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ABSTRACT

After the seminal report of “Our Common Future” as a normative reference,
sustainability has significantly and unprecedentedly evolved over the vyears,
unanimously accepting that being sustainable is more beneficial. The research was
accordingly built upon the discussion concerning sustainable value stream mapping
(Sus-VSM) which recently emerged with the purpose of advancing sustainable
manufacturing systems. Research on this sustainable-oriented lean tool is considered
to be limited. It involves constant implementation plans for continuous improvement
at value-stream level. Therefore, due to the lack of a continuous improvement
process, subsequent developmental maps of this value stream can be established to
continue the cycle which has been highlighted as a notable shortfall in this context.
To fill the gap, this research study presents the application of a unified improvement
approach known as ‘Lean Six Sigma’ through the development of the DMAIC
methodology (Define, Measure, Analysis, Improve and Control) on sustainable value
stream mapping. The methodology is outlined in detail by providing well-defined
processes for each phase in the DMAIC-based approach, while at the same time
considering sustainability elements in each step. The methodology begins by
defining the research objectives and identifying relevant sustainable metrics as well
as establishing the Sus-VSM appropriately for the Measure phase. A comprehensive
analysis of waste and improvement activity identification was carried out by utilizing
the Six Sigma tools thus deriving the future state of Sus-VSM in the Improve phase.
Continuous improvement activity by performance monitoring and institutionalization
was carried out in the final phase. The developed methodology was practically
validated with an industrial case study in order to support this narrow body of
knowledge. The research findings is revealed that the DMAIC-based approach can
be effectively applied to systematize sustainable value stream mapping in sustainable
manufacturing by contemplating environmental, economic and social sustainability
elements. Additionally, the improvement activities conducted have resulted
significant waste reduction of 28% and 21% for the environmental metric in terms of
chemical and energy consumption respectively, 17.3% of cycle time reduction for the
economic metric, and 44.4% for the social metric. The study also provides a guiding
reference for operation managers who wish to undertake similar improvement
projects and make their manufacturing operations more sustainable.
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ABSTRAK

Selepas laporan berpengaruh “Masa Hadapan Kita Yang Sama” dijadikan
rujukan normatif, kemapanan telah berkembang dengan ketara dan tidak pernah
berlaku sebelumnya, disepakati bahawa berkemapanan adalah lebih bermanfaat.
Penyelidikan ini dibangunkan berdasarkan perbincangan mengenai pemetaan aliran
nilai mapan (sustainable value stream mapping atau Sus-VSM) yang baru-baru ini
diberi perhatian bermatlamat memajukan sistem pembuatan mapan. Penyelidikan ke
atas kaedah lean berorientasikan kemapanan masih terhad. la melibatkan pelan
pelaksanaan untuk penambahbaikan berterusan di peringkat aliran nilai. Justeru itu,
disebabkan oleh kekurangan proses penambahbaikan berterusan, pembangunan peta
aliran nilai seterusnya boleh dibangunkan bagi meneruskan kitaran tersebut,
sebagaimana yang telah disorotkan sebagai kelemahan ketara dalam konteks ini.
Bagi mengisi jurang ini, penyelidikan ini mencadangkan penggunaan pendekatan
penambahbaikan bersepadu yang dikenali sebagai ‘Lean Six Sigma’ menerusi
pembangunan kaedah DMAIC (Takrif, Ukur, Analisis, Tambah baik dan Kawal) ke
atas pemetaan aliran nilai mapan. Kaedah ini digariskan secara terperinci dengan
menyediakan proses-proses yang ditakrif dengan jelas bagi setiap fasa di dalam
pendekatan berasaskan DMAIC disamping mengambilkira elemen-elemen
kemapanan pada setiap langkah proses-proses terbabit. Metodologi dimulakan
dengan mentakrifkan objektif penyelidikan dan mengenalpasti kemapanan metrik
yang relevan disamping membangunkan Sus-VSM yang bersesuaian untuk fasa
Ukur. Analisis menyeluruh ke atas pengenalpastian sisa buangan dan aktiviti
penambahbaikan telah dilaksanakan dengan menggunakan kaedah Six Sigma,
dengan yang demikian mendorong keadaan masa hadapan Sus-VSM dalam fasa
Tambahbaik. Aktiviti penambahbaikan berterusan menerusi pemantauan prestasi dan
penginstitusian dilaksanakan pada fasa akhir. Kaedah yang telah dibangunkan
disahkan secara praktikal dengan kajian kes industri bagi menyokong pengetahuan
yang terhad ini. Dapatan kajian mendapati bahawa pendekatan berasaskan DMAIC
ini boleh diaplikasi secara berkesan kepada pemetaan aliran nilai mapan bersistem
dalam pembuatan mapan dengan mengambilkira elemen-elemen kemapanan alam
sekitar, ekonomi dan sosial. Tambahan pula, aktiviti-aktiviti penambahbaikan yang
dilaksanakan telah menghasilkan pengurangan yang ketara ke atas sisa buangan
masing-masing sebanyak 28% dan 21% untuk metrik alam sekitar dari segi
penggunaan bahan kimia dan tenaga elektrik, 17.3% pengurangan dalam kitar masa
untuk metrik ekonomi dan 44.4% untuk metrik sosial. Kajian ini turut menyediakan
garis panduan untuk pengurus operasi yang berhasrat untuk menjalankan projek-
projek penambahbaikan yang serupa dan menjadikan operasi pembuatan mereka
lebih mapan.

vii



TABLE OF CONTENTS

TITLE PAGE

DECLARATION iii
DEDICATION iv
ACKNOWLEDGEMENT v
ABSTRACT Vi
ABSTRAK vii
TABLE OF CONTENTS viii
LIST OF TABLES Xiil
LIST OF FIGURES Xiv
LIST OF ABBREVIATIONS XVi
LIST OF APPENDICES xviii
CHAPTER 1 INTRODUCTION 1
1.1  Research Background 1
1.2 Statement of Problems 3
1.3  Research Questions 6
1.4 Research Objectives 6
1.5  Research Scopes 6
1.6 Significance of Research 7
1.7  Thesis Structure 8
CHAPTER 2 LITERATURE REVIEW 11
2.1  Overview 11
2.2 Sustainability Concepts and Definition 11
2.2.1 Three Pillars of Sustainability 12

2.3 Sustainable Manufacturing Concepts and Definition 13
2.4  Sustainable Manufacturing Key Successful Factors 15
2.4.1 Manufacturing Processes 16

2.4.2 Supply Chain Management 17

viii



2.4.3 Social Responsibility 18

2.4.4  Environmental Management 18
2.5  Benefits of Sustainable Manufacturing 18
2.6 Sustainable Manufacturing in practice 19
2.7  Lean Manufacturing 21
2.7.1 Lean Manufacturing Essential Tools 22
Value Stream Mapping 25
2.7.2 Lean Manufacturing in Practices 25
2.8  Six Sigma 27
2.9  Six Sigma Methodologies and Tools 29
2.9.1 DMAIC Methodology and Tools 30
2.9.2 DFSS Methodology 31
2.10 The Integration of Lean manufacturing, Six Sigma and
Sustainable Manufacturing 33
2.11 VSM Applicability in Sustainable Manufacturing 34
2.12 DMAIC-based Approach Applicability in Sustainable
Manufacturing 38
2.13  Comparative Analysis for Previous Researches in LSS 40
2.14  Sus-VSM Metrics: Environmental, Economic and Social 44
2.15 Environmental Metrics 48
2.16  Economic Metrics 49
2.17  Social Sustainability Metrics 50
2.18 Physical work 51
2.18.1 Rapid Entire Body Assessment (REBA) 52
2.18.1.1 REBA Uses and Applications 53
2.18.2 Rapid Upper Limb Assessment (RULA) 53
2.18.2.1 RULA Uses and Applications 54
2.18.3 Ovako Working Posture Analysing System
(OWAS) 54
2.18.3.1 OWAS Uses and Applications 55
2.18.4 Revised NIOSH Lifting equation (RNLE) 56
2.18.4.1 RNLE Uses and Applications 56
2.18.5 Physical Load Index (PLI) 57



2.19

2.20

CHAPTER 3
3.1
3.2
3.3
3.4
3.5

3.6

3.7

Work environment
2.19.1 Noise Level inside Factory
2.19.2 EHPS Circle

Summary

RESEARCH METHODOLOGY

Overview

Research Methodology Framework

Proposed DMAIC-based Approach for the Sus-VSM
The Methodology

Define Phase

3.5.1 D1: Goal, Scope, and Expected Outcomes
3.5.2 D2: Establish Research Methodology

3.5.3 Da3: Sustainable Metric Identification
Measure Phase

3.6.1 M1: Data Collection (Process Specification and
Parameter)

3.6.1.1 Environmental Aspects

3.6.1.2  Chemical Consumption (Volume)

3.6.1.3  Process Water Consumption

3.6.1.4  Energy Consumption

3.6.1.5 Economic Aspects

3.6.1.6 Indirect Materials Costs

3.6.1.7 Cycle Time

3.6.1.8  Societal Aspects

3.6.1.9 Noise Level

3.6.1.10 Ergonomics - Physical Work Metric

3.6.1.11 Ergonomics - Environment Work Metric
3.6.2 M2: Creating the Current-State Sus-VSM
Analyze Phase

3.7.1 Al Identification of Waste and Non-Value Added
Activity

58
58
58
59

61
61
61
64
65
67
67
68
69
70

71
71
71
72
73
73
74
74
74
76
76
77
77
78

78



3.7.2 A2. Identification and Analysis of Area/Metric for

Improvement Opportunities 79
3.8  Improve Phase 79
3.8.1 I1. Creating the Future-State Sus-VSM 80
3.9  Control Phase 80

3.9.1 C1. Monitoring and Sustaining the Improvement
Activity Conducted 80

3.9.2 C2. Institutionalizing the Improvement Actions

Taken 81
3.10 alidation 82
CHAPTER 4 CASE STUDY AND RESULTS 85
4.1  Overview 85
4.2  Hard Disc Drive Configuration 86
4.3  Substrate Configuration 87
4.4  Application Case Study 88
45  Developing the Environmental Stream of Sus-VSM 91
4.6  Developing the Economic Stream of Sus-VSM 93
4.7  Developing the Social Stream of Sus-VSM 94
4.8  Current State Sus-VSM 96
4.9  Results and Finding 99
4.10 Environmental Metric 100
4.10.1 Chemical Consumption 100
4.10.2 Processed Water Consumption 103
4.10.3 Energy Consumption 103
4.11 Economic Metric 105
4.11.1 Cycle Time 105
4.11.2 Indirect Material Cost 107
4.12  Social Metric 107
4.12.1 Environment Work Metric: Noise Level 107
4.12.2 Physical Work Metric: REBA 108
4.12.3 Environment Work Metric: EHPS Circle 111
4.13  Future State Sus-VSM 114
414  Summary 117

Xi



CHAPTER 5 DISCUSSION 119

51  Overview 119
5.2 Sus-VSM Improvement Summary 119
5.3  Significance and Importance of the LSS Integration;
DMAIC Sus- VSM 122
5.4 Institutionalization 123
5.5  Critical Appraisals 124

CHAPTER 6 CONCLUSIONS AND RECOMMENDATION FOR

FUTURE WORKS 127

6.1 Conclusions 127

6.2 Recommendations for Future Work 128
REFERENCES 131
LIST OF PUBLICATIONS 155

xii



LIST OF TABLES

TABLE NO. TITLE PAGE
Table 2.1 Sustainable Manufacturing Performance Indicators (Amrina and
Yusof, 2011) 20
Table 2.2 LM Essential Tools 23
Table 2.3 Previous Research and Lean Tools Usage 26

Table 2.4 DMAIC task and suggested tools (Banuelas and Antony, 2004) 31
Table 2.5 DFSS task and suggested tools (Banuelas and Antony, 2004) 32
Table 2.6 Comparative analysis for the LSS research study 40
Table 2.7 Sustainable metrics adopted from Lu et al. (2010) 44

Table 2.8 Summary of sustainable metrics from previous research studies 46

Table 2.9 Environmental sustainability metric category 49
Table 2.10  The recognized societal metrics (Gholami et al., 2019) 50
Table 2.11  OWAS application for various field / sector (Gémez-Galan et al.,

2017) 55
Table 3.1 Sus-VSM elements and sustainability metrics selected for the

research 70
Table 4.1 Chemical Volume for EN-Plating 92
Table 4.2 Ergonomics: Environmental work metrics rating, risk description

and symbols 96
Table 4.3 Phosphorus content percentage and evaluation results 101
Table 5.1 Improvement Summary 121

Xiii



LIST OF FIGURES

FIGURE NO. TITLE PAGE
Figure 1.1  Three Pillar Concepts (WCED, 1987) 2
Figure 2.1 Six elements of sustainable manufacturing processes (Jawahir et

al., 2006) 17
Figure 3.1 Research methodology framework 63
Figure 3.2 Proposed methodological flow for EN-Plating process

sustainability improvement activity. 65
Figure 3.3 Research Proposed Methodology 66
Figure 3.4 Diagram of EN-Plating line 68
Figure 4.1 Hard disc drive configuration diagram 87
Figure 4.2 Substrate diagram 88
Figure 4.3 Nickel plating process flow 90

Figure 4.4  Visual representation of chemical consumption in the Sus-VSM 91
Figure 4.5  Visual representation of processed water in the Sus-VSM 93
Figure 4.6  Visual representation of energy consumption in Sus-VSM 93

Figure 4.7 REBA MSD score risk level ( Hignett & McAtamney ,2000) 95

Figure 4.8 Current state of Sus-VSM for Nickel plating process 98
Figure 4.9 Boxplot of chemical consumption, Litre (before vs after) 102
Figure 4.10  X-Bar R chart for chemical consumption 102
Figure 4.11  Pareto chart of electricity distribution (kwWh) 104
Figure 4.12  Boxplot of energy consumption (before and after improvement
activity) 105
Figure 4.13  Pareto chart of cycle time 106
Figure 4.14  Operator picking up the spindle from the racking machine 109
Figure 4.15  Operator placing the spindle unto the rack 109
Figure 4.16  Schematic diagrams for racking process (Current Layout) 110
Figure 4.17  Schematic diagrams for racking process (Improved Layout) 111
Figure 4.18 REBA score for racking and un-racking activity 113

Xiv



Figure 4.19 New REBA score after the improvement activity 115
Figure 4.20  Future state Sus-VSM for the EN-Plating process 116

XV



LIST OF ABBREVIATIONS

3R - Reduce , Reuse , Recycle

6R - Reduce , Reuse , Recycle , Recover , Redesign,
Remanufacture

Cl - Continuous Improvement

DMAIC - Define, Measure, Analyse, Improve and Control

DMAIRC - Define, Measure, Analyse, Improve , Review and Control

DOSH - The Department of Occupational Safety and Health Malaysia

E-VSM - Environmental Value Stream Mapping

EHPS - Electrical systems (E), Hazardous chemicals/materials used
(H), Pressurized systems (P), and High-Speed components (S)

EHS - Environmentally Hazardous Substance

EN-Plating - Electro less Nickel Plating

EM Environmental Manufacturing

EPA - Environmental Protection Agency

GWP - Global Warming Potential

HDD - Hard Disc Drive

IDM - Indirect Material Cost

JIT - Just In Time

LCA - Life Cycle Analysis

LM - Lean Manufacturing

LSS - Lean Six Sigma

MSD - Musculoskeletal Disorder

MTO - Metal Turn Over

NIHL - Noise Induced Hearing Loss

OWAS - Ovako Working Posture Analysing System

PDCA - Plan Do Check Act

PLI - Physical Load Index

REBA - Rapid Entire Body Assessment

RNLE - Revised NIOSH Lifting equation

RULA - Rapid Upper Limb Assessment

XVi



SM
SMP
SPC
STVSM
Sus- VSM
TBL
TPM
TT™
VSM
WCED
VAR

Sustainable Manufacturing

Sustainable Manufacturing Practices

Statistical Process Control

Sustainable Transportation Value Stream Mapping
Sustainable Value Steam Mapping

Triple Bottom Line

Total Productive Maintenance

Time to Market

Value Stream Mapping

World Commission on Environment and Development
Value Added Ratio

XVii



APPENDIX

Appendix A
Appendix B
Appendix C
Appendix D
Appendix E

Appendix F

LIST OF APPENDICES

TITLE

Postural analysis for REBA assessment (Racking)
Electro less Nickel plating process flow
Environment Framework Methodology
Economic Framework Methodology

Social Framework Methodology

Indirect Material List

Xviii

PAGE
148

149

151

152

153

154



CHAPTER 1

INTRODUCTION

1.1 Research Background

Sustainability has become a significant and critical criterion for any product
and process design in general and for companies in particular as it provides them
with competitive edge and a cost effective roadmap for their manufacturing
processes performance. The current global society is also increasingly demanding for
sustainability not only on the environmental dimension, but also on the economic and
social aspects. A proper definition of sustainability takes into consideration the triple
bottom lines (TBLs) namely the environmental, societal and economic dimensions
throughout a product’s full life cycle i.e. from raw materials extraction, production,
usage and eventually disposal and recycling. Figure 1.1 illustrates the
interconnections between the environmental, economic and social dimensions
according to WCED (1987).

The relationship between the TBLs plays a crucial role in ensuring optimum
sustainability achievements. A further definition of sustainability is given by Barrett
and Sexton (2000) who highlighted that sustainability can be improved by
minimizing environmental and social impacts while at the same time maximizing the
economic benefits. However, one question remains: How well has the methodology
been developed and structured towards sustainable manufacturing? To address this
question, this research is carried out to examine the integration between
sustainability and Lean Six Sigma (LSS) with development of comprehensive and
systematic approach methodology. The sustainability elements are defined
specifically in the selected case study of Electro less Nickel plating process by
considering all the TBLs.



Socio -
Economic
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Socio-
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Environmental

Figure 1.1 Three Pillar Concepts (WCED, 1987)

Shah et al. (2008) concluded that lean six sigma (LSS) is the powerful
integration for continuous improvement after surveying 2511 companies involved in
LSS application projects. Powell et al. (2017) had adopted VSM into the DMAIC
approach and focused on the environmental sustainability assessment in the food
industry. Similarly, Nagi and Altarazi (2017) used conventional VSM and the
DMAIC approach to study the economic impact in the carpeting process. LSS can be
applied in many industrial or organizational sectors, but somehow many researchers
tend to integrate the LSS subsequently during the improvement activity. The LSS
was applied together with VSM and DMAIC in the studies by Powell et al. (2017),
Bendell (2006), Engelund et al. (2009), Miguélez et al. (2014) and Thomas et al.
(2008), but they integrated both systems separately starting with VSM to identify
waste followed by DMAIC as the problem solving tool.

Therefore, with the sequence of the integration method approached by
previous researchers , this study aim to narrow down the system approach gap
whereby the LSS research methodology is presented as one system and the Sus-VSM
is utilized into the DMAIC system from the very beginning of the project. The
methodology developed through the case study contributes to the body of knowledge

as a comprehensive guidance for researchers and practitioners.

Garza-Reyes et al. (2014) introduced the review phase of the DMAIRC
approach for the improvement activity on the conventional VSM, focusing on the



reduction of costs and lead time. Faulkner and Badurdeen (2014) developed the
sustainable value stream mapping (Sus-VSM) to evaluate TBL performance in
manufacturing using general metrics without integrating the Lean Six Sigma
approach. Sus-VSM is applicable for a variety of industries and organizations as
proven by Brown et al. (2014) through their case study that involved many sectors
and fields.

Specifically, lean Sus-VSM was merged into sustainability manufacturing
focusing particularly on TBL and LCA. The extended application of value stream
mapping has more recently been clarified to fulfill the TBLs requirements in the
manufacturing systems. Thus, there is a lack of literature on this sustainable-oriented
lean tool, whereby the research attention had mainly on the economic issues, largely
neglecting the environmental and societal aspects. Furthermore, the abovementioned
innovative studies clearly indicated that extended VSMs have better capabilities in
visualizing the TBLs for the assessment and improvement of sustainability
performance. However , a systematic approach is observed to be lacking for the
development of a more comprehensive methodology even though it has been

integrated into the research methodology.

1.2 Statement of Problems

With sustainability as a constant standard reference, manufacturing systems
have undergone numerous revolutions from its initial substitution-based ‘traditional
manufacturing’; the revolution began with the waste reducing ‘lean manufacturing’
followed by the environmentally-driven ‘green manufacturing’ which introduced the
highly popular 3R concept (reduce, reuse, recycle) in the 1990s, to the present-day
‘sustainable manufacturing’ which offers better stakeholder value as compared to the
previous two practices through the introduction of the 6R concept i.e. reduce, reuse,
recycle, recover, redesign, and remanufacture (Jawahir et al.,2006; Faulkner &
Badurdeen, 2014).



Sustainability-driven innovations via these practices have been widely
acknowledged. Innovation is identified to be highly crucial in developing sustainable
manufacturing systems (Brown et al., 2014), which in turn requires “the creation of
manufactured products which use processes that minimize negative environmental
impacts, conserve energy and natural resources, are safe for employees,
communities, and consumers and are economically sound” (US DOC, 2012). Such
revolution necessitates a profound knowledge of the workings of waste systems that
not only incorporate time-based wastes (muda), but also those that are attributed to
the environment and society. Due to this, a methodology was proposed by Faulkner
and Badurdeen (2014) which incorporates the value stream mapping (VSM)
technique from lean manufacturing with added metrics to gage the sustainability of

the environmental and societal impacts, thus known as Sus-VSM.

Based on relevant literature, several studies have examined the integration of
additional metrics to extend the VSM, with the majority focusing on energy-related
metrics (Torres & Gati, 2009; Kuriger & Chen, 2010; Dadashzadeh & Wharton,
2012). Others that had focused on ‘sustainable’ VSM are Fearne and Norton (2009)
and Paju et al. (2010) which had mainly focused on environmental performance. Lai
et al. (2008) employed VSM in proposing a framework that integrates the analyses of
life-cycle environmental input, total cost, and energy consumption. Wills (2009)
incorporated the environmental dimension into VSM and expanded the concept to
become what is now known as the environmental value stream mapping (E-VSM).
The E-VSM was further extended by Torres and Gati (2009) by incorporating the
lean and environmental toolkit of the U.S. Environmental Protection Agency (EPA),
and this approach was validated using a Brazilian case study specifically aimed at the
sugar and alcohol manufacturing industry. Another extension of VSM called
sustainable transportation values stream mapping (STVSM) was developed by
Garza-Reyes et al. (2016) to improve the transport operations of a leading logistics

firm based in Monterrey, Mexico.

From here, it is apparent that the VSM used in analysing TBLs and

sustainable manufacturing has not been defined and structured properly (Duflou et



al., 2012). In general, research on this sustainable-oriented lean tool is still
considered limited (Powell et al., 2017; Hartini et al., 2018).

Apart from the above-mentioned shortcomings of the Sus-VSM, another one
of its glaring weaknesses is the lack of lean practices and tools that would otherwise
contribute to the utilization of cutting-edge statistical/mathematical tools, the ability
to gather and utilize statistical data as a means for process control and monitoring, as
well as the ability to identify lingering issues following the elimination of waste. As
one of the lean tools identified to enhance sustainability performance (Brown et al.,
2014; Faulkner & Badurdeen, 2014), Sus-VSM ought to be treated as the enabler of a
continuous improvement process whereby following the creation of a current-state
map and the accomplishment of a future-state map, ensuing future-state maps can be
established to continue the cycle. Nevertheless, Prashar (2017), Powell et al. (2017)
and Garza-Reyes et al. (2018) had provided empirical evidence that such application
would be more effective and efficient with the use of a systematic approach that
incorporates logically and well-defined sequenced transitional stages. Hence,
improvised tools that could help reduce or eliminate the said shortcomings are

needed.

Such tools will be derived from Six Sigma considering the highly compatible
integration between Lean and Six Sigma (LSS) as proven by numerous studies,
which are presented in the theoretical framework of this research project. Six Sigma
entails a project-based approach aimed at improving processes and quality of product
(Gitlow et al., 2006; Ray & Das, 2010) . Gitlow et al. (2006) and Sin et al. (2015)
carried it out using the DMAIC methodology, the acronym that incorporated the
define, measure, analyze, improve, and control phases. The DMAIC users are
provided with a decision-making and implementation platform that is based on actual
and scientifically-proven facts. This is an effective alternative in achieving the
maximum potential of a process improvement project (Garza-Reyes, 2015).

In overall, structured and systematic approach methodology are required to
improvise the tools with the integration of Lean six sigma towards optimum

sustainable manufacturing by considering the TBLs.
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1.5

Research Questions

The research questions of this research are as follows:

What is the methodology to accommodate the Sus-VSM tool in the
systematic LSS approach while simultaneously considering the overall

sustainability elements for the TBLs?

Is it practicable to utilize Sus-VSM towards the sustainable manufacturing in
determining and reducing the negative impacts of environment, economic and

social aspects?

Research Objectives

The objectives of this research study are as follows:

To establish and develop an effective methodology for continuous
improvement activity through the integration of LSS, Sus-VSM and DMAIC-

based approach.

To demonstrate the practicability of the Sus-VSM in an actual industrial
manufacturing case study, taking into consideration the environmental,

economic and social elements.

Research Scopes

The scopes of this research are as follows:



a) The three pillars of sustainability consist of the environmental (chemical,
water, and energy consumption), social (noise level and ergonomics) and
economic (indirect material cost and cycle time) elements were considered in

the proposed methodology.

b) The methodology developed was based on the integration of Lean Six Sigma
and the improvisation of VSM to cover all the sustainability elements i.e.

environment, economy and society.

C) An industrial case study was conducted in the substrate manufacturing

industry specifically in the boundary of Electro less Nickel plating.

1.6 Significance of Research

The proposed methodology in this research project allows for a systematic,
repetitive, and continuously improved cycle for the Sus-VSM together with the
provision of uniquely characterized sequencing. Therefore, this project aims to
contribute in filling the gap in literature concerning the use of Sus-VSM for meeting
the triple bottom line requirements in sustainable manufacturing systems and to
support the LSS body of knowledge by proposing a DMAIC-based approach for the
systematic studies on Sus-VSM.

Effective demonstrations of Sus-VSM development in this case study
significantly contribute towards sustainable manufacturing. The study also aims to be
a reference for industrial practitioners and academicians for improvement project
implementation and further research innovation studies. Torres and Gati (2009) in
their research of E-VSM emphasized the need for a structured methodology as a
sustainable management tool that can be applied and propagated to other industrial

areas.

This study combines not only exclusive interviews with the management

teams of the selected company, but also observations on their employees and SOP



document analysis making the research process a triangulation that can answer
research questions more comprehensively. Furthermore, this study provides
empirical evidence on how the integration of Lean Manufacturing, Six Sigma and
sustainability approaches in methodological waste reduction can be successfully
implemented. All the above increases the value of this research and even attract the
attention of other scholars, academicians and industrial practitioners.

1.7 Thesis Structure

This thesis consists of six chapters. Each chapter is briefly described as

follows:

Chapter 1 presents the background of the research consist of studies related to
the sustainable manufacturing and integration of LSS, statement of problems,
research questions, research objectives, research scopes, summary of research
methodology, and the significance of the research to the body of knowledge and to
the industry.

Chapter 2 discusses a detailed literature review concerning the sustainability
and sustainable manufacturing concepts and their definitions, key successful factor to
achieve sustainable manufacturing, equipped with the benefits of the sustainable
manufacturing and industrial in practice. Other than that, this chapter also revealed
the Lean Manufacturing (LM) tools and methodology as well as implementation of
lean manufacturing in various industries. Besides that, Six Sigma concepts, tools and
methodology highlighting the DMAIC-based approach been explained in this
chapter. The integration of Lean Manufacturing and Six Sigma towards sustainable
manufacturing been discussed thoroughly and also emphasizes on the VSM and Six
Sigma applicability in sustainable manufacturing. Comparative analysis for previous
researches in LSS been tabulated in details to support the significance of this
research study. Sus-VSM metrics applied in previous studies considering the
environmental, economic and social aspects been extensively reviewed in term of

definition and application in industrial at the end of the chapter.



Chapter 3 explains the development of the methodology for structuring the
framework by integrating the LSS in the research study. Proposed methodological
framework been discussed in details and illustrates for easy understanding. The
methodological steps describe the determination of the sustainability elements,
defining the area scopes and process specification, and ultimately the application of
those detailed parameters in the case study been revealed step by step in this chapter.

Methodological framework been elaborated in details for each step.

Chapter 4 describes the application of the developed methodology for the
LSS specifically in Sus-VSM towards sustainable manufacturing. This chapter
presents a case study of EN-Plating process conducted to validate the proposed
methodology. This chapter begins with the implementation of the DMAIC-based
approach presented phase by phase with the integration of the LM and VSM tools,
the latter of which was selected to define waste reduction opportunities for
continuous improvement cycles. The current state Sus-VSM is analysed and the
wastes identified. Hence, from the data collected, the future state is presented in this
chapter as validation of the improvement activity carried out in the case study.

Finally, an overall view of the research conducted is presented.

Chapter 5 discussed in details of the finding and results obtained from
application of methodological framework developed. Through this chapter, Sus-
VSM improvement summary been discussed proving the significance and the
importance of the study. Institutionalizing and critical appraisals of the study been
contemplated

Chapter 6 summarizes and concludes the research outcomes of the thesis.
This chapter summarizes the research objectives achieved through the research study.
Concluding remarks and future research opportunities are also discussed at the end of

this chapter.
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