirable 
variations in processes. The integration of two approaches eliminates the 
limitations of the individual approach.

9.5.3 � Lean Six Sigma methodology (DMAIC)

Although the team was using an integrated Lean Six Sigma (LSS) 
approach, they decided to follow the standard Six Sigma methodology 
(DMAIC) and to use Lean tools within the DMAIC methodology.

9.5.3.1 � Define phase
A cross-functional team was formed consisting of the operators, engi-
neers from production and quality control, the marketing department and 
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senior managers. This team spent many hours on the shop floor observ-
ing, in order to collect data and understand the different processes asso-
ciated with the die-casting unit. A number of brainstorming sessions of 
team members were conducted to identify CTQ characteristics based on 
the voice of the customer (VOC) input. In the meeting, the problem of the 
die-casting unit, the size of the problem, the impact of the problem, etc., 
were discussed among the team members, and it was apparent that most 
of the customer complaints related to crack propagation in the automobile 
accessories manufactured by the company. The goal of the team members 
was to identify the root cause of the problem and reduce the number of 
defects which occur in the product.

9.5.3.2 � Measure phase
The team was divided into small groups to monitor the defects occurring 
in each process involved in the manufacturing of the die-casting product. 
The data were collected and analysed and were found to match with the 
historic data, showing that the maximum number of defects were coming 
from the die-casting machine, de-burring operation and chamfering and 
threading operation.

The next step was to determine a performance standard based on cus-
tomer requirements. A data collection plan was established to focus on 
the project output and to carry out the standard setting exercise for the 
same. A gage R&R study was conducted to identify the sources of varia-
tion in the measurement system and to determine whether it was accurate 
or not. A study was performed to check the accuracy of gages used for 
the measurement of characteristics as well as the reproducibility of the 
worker in performing operations on the machine. The gage R&R study 
performed on the system showed a variation of 8.01%, which implied that 
the measurement system was acceptable. What the customers want is a 
sound casting with measurable characteristics, such as the density of the 
casting. Therefore, the ultimate goal of the team was to increase casting 
density.

The company was operating at a baseline capability of 0.12 with 
defects per unit (DPU) being 0.18. The desired specification limit of cast-
ing density was 2.73–2.78 g/cc, and the casting produced before the imple-
mentation of Lean Sigma had an average density of 2.45 g/cc.

9.5.3.3 � Analyse phase
The objective of the team members was to determine the root causes 
of defects and identify the significant process parameters causing the 
defects. Out of seven casting defects, air inclusion, shrink holes, gas holes 
and porosity are internal defects whereas cold shut, foliations, and solder-
ing are surface defects (external defects). The internal defects are formed 
during the casting process as the metal solidifies. The micro holes created 
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inside the casting are due to air or gas entrapment and result in crack 
propagation due to differential pressure and force created inside the cast-
ing. This crack propagation impedes the proper functioning of the final 
product and thus is very significant to overall performance of the machin-
ery where die-casting parts are fitted.

The Pareto chart shown in Figure 9.22 illustrates the percentage con-
tribution of internal and external defects in the process. It can be con-
cluded from Figure 9.22 that internal defects are the result of poor casting 
density and amount to 67% of total defects in the process. Other defects 
occur in the de-burring, chamfering and threading operations due to tool-
ing and clamping problems. All the defects mentioned above decrease 
the soundness of the casting, i.e. decrease the density of the casting. After 
conducting several brainstorming sessions, the team members concluded 
that the density of the casting is the most important critical quality char-
acteristic in the die-casting process as it is related to many internal defects 
(air entrapment, gas holes, porosity, shrink holes, etc.).

The objective of the die-casting process was to achieve ‘better cast-
ing density’ while minimising the effect of uncontrollable parameters. 
To have a clear picture of the process parameters affecting the density 
of casting, a ‘cause and effect’ diagram was constructed and is shown in 
Figure 9.23.

The cause and effect diagram shows that the most important pro-
cess parameters that affect the casting density are piston velocity at first 
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stage, piston velocity at second stage, metal temperature, filling time 
and hydraulic pressure. From experience, it was revealed that non-linear 
behaviour of the parameters of the die-casting process can only be deter-
mined if more than two levels are used. The parameters along with their 
settings are given in Table 9.24. At this stage, it was essential to identify 
significant process parameters so that they are tuned properly to achieve 
the desired range of casting density.

9.5.3.4 � Improve phase
In the improve phase, the team decided to carry out a designed experi-
ment to identify the significant process parameters affecting the cast-
ing density. The most appropriate OA design to meet the experimental 
requirement is a 27-trial experiment (L27 OA), and the experimental layout 

Short
sleeveMachine

MetalDie
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Filling level

Diameter

Lubricant

Gate

Cooling system

Lubricant
Venting
system

Filling time

Pressure

Composition
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Plunger
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Plunger
velocity (2nd) Casting

density

Figure 9.23  Cause and effect diagram for casting density problem.

Table 9.24  Process parameters with their ranges and values at three levels

Labels
Process 

parameters Range Level 1 Level 2 Level 3

A Metal temp (°C) 610–730 610 670 730
B Piston velocity 

1st stage (m/s)
0.02–0.34 0.02 0.18 0.34

C Piston velocity 
2nd stage (m/s)

1.2–3.8 1.2 2.5 3.8

D Filling time (ms) 40–130 40 85 130
E Hydraulic 

pressure (bar)
120–280 120 200 280
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is depicted in Table 9.25. The company was initially operating with the 
following settings:

	 A , B , C , D , E1 1 1 2 3

The casting density is a ‘larger the better’ type of quality characteris-
tic. Thus, the S/N ratio used is given by

	 S
N

 ratio  = −
















=

∑10
1 1

2
1

log
n yii

n

	 (9.1)

where yi = casting density for a trial condition.

Table 9.25  Results of L27 OA

Run 
no. A B C D E AB AC BC y1 y2 y3 Average

S/N 
ratio

1 1 1 1 1 1 1 1 1 2.336 2.338 2.441 2.372 7.500
2 1 1 2 2 2 1 2 2 2.339 2.442 2.447 2.409 7.637
3 1 1 3 3 3 1 3 3 2.442 2.505 2.448 2.465 7.839
4 1 2 1 2 2 2 1 2 2.427 2.444 2.416 2.429 7.713
5 1 2 2 3 3 2 2 3 2.545 2.577 2.595 2.572 8.210
6 1 2 3 1 1 2 3 1 2.435 2.336 2.374 2.382 7.538
7 1 3 1 3 3 3 1 3 2.716 2.728 2.701 2.715 8.680
8 1 3 2 1 1 3 2 1 2.346 2.429 2.392 2.389 7.566
9 1 3 3 2 2 3 3 2 2.439 2.442 2.445 2.442 7.759
10 2 1 1 2 3 2 2 1 2.445 2.501 2.487 2.478 7.884
11 2 1 2 3 1 2 3 2 2.439 2.441 2.398 2.426 7.701
12 2 1 3 1 2 2 1 3 2.418 2.381 2.443 2.414 7.658
13 2 2 1 3 1 3 2 2 2.542 2.513 2.504 2.520 8.031
14 2 2 2 1 2 3 3 3 2.459 2.463 2.445 2.456 7.808
15 2 2 3 2 3 3 1 1 2.543 2.585 2.591 2.573 8.212
16 2 3 1 1 2 1 2 3 2.441 2.493 2.502 2.479 7.887
17 2 3 2 2 3 1 3 1 2.594 2.588 2.591 2.591 8.274
18 2 3 3 3 1 1 1 2 2.539 2.542 2.545 2.542 8.108
19 3 1 1 3 2 3 3 1 2.474 2.495 2.489 2.486 7.914
20 3 1 2 1 3 3 1 2 2.603 2.595 2.588 2.595 8.288
21 3 1 3 2 1 3 2 3 2.438 2.473 2.452 2.454 7.803
22 3 2 1 1 3 1 3 2 2.704 2.685 2.692 2.694 8.611
23 3 2 2 2 1 1 1 3 2.640 2.682 2.654 2.659 8.497
24 3 2 3 3 2 1 2 1 2.703 2.698 2.691 2.697 8.623
25 3 3 1 2 1 2 3 3 2.671 2.679 2.685 2.678 8.562
26 3 3 2 3 2 2 1 1 2.726 2.717 2.720 2.721 8.699
27 3 3 3 1 3 2 2 2 2.745 2.747 2.752 2.748 8.785
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Each trial condition was repeated three times (i.e. n = 3). The S/N 
ratios are computed for each of the 27 trial conditions. The average values 
of the S/N ratios for each parameter at different levels for all the trials are 
listed in Table 9.26. The influence of interactions on the casting density 
was negligible based on the analysis and was thus omitted from further 
study.

From Table 9.26, it is clear that casting density is at maximum when 
the process parameters A, B, D and E are kept at level 3 and parameter C at 
level 1. Once the optimum settings of process parameters were identified, 
the team members decided to implement 5S system and total productive 
maintenance (TPM) to establish a clean environment within the shop floor 
and to reduce the idle time of machines and employees on the shop floor.

9.5.3.4.1    Confirmatory test  In order to validate the results obtained 
from the improve phase, a confirmatory experiment was performed using 
the optimal setting of process parameters A, B, D and E at level 3 and C 
at level 1. The average value of casting density was computed as 2.75 g/
cc. This resulted in an increase of casting density by over 12%. In order to 
check that the results were valid and sound, it was decided to observe the 
value of casting density for the next 3 days of production.

9.5.3.4.2    5S system and TPM  Top level management decided to 
implement the 5S system in order to establish a standard approach to house-
keeping within the organisation and help reduce the non-value-added 
time for employees (Womack and Jones 1996). Moreover, there was also 
concern about the health and safety issues of the employees as the average 
number of accidents on the shop floor were increasing per year.

The 5S training pillars were implemented on the shop floor, which 
helped the organisation in the following ways:

•	 A day-to-day floor cleaning programme was initiated, and it was 
ensured that the employees had sufficient lighting on the shop floor 
to work in the afternoon and night shifts.

•	 In order to minimise the idle time at each process, operators were 
provided with a rack to place the items correctly in the respective 
block provided in the rack.

Table 9.26  Average values of S/N ratios for each process parameter at 
different levels

Process parameter A B C D E

Level 1 7.827 7.803 8.087 7.960 7.923
Level 2 7.951 8.138 8.076 8.038 7.966
Level 3 8.420 8.258 8.036 8.201 8.309
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•	 The trimming unit was moved nearer to the die-casting machine so 
that time was saved in transportation from die-casting machine to 
trimming press.

•	 The cleaning of dust particles, grease and oil from the machines 
helped to ensure the health and safety of employees.

The implementation of the 5S system helped to organise the work 
environment, standardise the workflow and assign clear ownership of 
processes to employees. It also helped in increasing the productivity by 
reducing idle time of some processes.

A TPM programme was introduced to the organisation in the late 
1990s and was a complete fiasco due to lip service provided by manage-
ment without them showing any interest in actual implementation of 
programme. TPM was only used for documentation purposes and for 
attracting customers. Tough competition within the market place forced 
management to rethink on proper implementation of the TPM programme 
within the Lean Sigma framework to markedly increase production and, 
at the same time, increase employee morale and job satisfaction. There 
was a constant increase in in-process inventory, machine downtime and 
idle time at work stations, which was easily tackled by proper implemen-
tation of TPM programme. The steps taken by management to facilitate 
effective implementation of TPM are listed below.

•	 Periodic maintenance of machines, i.e. cleaning, lubrication, inspec-
tion and corrective action on all machines on the shop floor

•	 Collection and analysis of data on downtime of machine and reme-
dial action to increase the overall equipment effectiveness (OEE) and 
thus the overall plant efficiency (OPE)

•	 Creating an equipment improvement team and TPM area coordina-
tors to monitor the proper implementation of the programme

•	 Involving employees at all levels of organisation to achieve zero 
defects, zero breakdown and zero accidents in all functional areas 
of the organisation

•	 Accentuating the training programme for effective implementation 
of programme

9.5.3.5 � Control phase
The main purpose of the Six Sigma methodology is not only improving 
the process performance but also having the improved results sustained 
in the long run. Hence, the standardisation of the optimal process param-
eters setting is required. The die-casting process has been improved by 
optimising the critical process parameters A, B, C, D and E to around 
730°C, 0.34 m/sec, 1.2 m/sec, 130 ms, and 280  bar, respectively. For mea-
suring accurate values of the above process parameters, different sensors 
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(pressure sensors, temperature sensors and position and velocity sensors) 
are used. The implementation of the aforementioned suggestions resulted 
in enhanced profitability of the organisation. X-bar and R control charts 
were used to make sure that the process is stable, and it is observed that 
none of the points have gone outside the control limits.

The management team has decided to implement a mistake-proofing 
exercise to prevent the occurrence of other types of defects in production. 
The following points have been taken into consideration while executing 
the mistake-proofing exercise:

•	 Checking the defects at the preliminary design phase so that defects 
are not passed to the production stage.

•	 FMEA, in-house scrap and rework data, inspection data and analy-
sis of customer complaints were used to pinpoint potential problems 
that could be resolved by mistake proofing.

•	 Cross-functional teams were formed to discuss the manufactur-
ing and design problems that are likely to cause mistakes/defects/
failures.

•	 Sharing of information related to company performance with its 
employees.

•	 Training people on the shop floor regarding details of production 
and quality issues as well as other activities such as problem solving 
and team building.

•	 Use of control charts and graphs at each processing stage to keep 
the employees aware of the real-time performance at the respective 
stages of production.

•	 To motivate and recognise employees’ contribution in establishing 
best practices within the organisation.

•	 To reward and recognise the employees involved in the project.

9.5.4 � Typical benefits of the project

The implementation of Lean Sigma methodology has helped the case 
study organisation in

•	 Reducing the machine downtime
•	 Establishing a standard housekeeping procedure
•	 Increasing the confidence level among employees
•	 Instigating a sense of ownership among employees
•	 Enhancing OEE
•	 Rectifying customer complaints
•	 Reducing inventory
•	 Reducing machine set-up time
•	 Reducing the number of accidents at the workplace
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The savings generated by the organisation by achieving improve-
ments in the aforementioned areas are as follows.

•	 The decrease in machine downtime from 1% to 6% helped in increasing 
the OEE. This resulted in estimated savings of over US $40,000/year.

•	 WIP inventory was reduced by over 25% and resulted in estimated 
savings of over $33,000/year.

•	 Standard housekeeping procedures helped to reduce the number of 
accidents at the workplace significantly. This reduced the amount of 
compensation the management needed to pay to injured employees 
(around $20,000 on average/year).

•	 The savings generated due to reduction in defects were estimated 
around $46,500/year.

Thus, there was an improvement of around $140,000/year in monetary 
terms for the company after implementation of the Lean Sigma strategy. 
Table 9.27 presents the significant improvements in the key performance 
metrics after implementation of Lean Sigma methodology. The key metrics 
used for comparing the results after implementing the Lean Sigma meth-
odology include defect/unit (DPU), process capability index (Cp), mean 
and standard deviation of casting density, first time yield (FTY) and OEE.

It can be inferred from the table that there was significant improve-
ment in the key performance metrics achieved by the company. This 
motivated the management for horizontal deployment of the Lean Sigma 
approach in other areas of the organisation such as transactional pro-
cesses, service-related processes, etc., and to share the benefits generated 
with its employees.

9.5.5 � Challenges, key lessons learned and 
managerial implications

For any continuous improvement programme, it is important to discuss 
the challenges encountered and key lessons learned from the execution 

Table 9.27  Comparison of key performance metrics (before vs. after)

Key performance metrics used
Before 

improvement
After 

improvement

Defect rate 0.18 DPU 0.0068
FTY 82% 99.32%
Process capability index (Cp) 0.12 1.41
Process mean 2.45 2.75
Process standard deviation 0.069 0.0059
OEE 48% 83%
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of the project. It provides valuable lessons learned from previous projects 
that should be taken care of while starting the new project. In this case, 
convincing top management was the most arduous task as management 
was not ready to compromise on production to improve the quality of the 
final product manufactured. The top management people felt that invest-
ing in quality means increasing the cost of production, which they cannot 
afford to do when faced with stiff challenges from competitors.

It is quite natural to encounter resistance from employees if you try to 
introduce and implement some new problem-solving methodology such 
as LSS. The employees of the organisation under observation thought that 
implementation of the new process improvement methodology could 
endanger their job opportunities and poor performance could result in 
them losing their jobs. This particular issue was discussed among the 
senior management team and later on, got corrected by top management, 
convincing the employees that their jobs would not be in danger and that 
they would be rewarded for better performance at the team and individ-
ual levels, if needed. This gradually boosted confidence in the employees 
and eventually they were ready to embrace the proposed Lean Six Sigma 
methodology in their processes.

Moreover, resistance from management was also noticed when the 
team had decided to implement the 5S system in the organisation in order 
to ensure proper housekeeping and to reduce accidents in the factory by 
ensuring a safer environment. The management thought that ergonom-
ics would have no impact on the performance of the employee and, ulti-
mately, production. The management teams were convinced by showing 
them the savings that can be generated if accidents are avoided ‘right first 
time’ (RFT) and how proper housekeeping can reduce the idle time of the 
operator and machine.

The company was using different problem-solving methodologies 
for different problems based on their experience, and quite often the root 
causes were never identified or derived by the team. No standard meth-
odology was followed in the business for problem-solving scenarios, and 
this resulted in total chaos across the company on many occasions. Lean 
Six Sigma provided senior managers with a standard road map for tack-
ling problems efficiently and effectively, and one of the senior managers 
commented that ‘the best feature of this powerful methodology is the 
integration of problem solving tools within the five-stage methodology 
and the use of data to challenge many managers who constantly use their 
intuition and gut feeling for problem solving exercises’. The application of 
LSS has provided greater stimulus among many engineers and managers 
in the case study company, and this has resulted in more applications of 
this powerful problem-solving methodology in other aspects of the com-
pany such as finance, administration, supply chain, human resources and 
new product development processes.
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9.5.6 � Recap of tools used

The tools used during this case study:

Brainstorming
VOC analysis
Data collection strategy
Gage R & R study
Cause and effect diagram
Pareto analysis
Failure mode and effect analysis
Taguchi orthogonal array experiment
5S practice
Overall equipment effectiveness

9.5.7 � Summary

The implementation of LSS provided an impetus for establishing best 
practice within the company. It has provided the case study organisation 
with a performance benchmark on which they could base future perfor-
mance improvement initiatives. The optimal setting for the die-casting 
process has improved the casting density by over 12%. The financial sav-
ings generated from the project were approximately US $140,000/year, 
and this has created a momentum in the further applications of the meth-
odology across the business. Among the challenges in many SMEs are the 
financial and manpower constraints. This demands the development of a 
standard LSS road map showing how to get started and the subsequent 
implementation and deployment guidelines. Chapter 4 of the book pro-
vides such a road map, which can be utilised by a number of SMEs with 
limited budget and manpower constraints.
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