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ABSTRACT

The recent change in the preferences of custonrers fjuality and cost to
sustainable products reflects their concern folearc and green planet. Manufacturing
organizations are striving to incorporaastainability requirements in their products not
only to improve brand value but also as the commaitintowards the future generation.
Inclusion of sustainability aspects in the very beginningoodduct development has thus
emerged as aimtegral part of design process in recent yearaniacturers are now keen
on fulfilling this requirement by utilizing innovae tools and techniques in product

development that help them to design sustainaloléyats.

Several tools and techniques have been developegd®archers for sustainable
new product development. Many of these tools awhrtiques in sustainable product
development consider sustainability requirementpaas of customer requirements. This
may reduce the importance of sustainability reguoeets compared to the customer
requirements. In addition, the tools that reckastemer requirements and sustainability
requirements separately, do not weigh them basatieanimportance. These tools do not
ponder all the three dimensions of sustainable [dpugent namely environmental, social
and economic. These situations have urged ressmardb develop tools that satisfy

sustainability requirements in the early staggsrofluct development.

Design and development of a product development thbat incorporates
sustainability requirements in the early stagegrotiuct development is the primary aim of
this thesis work. A new tool named ‘Customer andt&nability Requirement Evaluation

Matrix’ (CSRE Matrix) has been developed as pathddf research work. CSRE Matrix is a



gualitative tool that helps the designers to idgnbiest option at each stage of product
development cycle. For each the stage of prodeceldpment cycle, a CSRE Matrix is
constructed. Each option is termed as a path @nelaich option, path scores are calculated
based on the level of fulfilment of customer andtainability requirements. Various
combinations of paths and their total path scores @alculated subsequently. The
combination of paths with the highest total patbreds selected as the best combination

path for the development of a customer satisfyugjanable product.

In CSRE Matrix, weighing of customer requirememntd austainability requirements
are carried out using three different decision mgknethods namely, Rank Order Centroid
(ROC) Weight method, Analytic Hierarchy Process PAHnethod and Fuzzy Analytic
Hierarchy Process (FAHP) method. Based on ther@atithe product and availability of
data, designers can select an appropriate methamhgarthese three decision making

methods.

After designing CSRE Matrix, case studies were ocotetl in two typical Indian
manufacturing companies for illustrating the efiieetess of the CSRE Matrix. The first
case study was carried out in Duropack industiasndur, Kerala. In this case study, a
sustainable product development path that satisfeggous customer requirements and
sustainability requirements was evolved for a pobdu500 ml edible oil container bottle.
The validation of the proposed tool was also cdraaet. A design team was constituted in
the company to weigh various ‘Customer Requirememts ‘Sustainability Requirements’.
Rank Order Centroid (ROC) weight method was used \eeighing ‘Customer
Requirements’ and ‘Sustainability Requirement’. the same company, CSRE Matrix

using Analytic Hierarchy Process (AHP)’ was alssted. Here, CSRE Matrix was applied



for developing a sustainable new product namely i#bCcontainer bottle for ayurvedic

medicine.

The third case study was conducted in John’s uabrebnufacturing company,
located in Alappuzha, Kerala. In this case stayzy Analytic Hierarchy Process (FAHP)
method was used in CSRE Matrix for weighing variausstomer requirements and
sustainability requirements. Sustainable prodegetbpment options under different stages
of product development cycle for a product nametkiwg stick umbrella was evolved in
this case study. The validation of the tool in theustry was also carried out to find the

acceptability and effectiveness of the CSRE Matrix.

The case studies conducted and the subsequentafdetibm the practitioners have
established the usefulness of the CSRE Matrix sshfor the new sustainable product
development. All the three case studies have ebult identifying the options of product
development stages that produce customer satisBustpinable products. The feedback
obtained by the practitioners also confirms theliagbility of CSRE matrix in industries

for new sustainable product development.

Further to the construction of CSRE Matrix, a decissupport system for the easy
implementation of CSRE Matrix named ‘CSREMDSS’ (Bem Support System of CSRE
Matrix) was also developed. It helps the designeraew product development, where
customer requirements and sustainability requiresnare weighed separately using either
ROC weight method or AHP method. Various CSRE Me# were developed by the
decision support system according to the inputsbiedhe designers. Decision support

system of CSRE Matrix finally arrives at the besinbination path with best options from



each product development stage for the developwfeatcustomer satisfying sustainable

product.

The research work is concluded with anticipatibat tCSRE Matrix will help the
practicing engineers particularly in the producside to develop new products with a
sustainable perspective. The decision supporesySESREMDSS’ shall be beneficial for
them to do the computational works associated thighCSRE Matrix and also to carry out
the compatibility check in between the selected mpoments. Even though CSRE Matrix’s
potential has proved in industries, applicatiorvamious industries and process plants may
increase its acceptability as a tool for new proddevelopment globally. Moreover,
instead of a qualitative approach, applying a gtetite approach by incorporating various
indicators of sustainability requirements and cogp requirements in CSRE Matrix shall

further increase its credibility.
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CHAPTER 1

INTRODUCTION

1.1 PREAMBLE

The processes and methods of nature were alwaysiralde ever since the
beginning of life on the planet Earth. Modern proibn and consumption practices have
raised several issues on the environmental degoadaind the very existence of the
mankind (Jones et al., 2011). However, most of ithentions of mankind had little
thought on the sustainability of nature. Protettdthe environment was not a concern till
the second half of #0century (Meadows et al., 1972). Increased padadafstrialization
and changing requirements of customers have supplkeah the induction of non-
sustainable products and production processesrn@actaal., 2008). By the time mankind
realized the importance of sustainable product giesand production practices,

irrecoverable damages have already been occuritbe f@anet.

Traditional methods of product design have focuseie on reduction of costs,
improvement of quality and reduction of time to ketrand thus satisfying the needs of the
customers (Garbie, 2013). Later periods of 2éntury and beginning of the ®ntury
observed a paradigm shift from this approach. fidwe approach focused on the design of
eco-friendly and sustainable products, where enuent friendly production practices are
considered either equal to or more important than dost, quality and time to market.
However, this paradigm shift is unlikely to happempractice as the companies are focusing

primarily on making profits for their existence @azernick et al., 2003).



Rio De Janeiro conference of United Nations (UN fémnce on Environment and
Development in Rio De Janeiro-1992) reiterated tihat unsustainable production and
consumption patterns are detrimental to the sustédevelopment of the world (Liu et al.,
2010). Regulatory bodies have started pursuingllaggyy measures on environmental
protection for the adoption of sustainable productipractices in the organizations
worldwide (Greenberg and Quillian, 2012). Cust@néiave also started evaluating
environmental impact of the products prior takindegision on procurement (Abdalla et al.,
2012). Nevertheless, implementation of sustaingiieduction practices has not got

momentum to a significant level in industries (Huts et al., 2013).

The importance of sustainability in the design amhufacturing of products is not
recognized by organizations, particularly by MicBmall and Medium enterprises (Burke
and Gaughran, 2007). In the present day businegsoament, MSMEs are the major
players of economic activities particularly in ttheveloping countries. The role of MSMEs
is recognized as critical to local social and ecomodevelopment of countries (Rayman-
Bacchus and He 2014). They are finding difficulties raising fund for sustainable

initiatives (O'Brien, 2002).

The collective impact of MSMESs on economy, envireminand society is one of the
main barriers towards achieving sustainable devedop (Burke and Gaughran, 2007).
Business world has reached to a situation wherg euobktainable products would be
survived in the long run due to the climbing co$tnatural resources, government’s
mandates and regulations (Ziout et al., 2013)this context, manufacturers shall be aware
of the sustainable practices in design and proogsdiproducts. The designers and process
engineers need to be equipped with tools that teekmnalyze sustainability of design and

process to bring out a customer satisfying sudbéenaroduct. This thesis reports the work



carried out towards developing a tool for the desigd development of customer satisfying

sustainable products.

1.2 PROBLEM DEFINITION

Most of the production processes of goods and sesvare unsustainable and the
reasons for today’s environmental problems (Kolt2®10). Manufacturers should strive
for a paradigm shift from their cost effective nsustainable production, consumption and
disposal practices to sustainable manufacturingtioes. Interventions of law making
authorities are essential to frame strategies ohntdogical development and consumer
policies for reducing the adverse environmentalaotf the production and consumption
practices (Liu et al., 2010). Even though varioegulations have been introduced for
accomplishing environmentally conscious manufantupractices, the implementations of
these regulations still lack momentum (Umeda et2812). This is due to the fact that
many of these manufacturing organizations lack em@ss on sustainability and the

legislations on sustainability (Burke and Gaughe®t7).

The existing product development techniques relytlom traditional cost/profit
models to achieve high quality and high profit educed cost (Vinod and Rathod, 2010).
However, during last two decades, efforts have aken to incorporate environmental
consideration also into product development. Theegration of environmental
considerations in product development has beent dBalresearchers using different

strategies.

Introduction of environmental considerations at #erly stages of the product

development is extremely important for reducing #@mvironmental impacts of products



(Charter and Belmane, 1999). For the developmérd sustainable product, the three
dimensions of sustainability namely environmentci@oand economic impacts of the
product need to be reckoned carefully (Elkingto@98). Instead of considering three
dimensions of sustainability, many of the recerdeegch works focus on one or two
dimensions of sustainability (Ghadimi et al., 20¥2n et al., 2009). In addition, most of
the current product development practices pondstasability requirements as part of

customer requirements.

Assessing sustainability requirements along witst@mer requirements, causes
sustainability requirements get weighed very lowd éimeir importance in the design gets
reduced (Kaebernick et al., 2003). Also, all stageproduct development cycle need to be
assessed for sustainability (Ramani et al., 201@). addition, implementation of an
organization policy on level of fulfilment of sashability and customer requirements is

also required in sustainable new product developifigju P.L et al., 2015).

Sustainable product development tools have to asséthe three dimensions of
sustainability and weigh the elements of sustalitalaind its sub-elements (Ghadimi et al.,
2012). A new product development (NPD) tool thgiport all the requirements discussed
earlier will be helpful for the designers and pi@nfy engineers in designing sustainable
products by satisfying customer requirements. @édpct development tool that carefully
carries out trade-offs between the three dimensiohsustainable development and

customer requirements separately is currently vadable for the product designers.



1.3 OBJECTIVES

The necessity of developing a new product developro®l that helps in designing
and producing a customer satisfying sustainableymtowas recognized as the problem of
research. This problem is taken up for the dotiwoak and the following objectives were

identified.

To device a method that incorporate SustainabiRgquirements (SRs) and

Customer Requirements (CRs) into new product deveémt.

* To develop a tool that weighs SRs and CRs sepgraitel evaluate different options
in each stage of product development cycle basetherulfillment level of CRs
and SRs.

* To carry out implementation studies in differerdustries to validate the usefulness
of the proposed tool.

 To design and develop a decision support systerfadilitate easy use of the

proposed tool by the practitioners.

14 RESEARCH METHODOLOGY

The methodology adopted for pursuing the researoftk is shown in Fig. 1.1.
Since the research area was Sustainable Manufagtuhe literature review on sustainable
manufacturing and sustainable product developmerst @arried out. Databases such as
Science Direct, Taylor and Francis, Emeraldinsiginiderscience, Springerlink were
searched for collecting peer reviewed papers indibr@ain of sustainable manufacturing

and sustainable product development. The focusthef survey was new product



development tools, sustainability assessment oflymts and sustainable new product

development tools.

Further, the search was focused on sustainableiproévelopment tools. Research
papers pertaining to sustainable product developtoats that describe sustainability and
environment assessment were collected for an e#bstudy. Review of tools and
techniques for sustainable product development gpavay to the design of a new tool
named ‘CSRE Matrix’ for customer satisfying sussédle product development. The
proposed tool required a decision support systemtife easy implementation for the
practitioners and it was developed. Implementatsdndies were conducted for the
development of three different products in indestri The feedback of expert’'s on ‘CSRE

Matrix’ was collected and statistically tested fioe acceptance of the tool.

Literature review on sustainable manufacturing susstainable
product development

10

Study on tools and techniques for sustainable ptodu
development

11

Development of a new technique for sustainable yebd
development

10

Design and Development of a Decision Support Systktine
proposed technique

10

Implementation study of the tool in an industry éoistomer
satisfying sustainable product development

10

Collect and analyse feedback of the designers eaxtiping
engineers

Figure 1.1 Resear ch methodology



15 CHAPTER SCHEMATA

The thesis report is organized in 9 chapters. pictorial representation of the

organization of the chapters is shown in Fig. 1.Ehapter - 1 discusses about the

importance of sustainable development and sustaimabduct development. Limitations

of the current sustainable product developmentsioptoblems identified, objectives of

research and the methodology adopted for reseaecilso discussed in this chapter.
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Figure 1.2 Schemata of Chapters

The method adopted to conduct literature review #me major outcomes are

presented in Chapter 2.

Various terms connectdd wustainability, different tools,



techniques and methods used to assess or desigorengntal/sustainability aspects of
products were elucidated. Taxonomy of 29 seletwets based on their application was
carried out subsequently. This taxonomy helpsisgners to select the best tool which is

suitable for their organization from a list of 2®ls.

In chapter 3, the design of sustainable produeeld@ement tool — ‘Customer and
Sustainability Requirement Evaluation Matrix (CSRNIatrix)’ is described. Subsequently,
in chapter 4, CSRE Matrix with Rank Order Centraidight method is explained along
with the implementation study conducted in an imdus In chapter 5, CSRE Matrix with
Analytic Hierarchy Process (AHP) is described. llenpentation study of the tool in

industry is also explained in the same chapter.

In chapter 6, explanations of Fuzzy Analytic Hrehey Approach (FAHP) and its
usage in CSRE Matrix are demonstrated. The regattie implementation study carried
out in an umbrella manufacturing company is algolared in chapter 6. The development
of a decision support system that helps designeds practicing engineers to construct
CSRE Matrix is described in chapter 7. In chagtethe research results and discussions
are included. Eventually in chapter 9, conclusjdingitations and future scope of the thesis

are presented.

Efforts have been taken to organize the thesis afoconvenient reading and
understanding of the research findings and alsaddurther usage among researchers and
practitioners. It is quite natural that designehall have to go through the entire chapters
diligently where as the practitioners obviouslypsthe chapters which are non beneficial to
them. However, an additional idea behind this repg is to ensure easy and effortless

reading and understanding of the report espeaciatlyout boredom till the end.



16 CHAPTER SUMMARY

A number of tools and techniques have been deedldpr the assessment of
environmental performance of the products. Theséstcan also be used as a supporting
tool for new product development where designers ted&ke decision on an alternative
process, materials or design by comparing theifrenmental performances. The search
for a new product development tool with a perspeatin sustainability led to the need for a
sustainable and customer oriented product developioel that satisfy both the customer
requirements and sustainability requirements iralitgt This was recognized as the

problem of research. Hence, this research waikkisn up and the objectives were drawn.
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CHAPTER 2

LITERATURE REVIEW

2.1 PREAMBLE

‘Sustainable Development’ and ‘Sustainable Manufagu are the two catch
words of environmental protection initiatives iretrecent times. Many global issues such
as Global Warming, Acid Rain, Ozone Depletion, &odin of Air and Water, local issues
such as Unemployment, Diseases caused by Cherucaly and Sound Pollution are the
results of non-sustainable practices (Khakee, 199Mtroduction of non-sustainable
products and production practices are the primagson for today’s environmental

problems (Koltun, 2010; Veleva and E llenbeckeD0

Researches on sustainability have been focusindeweloping ‘Environmentally
Conscious Manufacturing Practices’ in the last tliegade of twentieth century (Despeisse
et al.,, 2012). In the beginning of twenty firstntey, the focus was on ‘Sustainable
Manufacturing Practices’ that include ‘Social’ ariBconomic’ aspects other than
‘Environmental’ aspects (Millar and Russel, 201 Spatisfaction of sustainability aspects in
manufacturing is a cumbersome task as it has tefigadhe three somewhat mutually
contradicting aspects of sustainable developmemheha environmental, social and

economic factors (Byggeth et al., 2007).

The importance of manufacturing sustainable pradadbng with satisfying the

needs of the customers gained attention durindaiee decades of the twentieth century
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(Kaebernick et al., 2003). Researches in prodaegeldpment methods were focused on
developing tools and techniques that incorporastorner requirements into the products.
Numerous methods and approaches such as QualitgtiGiunDeployment, Design for

Manufacturing, Computer Aided Manufacturing and Qorent Engineering have been
developed for the integration of different stagéshe product development and to satisfy

customer requirements (Besterfield et al., 2004).

The focus of the current researches on producaisiadtility is on the development
of products and processes that meet sustainabiyirements along with customer
requirements. This chapter depicts the developraestistainability as a requirement for
the sustenance of humanity and the adoption ohmatdiility principles in the design and

manufacturing of products.

The literature available on sustainability aspe@sd sustainable product
development is presented in this chapter. Theckefr published journal papers was
carried out in Emerald insight, Science Direct, [dbayand Francis, inderscience and
Springerlink database. Initially a study on thelation of sustainability as a principle and
the sustainable development was carried out wlscprésented in section 2.2. Then a
detailed study of the tools and techniques useddstainability analysis was carried out.
The outcome of this study is presented in secti@n Zhe tools and techniques are further
classified under three dimensions of sustainabiigynely - environmental, society and

economical dimensions. These classifications sgsgmted in section 2.4.
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2.2 EVOLUTION OF ‘SUSTAINABILITY’ AND ‘SUSTAINABLE
DEVELOPMENT’

The word ‘sustainability’ has the meaning ‘the aapeto maintain’, ‘the capacity to
endure and adapt’ and ‘capability of being sustdiitbat link to capacity of durability,
stability or even eternalness (Gomes et al., 2814k and Kanashiro, 2013, Garcia-Serna
et al., 2007). The word was first introduced b§erman miner, Hans Carl von Carlowitz
in “Sylvicultura oeconomicain 1973, while referring to sustainable foresf@arcia-Serna

et al., 2007).

The ‘Club of Rome’ formed in the year 1968 as aorimal group of independent
professionals from politics, industry, science a&ndl society, gathered for discussing the
future of humanity and the planet, highlighted tleed for sustainable development in their
famous report the ‘limits to growth’ (Meadows et, dl972). The Brundtland committee
constituted by Javier Perez de Cuellar, the thenetay general of United Nations and
chaired by Gro Harlem Brundtland, the former primiaister of Norway for the purpose of
developing a universal approach to pursue susti@nddvelopment in their report ‘Our
common Future’ in the year 1987, reinforced thischand grounded worldwide discussions

on the term ‘Sustainable Development’ (Brundtlat@B7).

According to Veleva and Ellenbecker, (2001), therdvsustainability’ is a vague
concept and difficult to define. Sustainability & ‘fuzzy’ concept having different
meanings at different levels of application in €ifint contexts (Weaver et al., 2008).
Burke and Gaughran, (2007) also have opined thattdrm ‘sustainability’ does not have

any international definition.
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If sustainability is difficult to define, it will 8 more difficult to define ‘sustainable
development’ and to obtain a unanimous acceptaBScstainable development as a concept
was launched by World Commission on Environment Begelopment in the year 1987
(Brundtland, 1987) as a global objective, to dirgdicies getting oriented towards
economic, social and ecological systems (Seghef¥if)). However, according to Koltun
(2010) there are still confusion and conflict abdhe exact meaning of sustainable

development.

The Brundtland committee has defined sustainableldpment as ‘the development
which meets the needs of the present without comising on the ability of future
generations to meet their own needs’ which is a®red as the most suitable and widely

accepted definition for sustainable developmenhiiTand Darton, 2010).

Sustainable development is articulated as peopémep and profit (PPP or P3);
where people represent society, planet represemégoament and profit represents
economy (Heijungs et al., 2010). Accordingly, @&shbeen modeled under three pillars of
sustainable development as shown in Fig.2.1. Eigudicates that all the three pillars are

equally important to sustain the building of susadility.

Sustainable development
| - ] L i | — ]

Social
Environment
Economy

Figure 2.1 The three pillars of Sustainable Develaopent (Heijungs et al., 2010).
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Application of sustainable development in produantsl production processes leads
to another concept namely, sustainable manufacturioncerns such as global warming
and environmental issues have increased the impuataf sustainable manufacturing in the

recent times (Hu and Bidanda, 2009).

2.2.1 Evolution of Sustainable Manufacturing

As in the case of sustainable development, the t®ustainable manufacturing’ also
doesn’'t have any universal definition (Millar anddRel, 2011). However, a more accepted
definition for sustainable manufacturing proposgdie U.S Department of Commerce is
‘the creation of manufactured products that usecgsses that minimize negative
environmental impacts, conserve energy and natesdurces, are safe for employees,

communities, and consumers and are economicallyds@dayal et al., 2010).

Sustainable manufacturing is considered as ondéetkey challenges of the next
decade (Aurich et al. 2013). Concerns such asaghrming and environmental issues
have increased the importance of sustainable metowiiag (Hu and Bidanda, 2009).
Sustainable manufacturing strategies improve enwiental performance of the firm which
also provide competitive advantages such as lowlaeyy expenses on waste disposal,

fines and efficiency improvements (Rondinelli anetiiy, 2000).

Sustainable manufacturing leads to sustainableustmoh practices (Greenberg and
Quillian, 2010). Sustainable production as a cphaeeas first emerged in the United
Nations Conference on Environment and Developmanthe year 1992 (Veleva and
Ellenbecker, 2001). Lowell Center for SustainaBle®duction (LCSP), University of

Massachusetts Lowell has defined sustainable ptmsuas ‘the creation of goods and
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services using processes and systems that are allotifg; conserving of energy and
natural resources; economically viable; safe araltikell for employees, communities and
consumers; and socially and creatively rewarding &b working people’ (Veleva and

Ellenbecker, 2001).

2.2.2 Sustainable Product Development

The term ‘sustainable product’ is originated frore t concept ‘sustainable
development’. Sustainable product is the one tasdlts little impact on the environment
during its life cycle (Zhou et al., 2009; Ghadiniag., 2013; Vinod and Rathod, 2010). A
sustainable product has to ensure customer sdimsfaas it is essential for the success of a

product and the existence of the manufacturer.

Researchers have devised tools and techniques dwelaping products and
processes that meet environmental requirementg alith customer requirements. AT&T
matrix (Allenby, 2000), Environmentally ConsciousaMifacturing and Product Recovery
(Gungor and Guptha, 1999), QFD for environment (Mag al., 2003), Green QFD — 2
(Zhang et al., 1999) are some techniques develtgradcorporating sustainability aspects

into the products.

Ljungberg, (2007) has suggested six strategiesldgeloping sustainable products.
They are 1) use materials with low environmentdluton, 2) reduced use of rare or scarce
materials, 3) choose clean production process dénaés, 4) avoid hazardous and toxic
materials, 5) use easy recycling, easy reuse agyl @agradation materials, and 6) use
materials with low energy consumption. These s$mategies however, do not consider

social and economic aspects of sustainability.
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2.3 SUSTAINABLE PRODUCT DESIGN AND ASSESSMENT TOOLS

Many research works have been carried out on Swadtl® Product Development.
These researches can be classified into two caésgoiOne category is focusing on the
development of tools and techniques for asseskimgustainability of an existing product
and the other, developing methods for designingagwable products (Carvalho et al.,
2013). The number of tools and techniques devdldpeassess the sustainability of an
existing product is more, compared to the quantinmethods proposed for designing
sustainable new products. This is primarily duethe complexity associated with the
incorporation of sustainability in the various stagf new product development such as the
selection of raw materials, manufacturing procesdesribution methods, usage and the

disposal of the products.

The assessment of the impact of product on althhee dimensions of sustainable
development throughout the life cycle of the pradisc required for establishing the
sustainability of the product. The tools that asste impact of product on environment are
collectively known as Simplified Life Cycle Assessm (SLCA) tools (Pigosso and Sousa,
2011). MET-Matrix (Brezet and Van Hemel, 1997), IPhFast Five Awareness, LiDS-
Wheel (Brezet and Van Hemel, 1997; Wong Yuen Li&009), Eco Impact Matrix
(Fargnoli and Sakao, 2008), Eco Functional Mattiagerstedt, 2003), The Morphological
Box (Byggeth and Hochschorner, 2006), ERPA (Graedal Allenby, 1995), MECO
(Hochschorner and Finneveden, 2003), Volvo’'s LByggeth and Hochschorner, 2006),
Eco-design Checklist (Leal-Yepes, 2013) and Tend@wolRules (Allione et al., 2012)
belong to this category. These tools are eitheduss product development tools or as
evaluation tools for assessing the environmentphuts (Li et al., 2014). Methods such as
‘UNEP-Cleaner Production Programme’, ‘Pollution \Rmetion’ (Keoleian and Menerey,

1994), ‘Sustainable Product Development’ and ‘Desigr Environment’ have been
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introduced to integrate environmental or sustamatspects into the product development

(Ardente et al., 2005).

Many researchers have conducted review of liteeatum eco-design tools with
environmental perspectives. Ramani et al. (20E3)ehsegregated eco-design tools into
three categories. They are, tools based on Chesik lLife Cycle Assessment (LCA) and
Quality Function Deployment (QFD). Byggeth and Hechorner (2006), have categorized
eco-design tools as Analysis Tools (tools thatlwamsed for assessment of environmental
impacts of a product) Comparing Tools (compareed#ifit products) and Prescribing Tools
(list of suggestions). Ling, 2009 have segregat@dronmental assessment tools into four
categories namely Matrices, Checklists, Spederwatyraims and Parametric methods. In

general eco-design tools can be segregated intagegories.

First categorization of the tools is based on tlssessment of indicators of
sustainable development. In this category, toalsed on various sustainability indicators
namely economic indicators, social indicators andirenmental indicators for sustainable
product development are included. The second laindl ¢ategorizations of tools are based

on the use of Quality Function Deployment (QFD) &febck List methods respectively.

In the fourth category, tools based on spider wagrdms are included. In the fifth
category, the tools based on various matrices eadt aith. In the sixth category, other
types of tools along with integrated approaches ehdeen considered. These
categorizations and the important tools in thesegraies developed recently are explained

in the succeeding sections.
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2.3.1 Tools based on Sustainability Indicators

An indicator is defined as ‘variable’, ‘parametémeasure’, ‘statistical measure’, ‘a
proxy for a measure’ or ‘a sub-index’ (Veleva artbiibecker, 2001). Ranganathan (1998)
defined sustainability indicators as ‘the informatiused to measure and motivate progress
towards sustainable goals'. Another definitiondastainable indicators is ‘a set of tools for
monitoring and evaluating the compliance with a own goal to all of them, the economic
development, environmental improvement and theityuad life which are essential to the

application of the concept of sustainable develagh{earsson and Martinsen, 2010).

Measurement of performance using indicators ofesnebility is one of the methods
to assess the sustainability level of products ted production processes. Sustainable
development indicators (SDI) are generally accepi®dhe key measurement instruments
for sustainable development (Koltun, 2010). Sustale indicators in general simplify,
guantify, analyze and communicate complex and cmameld information of sustainable

development by visualizing a phenomena and highfights trends (Singh et al., 2009).

Different taxonomy of sustainability indicatorsvieabeen proposed in literatures.
United Nations Commission on Sustainable Develognmas proposed 134 sustainable
indicators categorized under 14 themes of sustkndbvelopment. These themes are
poverty, governance, health, education, demographmatural hazards, atmosphere,
freshwater, biodiversity, economic development, bglo economic partnership,
consumption, production patterns and combined landans, seas and coasts (Heijungs et

al., 2010).
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Veleva and Ellenbecker (2001) have proposed 22 amtticators for sustainable
production. These indicators are organized into categories to address sustainable
production as - energy and material use, naturalr@mment, economic performance,
community development and social justice and prteduGlobal Reporting Initiative (GRI),

a Dutch non-governmental institution has develop@dsustainability indicators based on
three dimensions of sustainable development to uneasustainability level of products

(Gomes et al., 2014).

In order to compare the sustainability of produ@scioEco EfficiancyAnalysis
(SEEbalancg has developed a set of sustainability indicaf@ancy et al., 2013). This
method assesses life cycle costs, life cycle enmental impacts and social effects of
products for comparison. The choices of sustalitalindicators have a significant effect
on impact assessment of products. Roca (2012)desmdified a total of 585 indicators
based on a content analysis of 94 Canadian cogpastainability reports These
indicators are classified according to the dimemsi®mf sustainability - economic,
environmental and social. Lal (2011) proposed tem@l set of nine criteria and 37

sustainability indicators encompassing ecologeabnomic and social principles.

Azapagic and Perdan (2000) have developed a frankevof sustainable
development indicators. This study brings outrbeessity for conducting case studies to
identify indicators based on the nature of indestri It emphasized the need of a standard
methodology with a generic set of indicators thaalde comparison between different
industries. According to Azapagic (2004), integmatof two or more indicators of
sustainability to inter-relate different aspectsos$tainability is considered as an acceptable

approach, as it reduce the number of indicatoesrtanageable number.
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Assessments of environmental impacts of produesganerally carried out either
by quantitative or qualitative methods (Pigosso &ndsa, 2011). Quantitative methods use
various environmental impact indicators for assgsginvironmental burdens generated by
the products (Abdalla et al., 2012). The indicatwhich assess all the three dimensions of
sustainability have to be considered for assestiegsustainability level of products.
According to Gomes et al. (2014), sustainable mdis relating to three dimensions of
sustainable development are used to measure psog@sards and away from

sustainability.

There were many studies focusing on the identiboabf sustainably indicators. It
is difficult to propose a set of sustainability icators, applicable to industry as
organizations in the industry have different bussmactivities (Veleva and Ellenbecker,
2002). This is one of the reasons for the aburelahsustainability indicators proposed in

the literature.

2.3.2 Tools based on Quality Function Deployment

QFD is a product design tool that translates custoraquirements into technical
requirements for the design and production of custosatisfying products (Akao, 1990).
In QFD, voice of customers are converted into texdinrequirements or engineering
requirements using four matrices namely produchrpley matrix, part planning matrix,

process planning matrix and product/operationsrmlenmatrix (Karsak et al., 2002).

QFD has been modified by many researchers to desmgironmental friendly
products. A tool namely Green QFD-II was developgdZhang et al. (1999) to integrate

environmental and cost issues to QFD matrices {@uglt al., 2011). In Green QFD-II
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method, customer requirements, costing requiremamisenvironmental requirements are
included in QFD for product development processds.also integrates sustainability

assessment tools such as Life Cycle Assessmertti@n@ycle Costing into the QFD.

Another tool developed based on QFD is the QFCEforironment method (Masui
et al., 2003). In this method, environmental regaents are incorporated in QFD. A
correlation matrix is developed between voices mfimnment and engineering metrics.
The effect of design improvements on engineeringrio®eis translated to environmental
guality requirements (Masui et al., 2003). Kaehxret al. (2003) have proposed another
tool namely ECQFD. In ECQFD matrix, customer reguients related to environmental
issues are unearthed by specific elaboration psocgésrviews. Customers are made aware
of the environmental issues and then their specdguirements on these environmental

issues are taken as customer requirements.

A number of different QFD matrices have been dgwatorecently. Green QFD
(Pusporini et al., 2013), Eco-QFD (Kuo et al., 2008tegrated LCA and House of quality
in QFD (Bowea and Wang 2003%reen QFD — 3 and 4, QFD Centered method (Sakao

2007), are some of them.

Various decision support tools such as Analyticréliehy Process, Fuzzy AHP and
Analytic Network Programming method also have begegrated with QFD. These type
of integration help QFD type tools to overcome tisadvantages of existing QFD
techniqgues such as, imperfection in setting targate, ill-defined relationship and

inappropriate inclusion of company’s strengths (P2@07; Dikmen et al., 2005).
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2.3.3 Tools based on Check list methods

Tools based orcheck list methods are used to design environmeinihdly
products by answering a series of systematicallynfbated questions (Keoleian and
Menery, 1994). Eco-design checklist (Brezet anch \Kemel, 1997), Eco-estimator
(Tischner et al., 2000), Phillips’s fast five chiksk(Pigosso and Sousa, 2011) are some of
the checklists developed by researchers. Thesaonethelp to impart environmental
requirements into products. The designer shoutfiiee adequate knowledge about the
product’s life cycle and its environmental impactome of these checklist based tools are

described in the succeed ding paragraphs.

Eco-design checklist method developed by Hansddraad Caroline van Hemel is
intended for reducing environmental impact of prcdan product development (Tischner et
al., 2000; Brezet and van Hemel, 1997). Anothef tmmed ABC-Analysis is developed
for categorizing the intensity of environmental gwp into A, B and C categories on
predefined criteria. The main advantage of thishae is that it encompasses all the three
elements of sustainability (Tischner et al.,, 200@co-Indicator 99 method proposed by
Dehghanian and Mansour (2009) weighs environmelgtalages caused by the product in
three categories namely human health, ecologicalityuand resource consumption. A
panel of experts estimates these damages with 40%,and 20% weights respectively for
each category. The scores obtained for differawtrenmental damages are then combined

to get one single score.

Researchers are of the opinion that the checkrlethods were obsolete, as there

was no commonly agreed procedure for the same ifluthget al., 2012). In addition,
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economic part of sustainability in usage and enlif@stages are not considered in most of

the check lists.

2.3.4 Tools based on Spider Web Diagrams

Environmental impacts of products can be graphicedpresented in spider web
diagrams. Quick reviews of product on its enviremtal impacts are possible with this
method. This method uses a qualitative approacithwbauses its widespread use in

comparing products of similar kind.

One of the spider web diagrams ‘Eco-compass’ isl iseassessing environmental
impact. In Eco-compass all ecological aspectssasmmpassed in six dimensions namely
service extension, revalorization, mass intengiggource conservation, health risk and
environmental risk (Byggeth and Hochschorner, 2006PS-Wheel is another spider web
diagram developed by Caroline van Hemel and Hamezd&rfor UNEP Eco-design Manual
(Pigosso and Sousa, 2011). LIDS-Wheel comprisé&semio-design improvement strategies
as eight axis of a wheel. These eight axes arecoewept development, selection of low
impact material, reduction of material usage, ojaton of production techniques,
optimization of distribution system, optimizatiohioitial life time and reduction of impact

during use.

Spider web diagrams are basically qualitative asseast tools that provide options
on environmental performance of product to the fgraner. This method is widely
accepted due to its clarity in application and gu estimate. Scoring system used in this

type tools are simple to understand and apply (istgdt, 2003).
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2.3.5 Tools based on Matrices

Matrix methods present options and importance ef dptions as the rows and
columns of a matrix to assess the environmentabahpn different aspects of product
design and manufacturing. Different matrix methbdse been developed to assess the
environmental impact of products and also to compdiiernative options. These methods
are simple to use and understand, as most of timeskeods are two dimensional. The
matrix methods based on qualitative and semi qizive data have been developed by the

researchers for different types of applications.

The matrix methods proposed based on the quabtatata are Leopold matrix
(Leopold et al., 1971), Boeing Process Environmdviterix (Eagen and Weinberg, 1997),
AT & T matrix (Graedel 1995), Environmental Desi§trategy Matrix (Lagerstedt, 2003),
Eco-Impact Matrix (Fargnoli and Sakao, 2008) and-Emctional Matrix (Lagerstedt,
2003). DfE Matrix (Yarwood and Eagen, 2009), METatkik (Byggeth and
Hochschoerner, 2006), MECO Matrix (Wenzel et aP97) are some of the matrices

developed which uses semi quantitative data.

Leopold et al. (1971), proposed an environmentapach matrix for impact
assessment of the alternatives for product devedopmThe first activity in this method is
to test the effect of the proposed alternative mnrenment. Secondly, importance of these
effects is evaluated for each alternative. Thirde total magnitude of the effect is found
out for each alternative proposed. The matrix@setbped in such a way that one axis
represents the actions that cause environmentadtmpvhere as the other axis represents
the environmental impacts. The importance of caws® impacts are rated in a scale of

1to10.
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MET Matrix is another simplified life cycle analgsitool that analyzes
environmental impact of a product over its life leyc MET stands for Materials, Energy
and Toxicity. In this method environmental issaes categorized under Material cycle,
energy used, and toxic emission (Brezet and vandietf97). It provides an overall idea
about areas of improvement required for the proaduMET Matrix analyzes the raw
materials, energy consumed and toxic emissionstsatlife cycle stages- extraction,
production, manufacturing, distribution, utilizatigoperation and serving), and end of life

(recovery and disposal) of the product.

Another technique, MECO Matrix, is developed by Demnish Institute for product
development and dk-TEKNIK. MECO stands for Matsri&nergy, Chemicals and Others
(Wenzel et al., 1997). For each material, enecggmicals and others used for the product
and all inflows and outflows are assessed for etafe of the life cycle. Comparison of
products is carried out by assessing each catdgaegd on the consumption of resources

(Hochschorner and Finneveden, 2003).

In Eco-functional matrix (Lagerstedt, 2003), fuocial requirements and
environmental impacts are evaluated in the desiggesof product development. In this
method, eco-performances are optimized by contifediback (Hauschild et al., 2008).
The matrix establishes a communication platformwbet the functional priorities and
environmental impacts. The functional prioritige the physical utilities, reliability, safety,
economy, technical feasibility, while environmentalpact is assessed based on scarce

material, toxic material and energy consumed.

Fargnoli and Sakao (2008) have developed a mastimedl Eco-Impact Matrix. It

is used to identify the improvement areas of a pcoth the different stages of life cycle. A
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pilot programme is conducted to prioritize the iowyement areas. Priorities of
improvement and life cycle phases are juxtaposathageach other and based on risk for
implementation, a score between 0 to 1 is giverighHisk and low risk areas can be

visually seen in the matrix (Fargnoli and Sakao800

DfE Matrix developed by Yarwood and Eagen is fomparing products based on
the quality of design by evaluating materials, ggarsed, liquid, gaseous and solid residue
generated throughout the production process fremmnufacture to end of life. As many
as 100 questions on a wide range of effects amdaskassess the design and environmental

issues at different stages life cycle (Yarwood Baden, 2009).

Another technique namely AT & T (ERPA) Matrix iswidoped by Graedel and
Allenby as a semi-quantitative LCA method (Graeaetl Allenby, 1995). This method
helps organizations to improve their environmemp@iformances by evaluating products,
processes, facilities, services, and infrastructuPeoduct sustainability index proposed by
Jaafer et al. (2007) is another method to measoveommental impact of a product.
Designer records a score for each influencing faatalifferent stages of product life cycle
in a matrix, where sustainability components akeman one direction and life cycle stages

in the other direction (Jayal et al., 2010).

In the matrix methods of evaluation, the arrangdnoérthe rows and columns in
matrix can be done according to the factors redutce be considered for a particular
product. This flexibility makes it an acceptabdeltfor the sustainability analysis (Keolian
and Menery, 1994). Organization of data in thesgrioes is also easy to carry out, as it is

arranged in two dimensional matrixes. Since thfermation presented in matrices is
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consistent, designer can easily compare the rakttips between products and the

environmental impacts caused by these productsligteand Menery, 1994).

2.3.6 Tools based on Integrated Approaches

The sustainability of products is assessed usiriggiated approaches where
environmental, social and economic assessmentgareed out simultaneously. This
approach has gained acceptance due to the reasothe¢hsustainable products have to be
environmentally, economically as well as socialtgeptable. Assessment on all the three
dimensions of sustainability is essential for admai to be sustainable and successful in the

market as well.

Yuan et al. (2012) have proposed a three dimenkisystem approach which
considers technology, energy and material as mamponents to implement pollution
prevention strategies that improve sustainabiligyfgrmance of manufacturing systems.
LCA is a step ahead to evaluate environmental &ffeta product, process or an activity
throughout its life cycle or lifetime, which is al&nown as a ‘cradle to grave’ analysis (Roy

et al., 2009).

The method, ‘Sustainable Recovery Network’ propossd Dehghanian and
Mansour (2009), is used to achieve a balance bet@eenomic, environmental and social
impacts by integrating Life Cycle Assessment (LG#&)d Analytical Hierarchy Process
(AHP). Kuick et al. (2011) have explored the pase stage of product life cycle to
increase utilization of the products by employirngsémethodology along supply chains.
6R methodology analyses the impact on the six &spgonely reduce, recover, redesign,

reuse, recycle and remanufacturing and estimasesra for comparison.
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The Society for Environmental Toxicology and Chdmi¢SETAC) considers three
dimensions of sustainable developments throughmdbieed approach of environmental life
cycle assessment, life cycle costing and socia Gfcle assessment for life cycle
assessment of products (Clancy et al., 2013). deedity function deployment (Eco-QFD)
proposed by Kuo et al. (2009), used fuzzy grouphogktto introduce environmental
concerns in QFD, for reducing vagueness and unegrtén group decision making
processes. The objective of this method is to bedporganizations produce environment

friendly products along with satisfying customegugements.

Heijungs et al. (2010) presented a framework thebrporates different models for
analyzing the environmental aspects along with esoa and social aspects of
sustainability in conjunction with life cycle analg. Fargnoli and Sakao, (2008) developed
an Eco Design Pilot tool to derive the design ctiarastics of a product that has better
environmental performance. This tool helps in qimng the improvement areas of a
product through a pilot program named Eco-Impactrid@EIM) to identify the area where

the need of improvement is high.

Hassan et al. (2012) has developed an IntegMteghological Analysis — Analytic
Hierarchy Process (MA-AHP) approach for decisionkimg. Morphological Analysis
(MA) is integrated with Analytical Hierarchy ProeeAHP) for assessing the sustainability
index of alternative design solutions. In this @@eh all the three dimensions of

sustainability are considered for calculating theeix.

In Integrated ECQFD and LCA method, two separatdstmamely ECQFD and
LCA are integrated for sustainable new product tgraent. In this method environmental

requirements are converted as customer requirenarsthe relative weights of these
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requirements are assessed and compared for tkeeetiffdesign options (Vinod and Rathod,

2010).

In integrated type of tools, one or more existingls, techniques or methods are
integrated for product design/assessment. Thexs tgf tools combine the advantages of
both the tools. Researches on integration of @iffetools for sustainability and deriving
the benefits of environmental assessment toolthtoproduct development process are still

in a developing stage (Baumann et al. 2002

24  TAXONOMY OF  SUSTAINABLE PRODUCT DESIGN  AND
SUSTAINABILITY ASSESSMENT TOOLS

Many tools and techniques for sustainable prodieselopment and sustainability
assessment have been developed during the pastetvedles. A detailed literature review
was carried out to classify these existing toodéshhiques and methods that deal with
sustainable product development, design and assessmhe initial search with key words
‘sustainable product development tools’ was reduitel7 tools. The key word was then
changed to ‘eco design tools’ and the search wasdtes in 29 tools. These 29 tools were

studied elaborately and the taxonomy of these walkscarried out.

2.4.1 Categorization of Product design/assessmenbls based on three dimensions of

sustainable development

The tools and techniques used for sustainable uptodievelopment and
sustainability assessment were studied carefdlhe 29 tools identified were classified into

the following seven categories. These categorieshar following:
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1) The tools that reckon environmental factors

2) The tools that reckon social factors

3) The tools that reckon economic factors

4) Integrated tools that reckon economic & envirental factors
5) Integrated tools that reckon economic & so@atdrs

6) Integrated tools that reckon environmental &aldfactors

7) Integrated tools that reckon environmental, alo&ieconomic factors.

Product
assessment/design
tools that consider
environmental
factors

18

Integrated tools of
environmental &
social factors for

product
assessment/design

Integrated tools of
environmental &
economic factors for
product
assessment/design

Product
assessment/design
tools that consider
social
factors

assessment/design

tools that consider
economic

factors

Integrated tools of Integrated tools of
social & economic environmental, social &
factors for product economic factors for
assessment/design product

assessment/design

Figure 2.2 Categorization of sustainable developmeémools and methods based on

three dimensions of sustainability
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The Venn diagram presented in Fig. 2.2 depictsaaiegorization, with the number
of tools that comes under each category. Theldethtools and the authors proposed these

tools in each category are described in the folhgwparagraphs.

A total of 18 tools were identified under the catggof product assessment/design
tools that consider environmental factors alonabl& 2.1 shows all the tools that consider
the environmental dimension for the assessmenustimability. The first work reported
was by Leopold et. al. in the year 1971. Howevencentrated efforts for developing the
tools in the environmental dimension were started990s. This is dues to the increased
awareness on the protection of the environmennduhat period. MET matrix developed

by Brezet and Van Hemel (1997) was an importat istehis regard.

As depicted in Table 2.2, a total number of 104omére identified in the category
of product assessment/design tools that consideroeaic factors. Out of this, 4 tools are
deal with economic aspects in combination with emuinental aspects of sustainable
development. One of such attempts was initiall[deny Brezet and Van Hemel in the

year 1997 through LiDS Wheel developed for Unitedidbhs Environment Programme.
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Table 2.1
Tools and methods that considers environmental faots of sustainability
NSeriaI Authors Name of tool/method
umber
1 Leopold et al., 1971 Leopold Matrix
2 Graedel and Allenby, 1995 Environmentally Responsible Product
Assessment
3 Brezet and Van Hemel, 1997 MET Matrix
4 Wenzel et al., 1997 Environmental Design of Industrial
Products
5 Brezet and Van Hemel, 1997 LiDS Wheel
6 Yan et al, 2002 Eco-Compass
7 Zhang et al., 1999 Green Quality Function Deplegth®?
8 Ritthoff et al., 2002 Material Input per Servidait
9 Masui et al.. 2003 Qua_llty Function Deployment for
Environment
10 Lagerstedt, 2003 Eco-Functional Matrix
11 Hochschorner and Finneveden, MECO Matrix
2003
12 Kaebernick et al.. 2003 Enqunmentally Conscious Quality
Function Deployment method
13 Khan et al., 2004 Lin X
14 Howarth and Hadfield, 2006 Sustainable prodestgh
15 Byggeth and Hochschorner, 2006 ABC Analysis
16 Sakao, 2007 QFD-centered design methodology
17 Kasarda et al., 2007 Design For Adaptability AD¥y
18 Jaafer et al., 2007 Product sustainability Index
19 Fargnoli and Sakao, 2008 Eco-impact Matrix
20 Yarwood and Eagen., 2009 Design for Environnirix
Integrated Environmentally Conscious
21 Vinod and Rathod, 2010 Quality Function Deployment & LCA
method
29 Heijungs et al., 2010 A scientific framg work for sustainability
life cycle analysis
. Design for Sustainable Manufacturing
23 Garbie, 2012 Enterprises (DFSME)
24 Hassan et al., 2012 MA-AHP approach
25 Jungbluth. , 2012 Eco-indicator 99
- Integrating environmental requirements
26 Pusporini etal., 2013 into Quality Function Deployment (QFD
27 Ziout et al., 2013 Multi-criteria decision suppimol
. Integrated eco-design decision making
28 Romli et al., 2014 (IEDM)
29 Gaha et al., 2014 Eco-designing of products based on
feature technology

N
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Seven tools that consider social factors of suatdendevelopment are shown in
Table 2.3. Similar to the case of economic aspectspecific tool was identified that mull
over social factor of sustainable development alo@ae tool that considers social aspects
in combination either with environmental aspects \wbso identified. The low number of
tools in these categories is mainly due to the dowtribution of social aspects as compared
to economic and environmental aspects of sustdityafiDespeisse, 2012). According to
Hauschild et al. (2008) very little efforts has bemade so far for achieving social
sustainability at manufacturing level, which is yeimportant for attaining a total

sustainable development.

Table 2.2
Tools and methods that considers economic factor$ sustainability
Serial Authors Name of tool/method
Number
1 Zhang et al., 19 99 Green Quality Function Depiegt 2
2 Lagerstedt, 2003 Eco-Functional Matrix
3 Khan et al., 2004 Lin X
4 Howarth and Hadfield, 2006 Sustainable produsigte
5 Jaafer et al., 2007 Product sustainability Index
6 Brezet and Van Hemel, 1997 LiDS Wheel
7 Heijungs et al., 2010 A sme_ntlfl_c_fra_me work for .
sustainability life cycle analysis
8 Hassan et al., 2012 MA-AHP approach
9 Ziout et al., 2013 Multi-criteria decision supptwol
. Integrated eco-design decision —
10 Romli et al., 2014 making (IEDM)
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As many as 10 tools consider environmental and @oonaspects of sustainability.
These tools are listed in Table 2.4. Table 2.5shibe list of the tools that consider social
and environmental aspects together. There aretasmis that consider all the three
dimensions of sustainable development. These tamsshown in Table 2.6. Product
sustainability index method proposed by Jaafarl.e{2807) is one of the pioneer tools

developed in this category.

Table 2.3
Tools and methods that considers social factors stistainability

Serial

Authors Name of tool/method
Number
1 Yan et al, 2002 Eco-Compass
2 Khan et al., 2004 Lin X

3 Howarth and Hadfield, 2006 Sustainable produsigte

4 Jaafer et al., 2007 Product sustainability Index

A scientific frame work for sustainability
life cycle analysis

6 Hassan et al., 2012 MA-AHP approach

5 Heijungs et al., 2010

7 Ziout et al., 2013 Multi-criteria decision supptwol




Table 2.4
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Tools and methods that considers environmental angconomic factors of
sustainability

Serial Authors Name of tool/method
Number
1 Brezet and Van Hemel, 1997 LiDS Wheel
2 Zhang et al., 1999 Green Quality Function Deplegth?
3 Lagerstedt, 2003 Eco-Functional Matrix
4 Khan et al., 2004 Lin X
5 Howarth and Hadfield, 2006 Sustainable produstigie
6 Jaafer et al., 2007 Product sustainability Index
2 Heijungs et al., 2010 A scientific fram_e work for sustainability
life cycle analysis
8 Hassan et al., 2012 MA-AHP approach
9 Ziout et al., 2013 Multi-criteria decision supptwol
. Integrated eco-design decision —making
10 Romli et al., 2014 (IEDM)
Table 25

Tools and methods that considers environmental ansiocial factors of sustainability

Serial

Authors Name of tool/method
Number
1 Yan et al., 2002 Eco-Compass
2 Khan et al., 2004 Lin X
3 Howarth & Hadfield, 2006 Sustainable product gesi
4 Jaafer et al., 2007 Product sustainability Index
5 Heijungs et al., 2010 A SC|e_nt|f|_c_fra_me work for .
sustainability life cycle analysis
6 Hassan et al., 2012 MA-AHP approach
7 Ziout et al., 2013 Multi-criteria decision supptwol
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Table 2.6
Tools and methods that considers environmental, eaomic and social factors of
sustainability

Serial Authors Name of tool/method
Number
1 Khan et al., 2004 Lin X
2 Howarth & Hadfield, 2006 Sustainable product gesi
3 Jaafer et al., 2007 Product sustainability Index
4 Heijungs et al., 2010 A SC|e_nt|f|_c_fra_me work for .
sustainability life cycle analysis

5 Hassan et al., 2012 MA-AHP approach
6 Ziout et al., 2013 Multi-criteria decision supptwol

2.5 RESEARCH GAPS

Study of the existing product design tools reveatehy limitations of the existing
tools. A detailed study of these limitations helge identify various research gaps in the
present researches. Table 2.7 exemplify varioseareh gaps identified during the

literature review
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Research gaps identified through the literature swey

Research Gap Observed

Remarks

The existing product development tools
not consider all the stages of prod

development cycle (PDC).

If all the stages of PDC are not consider
dbe option that was selected on one st
of PDC are considered. This will n

support towards a sustainable productioi

ed,
age

uobay not be a wise option when other stages

ot

N.

tools do not consid
(CRs)

Requirements

The existing

Customer  Requirements a
(SR

the

Sustainability

separately while weighing

importance.

er

nd
;he importance of SRs may get redu
S
while comparing with CRs.
ir

ced

The existing tools do not give freedom 1
the management to supplement th
policies on sustainable processes

products.

The design tools that impart sustainabili
environmental requirements into produ

ato not give freedom to the management

andstomer requirements. As a policy of {
management, SRs may not be fulfill
completely as additional cost is incurr

for the same.

ar partial fulfillment of sustainability or

ty/
cts

for

he
ed
ed

Most of the tools either consider CRs

CRs, for product development.

one or two dimensions of SRs along wittonsidered, only partial

avhen one or two dimensions of SRs
fulfillment ¢

sustainability level is achieved.

Aare

26 CHAPTER SUMMARY

A survey of literature was conducted to study thel@ion of sustainability

principles, the different types of tools and tecjugs for improving sustainability and the

tools that consider different dimensions of susthility. The categorization of sustainable
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design and sustainability assessment tools caougdn this literature review helps the

organizations to select an appropriate tool fromm tlategory for product assessment or for
product design. Brief description given about éhemls provides a better understanding to
the practitioners about the existing tools. It vwaserved during the literature review that
the tools that consider all the stages of prodegetbpment are very few. In addition, the
product development tools that reckon all the tlteeensions of sustainable development

do not consider the importance of all the threeetisions independently.

The literature review put forward the necessitydefeloping a tool that overcomes
all these limitations of existing product developméools. Such a tool will help the
designers to produce customer satisfying sustanabbducts. Even an attempt for
improving sustainability in products will be highippreciated by the public and thereby

increase its brand value (Nejati et al., 2010)).
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CHAPTER 3

DEVELOPMENT OF CUSTOMER AND SUSTAINABILITY REQUIREM ENT

EVALUATION MATRIX

3.1 PREAMBLE

Tools and methods for new product developments (NRDe gained importance in
the present business environment. Satisfying égeirements of customer was the only
objective in NPD till the last two decades of26entury. The threats such as global
warming, ozone layer depletion, acidification etmged the designers to consider
environmental requirements also in NPD. As a tesutlusion of environmental aspects

into NPD became one of the requirements for dewedppustainable products.

Apart from environmental aspects, social and econ@aspects of sustainability also
need to be included for developing and manufaagumh sustainable products. The
products without having a social support and ecaaonability can’t be survived in the
market (Haes and Heijungs, 2007). In short, ordystainable product could stay alive for
a reasonable period of time in the market. A neol hamed ‘Customer and Sustainability
Requirement Evaluation Matrix (CSRE Matrix)’ is pased in this doctoral work that helps
the designers and the practicing engineers to wemsgl produce a customer satisfying

sustainable product.
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3.2 ‘CSRE MATRIX

‘CSRE Matrix’ is the tool developed as a part astlloctoral works for sustainable
new product development. Using CSRE Matrix, vasioesign, material, manufacturing,
disposal, usage and distribution options in diffiérstages of product development cycle
(PDC) namely Design Selection, Material Selectidanufacturing Process selection,
Distribution Selection, Usage Selection and Dispd3alection can be identified and
evaluated. It also helps in analyzing these optimnderive the best option among these
stages and arrive at the best method of manufagtarsustainable product that satisfy both
Customer Requirements (CRs) and Sustainability Rements (SRs). Based on the PDC
stage, CSRE Matrices are named CSRE Matrix of DeSiglection, Material Selection,
Manufacturing Process Selection, Distribution Sedec Usage Selection and Disposal

Selection stages.

Initially the CSRE Matrix for the first stage namdbesign Selection (DS) will be
constructed. Subsequently, CSRE Matrices are dpedlfor ‘Material Selection’ (MS),
‘Manufacturing Process Selection’ (MPS), ‘Distrilaut Selection’ (DrS), ‘Usage Selection’

(US) and ‘Disposal Selection’ (DiS) stages.

The importance of Customer Requirements (CRs) arsafhability Requirements
(SRs) will be different at each stage of producteli@oment cycle (PDC). Hence, for
prioritizing CRs and SRs, a structured represesrtatf their hierarchy is required for
incorporating this importance levels in the NPD ¢K@ala et al., 2007). This hierarchy is
obtained by ranking. Based on the ranking, weigh¢sassigned to each CR and SR using
different methods. The methods such as Rank Zdatroid (ROC) weight method (Choi

and Ahn, 2011), Analytic Hierarchy Process (AHP)tmoe (Saaty, 1980) and Fuzzy
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Analytic Hierarchy Process (FAHP) method (Chan@6)@re used to weigh CRs and SRs.
The weights assigned to each CR and SR will be ims&$SRE matrices at different stages

of PDC to analyze the different options for arriyiat the best option.

In CSRE Matrices, each option is named as a path.each path, a path score will
be calculated based on the level of fulfillmentGRs and SRs. After developing the first
CSRE Matrix - the DS Matrix, the path score obtdirsecarried forward to the subsequent
CSRE Matrix namely, MS Matrix. Similarly, CSRE Maes for all stages of PDC are
developed. At the end of this process, the pathbogations that get maximum path score
will be considered as the best combination pathptoduce the customer satisfying

sustainable product.

3.2.1 Development of CSRE Matrix

The procedure followed for the development of C®&rix is shown in Fig. 3.1.
It is done in two phases. The first phase of C3IRHrix involves data collection. Data
collection includes identification of CRs, SRs amjineering requirements. The CRs and
SRs identified will have different importance levg¢hat necessitate ranking and weighing

them against each other.

In the second phase, actual CSRE Matrices arercotes. A product design team
comprising of practicing engineers from design, doiion, safety, quality control
departments will be generally constituted for canging these two phases of CSRE Matrix

in an organization.
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3.2.1.1 CSRE Matrix phase-1

The first Phase of CSRE Matrix involves 9 steps$e ©bjective of first phase is to
identify CRs and SRs and to weigh them based danithportance level. The activities to

be carried out in these steps are explained inesuient sections.

Step 1: Identify product, components and PDC stages

Once the product is selected for developing the ESHRtrix, its components are
identified subsequently. For each component, thges of PDC that need to be analyzed
are decided by the design team. Stages of PDQalBneonsidered are ‘Design Selection’
(DS), ‘Material Selection’ (MS), ‘Manufacturing Rress Selection’ (MPS), ‘Usage
Selection” (US), ‘Disposal Selection’ (DiS) and 4hibution Selection’ (DrS).

Construction of all the stages of PDC may not logiired for all components.
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Phase : Phase : |
- _ N A i
Step 1 - Identify components of product and r
PDC stage Step 1 - CSRBatrices preparation ]
(. J \
'd + ~\ ( *
Step 2 - Identify CRs Step 2 - Assign rating to each CR an
A\ * J SR
- ~ ~
Step 3 - Convert CRs to Engineering ) *
L Requirement ) Step 3 - Calculate CR Score
( * ) e * B
Step 4 - Identify SRs at each stage of PDC Step 4 - Calculate SR Score
\_ Y, A\ J
¥ , v \
Step 5 - Rank CRs Step 5 - Calculate CSRE Score
e * N ( * ~N
Step 6 - Rank SRs Step 6 - Calculate Total CSRE Path
L " ) L Score )
Step 7 - Assign weights to CRs * -
L 7 ) [ Step 7 - Check for Compatibility ]
Step 8 - Assign weights to SRs
s * A
Step 9 - Assign business policy weights
A\ + J

Figure 3.1 CSRE Matrix Developments in Two Phases

Step 2: Identify CRs

Identification of various CRs of the componentshd product is the second step to
be carried out. The design team constituted fer @ISRE Matrix development acquires
CRs from the history of various enquiries, compatandards, market survey and by using
other probable sources. Brainstorming techniqusb¢, 1957) among the design team is
also carried out to collect the CRs. The CRs ifledtare subsequently segregated as

requirements under each stage of PDC.
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Step 3: Convert CRs to Engineering Requirements

CRs identified are further analyzed by the desegant to derive various engineering
requirements at design, material, process, digtabwand usage & disposal stages. These
engineering requirements are converted as possgtiens in the different stages of PDC.
Options are the probable methods, processes ogrdedor fulfilling the engineering

requirements of each stage of PDC. These opti@teaned as paths in CSRE Matrices.

Step 4: Identify SRs at each stage of PDC

The different options identified under each sta®DC are carefully studied and
analyzed by the design team to identify various ®R&he components. Brainstorming
technique among the design team members is apiédd out various SRs under each
stage of the PDC. The SRs identified are subselyusegregated into requirements under

each stage of PDC.

Step 5: Rank CRs

CRs at all stages of PDC are taken together aridedabased on the importance in
the different stages of PDC. This activity is cadrout by the design team members. The
most important CR shall be given the rank one. fdw important CR shall be ranked two
and the ranking is continued till all the CRs aaaked. Delphi method is applied among

the design team members to reach a consensus camttieg.
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Step 6: Rank SRs

SRs in all the stages of PDC also have to be ranKéese rankings are carried out
based on the importance of SRs at each stage &M@ Similar to the ranking of CRs,
the most important SR shall be ranked one. Theé ingortant SR shall be ranked two and
ranking continues till all the SRs are ranked. @beimethod is applied among the design

team members to reach a consensus on the ranking.

Step 7: Assign weights to CRs

Ranking obtained for each CR indicates its pricaityong CRs. The ranks obtained
are then converted into weights. Different weighmethods can be used for converting
ranking into weights. ROC weights method, AHP mdtrand FAHP are the three
weighting methods generally used to carry out wianghof CRs. CSRE Matrices can be
developed using any one of these methods. Thedleodseare explained elaborately in

subsequent chapters.

Step 8: Assign weights to SRs

Ranking obtained for each SR also have to be cted/@nto weights. Similar to the
weighing of CRs, SRs are also weighed using ROQyhteimethod, AHP method and
FAHP method. Detailed explanations on all theseéhows are included in following

chapters.
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Step 9: Assign Business Policy Weights

In a perfect business scenario, it would be bett&Rs and SRs are given equal
preferences. However, due to business constramdscompetitions, organization may not
be able to do the same. In such cases, weightedo€CRs and SRs can be modified by the
management as a policy. For modifying these wsjgatnew weight namely ‘Business
Policy Weights (BPW)' is included in the CSRE muatriThe level of importance of CRs
and SRs can be modified using BPW. If the polityhe organisation is to take its CRs

equally important as SRs, the BPW shall be equaCf®s and SRs.

3.2.1.2 CSRE Matrix phase - 2

In the second phase of the development of CSREM#te actual CSRE matrices

are constructed. It is carried out in 7 stepexgdained below.

Step 1: CSRE Matrix preparation

The first CSRE Matrix that has to be constructethé&sDS Matrix. The structure of

a CSRE Matrix is shown in Table 3.1.

The paths of the particular stage of PDC are ligtetthe first column of the CSRE
Matrix. Various options of design are given instikblumn. These options are represented
as option 1 to option z in Table 3.1. First rowsetond column starts with CRs. Various
CRs identified for the DS stage are arranged irstlsequent columns. It is represented as

‘cri’ to ‘cry’ in CSRE Matrix
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Table 3.1
Structure of a CSRE Matrix
5 5 o
0 CRs cr, |-] cr |-| cr, (% SRs sr|-| Sh |-| Sy (CI)J S
S o o |2
o | Weight | vi [-| vi [-| W, O | weight| wy [-|w[-] wyp | @ |a| g
@) © g 2
BPW C 2 | BPW D 2 ©
T | Rating | Xu [-| Xu |-| X Rating | yu |- Y3 |-| Yim
(@)
S cr sr 0| CSR
o) CR Scord & = & > SR b by b * s
@) 0 1 |-| Qi |- 4n Score 11 || Dy |- 1m
= | Rating | xa |-| X |-| X Rating | Yia |-| Yij |-| Ykm
(@)
= cr sr 0| CSR
8' CR Scorq i x SR b by b ¥ "
0o A1 -l |- Sn Score k1 - ki |~ km
2 Rating Xz1 |- Xz |- Xzn Rating Yz1 |7 Yz |- Yzm
%— crs, srs | 0 | CSRE
@) SR .
CR Scorg a; |-| & |-| an Score | P || Pd || bem

Weight assigned to each CR is entered in the sepmwdof CSRE Matrix. It is
represented as ivto ‘v, BPW corresponding to CR given in the third row @SRE
Matrix is represented as ‘c’. Rating assigned toheaption is given in the rows of the

corresponding options. Step 2 explains the praeettuassign rating value to each option.

Step 2: Assign rating to each CR and SR

Rating of individual option is carried out by thesign team. Members of the
design team rate each option based on the levalfdiment of each CR and SR in a Likert
scale of 1 to 9. The option that fully satisfibe tCR shall be given a rating of 9. The
option that least satisfies the CR shall be rated.a The intermediate levels are chosen

appropriately. SRs are also rated in the same enamthat of the CRs.



48

Design team analyzes these rating and check formisenatches in individual
member’s rating with the majority opinion. The id@steam member whose rating differs
from others is asked to point out the reason fer game. These reasons are circulated
through the other design team members and askeevige ratings based on the reasons
given by the member. This method continues umtsigh team unanimously agrees on the
rating for each CR and SR. The ratings are reptedeas ‘y’ where k stands for the
option and i stands for the customer requiremenhe ratings for the combinations of
option and CR are shown in Table 3.1. In the cdSSRs, the ratings are representedigs y

where k represents the option and j representSke

Step 3: Calculate CR Score

CR Score is calculated for each option against €&h This score is entered in the
CSRE Matrix just below the rating of the individu@R. The Score is obtained by
multiplying ‘the rating of option’ with the ‘CR wght’ and ‘BPW’. This calculation is

shown in Eq. 3.1.
CR Score of R option and' CR (ayj) = Vi X € X X =-------nnnnmmmmmmmmmmmme (Eq. 3.1)

Where,

vi, ¢ and x represent weight of'iCR , BPW of CR and rating of'loption against

i CR respectively.

CR Score obtained for each option against CRsdaedatogether to obtain the overall
score of that option. This score is termed asITOR Score. This score is inserted in the
CSRE Matrix just after the last CRs column. T@&& Score is calculated as shown in Eq.

3.2.
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Total CR Score of option k (G)s =X, ay; ---------------- -(Eq. 3.2)

Step 4: Calculate SR Score

As in the case of CRs, SR Score is also calculatedach option against each SR.
This score is obtained by multiplying ‘the ratin§ aption’ with the ‘SR weight' and

‘BPW’. This calculation is as shown in Eq. 3.3.
SR Score of R option and '} SR x;) =W X d X | ----mmmmmmmmmmeemmmmmom- (Eq. 3.3)

Where,

wj, d and y; represent weight of'jSR, BPW of SR and rating of'loption against

i™ SR respectively.

SR Score obtained for each option against SR ddedatogether to obtain the
overall score of that option. This score is terrasdotal SR Score. This score is inserted in
the CSRE Matrix just after the last SRs column.talT8R Score is calculated as shown in
Eqg. 3.4.

Total SR Score of option (srs) D (Eq. 3.4)

Step 5: Calculate CSRE Score

CSRE Score is the score obtained by adding TotalSC&e and Total SR Score.

CSRE score is the final score of each stage of RD&nst each option. This score is
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carried forwarded to the subsequent stage of POSRE Score calculation is as shown in

Eg. 3.5.
CSRE Score of'koption = [PPS + Total CR Score + Total SR Score]
= [PPS+ XL ay + X2 by | - (Eq. 3.5)
Where,

PPS represents Previous Path Score.

Step 6: Calculate Total CSRE Path Score

CSRE Score against an option at each stage of B@@riied forward to the next
stage as PPS. CSRE Scores in the individual rdwisedast CSRE Matrix represents the
Total CSRE Path Score. This Matrix also depictsha options in the individual paths.
The combination of paths which gives maximum tg@ih score has to be selected as the

best path which will produce the most customeisiatig sustainable product.

Step 7: Check for Compatibility

The options of all the stages of PDC may not bepadible with each other. Hence
a compatibility checking has to be carried outhiy design team. The combination of paths
that obtained maximum total CSRE Path Score waisiligitaken for compatibility check.
If these options are incompatible, the next contimnaof options that got the second most
maximum Total CSRE Path Score should be consideeadompatibility check. The

process continues till the most compatible optiongach component is determined.
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3.3 CHAPTER SUMMARY

CSRE Matrices are constructed for selecting theé bpson among each stage of
PDC to produce a customer satisfying sustainabtelymt. CSRE Matrix has some
similarity with the QFD. In QFD, satisfying CRsaronsidered most important where as in
CSRE Matrices, both the CRs and SRs are considdrdvever, the importance to CRs

and SRs are decided by the management as pebtisamess policy.

All the three dimensions of sustainability namelgonomic, environmental and
social dimensions have been reckoned while corstgu€SRE Matrices. CSRE Matrix

has many advantages as noted below.

. ‘CSRE Matrix’ reckons CRs and SRs separately wdtgeeloping PDC stages.

* 'CSRE Matrix’ weighs CRs, SRs and sub-elementsi®$ @nd SRs.

. ‘CSRE Matrix’ assists the designer to determine toenbination of the most
suitable product development methods for NPD.

* 'CSRE Matrix’ helps to carry out compatibility cHec of various options for
designing the components of the product.

* 'CSRE Matrix’ helps the designer to impart businestsategy in product
development.

* 'CSRE Matrix’ helps to derive alternative optiomsthe different stages of PDC by
rating them based on the fulfilment of the sub-aleta of CRs and SRs.

* All the stages of PDC are analyzed in ‘CSRE Matrix’
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CHAPTER 4

CSRE MATRIX WITH RANK ORDER CENTROID WEIGHT METHOD  AND ITS

IMPLEMENTATION STUDY

4.1 PREAMBLE

In the process of application of CSRE Matrices M#D, different alternatives of
product development stages are evaluated and a scarrived at, based on the fulfilment
of Customer Requirements (CRs) and Sustainabiktguitement (SRs). Each CR and SR
has different importance level that varies depemdon the nature of the product.
Expressing the importance of CRs and SRs are digein nature. These importance
levels are initially expressed by ranking. Basedhe ranking, weights are assigned to each
CR and SR. Rank Order Centroid (ROC) weight methated for weighing CRs and SRs
in this CSRE Matrix. The objective of developinGRE Matrix with ROC weight method
is to find out the importance weight of CRs and @&Rs preliminary simple method. ROC
weights method is one of the important multi-crégedecision support tools that help

converting subjective opinion into objective evaioa.

4.2 RANK ORDER CENTROID (ROC) WEIGHT METHOD

Decision-making is a process by which the bestradtese is selected from a course
of action, option, act or multitude of alternativigshn, 2011). In order to help decision

making procesdBarron and Barret (1996) have proposed a weightiethod called Rank
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Order Centroid (ROC) Weight method that convertsjesttive nature of an opinion into

objective nature.

The weights obtained through ROC method are gdgaraled the centroid weights
(i.e., center of mass) as it seeks to identifynglsi set of weights that is representative of all
the possible weights combinations. Rank Order ©&h{ROC) weights formula is shown
in Eq. 4.1 (Ahn, 2011). The weights calculated ¥drank and the last rank (n) are shown

in Eq. 4.2 and Eq. 4.3 respectively.

n j=i J
Wtiz(1+£ +:—L+...}J/n ————————————————————— (Eq42)
2 3 n
1
wt, :(ﬁj/n ________________________________ (Ea43
Where,
I =1,2,...... , N

‘Wt represents the weight df fank and ‘n’ represents the total number of

attributes that are ranked.

Many researchers are of the opinion that ROC weigh¢thod is superior to
other decision making approaches such as AHP amdyFmethods. Noh and Lee,
(2003) reported that the simplicity and ease of os®OC weights make it a practical
method for determining criteria weights while compg ROC weights method with AHP
and fuzzy method. Also, Srivastava et al. (193%)ehcompared different weight elicitation
methods and found that ROC weights are superiothter methods. According to Yager et

al. (2011), ROC weights method is well applicale acceptable when weights are to be
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assigned by asking simple questions to a decisiakem This method is used to assign

weights to an attribute when approximation is ndgiéei et al., 2013).

4.3 IMPLEMENTATION OF CSRE MATRIX USING RANK ORDER
CENTROID (ROC) WEIGHTS METHOD

A case study on the implementation of the CSRE iMatas conducted in a plastic
bottle manufacturing firm, M/s Duropack Industriés;ated at Mundur Industrial Estate in
Kerala State, India. Duropack manufactures PETyf®oylene Terephthalate) and High
Density Polyethylene (HDPE) bottles for filling banated soft drinks, mineral water, fruit

juices, edible oil etc.

The management of the company was interested irlajgng environmental
friendly products. Upon contacting the top manageinthey gave their consent for
conducting the case study in the company. The R&partment of M/s Duropack was
explained about CSRE Matrix and sought their ingolent in conducting the case study.
A design team comprising of Design Engineer, Quafitontrol Engineer and Safety
Engineer was constituted by the top managementsto the CSRE Matrix for NPD.
Implementation of CSRE Matrix was carried out inotwhases. These two phases are

explained in the subsequent sections.

4.3.1 CSRE Matrix Phase-1

Phase-1 of CSRE Matrix involved 9 steps. These steps were followed for the
identification and weighing of CRs and SRs. Thstps were carried out as described

below.
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Step 1: Identify product, product’s components andPDC stages

After the discussions and consultation with the aggms and executives of
Duropack, 500 ml container bottle for edible oilsaselected as the product for conducting
the case study. 500 ml bottles were having higbdyction rate and demand. The

producers of edible oil are the major customersafr ml bottles.

Design of the plastic bottle is being very simphel $he aesthetic of the product does
not change with a single design, DS stage was ardidered in the case study. Since the
usage and disposal of the products were not wittiencontrol of the organization, US and
DiS stages of PDC also were not considered. Wit the CSRE Matrices corresponding

to MS, MPS and Drs stages of PDC were construcidiais case study.

Step 2- Identify CRs

Identification of various CRs of 500 ml bottle Isetsecond step carried out in the
CSRE Matrix. The design team collected CRs from kiistory of various enquiries,
company standards and market survey on design, stasidard, safety, material selection,

manufacturing process, distribution, usage andodilpof the product.

Further, after an elaborate discussion with ediilenanufacturers, the design team
identified the major CRs of the 500 ml bottle. Yyheere low raw material cost, high
impact load, excellent barrier to UV rays, excdllenrface finish, low production cost,

uniform wall thickness, high durability, high tempture resistance, low packing cost and
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low distribution cost. The CRs identified are sdpgently segregated into the requirements
of different stages of PDC. Table 4.1 shows the @Rntified and their segregation under

different stages of product development.

Table 4.1
Customer Requirements
Sr. No. Customer Requirements Abbreviation Staf D
1 Low Raw Material Cost RMC
2 | High Impact Load HIL Material Selection
3 Exc_ellent Barrier Property EBP
against UV
4 Excellent Surface Finish ESF
5 Low Production Cost LPC Process Selection
6 Uniform Wall Thickness UWT
7 High Durability HDR
8 High Temperature Resistance HTR o .
: Distribution Selection

9 Low Packing Cost LPAC
10 Low Distribution Cost LDC

Step 3 — Convert CRs to engineering requirements.

CRs identified in the second step were analyzedhleydesign team to find the
corresponding engineering requirements as the lesalternatives in Material Selection
(MS), Manufacturing Process Selection (MPS) andhie Distribution Selection (DrS)
stages of PDC. Design team then identified possaliernatives in each stage of PDC for
fulfilling these engineering requirements. Highrdiy Poly Ethylene (HDPE) and Poly
Ethylene Terephthalate (PET) were the two optidnshaterials under MS stage of PDC.
Similarly, other options against each stage of Rie also found out. Table 4.2 depicts

different PDC stages and the options that weretiiitkssh by the design team.
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Table 4.2
PDC Stages, Options and Customer Requirements

Stages Options Customer Requirements
HDPE Low Raw Material Cost, High
Material Selection Impact Load, Excellent Barrier
PET to UV Rays
Injection Moulding

Excellent Surface Finish, Low
Production Cost, Uniform Wall
Thickness

Manufacturing Injection Moulding and stretch
Process Selection blow moulding

Extrusion Blow Moulding

Economic Bag Packing (EBP) High Durability, High

Distribution Temperature Resistance, Low
Selection Standard Special Packing (SS Fgacking Cost, Low Distributior
ost

Step 4: Identify SRs for each PDC.

The nature of engineering requirements and variopsons to fulfill these
requirements were carefully studied by the dessggmt to identify various SRs. These SRs
were segregated as the requirements of differagestof PDC. Table 4.3 shows various
SRs identified by the design tam and their segregainder different stages of product

development.

Step 5: Ranking of CRs

CRs of all stages of PDC were put together andeaityy the design team. Ranking
were carried out based on the importance of therC&ach stage of the PDC. The most
important CR has been given rank one. The nexbitapt CR has been ranked two and the
ranking has continued till all the CRs were rank&Rs and their rankings are shown in

Table 4.4.



58

Table 4.3
Sustainability Requirements
Sr. No. Sustainability Requirements Abbreviation adgsss of PDC
1 More Recyclable MRC
2 Low b_reakdown when exposed BUV Material Selection
ultra violet
3 Low content of additives LCA
4 Low Material Waste LMW Process Selection
5 Low Packing Waste LPW Distribution Selection
Table 4.4

Ranks of Customer Requirements

Sr. No. Description Abbreviation Rank Stages of PD|C
1 Low Raw Material Cost RMC 1
2> | High Impact Load HIL 5 g"e"’l‘;ecrt"lf‘)'n
3 Excellent Barrier to UV Rays EBP 6
4 Excellent Surface Finish ESF 8
5 Low Production Cost LPC 2 Process Selection
6 Uniform Wall Thickness UWT 9
7 High Durability HDR 7
8 High Temperature Resistanc HTR 10 Distribution
9 Low Packing Cost LPAC 3 Selection
10 Low Distribution Cost LDC 4

Step 6: Ranking of SRs

SRs of all stages of PDC were also ranked by tloelymt design team. These

rankings were carried out based on the importaficeéRs under each stage of the PDC.

The most important SR has been ranked one. Theim@ortant SR was ranked two and
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ranking was continued till all the SRs were ranké&Rs and their rankings are shown in

Table 4.5.

Step 7: Assign weights to CRs

Ranking obtained for each CRs indicates their fiyidevel. These rankings were
then converted into weights. ROC weights methosl been used for weighting these
ranked customer requirements. Weights were ar@gecsing the ROC weights calculation

formula depicted in equation 4.1. CRs and theights are shown in Table 4.6.

Table 4.5
Ranks of Sustainability Requirements
Sr. No. Description Abbreviation Rank
1 More Recyclable MRC 1
5 Lgss breakdown when exposed to ultr BUV 3
violet

3 Less content of additives LCA 2
4 Low Material Waste LMW 4
5 Low Packing Waste LPW 5

Step 8: Assign weights to SRs

Similar to the weighting of CRs, ROC weights methas applied for weighing the
SRs. For this, all the SRs were ranked based ein itinportance level at each stage of
PDC. SRs and their weights calculated based on R@ght method are shown in Table

4.7.
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Table 4.6
Weights of Customer Requirements
’\Slcr). Description Abbreviation Rank Weights
1 Low Raw Material Cost RMC 1 0.29
2 High Impact Load HIL 5 0.08
3 Excellent Barrier to UV Rays EBP 6 0.06
4 Excellent Surface Finish ESF 8 0.03
5 Low Production Cost LPC 2 0.19
6 Uniform Wall Thickness UWwWT 9 0.02
7 High Durability HDR 7 0.05
8 High Temperature Resistance HTR 10 0.01
9 Low Packing Cost LPAC 3 0.14
10 | Low Distribution Cost LDC 4 0.11
Table 4.7
Weights of Sustainability Requirements
Sr. No. Description Abbreviatior Rank Weights
1 More Recyclable MRC 1 0.46
5 Low breakdown W_hen BUV 3 0.16
exposed to ultra violet
3 Low content of additives LCA 2 0.26
4 Low Material Waste LMW 4 0.09
5 Low Packing Waste LPW 5 0.04

Step 9: Assigning Business Policy Weights

In this case study, CRs and SRs were given eq@dénences. Hence, Business

Policy Weight to CRs and Business Policy Weigh®Rs were given weights of 0.5 each.
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4.3.2 CSRE Matrix phase 2

In the second phase of CSRE Matrix, the actual C&REices were constructed.
This phase included 7 steps as explained in ch&ptérhe first CSRE Matrix constructed
was Material Selection Matrix and is shown in Tabl@. The input into the first column of

CSRE Matrix was the various options of materialsnitfied. These options were HDPE

and PET.
Table 4.8
Material Selection Matrix
Material Selection Matrix

c 9 MR 9 (]
£| CRs |EBP|RMC | HIL | 8 | SRs | ' |BUV | LCA| 8 5
° CR 2 SR o 2 0
® O % L
E Weight 0.06 | 0.29 0.08 = Weight 0.46| 0.16 | 0.26 = o %
© s ° O
= BPW 0.50 [ BPW 0.5 —
w | Rating | 8.00| 6.00 | 6.00 Rating | 9.00 | 8.00 | 9.00
o 1.39 3.84| 0| 5.23
T CR 1526 088 | 025 CR 1506|063/ 1.16

Score Score
— Rating | 6.00 | 8.00 | 7.00 Rating | 6.00 | 4.00 | 2.00
L 1.66 194 0| 3.60
&1 CR 1619 117 | 030 CR 1137|031 026

Scort Scort

The CRs identified in this stage were ‘Low Raw MateCost’, ‘High Impact Load’
and ‘Excellent Barrier to UV Rays’ and their copeading weights calculated were 0.06,
0.29 and 0.08 respectively. The SRs in the MSestagre ‘More Recyclable’, ‘Low
breakdown when exposed to ultraviolet rays’ andwL@ontent of Additives’. The
corresponding weights calculated were 0.46, 0.16(aR6. Ratings for each CRs and SRs

were carried out by the design team.
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Table 4.9
Manufacturing Process Selection Matrix

. Manufacturing Process Selection Matrix
c c @ @
% g CRs | ESF| LPC U¥V &‘3) SRs | LMW US) S
©) o n @
5 2 Weight | 0.03| 0.19| 0.02| & | Weight| 009 | & | & %
g S BPW 0.50 g BPW | 0.50 g 3
= o ) = ' —
& 2 Rating | 9.00 | 6.00 | 9.00 Rating | 8.00
° D 0.82 0.36| 5.23| 6.41
" = 2 CR CR
£ 0.15| 0.58| 0.10 0.36
% Score Score
c
T g > g’ Rating | 6.00| 8.00 | 6.00 Rating | 6.00
500 0.94 0.27 | 5.23| 6.43
£0m02 CR CR
NS Seore | 0-10| 0.77/ 0.06 seore | 027
S 2 Rating | 9.00 | 6.00 | 9.00 Rating | 8.00
o3 0.82 0.36| 3.6 | 4.79
()
== CR 1 015|058]0.10 CR 0.36
Score Score
oJ
S o 3 2| Rating | 8.00| 7.00| 8.00 Rating | 8.00
0 E%‘égg R 0.89 —cR 0.36| 3.6 | 4.86
ale=oh
£e0 ™3| S |013]068) 008 Scor | 0-36
15 . 2 | Rating | 7.00| 5.00| 6.00 Rating | 6.00
) =
593 0.66 0.27| 3.6 | 453
= o
XM= CR 1012| 048] 0.06 CR 1 027
Score Score

In the case of Business Policy Weight, equal inrgpraré has been given to CRs and
SRs in all the paths. MPS Matrix and DrS Matrixevalso developed. These two matrices
are shown in Table 4.9 and Table 4.10 respectivdlge last column in Table 4.10, DrS
Matrix indicates the CSRE Score for the differepti@ans considered in the three stages of
PDC. The highest value obtained is 7.14 which espond to combination path with
material as HDPE, process as extrusion blow mogldird distribution using economic bag
packing. Since this combination path is compatibith all stages of manufacturing, it is
selected as the best customer satisfying sustairzdih for manufacturing the edible oil

container.
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44  RESULTS AND DISCUSSION

The implementation of CSRE Matrix for developing@0 ml container for edible
oil was carried out in a bottle manufacturing compaThe path matrices for three stages of
PDC for the new product development namely, MS, MR8 DS were developed. The
most sustainable combination path for the developnoé the 500 ml container was

identified.

A feedback session was conducted in the compargskessing the effectiveness of
CSRE Matrix. A questionnaire was prepared to petfeedback. Design team and the
panel of experts have participated in this feedlssdsion. Five questions were asked to the
seven experts who have participated in the impléatiem study. The respondents were
asked to give their opinion on a likert scale o019, where a response of 1 indicate the
disagreement and 9 indicate complete agreemene avVhrage score obtained for all the
five questions is 7.11, with a maximum range of Bhis indicated that the respondents
agree that the proposed CSRE Matrix can be used #&®l for customer satisfying

sustainable product development. The summaryeofdedback is shown in Table 4.11.

4.4.1 Statistical analysis

One sample ‘t’ test has been conducted to assesactieptance of the feedback of
CSRE Matrix. In the initial case the test valueswgaven as 8.1, which means the null
hypothesis was set as “90% of the opinion of thpees support the implementation of
CSRE Matrix in the firm with the inclusion of alkelevant CRs and all factors of
sustainability under the sustainable developmefb&t confidence level”. Null hypothesis

was rejected in this case.
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In the next case, test value was set at 7.2 wiiean the null hypothesis was set
at as “80% of the opinion of the experts suppatithplementation of CSRE Matrix in the
firm with the inclusion of all relevant factors @ustainability under the sustainable
development at 95% confidence level”. Null hypsikenvas supported this case with ‘p’
values greater than 0.05. The details of thee$t tare shown in Table 4.12. In short, the
experts who have been surveyed feels that the Q8&Ex can be implemented with 80

percent acceptance.
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Distribution Selection Matrix
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Distribution Selection Matrix

n
2] 5 ) )
S| S HD | HT | LPA | LD 5 LP S |5 o
g §. é 0 CRs R R C C s SRs w3 DJ, s (%
> pust
| 3 2 2| Weight | 0.05| 0.01| 0.14 | 0.11| & | Weight| 0.04| & |3 3 w
g| 8 |20° [ 537 &
g 09_ = BPW 0.50 2 BPW [050| 2 |o O
o Rating Rating
k= a 6 6 8 9 2.00
S | @ [0FBF 0.67 | 10 EBF 0.04| 6.41| 7.12
= Score | 0.14| 0.03| 0.57 | 0.49 Score | 0.04
c - .
o Rating Rating
= o 9 10 2 3 7
8 | @ [osst 0.43 | 10 SSI 0.14 | 6.41| 6.98
E = Score | 0.22| 0.05| 0.14 | 0.16 Score | 0.14
@)
Tz o | Rating| 6 6 8 9 Rating | 2
% @ 0.67 0.04| 6.43| 7.14
c 2 Score | 0.14| 0.03| 0.57 | 0.49 Score | 0.04
o © . T
‘m © Rating Rating
5sS| a 9 10 2 3 7
£=| ¢ | 0SSP 0.43 | 0SSP 0.14| 6.43| 7.00
L Score | 0.22| 0.05| 0.14 | 0.16 Score | 0.14
8 n | Rating| 6 6 8 9 Rating | 3
S [oa) 0.67 0.06| 4.79| 5.51
g “'| score | 0.14] 0.03| 0.57 | 0.49 Score | 0.06
s Rating Rating
o
S o 9 10 2 3 7
8 | @ oSSt 0.43 | 0SS 0.14| 4,79 5.36
£ Score | 0.22| 0.05| 0.14 | 0.16 Score | 0.14
(@]
g -% o | Rating| 6 6 8 9 Rating | 3
£9o| m 0.67 0.06| 4.86 | 5.51
T E| W
— g = Score | 0.14| 0.03| 0.57 | 0.49 Score | 0.06
w 5
o e - .
§5|o oowl o] 2 o | [Famly
23| A 0.43 0.14 | 4.86| 5.36
£H Score | 0.22| 0.05| 0.14 | 0.16 Score | 0.14
= n | Rating| 6 6 8 9 Rating | 2
% @ 0.67 0.04| 453 | 5.24
- 8 Score | 0.14| 0.03| 0.57 | 0.49 Score | 0.04
O T
B o Rating Rating
>5sS| a 9 10 2 3 7
£<| g 0SS 0.43 | 10 SSI 0.14| 453 5.10
L Score | 0.22| 0.05| 0.14 | 0.16 Score | 0.14




Table 4.11
Expert’'s feedback on CSRE Matrix

Sr.
No.

Question

esponses of experts

R
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S
@
o
X
L

Expert 3

Expert 4

Expert 5

Expert 6

Expert 7

Average

Range

The proposed tool can be us
as an important tool for th
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To what degree you suppd
this statement?

e
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S
Nt
nd7
DI'S
ts.
rt

7.29

The proposed tool hag

considered all the relevant

sustainability requirement
under the pillar economy ar

S

asses the technical descriptors

based on these requiremer
To what degree you suppd
this statement?
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S
under the pillar society and
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Table 4.12
Details of ‘t' Test
Variables | Observatior)ls Mean | Std. Deviation St&.eiqor 95% ClI range tvalue p Value
1 7 7.57 0.54 0.20 (-0.12,0.87) 1.84 0.172
2 7 729 0.49 0.18 (-0.37, 0.54) 0.47 0.66
3 7 6.86 0.69 0.26 (-0.98, 0.30) -1.32 0.26
6.71
4 7 0.95 0.36 (-1.37, 0.40) -1.35 0.23
5 7 7.14 0.90 0.34 (-0.89, 0.78) -0.17 0.87

4.5 CHAPTER SUMMARY

The consideration of environmental requirementa@hith customer requirements
in product development has gained significancenduthe last two decades (Vinod and
Rathod, 2010). Even though, additional cost isuired on the introduction of
environmental requirements into new product develemt (kaebernick et al.,, 2002),
manufacturing of environment friendly productshe ineed of the present era. In addition
to environmental requirements, sustainability inyerment efforts should satisfy economic
and societal requirements at all levels viz. prodpeocess and systems levels to make
manufacturing systems more sustainable (Jayal .et2800). The manufacturing of
customer oriented products at low cost is the bawckhbof the success of a manufacturing

firm (Zhai et al., 2010).

Subjective methods such as ROC method and Anatygiarchy Process (AHP) are
used to determine the weights among alternatives aae purely based on preferential
judgments of decision maker. And also, there imgeement among researchers that as to

which method generate more accurate result (Ahi,1ROROC method is used as an
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efficient preliminary assessing method for deteingnthe more promising alternatives

which have to be studied in detail.

CSRE Matrix developed and test implemented in doistoral work considers CRs
and SRs separately and weigh their importance WRMEG weights method. Subsequently,
alternatives at each PDC were evaluated for deiwrejop customer satisfying sustainable
product. Different combinations of materials, @eses and distribution methods were
studied which helped in finding various possiletifor developing a customer satisfying
sustainable product. The implementation study gotedi has successfully illustrated the

effectiveness of the proposed tool.
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CHAPTER 5

CSRE MATRIX WITH AHP METHOD AND ITS IMPLEMENTATION  STUDY

5.1 PREAMBLE

Different weighing methods can be used in CSRE iM&br arriving at importance
weights of CRs and SRs. Analytic Hierarchy Pro¢@s$P) is one of the methods that can
be applied in CSRE Matrix to find importance wegybf CRs and SRs. AHP is a multi-
criteria decision support method where subjectigmion is converted in to an objective
nature for the purpose of evaluation (Hermann ¢t28l06). The objective of developing
CSRE Matrix with AHP method is to weigh CRs and $Ra more accurate way than ROC
Weight method. In this chapter, development of C3RErix using AHP is explained. The
test implementation of the CSRE Matrix with AHP also described in the subsequent

sections.

5.2  ANALYTIC HIERARCHY PROCESS (AHP) AND ITS APPLIC ATION IN
CSRE MATRIX

The AHP is a multi-criteria decision making toolvd®ped by Saaty, used to
simplify complex problems (Saaty, 2008, Saaty, 3199 hierarchical structure of decision
criteria such as objectives, options, criteria and-criteria are formulated and pair-wise
comparisons are carried out between the elemergaabf level of the hierarchical structure.
These pair-wise comparisons are used to obtaimtpertance weights of the elements. A
major drawback of AHP methodology is that it alloie non-consistent pair-wise

comparisons. Some of these pair-wise comparisasmat be performed correctly which
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would result in a mismatch between these compagisdh consistency check mechanism

has been included in AHP to identify the mismatetwgen the pair-wise comparisons.

AHP method has been used in many NPD techniqguesaoH2002) developed a
method for NPD by integrating AHP, QFD, Failure Moand Effect Analysis and Design
for Assembly. This method used AHP to determine ithportance weight of customer
requirements for various criteria. Armacost et(aB94) applied concurrent engineering
method to evaluate production of exterior strudtwall panel; where, AHP method has
been used for prioritizing customer requirementsQRD. Hanumaiah et al. (2006)
proposed combined AHP-QFD approach for rapid tgoprocess in which, AHP has been
used to find importance weight of tooling requirense In combined AHP-QFD approach
proposed by Bhattacharya et al. (2005) for robtecsen, AHP was used for evaluating
importance weight of each robot considering itst@mer requirements and technical

requirements.

A hierarchical structure of the elements has tedestructed for the application of
AHP. The first level of hierarchical structure tans only one element which is the goal.
In the case of CSRE Matrix, the goal is ‘Customatis®ying Sustainable Product. CRs
and SRs are the elements in the second level.d Téwel contains the sub-elements of CRs

and SRs. The schematic representation of hielcsiructure is shown in Fig. 5.1.

In AHP method, preferences between alternatives fased out by pair-wise
comparison. The objective of pair-wise comparisoto determine the relative importance
of these alternatives based on a criterion. Thieomoe of the pair-wise comparison is
expressed as the importance rating. For each ssipre of importance, based on the

intensity of relationship, a numerical value betwdeto 9 is assigned. These importance
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values are selected based on importance scaledutied by Saaty (Saaty, 2008, Saaty,
1980). The importance rating values are the memtfdte set: {9, 8,7, 6, 5, 4, 3, 2, 1, 1/2,
1/3, 1/4, 1/5, 1/6, 1/7, 1/8, 1/9}. These valued #me definitions of the relationships are

depicted in Table 5.1.

Customer Satisfying First
Sustainable Produ Level
Customer Sustainability Second
Requiremers (CRs) Requirements (SR Level
/NA i
Third
Cry - | Cry | - | cr | SI4 -- Sry - Sry Level

Figure 5.1 Hierarchical structure to carry out CSRE Matrix using AHP

The steps to be carried out in AHP are the follagwin
Step 1: Develop a pair-wise comparison matrixerobjective
Step 2: Add up the values in each column of giewise comparison matrix

Step 3: Divide each value in each column of theywee comparison matrix by the

corresponding column sum. The resultant matrxm®rmalized matrix.

Step 4: Calculate the average each value in eaghof normalized matrix. The

result gives the importance rating.

When the element is compared with itself, only etement exists in the level and
the pair-wise comparison is of the order 1x1. &atx1 matrix, the importance weight
assigned is 1. Second level consists of two elésreesnCR and SR. Pair-wise comparison

is carried out between CR and SR to determine itapoe weight between them based on
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the criteria customer satisfying sustainable praduihe resulting matrix is a 2x2 matrix.
The importance weights assigned to them are temsdtie business policy weights of CR
and SR (BPWCR and BPWSR respectively) in the ‘CSW®a&rix’. If CR has extreme
importance over SR, a rating of 9 shall be givBrCR has equal importance to SR, a rating
of 1 shall be given. The intermediate levels dresen appropriately. The outcome of the

pair-wise comparison is expressed as a matrixs iffatrix is called judgment matrix.

According to Saaty (2008), the pair-wise comparssam a judgment matrix are
consistent if the corresponding consistency ra@ig) (s less than 10%. The credibility of
the judgement matrix and thereby importance weigtdafculated is determined by
computing consistency index jCand consistency ratio & G is calculated using the
formula; G = (Amax — n) / (n-1), wheradmax is the principal eigen value of the judgement

matrix and ‘n’ is the number of elements in the nxat

Principal eigen value,Amax is obtained by adding, the results obtained by
multiplying each sum value of column of pair-wisemparison matrix with the
corresponding eigen vector value. Consistency i@k) is calculated by dividing Gvith
random consistency index (RGralue, which is the averagg Gf a randomly generated
reciprocal matrix with dimension ‘n’ (Saaty, 1988samoah et al., 2012). These RC

values are shown in Table 5.2.

If ‘n’ is the number of elements considered in eastv of pair-wise comparison
matrix, then RCvalue is obtained from Table 5.2 correspondingh® ‘n’ value. If the
calculated G value is less than 0.1, ie., 10%, the importaneighit calculated is consistent;
otherwise pair-wise comparison has to be revisetil anCz value of less than 0.1 is

obtained (Ziout et al., 2013).
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Table 5.1
Importance rating (Saaty, 2008)
Intensity of
importance Definition Explanation
, Two activities contribute equally to
1 Equal importance o
the objective.
2 Weak or slight
: Experience and judgment slightly
3 Moderate importance favors one activity over another
4 Moderate plus
. Experience and judgment strongly
S Strong importance favors one activity over another
6 Strong plus
An activity favored very strongly
7 Very strong or. over another; its dominance
demonstrated importance demonstrated in practice.
8 Very , very strong

The evidence favoring one activity
9 Extreme importance over another is of the highest
possible order of affirmation
If activity | has one of the
above non-zero numbers
assigned to it when
Reciprocals of above compared with activity j, A reasonable assumption
then j has the reciprocal
value when compared with
[
May be difficult to assign the best
value but when compared with other
contrasting activities the size of the
small numbers would not be too
noticeable, yet they can still indicate
the relative importance of the
activities.

If the activities are very

1.1-1.9
close

In the case study considered, as there are onlelgments in the second level, the
consistency of pair-wise comparison matrix needb®thecked (Saaty, 2008). The third
level of hierarchy is the sub-elements of seconalle Pair-wise comparison has been
carried out to find the importance weights amongs@Rd SRs. The resulting importance
weight obtained to each CR and SR are termed aadhedual weight of CR and SR in the

‘CSRE Matrix’. For ‘n” numbers of CRs, a judgmemtatrix of nxn order has to be
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constructed. Similarly, for ‘p’ numbers of SRsjudgment matrix of pxp order has to be

constructed.

Table 5.2
RCI values for different values of ‘n’

n 1 2 3 4 5 6 7 8 9
RCI 0 0 0.58 0.9 1120 1.241.32 | 141 145

Source: Triantaphyllou and Mann (1995)

5.3 CSRE MATRIX IMPLEMENTATION STUDY TO IMPROVE

SUSTAINABILITY LEVEL OF 750 ML. BOTTLE

An implementation study has been carried out irotld manufacturing firm, M/s.
Duropack Industries, located in Kerala state, Indialhe top management of the
organization has provided their support to carry the implementation study of CSRE
Matrix. The product selected in this case studg W80 ml. container bottle which is used
for filling Ayurvedic medicines. The implementatictudy of CSRE Matrix is explained in

the succeeding paragraphs.

531 CSRE Matrix Phase-1

The design team comprising of Design Engineer, Qu&ontrol Engineer and
Safety Engineer were constituted by the top managéemo assist in implementation study.
The development of CSRE Matrix in implementationdst is explained in the following

sections.
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Step 1: Identify product, components of the producand PDC stages

The product identified for the implementation studps 750 ml. bottle. The
components of the 750 ml. bottle were the bottld &as cap. Both the components are
made up of the same material and considered asgke bject to perform CSRE Matrix.
The customers of 750 ml. bottles were Ayurvedic itiad manufacturers. Design team
also selected the stages of PDC to carry out tHRECEatrix. The stages considered were
Materials Selection (MS), Manufacturing Processe&an (MPS) and Distribution

Selection (DrS).

Step 2- Identify CRs

The design team constituted for the implementasgioidly identified various CRs of
750 ml. bottle. For obtaining relevant CRs, deggpm discussed with the manufacturers
of Ayurvedic medicine and also referred historycagtomer enquiries, company standards
and market survey. CRs identified were minimumemat cost, resilience to high impact
load, excellent barrier to ultraviolet rays, exestl surface finish, minimum production cost,
uniform wall thickness, high temperature resistamemimum packing cost and minimum
distribution cost. The CRs identified were subsaily segregated into the requirements of
each stage of PDC. Table 5.3 shows various CRstlaid segregation under different

stages of product development.
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Table 5.3
Customer Requirements
Sr. CRs Abbreviation| Product development
No. Stage
1 Minimum Material Cost MMC
2 Resilience to High Impact Load IL Material Selection
3 Excellent Barrier to UV rays EB
4 Excellent Surface Finish ESF
5 Minimum Production Cost MPC Manufacturlng
Process Selection
6 Uniform Wall Thickness UWT
7 High Temperature Resistance TR
8 Minimum Packing Cost MPAC Distribution Selectiorn
9 Minimum Distribution Cost MDC

Step 3 — Convert CRs to engineering requirements.

Design Team analyzed various CRs and reached t@naensus on suitable
engineering requirements and options in MS, MPS &lages of PDC. High Density Poly
Ethylene and Poly Ethylene Terephthalate werewloedptions considered under MS stage.
Injection moulding, extrusion blow moulding andesth blow moulding were the three
options considered for MPS stage. Standardizediapescking (SSP) and economic bag
packing (EBP) were the two options considered uli& stage. Table 5.4 shows various

options and CRs identified for different PDC stages



77

Step 4: Identify SRs for each PDC.

CRs and engineering requirements were further aedlyby the design team.
Brainstorming technique was applied among desigmtmembers to identify relevant SRs.
Quality control engineer and safety engineer wddle & provide key information in this
regard. The stages of PDC, where the identified &&h be fulfilled were also selected.
Table 5.5 shows the various SRs identified andstages of product development where it

can be fulfilled.

Table 5.4
PDC Stages, Options and Customer Requirements
Stages Options CRs
HDPE Minimum Material Cost, High

Material Selection

PET Impact Load, Excellent Barrief

Injection Moulding
Excellent Surface Finish,

Minimum Production Cost,
Unvarying Wall Thickness

Manufacturing Injection Moulding and stretch
Process Selection blow moulding

Extrusion Blow Moulding

Economic Bag Packing (EBP) High Temperature Resistance

Distribution Mini Packing Cost ’
Selection Standard Special Packing (SSP) |.n|mum ) ac'; mg ost,
Minimum Distribution Cost
Table 5.5
Sustainability Requirements
I\Slg Description Abbreviation = Product development Stage
1 Recyclability RC Material Selection
2 Eco friendly Packing EFP Distribution Selection
3 Minimum Production Waste MPW Manufacturing Process Selectign
4 'V"”'.m“m content of MCA Material Selection
additives
5 Less breakdown vyhen LBU Material Selection
exposed to ultra violet
6 Minimum Packing Waste MPAW Distribution Selection




Step 5: Ranking of CRs
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The CRs identified were ranked based on their inmoe in each stage of PDC.

The most important CR was given the rank one. fAdw important CR was ranked two

and the ranking continued till all the CRs werekexth Table 5.6 shows the ranking of each

CR.

Step 6: Ranking of SRs

SRs under all stages of PDC were ranked subseguer@lmilar to CRs these

rankings were also carried out based on the impoetaf SRs in each stage of the PDC.

The most important SR was ranked one.

The nexobitapt SR was ranked two and

ranking continued till all the SRs were ranked bl€sb.7 shows various SRs and their ranks

Table 5.6
Ranks of Customer Requirements

Sr. No. CRs Abbreviation Rank
1 Minimum Material Cost MMC 1
2 High Impact Load IL 5
3 Excellent Barrier to UV rays EB 6
4 Excellent Surface Finish ESF 8
5 Minimum Production Cost MPC 2
6 Unvarying Wall Thickness UWT 9
7 Temperature Resistance TR 7
8 Minimum Packing Cost MPAC 3
9 Minimum Distribution Cost MDC 4




Step 7: Assign weights to CRs

Ranking obtained for each CRs were then convertiedweights. AHP method has
been used for weighing CRs. The pair-wise comparmatrix and the weights assigned to
each CR using AHP method is depicted in Table 318e consistency ratio was also found

out. The value obtained was 0.08, which beingtleas 0.1, the credibility of the pair-wise

comparison was also established.

Table 5.7

Ranks of Sustainability Requirements

Sr. No. Description Abbreviation Ranks
1 Recyclability RC 1
2 Eco friendly Packing EFP 2
3 Minimum Production Waste MPW 3
4 Minimum content of additives MCA 4
5 Less breakdown to UV rays LBU 5
6 Minimum Packing Waste MPAW 6

Step 8: Assign weights to sustainability requiremets

Similar to the weighing of CRs, AHP method was usedeigh different SRs. The
pair-wise comparison matrix and the weights obthifer individual SRs are depicted in

Table 5.9. As the consistency ratio obtained wa8,0nhich is less than 0.1, the pair-wise

comparison could be treated as credible and valid.
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Table 5.8
Pair-wise comparison matrix of CRs and importance wights of CRs
CRs |MMC | MPC |MPAC| ™D | IL |EB|TR| ESF|UWT '”wgigﬁ[‘sce
MMC 1 2 3 3 4 5 5 6 6 0.27
MPC %] 1 2 3| 4 5 5 6 6 0.22
MPAC 1/3 1/2 1 1| 3 4 | 4 5 6 0.15
MDC 1/3 1/3 1 1 2 3 4 4 5 0.12
IL Ya 1/4 1/3 1/2 1| 3 4 5 6 0.09
EB 1/5 1/5 1/4 1/3 1/3 1 2 3 4 0.05
TR 1/5 1/5 1/4 /4, 1/4 121 3 3 0.04
ESF 1/6 1/6 1/5 /4, 1% 1/31/3| 1 3 0.03
UWT 1/6 1/6 1/6 1/5| 16 1/41/3| 1/3 1 0.02
C 0.08
Cr 0.06
Table 5.9
Pair-wise comparison matrix of SRs and importance wights of SRs
SRs | RC | EFP |MPW | MCA | LBU | MPAW '”\}Sgirgtﬂ[‘sce
RC 1 3 4 4 5 6 0.43
EFP 1/3 1 2 2 3 4 0.20
MPW 1/4 1/2 1 3 0.15
MCA 1/4 1/2 1/2 1 2 3 0.11
LBU 1/5 1/3 1/3 1/2 1 2 0.07
MPAW 1/6 1/4 1/3 1/3 1/2 1 0.05
C 0.04
Cr 0.03

Step 9: Assigning Business Policy Weights to CRsd SRs

While carrying out AHP for calculating BPWCR and \BBR, the design team
considered SRs as slightly important as compar€R®. The pair-wise comparison matrix

for CRs and SRs with their importance weight isegivn Table 5.10.
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Table 5.10
Pair-wise comparison matrix and importance weight ®CRs and SRs
Customer Satisfying Importance
Sustainable Product CRs SRs Weights
CRs 1 2 0.67
SRs 7 1 0.33

5.3.2 CSRE Matrix Phase - 2

Phase-2 of CSRE Matrix includes steps to const@®RE Matrices. The first
CSRE Matrix constructed was MS Matrix. In MS Mafrithe alternative materials
considered were High Density Poly Ethylene (HDPRY &oly Ethylene Terephthalate
(PET). HDPE and PET were the two paths in the CSR&rix of the MS stage.
‘Minimum Material Cost (MMC)’, ‘High Impact Load ()’ and ‘Excellent Barrier to UV

rays (EB)’ were the CRs identified in this stage.

The importance weights calculated for these CRsew@27, 0.09 and 0.05
respectively. ‘More Recyclability (RC)’, ‘Less laedown when exposed to ultraviolet rays
(LBU) and ‘Minimum Content of Additives (MCA)' wex the SRs identified in the MS
stage. The importance weights calculated for th&Rs were 0.43, 0.07 and 0.11
respectively. The ratings of alternative optionsrevalso carried out by the design team.
The CSRE Matrix for the MPS and DrS stages of PD#evalso developed by the design

team.

The CSRE Matrix developed for MS, MPS and DrS stage shown in Table 5.11,

5.12 and 5.13 respectively. CSRE Matrix for th&Btage was the final matrix developed.
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The path, which has the maximum score in the fimatrix (DrS Matrix) was selected as the

best path for producing the customer satisfyingasnable product.

Table 5.11
CSRE Matrix for Material Selection Stage
Material Selection Matrix
2 2 = i)

. cks |MM I | eB| S| srs |Rc|MClBU| 8|8 | §
8 ¢ C 0 A N DU') ol 3
§ S CR e SR X |39
(o= ! 0.27| 0.09| 0.05| O " 043] 011007 @ |3 8| W
§8' Weight T Weight g Em (0/:)

BPWCR 0.67 S | BPWSR 0.33 Sla | ©
w 'Satt‘fotno 6.00 | 6.00| 8.00 gatt‘fotr? 9.00| 9.00 | 8.00
o P 1.74 ER 1.79| 0 | 3.53
T | CR Score| 1.09 | 0.37| 0.28 1.29| 0.33 | 0.18

Score

| oaeto 800 | 7.00| 6.00 Sak 191 6.00| 2.00 | 4.00
lu P 2.09 ER 1.02| 0 |3.11

CR Score| 1.45 | 0.43| 0.21 ceore | 0-86( 007 | 0.09

The maximum CSRE Score obtained was 7.14. Theomptconsidered in that
combination path were HDPE for MS stage, extrusitow moulding for MPS stage and
economic bag packing for DrS stage. This combomapath was selected as the best
sustainable and customer satisfying path for mawufaag 750 ml. container bottle for

Ayurvedic medicine filling.
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CSRE Matrix for Manufacturing Process Selection Stge
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Manufacturing Process Selection Matrix

0 o
c 5 w ) o
IS = CRs | ESF | MPC | UWT| 5 SRs |MPW | 5 | & | o
*5_ [&) O = (@]
o| 9 2 23| &
0 0 CR | 003| 022]|002| & SR 5% | w
O ) Weight = | Weight | 0.15 | = S |
o a3 & g 9 8
g < BPWCR 0.67 2 | BPWSR| 033 = | 3
o a
Rate to Rate to
cC o
§E Option, | 900 | 6:00 | 9.00 option | 800
g3 118— 0.39 5.10
L SRS CR Score| 0.17 | 0.89 | 0.12 Seore | 0-39
% 3.53
T < Rate to Rate to
o o))
222 | Option | 600 | 800 | 6.00 option | 600
283 1.38 0.29 5.21
S = | CRScorel 0.11 | 1.19 | 0.08 CR 0.29
Score
§2 | 3¥10 1 900 | 6.00 | 9.00 sareto | .00
gS P 118 =g 0.39 4.69
=€ | CRScorel 0.17 | 0.89 | 0.12 seore | 039
2z
S O Rate to Rate to
8@ 2 | option 8.00 | 7.00 | 8.00 option | 800
. =
| 589 1.30 039 5 ,, | 480
Ll 5== CR
g0 CR Score| 0.15 | 1.04 | 0.11 0.39
= o3 Score
c Rate to Rate to
8.2 | Option | 700 | 500 | 6.00 option | 600
2285 0.96 0.29 4.36
X = | crRscorel 013 | 0.74 | 0.08 CR 1 529
Score




Table 5.13
CSRE Matrix for Distribution Selection Stage
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Distribution Selection Matrix

[72]
2 .5 2 o o e
S| &8|<c8| crs | TR|MPAIMD | 5 | ors |EFP| MP | 5§ | B o
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5.4 RESULTS AND DISCUSSION

The CSRE Matrix was used to analyze the alteraaiptions for developing the 750
ml. container bottle for filling Ayurvedic medicineThe path matrices for MS, MPS and
DrS were developed accordingly. The options thamnaost suitable for the development of

the 750 ml. container were identified for each stafjthe PDC.

The assessment of the effectiveness of the CSRiExMaas also carried out by
collecting the feedback from a panel of expertdhe company. The panel of experts
comprised of Quality Control Manager, Productionndger, Sales Manager, Logistics
Manager and the design team members. Three questiere asked to the seven experts
who have participated in the implementation studyhe respondents were asked to give
their opinion on a likert scale of 1 to 9, whereegponse of 1 indicate the disagreement and
9 indicate complete agreement. The questions askddhe responses of the experts are
shown in Table 5.14. The average score obtainedllfthe three questions put together is
6.48, with a maximum range of 2. The summary offdedback is shown in Table 5.14.
The feedback result indicates that the proposed ECBRtrix can be used as a tool for

customer satisfying sustainable product development

5.4.1 Statistical Analysis

In order to assess the acceptance of the feeddaClSRE Matrix, one sample ‘t’
test was conducted. In the initial case the tekteswas taken as 7.2, which means the null
hypothesis is as “80% of the opinion of the expsupports the implementation of SPM
tool in the firm and all relevant CRs and SRs hheen considered at 95% confidence

level”. Null hypothesis was rejected in this case.
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Table 5.14
Expert’'s feedback on CSRE Matrix
— N o < ) © I~
Sr. _ cle|lelele|le|e
Question 1818181381 81 8 |Average| Range
No. X | X | X | X | X | x| X
W | W || W] | o]

To what degree you suppart
that CSRE Matrix can be
used as a tool for the
1 | development of 6| 7| 6| 7| 5] 7| 7 6.43 2
sustainable and customer
satisfying product in you

organization?
To what degree you suppart
that CSRE Matrix s

2 | assessing alternative optionss | 6 | 7| 7| 7| 6| 7 6.57 1
based on the relevant
customer requirements

considered?
To what degree you suppart
that CSRE Matrix s
3 | assessing alternative optionss | 7 | 7| 7| 6| 7| 5 6.43 2
based on relevant

sustainability requirements
considered?

When test value was set at 6.75 which modifiesntiiehypothesis as “75% of the
opinion of the experts support the implementationC&RE Matrix in the firm and all
relevant CRs and SRs have been considered at 95fdeace level”. Null hypothesis was
supported this case with all ‘p’ values greatent@d@5. Table 5.15, shows the details of ‘t’

test. The experts who have been surveyed agrethth& SRE Matrix can be implemented

with 75 percent acceptance.
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Table 5.15
Details of ‘t' Test

Variables| Observations Mean Desfgfion St&.elzrnror ggfg? ‘t’ value |‘p’ Value
1 7 6.43| 079 0.30 ((')1.401?’ 108 | 032
2 7 657 | 054 0.20 %‘?g' 088 | 041
3 7 6.43 | 079 0.30 gﬁ‘l)f’ 108 | 032

5.5 CHAPTER SUMMARY

Developing tools that help to fulfill CRs and SRINPD is a difficult mission. The
development of CSRE Matrix with AHP method preséntethis chapter is a step towards
achieving these objectives. This tool helps th&gleers to consider both the CRs and SRs

while design and development of the products.

In CSRE Matrix with AHP method, Brainstorming te@ure has been used to unearth
various CRs and SRs. Further, to weigh CRs and 8RB method was adopted in this
tool. The case study conducted for the test implaation and the feedback from the

practitioners proved its usefulness and importamd¢¢PD.
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CHAPTER 6

CSRE MATRIX WITH FUZZY ANALYTIC HIERARCHY PROCESS A ND ITS

IMPLEMENTATION STUDY

6.1 PREAMBLE

The success of a product in the market dependts @bility to satisfy its customers
(Ali et al., 2012). Customers’ satisfaction depeiod the extent to which the product can
satisfy their requirements. These requirements Ineagontradicting and the cost associated
with fulfilling them can also be different. Custenrequirements have to be assessed and
the priority of these requirements need to be fikefbre incorporating them into a new
product (Alemam and Li, 2014). Weighing of custormequirements according to their
varying importance levels is one of the importatgps in New Product Development

(NPD).

The requirements of customers would be subjedtiveature. Researchers have
attempted various methods to convert subjectivaureabf an opinion to objective
evaluation. One of such method is Fuzzy Analytierekchy Process (FAHP). In this
chapter, application of FAHP method in CSRE Matoxweigh the importance levels of
Customer Requirements (CRs) and Sustainability Reapents (SRs) is explained. An
implementation study of CSRE Matrix in an umbretteanufacturing industry is also

included.
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6.2 FUZZY ANALYTIC HIERARCHY PROCESS

Fuzzy Analytic Hierarchy Process (FAHP) is an egtsh version of Analytic
Hierarchy Process (AHP) method. In AHP, pair-wgsenparisons are carried out between
objectives, options, criteria etc. by judgmentexperts (Sadiq et al., 2005). This method is
used in several research works for determiningivelamportance of variables (Kwong and
Bai, 2002). The ‘importance scale’ developed bgt$#1980) is used to compare various
options. The importance scale is having 9 levedpedding on the intensity of the

relationship between the factors.

In most of the cases, these levels developed by $2880) are not adequate to
represent the linguistic variables due to complature of the subjective human decisions.
Application of fuzzy logic is appropriate in suchses (Kwong and Bai, 2002; Bottani and
Rizzi, 2006). Fuzzy set theory developed by Za{Ed65) is used to solve judgment
problems, which are subjective in nature. Accaydim Ali et al. (2012), subjective nature
of human decisions can be treated in a fuzzy enment and solved by ‘fuzzy decision

making approach’.

Fuzzy Analytic Hierarchy Process (FAHP) is a fuaigcision making approach
having many applications in the research arenarugt al ., 2015). In ‘CSRE Matrix’ the
importance of CRs, SRs and their sub-elements ssesaed and weighed using FAHP
procedure. There are many FAHP methods developeddearchers in literature (Ugurlu,
2015). One of the latest approaches on the FAHRadelogy is ‘Chang’s extent analysis’

method (Ghadimi et al., 2012; Celik et al., 200gudu, 2015).
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6.2.1 Chang’'s extent FAHP procedure

Chang’s extent analysis method is relatively eagibile comparing with other
approaches of FAHP (Ghadimi et al., 2012). The@dare of carrying out ‘Chang’s extent

analysis’ is as described under (Ghadimi et all2Z2&ahraman et al., 2004):

Let X = {X1, X2, ....... Xn} be an object set against a goal. Object setuded
various objectives. In the development of CSRE Matrarious customer requirements and
sustainability requirements constitute two objeet $n Changs’ extent analysis method,
these objectives are compared with one anothedb@séheir importance level against that
goal. For this, pair-wise comparison is carried batween these objectives within an
object set. To compare the objectives againstah fuzzy AHP linguistic scale as shown
in Table 6.1 is used. Against each linguistic scaltriangular fuzzy scale is developed as

depicted in Table 6.1 (Ghadimi et al., 2012).

Table 6.1
Fuzzy AHP linguistic scale

Linguistic Scale Triangular Fuzzy Scale g;i?gg?;gf;ﬁ
Just Equal (1,1,1) (1,1,1)
Equally Important (1,1,3) (1/3,1,1)
Weakly Important (1,3,5) (1/5,1/3,1)
Essentially Important (3,5,7) (1/7,1/5,1/3)
Very Strongly Important (5,7,9) (1/9,1/7,1/5)
Absolutely Important (7,9,9) (1/9,1/9,1/7)
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The selection of triangular fuzzy scale againkguistic scale and the steps

to be followed in Chang'’s extent analysis are dbsdrbelow.

Step 1: The first step in fuzzy AHP extent anaysiethod is to carry out the pair-

wise comparison that decides the relative impodaeach objective.

Let, Oy, O%,....0"; are trianglar fuzzy numbers that can be displagh,b,c). In
the CSRE Matrix, these triangular fuzzy numberstaamgular fuzzy scales obtained after

comparing one objective with other ‘m’ number ofeattives against thd'igoal.
Where,
1=1,2,------ , h number of goals.

A Fuzzy evaluation matrix is developed using thesmgular fuzzy scales. Table
6.9 is an example of evaluation matrix. For eabfedive after comparing with other

objectives a ‘fuzzy synthetic extent value’; ‘B calculated using Eq. 6.1.

P, of an objective is obtained using the followingiatjon.

P =X Olgix [T T, 0] e, (Eq. 6.1)

Where,

j=1,2,3, - , m number of objectives.

Fuzzy addition operatiofi7; 0'g; is carried out as shown below;
Z;'nzl Ojgi: (ala hla C11) + (a-Z! hZa C12) +... + (aﬂ! hma Qm)
= (T, aij; X, bij; X7, cij)

=(a,bi,ci) e  (EQ. 6.2)
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izt Z;’Ll Ojgi] = Xio1 [Z;n:1 aij, Z;n=1 bij Z;n:1 cij]
=[Xisqa'l, X, b'i, Xk, ]

n m j1-1_ 1 1 1
i 2020l = e svn s

= (@, bi, &) X o s 5

Yroci’ ZRbiT T, a’i]

m i n m jq-1_ a'i b'i ci
=i O'gix [Xizq 221 0'g] 7~ = [Z%z:l i’ TR b Z?ﬂa/i]

=(a, b, c)

Fuzzy synthetic extent value obtained for eachedbje is compared with one
another and find out the degree of possibility a€tle objective. In step 2, possibility
degree calculations are explained. The normalzdde of degree of possibility of each

objective is considered as the weight of the object

Step 2: Possibility degree calculation

To find out the weight of each objective, posdipitlegree of each objective has to
be calculated. This is carried out by comparing thzzy synthetic extent values of
different objectives. The possibility degree bedwewo triangular fuzzy numbers is

depicted in Fig. 6.1. jRnd R are indicated using; P (a, b, ¢) and R = (&, b, &).

Let the possibility degree for P Py is represented as V(P F).

V (P, > R = Highest (PN Py) = Wsi(d)
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Hsi(d) /

= h bi di d L B bk Cik

Figure 6.1 Possibility degrees between two triangait fuzzy numbers

V (P> P = psi (d) = if(@a=a);1
if (ac=¢).

ak—ci

Otherwise o= —o

Where ‘d’ is the ordinate of the highest intergegpoint between gland .

Step 3:
The degree of possibility for a fuzzy number togoeater than k fuzzy numberg P
where i =1, 2... kis defined as;
V(P>P,P... R)=(V(P>P), V(P> P)....V (P> R
= Min ((V (B Py, V (P> P)...V(P> R))
=Min V (B P) where i =1, 2, 3...k.

If it is assumed that for (k=1, 2, 3.................. n#k), d' (Ai) = Min (R > F) then

weight vector is given by
W = (d' (A1), d (A2)....d(AW))"

Where A= (1, 2,.....n) are ‘n’ elements.
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Step 4:

By normalizing the weight vector, the ‘importanceight’ of individual objective is

obtained as prescribed below

W= (d (A, d (A)....d (A)) T, where ‘W’ is a real number.

6.3 IMPLEMENTATION OF ‘CSRE MATRIX" IN AN UMBRELLA
MANUFACTURING INDUSTRY

An implementation study of the CSRE Matrix with HR was conducted in an
organization to verify its effectiveness. As mengd earlier, this case study was conducted
in an umbrella manufacturing company (hereafteerrefl as UMC). UMC is located in
Alappuzha district in Kerala State, India. Upomtamting, the top management of the
company was keen on conducting the case studyein dinganization as this effort would

make UMC an environment friendly manufacturing camy

The product selected for the case study was ‘wglktick umbrella’. Executives of
UMC unanimously selected this product, as it hacdkimam demand during the last
financial year. A design team was constituted &sigh a new sustainable customer
satisfying ‘walking stick umbrella’. The memberktbe team were Production Engineer,

Design Engineer, Sales Manager and Safety Engineer.

6.3.1 CSRE Matrix implementation and data collectn — CSRE Phase-1

CSRE Matrix is constructed in two phases. Phdseneluded the nine steps

explained in section 3.3. Implementation of theseps for the development of the
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component ‘umbrella cloth’ of the product ‘walkingtick umbrella’ is explained in

subsequent sections.

Step 1 — Identify components of product and PDC stges

Selection of product, identifying its componentsl @DC stages were carried out
primarily. The major components of walking stiaklorella are shown in Table 6.2. The
design team unanimously agreed on PDC stages asgiD&election’ (DS), ‘Material
Selection’ (MS), ‘Manufacturing Process SelectiiPS), Usage Selection (US), Disposal

Selection (DiS) and ‘Distribution Selection’ (DrS).

Step 2 - Identify CRs

Design team collected various CRs (Sub-element€R$) of umbrella cloth by
applying brain storming techniques. The sales manarovided key information in this
regard. These requirements were subsequentlhaididdto each stage of PDC, according to

the stage where it can be fulfilled.

Step 3 - Convert CRs to engineering requirements

After analyzing CRs at each stage of PDC, deseamt identified engineering
requirements of DS, MS, MPS, US and DiS staged@ Bor producing the components of
the product. These engineering requirements wenyested as options under different
stages of PDC. CRs and options of each stageeotdmponent ‘Umbrella Cloth’ are
shown in Table 6.3. The DrS stage of PDC is relewar the final product manufactured

by assembling the components. The options of Dwxbthe CRs are shown in Table 6.4.
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The CSRE Matrix of DrS has also constructed to cmeaphe path of developing a

sustainable final product.

Table 6.2
Major components of an Umbrella
Component Number Description of Components

1 Umbrella cloth
2 Crook Handle
3 Tube/Shaft
4 Tube Runner
5 Skelton (Ribs and Stretcher)

Step 4 — Identify SRs

Design team identified various SRs of umbrellatitlalso by applying brain
storming techniques. SRs identified and its seggieq into each stage of PDC is shown in

Table 6.5. The options of DrS stage with their @Rsshown in Table 6.6.



Table 6.3

PDC stages, Options and CRs of the component ‘Umbfa Cloth’

Stages Options CRs
Circular cloth Better Appearance (BA),
Design Circular shaped cloth More Area Coverage
with added frill (MAC)
Nylon Taffetg Reduced Material Cost
Material Pongee Fabric (RMTC), More Wrinkle
Cotton Fabric Free (MRF), More Water
Poly Propylene Repellent (MWR)
Nylon production (NP)
and Stitching
Pongee Production
Manufacturi (PP) and St't(.:hmg Reduced Manufacturing
ng Cotton Prog:luc'Flon(CP Cost (RMNC)
and Stitching
Poly propylene
Production (PPP) and
Stitching
More Overall Rigidity
Usage All Seasons (MOR)
, Recycle
Disposal ; More Resale Value (MRV
Dispose
Table 6.4

PDC stage, Options and CRs of Distribution Selectio

Stage Options CRs
o Plastic Bags Reduced Packing Cost
Distribution : : RPC
Plastic Wrapping ( )




Table 6.5
PDC stages, Options and SRs of the component ‘Umitie Cloth’
PDC stages Options SRs
. Circular cloth More Heat Dissipatior
Design : : : (MHD)
Circular shaped cloth with added frill
Nylon Taffeta
Material Pongee Fabric Less Harmful to
Environment (LHE)

Cotton Fabric

Poly Propylene

Nylon production (NP) and Stitching

Pongee Production (PP) and stitching

Manufacturing

Cotton Production(CP) and Stitching

Poly propylene Production (PPP) and

More Worker Safety
(MWS), Reduced
Wastage (RW)

Stitching
Usage All Seasons More Durable (MD)
Recycle Easily Degradable
Disposal : (ED), More
Dispose Recyclable (MR)
Table 6.6
PDC stage, Options and SRs of Distribution Selectio
Stage Options SRs
Plastic Bags More Recyclable
Distribution : : (MR), Easily
Plastic Wrapping Degradable (ED)
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Step 5 - Ranking of CRs

CRs identified are ranked based on their impodganeach stage of PDC. For this,

CRs identified in the entire stages of PDC are iclaned together and ranked by design

team. CRs and their ranking are given in Table 6.7.
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Table 6.7
CRs and their importance ranking for the ‘Umbrella Cloth’

CRs Abbreviation Ranks

Better Appearance BA 6
More Area Coverage MAC 5
Reduced Material Cost RMTC 2
More Wrinkle Free MRF 4
More Water Repellent MWR 3
(Fiigtuced Manufacturing RMNC 1
More Overall Rigidity MOR 7
More Resale Value MRV 8

Step 6 - Ranking of SRs

SRs identified were ranked based on their impodan each stage of PDC. For
this, SRs identified in the entire stages of PDCengrouped together and ranked by design

team. SRs and their ranking are given in Table 6.8.

Table 6.8
SRs and their importance ranking for the ‘Umbrella Cloth’

SRs Abbreviation Ranks
More Heat Dissipation MHD 6
e © 1
More Worker Safety MWS 7
Reduced Wastage RW 5
More Durable MD 4
Easily Degradable ED 3

More Recyclable MR 2




weighting method used is Fuzzy Analytic Hierarchgdess (FAHP) as explained in section
6.2. Fuzzy pair-wise comparison matrices of s@mreints of CRs for Umbrella Cloths are
shown in Tables 6.9. Table 6.10 shows the weight&rious CRs obtained for component
Umbrella Cloth by carrying out Chang’'s FAHP Proaedu Table 6.11 shows the weight
assigned to the CRs at DrS stage. The fuzzy pag-eomparison matrix of CRs at DrS

stage is a matrix of 1x1 order and hence the wesghiven as 1.

Step 7 -Assign weights to CRs

The ranking obtained for each CRs have to be ctedemnto weights.
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The

Izﬁlzjlz?/ ?:;z?ﬂr wise comparison matrix for elements of s of ‘Umbrella Cloth’

CRs RMTC RMNC MWR MRF MAC BA MOR MRV
RMTC (1,1,2) 1,1,3) 1,1,3) (1,1,3) (1,3,5) @aR5| (357 (5,7,9)
RMNC (2/3,1,1) 1,1,1) 1,1,3) (1,3,5) (1,3,5) 3P (3,5,7) (5,7,9)
MWR (1/3,1,1) (1/3,1,1) 1,1,1) (1,1,3) 1,1,3) 3B) (1,3,5) (3,5,7)
MRFE (1/3,1,1) (1/5,1/3,1) (1/3,1,1) (1,1,1) (1,1,3)| (1,3,5) (1,3,5) (3,5,7)
MAC (1/5,1/3,1) (1/5,1/3,1) (1/3,1,1) (1/3,1,1) 1) (1,1,3) (1,3,5) (3,5,7)

BA (1/5,1/3,1) | (1/7,1/5,1/3) (1/5,1/3,1) 1/5,1/8,1  (1/3,1,1) (1,1,1) (1,1,3) (1,3,5)
MOR @/7,1513)| (17,1513 (1/5,1/3,1) (1/3,1) (1/5,1/3,1) (1/3,1,1) (1,1,1) (1,3,5)
MRV (1/9,1/7,1/5) | (1/9,1/7,1/5)  (1/7,1/5,1/3 (Wm/,1/3) | (U7,1/5,1/3)] (1/5,1/3,1) (1/5,1/3,1) (A
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Table 6.10
Weights of various CRs of ‘Umbrella Cloth’
Weights of CRs — Umbrella Cloth
Reduced Reduced More More More Better More More
Material : Water Wrinkle Area Overall Resale
Manufacturing Appearance .
Cost Cost (RMNC) Repellent| Free Coverage (BA) Rigidity Value
(RMTC) (MWR) (MRF) (MAC) (MOR) (MRV)
0.188 0.20 0.16 0.15 0.13 0.08 0.06 0.03
Table 6.11

Weights of CRs of DrS stage

Weights of CRs — DrS stage

Reduced Packing Cost (RPC)
1

Step 8 - Assign weights to sustainability requimaents

Similar to the weighing of CRs, weighting of SRsreva@lso carried out by Fuzzy
Analytic Hierarchy Process (FAHP) procedure. Fupayr-wise comparison matrices of
sub-elements of SRs for Umbrella Cloths are shawmable 6.12. Table 6.13 shows the
weights of various SRs obtained for component Uttor€loth. Fuzzy Pair wise

comparison matrix for elements of SRs of DrS siggehown in Table 6.14. The weights

obtained for sub elements of SRs at distributidact®n is shown in Table 6.15
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Table 6.12
Fuzzy Pair wise comparison matrix for elements of Bs of ‘Umbrella Cloth’
SRs LHE MR ED MD RW MHD MWS
LHE (1,1,1) (1,1,3) (1,1,3) (1,3,5) (1,3,5) (3,5,7) (35,7)
MR (1/3,1,1) (1,1,1) (1,1,3) (1,3,5) (1,3,5) (3%.,7| (3,5,7)
ED (1/3,1,) (1/3,1,1) (1,1,1) (1,1,3) (1,13 (53 | (3,5,7)
MD | (1/5,1/3,1) | (1/5,1/3,1) (1/3,1,) (1,1,1) axs3| (@35 | (1,35
RW | (1/5,1/3,1) | (1/5,1/3,1) (1/3,1,1) (/3,11 (1n (1,1,3) | (1,35)
MHD | (1/7,1/5,1/3)| (1/7,1/5,1/3) (1/5,1/3,1) (UBLW) | (1/3,1,1) (111 | (135
MWS | (1/7,1/5,1/3)| (1/7,1/5,1/3) (1/7,1/5,1/8) (WR,1) | (1/5,1/3,1) (1/5,1/3,1) (1,1,1)
Table 6.13
Weights of various SRs of ‘Umbrella Cloth’
Weights of Sustainability Requirement — UmbrellatGl
Less Harmful More Easily More Reduced| More Heat More
to ORI Worker
Environment Recyclable| Degradabl Durable | Wastage| Dissipation Safety
(LHE) (MR) le (ED) (MD) (RW) (MHD) (WS)
0.21 0.21 0.19 0.15 0.12 0.10 0.03
Table 6.14

Fuzzy Pair wise comparison matrix for elements of Bs of DrS stage

Distribution

More Recyclability (RCY

More Degradability

More Recyclability
(RCY)

(1,1,2)

(1,1,3)

More Degradability

(1/3,1,1)

(1,1,2)
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Table 6.15
Weights of SRs of DrS stage

Weights of SRs—DrS stage

More Recyclable (MR) More Degradable (MD)

0.50 0.50

Step 9 - Assign business policy weights to CR af&iR

In an ideal business situation, CRs and SRs aengdqual preferences. However,
due to certain business constraints and compeditimmganization may not be able to do the
same. In such cases, weights for the CRs and 8R&¥& modified by the management.
FAHP procedure explained in section 6.2 was alsdethout to determine this business
policy weights ‘BPWCR’ and ‘BPWSR’. The managemdats weighed CRs and SRs
equally and the weights obtained are 0.5 each.zyFpair wise comparison matrices for
‘BPWCR’, ‘BPWSR’ and the weights obtained are shown Table 6.16 and 6.17

respectively.

Table 6.16
Fuzzy Pair wise comparison matrix for ‘Business Pady Weight’

Business Policy Weight| BPWCR BPWSR

BPWCR (1,1,1) (1,1,3)

BPWSR (1/3,1,1) (1,1,1)
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Table 6.17
Weights assigned to ‘BPWCR’ and ‘BPWSR’

BPWCR BPWSR
0.50 0.50

6.3.2 CSRE Matrix implementation and data collectia — Phase- 2

The construction of CSRE Matrices in 6 steps ada@x@d in section 6.2 was
carried out in the second phase. The DS stages&ECMatrix of umbrella cloth was first
developed which is shown in Table 6.18. ‘Betterp@grance’ (BA) and ‘More Area
Coverage’ (MAC) were the CRs considered. The wsiglitained for ‘BA’ and ‘MAC’
were 0.08 and 0.13 respectively. ‘More Heat Diasgn’ (MHD) was the SR considered

for DS matrix and the weight obtained was 0 .10.

The ratings of options based on their fulfillmeeneél on CRs and SRs were carried
out by the expert team. Each option is rated keitiscale of 1 to 9. The option that
fulfills CR or SR totally shall be given a rating@ The option that does not fulfill CR or
SR shall be given a rating of 1. The intermedratengs were given for partial fulfillment

of CR and SR.



Table 6.18

DS Stage of CSRE Matrix
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CSRE Matrix for DesL()]n Selection— Umbrella Cloth

n (<)
S S S o
8 CRs BA MAC o SRs MHD o o)
8 CR 2 SR (0/:) n @
[l
c Weight 0.08 0.13 % Weight 0.10 % Q I&J
2 3 IS &
8 BPWCR | 0.50 0.50 o BPWSR 0.50 o O
. Rating to Rating to
S 5| Circular | 5.00 3.00 Circular 4.00
3} 8 Cloth 0.39 Cloth 0.19 | 0 | 0.58
© | CRScore| 0.19 0.20 SR Score|  0.19
% Rating to Rating to
o = | Circular Circular
o=
3 § frill ' frill ' '
5] CR Score| 0.16 0.40 SR Score|  0.29

Score’ were calculated for each option. Umbrelitdhcof circular shape design got a ‘'SPM

Score’ 0.59; whereas, umbrella cloth of circulaah with added frill obtained a score

As explained in Chapter 3, Section 3.2.1.2, ‘CRr8¢ ‘SR Score’ and ‘CSRE

0.84. 'PPS’ was assigned zero, as it was therfiedtix constructed.

MS, MPS, US, DiS and DrS stage CSRE Matrices aks@ developed for Umbrella

Cloth. These matrices are presented in Tables 6.20, 6.21, 6.22 and 6.23 respectively.




Table 6.19

MS Stage of CSRE Matrix
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CSRE MATRIX FOR MATERIAL SELECTION - UMBRELLA CLOTH

@ & CRs MWR | RMTC MRF o SRs LHE o o
S| S 3 3 5
5| & CR ) SR 7)) O
o) 9 Weight 0.16 0.19 0.15 r Weight 0.21 o 2 ¥}
C ® (@] (9] o L
(@) = =1 < o
gz : 5 3
a g BPWCR 0.50 0.50 0.50 2 BPWSR 050 2

_ | Rateto g6 1 800 | 8.00 Rateto | 5,

5 Nylon Nylon

= 1.83 0.31 | 0.58| 2.73

z CR Score| 0.47 0.75 0.61 SR Score| 0.31

$ gg;e © | oo | 200 | 300 gg;e © | 400
< | & g 1.05 g 0.42 | 0.58 | 2.05
o o CR Score| 0.63 0.19 0.23 SR Score| 0.42
O
= Rate to Rate to
< c 2.00 8.00 3.00 8.00

(@]
8| g o 1.14 [Cotton 0.83 | 0.58 | 2.55
O O CR Score| 0.16 0.75 0.23 SR Score| 0.83

% Rate to Rate to

—é Poly 5.00 3.00 5.00 Poly 4.00

£ | Propylene 1.06 |_Propylene 0.42 | 0.58 | 2.06

%‘ CR Score| 0.39 0.28 0.38 SR Score| 0.417

a

Rate to Rate to

S Nylon 6 8 8 Nylon 3.00

= 1.83 0.31 | 0.84| 2.99

z CR Score| 0.47 0.75 0.61 SR Score| 0.31
SRR ERE o | 400
£ S 1.05 0.417| 0.84 | 2.30
E o CR Score| 0.63 0.19 0.23 SR Score| 0.42
°
S| 5| comon | 2| 8 | 3 Cotton | 890
ks 5 1.14 0.83 | 0.84 | 2.81
§ O CR Score| 0.16 0.75 0.23 SR Score| 0.83
= o)}
© & Rate to Rate to

2 Poly 5 3 5 Poly 4.00

£ | Propylene 1.055| Propylene 042 | 0.84 | 2.31

%‘ CR Score| 0.39 0.28 0.38 SR Score| 0.42

[




Table 6.20

MPS Stage of CSRE Matrix
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CSRE MATRIX FOR MANUFACTURI

NG PROCESS SELECTION MBRELLA CLOTH

2 D 5 e g = cu
S| £2 cRs |FMN1 8 | Srs | Mws | Rw | § | B S
a |82 3& C N A | o 3
0|58l B© CR % SR x | 85| 2
s 89 ) : W
s ZE S § Weight 0.20 % Weight 0.03 | 0.12 TU; % 3 &
[72] S O — — -
8 =z BPWCR | 050 | © | BPWSR 050 | 050 | @ |« O
o c Rate to Rate to
== 8.00 4.00 | 6.00
s éé S | Nylon 0.83 |wlon 042 | 2.73 | 3.96
Z | 220 | CRScore| 0.81 SR 0.05 0.37
o o3 Score
= 0O
| 5| 68¢2 . 061 g8 0.15 | 2.05 | 2.80
5| o | 29 | CRScore| 0.61 0.03 0.12
o) o =] Score
8| g | gsgE | Rl 409 Rateto | g45 | 6.00
3| £ | £§5g [ Coton 0.40 [-Coton 0.48 | 2.55 | 3.43
= o O T = . . . .
O| © | ©O20» | CRScore| 0.40 SR 0.11 0.36
0 o Score
W W
E § °§ > Rate to Rg(t)(la to
2| 88< Poly | 3.00 Prop¥|e 500 | 4.00
IS 5 é E Propylene 0.30 ne 0.31| 2.05| 2.67
>| >0 SR
o o
g Lo CR Score| 0.30 Score 0.07 0.24
= O
o c Rate to Rate to
e= = 3 3.00 | 4.00
S | 5§55 [ Nybon 0.30 |-Nlon 028 | 2.98 | 357
T = . . . .
Z | Z22» | CRScore| 0.30 SR 0.04 0.24
o o3 Score
_| 9| 98 | Rateto 1 Rateto | 9 | 300
£ 2| 255 | Pongee 0.10 [ondeel — 1021 230] 2.61
= g £ 9% | CR Score 0.10 SR 0.03 0.18
= o =] Score
= o ¢ Rate to Rate to
K=l c c 5=
Ol 2| £5g [Cotton ® | gao [coron | 20 | 2Ol e | 526
L)1 O | O2h | CRScore| 0.30 SR 003 | 012
o 0 o Score
= 1) 1%
©Clg| g o | Rateto Rg(t)(la to
2| 8s< Poly 2 Propzle 3.00 | 3.00
IS & é E Propylene 0.20 ne 0.22| 231 | 2.74
> | >0 SR
o o
g Lo CR Score| 0.20 Score 0.04 0.18




Table 6.21
US Stage of CSRE Matrix

CSRE MATRIX FOR USAGE SELECTION - UMBRELLA CLOTH
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& ¢ 12}
- [ o = 4 = hd )
S| S| <2 |§ Ccrs |MOR| 8 SRs MD 3 5
| 2| 3 a n n o
o121 g S 19 R 006 & | sRweight| 015 | % A
S| S| 5% |% Weight = = - &
218 58 |8 g g &
8| 8| 2§ |3| sPwer | 050 | O BPWSR | 0.50 S O
3 7]
S o S| Rateto 8.00 Rate to 4
S|S5=E|g| lifespan ' Nylon
% gég 8 0.25 0.30 | 3.95 | 451
S ?|=| CRScore | 0.25 SR Score 0.30
a <
3
oS5 D g Rate to 6.00 Rate to 2
51 5= E @1 life span ' Pongee
515 So|le 0.19 0.15 | 2.80 | 3.14
|2 |a8EH @
S a <| CRScore | 0.19 SR Score 0.15
O
< o3 0
S| cles® §| Rateto 4.00 Rate to 8
S| g|egg|g Mesean 013 | oM 0.603 | 3.43 | 4.16
O|B8|ESg|e : . . .
O|08E|I2
a <C| CRScore | 0.13 SR Score 0.60
28w R
7 ate to
Q|9 c
212528 et | 300 Poly 5
212858 P 0.09 | Propylene 0.37 | 2.67 | 3.14
> Z\E 5 =
218a |<| crRscore | 0.10 SRScore | 0.38
T o 2| Ratet Rate t
c o5 ate to 3 ate to 3
S |52 E|2| lifespan Nylon
% gég 8 0.09 0.23 | 3.57 | 3.89
<K% <| CRScore | 0.09 SR Score 0.23
o
]
v|leso g Rate to 1 Rate to 2
=] 5 %EE 2| life span Pongee
<15 ggg 3 0.03 0.15 | 2.61 | 2.79
‘é‘ a o © 0|=| CRScore | 0.03 SR Score 0.15
= 3 2]
o S| Rateto Rate to
529 3 2
Q § E 2 S1 2| life span Cotton
L3 gég 3 0.09 0.15 | 3.26 | 3.51
2|0 |© X% <| CRScore | 0.09 SR Score 0.15
®) o
28w R
7 ate to
QL |9 c
eI o |3
212858 0.06 | Propylene 0.23 | 2.74 | 3.03
> Z\E n|=
218a |<| crRscore | 0.06 SRScore | 0.23




Table 6.22
DiS Stage of CSRE Matrix
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CSRE Matrix for Dis

posal Selection — Umbrella Cloth

4 g = g o
ol=olEaullls . CRs MRV 8 SRs ED MR 3 s
c © =R °a - - 3]
25|56|535|/0|85| crRweight| 0.03 r | SRweight| 019 | 021 | o | @ | @
8585585 8|25 ° s | %8
= é 8 e BPWCR 0.50 g BPWSR 050 | 050 | £ A
= [
Y [ . .
s " S Rating to 4.00 Rating to 1.00 5.00
Eo | € 2 Recycle 0.06 Reuse 0.62 451 5.18
5 1§ E @ a4 CR Score 0.06 SR Score 0.09 0.52
> 2L @ X :
%‘ o b= 2 § Rating to 1.00 Rating to 1.00 1.00
5 <| g2 | Disposal ‘ 0.01 | Disposal ‘ ‘ 0.20 | 451 | 472
z 8 | CRScore 0.01 SRScore | 0.09 | 0.10
-% % Rating to 1.00 Rating to 1.00 2.00
o | 22 g g | Recycle ' 0.01 Reuse ' ' 0.30 | 3.14 | 3.46
qé; DE_ S |g| x CR Score 0.01 SR Score 0.09 0.21
= (O]
[e] [ 17;) [} Rati .
o N 1%} ating to Rating to
% g’oa < % Disposal 1.00 0.01 Disposal 1.00 1.00 0.20 | 3.14 | 3.35
O o s CR Score 0.01 SR Score 0.09 0.10
3 = Q i i
= IS ” o Rating to 1.00 Rating to 1.00 1.00
2 g o | & g Recycle 0.01 Reuse 0.20 | 4.16 | 4.37
O 51 3£ 2| © | crscore 0.01 SR Score 009 | 010
5|28 |8 : .
(@) = |2 n Rating to Rating to
§? || g | Disposal Y9 1 001 | Dpisposal | B0 | 100 | g5 | 416 | 503
3 _ o CR Score 0.01 SR Score 0.75 0.10
g - -
o | of o | Ratingto 4.00 Ratingto |4 59 | 500
§ | 82 || o | Reade 0.06 [—reuse 062 | 3.14 | 381
> 2% | 5| 8 ' : ' '
S So | 8| X CR Score 0.06 SR Score 0.09 0.52
o | as |8
> 5 [=| & i i
2| 38 |Z| g | Ratingto 1.00 Ratingto | 190 | 1.00
a a 3 2 Disposal 0.01 Disposal 0.198 | 3.14 | 3.35
a & CR Score 0.01 SR Score 0.09 0.10
Y [ . .
s " S Rating to 4 Rating to 1.00 5.00
o |5 2 Recycle 0.056 Reuse 0.615| 3.89 4.56
5 13 £19| CR Score 0.06 SR Score 0.09 0.52
> 2L @ X :
%‘ o p= 2 § Rating to 1.00 Rating to 1.00 1.00
5 <l 2 Disposal ’ 0.01 Disposal ’ ’ 0.19 | 3.89 | 4.10
z 8 | CRScore 0.01 SRScore | 0.09 | 0.10
-% % Rating to 1 Rating to 1.00 2.00
o | 22| 8| & | _Recyle 0.01 Reuse ' ' 030 | 279 | 3.11
qé; DE_ S| g| x CR Score 0.01 SR Score 0.09 0.21
= = (O]
= ] O = 7] Q : :
Sl a| gt 2| g | Ratingto 1.00 Ratingto | 50 | 1.00
= = } <] 2 Disposal 0.01 Disposal 0.21 | 2.80 | 3.02
= o &) CR Score 0.01 SR Score 0.09 0.10
8 S % Rating to 1 Rating to 1.00 1.00
B 8o g 9 Recycle 0.01 Reuse ] ] 0.198 | 3.51 | 3.72
3| S| 3E|2| @ | crscore 0.01 SR Score 009 | 010
C| 8| &2 |83 ~ ~
O | CH |=| g | Ratingto 1.00 Ratingto | g00 | 1.00
S < 2 Disposal 0.01 Disposal 0.85 | 3.507 | 4.37
3 - o CR Score 0.01 SR Score 0.75 0.10
c
= ° i i
el 25 |,] ¢ R;t'"glt" 1.00 R:t'”g to 100 | 5.00
21285 |s| ¢ eovee 0.01 cuse 0.615 | 3.026 | 3.65
S| g% |8| | CRscore 0.01 SR Score 009 | 052
e o | o o) : -
2|38 |2| 8 Ff;“”g . 1 FI‘;“”E © | 100 | 100
o o 3 3 ISposa 0.01 Isposa 0.20 3.03 3.24
a s CR Score 0.01 SR Score 0.09 0.10
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The best options in each stage of PDC for each oot were found out. The
PDC options with maximum ‘CSRE Score’ of each congrd were considered initially for
the product development. The maximum CSRE Scotairsddl was 5.18. These options
were cross examined for compatibility check andhtbeompatible with each other. The
best PDC options of Umbrella Cloth is circular stdeloth with Nylon as material, Nylon
production and stitching as manufacturing procaisseasons as usage and recycling as
disposal selection was compatible with the best Rip@ons of Ribs and Stretchers as
rectangular shaped design, fiber reinforced plasgienaterial, extrusion as manufacturing

process, all seasons as usage and recycle asalisptestion.

Compatibility checking with other components PDGiams were also carried out
and found compatible with each other. ‘CSRE Matiox the DrS stage was developed
separately as it is common for all the componefitable 6.23 shows the DrS stage CSRE
Matrix. The distribution of product using wrappingachine was selected for the

distribution purpose.

Table 6.23
DrS Stage CSRE Matrix
CSRE Matrix for Distribution Selection o
5 CRs RPC | SRs MR | MD [ S
= c : S : n 9 %)
22 | CRWeight| 100 | §| SRWeight| 050 | 050 | & S n
_.U:) 8. B0 ISK%) n'd
3 BPWCR 0.50 — BPWSR 0.50 = 8
=X . .
m | Ratingto |, 5 Ratingto |5 00 | 3.00
2 Plastic Bag 2 00 Plastic Bag 2 95 4.25
= : ) :
©
o CR Score 2.00 SR Score 1.50 0.75
=2 Rating to Rating to
25 | Plastic 6.00 Plastic 3.00 | 8.00
= | CRScore | 3.00 SRScore | 075 | 2.00
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6.4 RESULTS AND DISCUSSION

The effectiveness of implementing CSRE Matrix witAHP method was assessed
by collecting the feedback from experts. The naam of conducting the feedback section

was to realize expert’s opinion on the functioyatif the proposed tool and its usefulness in

achieving a customer satisfied sustainable product.

Table 6.24
Expert’'s feedback on ‘CSRE Matrix’

— (qV] ™ <t n (o] N~ 0| O
clele|lelelele| e e
Sr. - 21818181888 & I Average| Range
Question X| X| X|X|X|X| x| X X
No. W|Ww|Ww|W|W|o| M| o o

To what extent you support
that the proposed tool can pe
used for the development pf
1 |a sustainable and customef | 6| 6| 7| 7| 7| 5 7 7  6.56 2
satisfied product in you
organization?

=

To what extent you support
that the proposed tool |s
5 assessing the alternative | 7| 6| 6| 7| 6| 7 7 7 6.67 1
options in PDC stages basged
on customer requirements
considered?

To what extent you support
that the proposed tool |s

3 assessing the alternative | 7| 6| 6| 7| 7| 6| 6 7  6.55 1
options in PDC stages basged
on sustainability

requirements considered?

The design team and an executive panel comprigregother senior personnel from
different departments have participated in the lieeld. Three questions were asked to the

nine experts who have participated in the implemgim study. The respondents were
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asked to give their opinion on a likert scale afo19, where a response of 1 indicate the
disagreement and 9 indicate complete agreemene aVhrage score obtained for all the
three questions is 6.6, with a maximum range ofThis indicated that the respondents
agree that the proposed CSRE Matrix can be used #&®l for sustainable product

development. The feedback summary is shown ineféld4. The feedback result indicates

that the proposed tool is accepted by the panexpérts.

6.5 CHAPTER SUMMARY

CSRE Matrix is a generic tool which can be used &owy type of product
development.  The development of CSRE Matrix witHP method and its
implementation study in an umbrella manufacturioghpany is described in this chapter.
The practitioners have accepted this tool as a odetor developing customer satisfying

sustainable product.
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CHAPTER 7

DEVELOPMENT OF A DECISION SUPPORT SYSTEM FOR THE CSRE MATRIX

71 PREAMBLE

Decision Support Systems (DSSs) are computer pmoged data analyzing
techniques that facilitate solving complex problgi@kalij, 2009). Many DSSs have been
proposed in the literature to analyze environmeata economic impacts of products and
processes. Many of the eco-design tools are egqdippth a Decision Support System
(DSS) that assist advanced computing, modeling aptimization (Despeiss 2011).
Various methods developed in a wide range of dosnanade DSS a broader concept
(Sokolova and Fernandez-Caballero, 2009). DSSsirpiesent form helps to perform
activities such as assessing data, realizing gsifgtance and help managers aiming at
inferences to make intelligent decisions (YoonlgtZz®08). DSS not only act as a support
tool for designer in analyzing data but also healpatrive at possible solutions in the

complex situations.

This chapter explains the DSS developed for impiemg CSRE Matrix. This
DSS assists the designers to construct CSRE Msatfaredifferent product development
cycles effortlessly. In the DSS of CSRE Matrixjoeof customers (VoC) and voice of
sustainability (VoS) are analyzed separately tocectebest options in each product
development stage that help developing new produolC, VoS and sub-elements of VoC
and VoS are weighed using Rank Order Centroid (R®€)hod or Analytic Hierarchy

Process (AHP) method. Various combinations ofamstifrom different stages of product
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development cycle are analyzed through this detisupport system. Subsequent sections
explain the development of CSRE Matrix as a DSS idpplication in new product

development through a case study.

7.2  DECISION SUPPORT SYSTEM IN SUSTAINABILITY/ENVIRONMENTAL

ARENA

In a multi criteria decision making problem, thecdeon maker has to identify the
best alternative from a number of alternativeseimis of a number of different criteria (Wei
et al., 2013). It is more difficult to take a d&on in sustainable development process, as it
involves three different paradigms namely sustalitabdecision paradigm (social,
economic and environment), decision making paradigmategic, tactical and operational)

and sustainability modeling paradigm (Ahmed anddawam, 2012).

DSSs developed in the sustainability arena areidativo categories. One set of
DSSs help designers to evaluate the sustainabiipects where other categories of tools
assist in developing sustainable products. Soéwawls that evaluate products and process
in terms of sustainability and LCA are developeddoalyzing existing products. Software
tools namely GaBi, SimaPro and TRACI belong to thiseup. These tools assist the
designers to evaluate environmental performanceexdating products and processes.
These DSSs have a strong data base that contd@vane data of products in terms of
sustainability and environmental indicators. Mantlger simplified LCA methods such as
ABC analysis, Eco-compass, ‘Life cycle index’ atsoasupported in these software tools.
Software tools that help in formulating and evahmtesign alternatives are developed for
facilitating the designers. Tools such as DESSENVOPExpert are examples of this

group (Carvalho et al., 2013).
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Monitoring and maintaining the environmental pemi@ance of products and
processes are the other challenges encounteredny of the manufacturing industries. To
take timely decisions on these challenges, orgaaimarequire DSSs and supporting tools.
LCA is one of such quantitative tool (Abdalla et, @012). Similarly, many market based
DSS methodologies have been reported in the litexatthat are intended to focus on

product and process selection (Besharati et 20620

Khan et al., (2004) has developed a decision makygjem called ‘Life cycle
index’ (LinX) in which environment, cost, technologand socio-political factors are
considered for decision making by comparing alteveadesigns of products and processes.
Moskowitz and Kim (1997) have developed a tool nani@FD optimizer’ for supporting
the design team to build house of quality chagdbengineering characteristic values. This
decision support system helps the designer to fieaible design options with higher
customer satisfaction. Besharati et al., (200&eldeveloped a DSS for selecting the final
design of a new product based on market demangynde's preferences and uncertainty in

the achievement of predicted design.

Decision making with accuracy is always a dauntegk in product development
particularly to select an option from many. Piiorselection of the best option, designers
have to answer myriads of questions related tocitstomer requirements, regulatory
requirements, organizational restrictions on praidag profit margins and quality, market
demand, environmental requirements, local societguirements, product life span,
maintenance requirement, end of life decisions etdrade-offs between different
requirements is the only possible method in sutimgons (Byggeth and Hochschorner,
2006). Multi-criteria decision tools such as AredyHierarchy Process (AHP), Conjoint

Analysis (CA), Rank Order Centroid (ROC) weight heat, Fuzzy Analytic Hierarchy
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Process (FAHP), Multi Attribute Utility Theory (MAD etc assist the designers in

achieving this objective.

Prioritization of options or criteria or objectivessgenerally carried out by means of
multi-criteria decision tools. The DSS system o in this doctoral work employs two
multi-criteria decision support tools namely ROCghs method and AHP. The following
sections explain the development of DSS of CSRErikMaising these two multi-criteria

decision support tools.
7.3 DECISION SUPPORT SYSTEM OF CSRE MATRIX

Decision Support System of CSRE Matrix (hereinrafederred as ‘CSREMDSS’)
facilitates carrying out various steps included @SRE Matrix. Once the required
information is given to CSREMDSS, all the computa$i involved in the CSRE Matrix will
be carried out by the system. The system alsorgtasenecessary reports at the end. The

CSREMDSS home screen is shown in Fig. 7.1.

Customer and Sustainability
Requirement Evaluation Matrix
(CSRE Matrix)

Figure 7.1 CSREMDSS Home Screen.

New product development using CSREMDSS is carrigdusing the same steps as

explained in Chapter 3, Section 3.2 for CSRE Matridowever, to facilitate the user
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interface, slight deviations have been made in Q8B&S from the original CSRE Matrix
construction. The major change in the CSREMDS8as some steps of CSRE Matrix

construction are carried out using a single ugerfiace in CSREMDSS.

The first step in the CSREMDSS is to enter theitdetd the product identified for
developing the CSRE Matrix. Figure 7.2 shows th&gieer interface to enter these details
of the products. Each product entry will be save@ aeparate file and can be retrieved at

any time.

In the same user interface of CSREMDSS, designeffesed two options of multi
criteria-decision support tools namely ROC weigletimod and AHP method. Designer has
to select any one of the options from these methotlsese two multi criteria-decision
support tools are used to calculate Business pa¥ieight to CRs and SRs and also for
weighing CRs and SRs. The selected multi critdeeision support tool will be used
throughout the CSRE Matrix development processHat particular product. CSREMDSS
screen shots shown in this chapter are relatech@docomponent ‘umbrella cloth’ of the

product ‘walking stick umbrella’ described in chap6.

CSRE Matrix

ROC |Z| Add Product
SI.LNo Name Business Policy Weight to CRs & SRs

1 Walking Stick Umbrella m

Figure 7.2 CSREMDSS - Product entry
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CSRE Matrix

EPW Rank Weight
CR 1 0.5
SR 1 0.5

Save ROC Results

Figure 7.3 CSREMDS- User interface foweighing CRs and Si

The organization may have different pdes onprioritizing CRs and SF. In these
casesBusiness Policy Weigh(BPW) to CRs and SRs may vary. tkfe designer select
ROC methodn CSREMDS, the user interface will ask for rankif@Rs ant SRs. Once
the ranking is given, theystemwill generateBusiness Policy Weight to CR and
(BPWCR and BPWSR respective using the ROC weights formuldigure 7.3 shows the
BPWCR and BPWSR calculated by ICSREMDSS. When equethportancewas given to

both CRs and SRd)¢ weights obtainewere 0.5 each.

If the designer select AHP method in CSREMDSS, uber interface willask for
ranking CRs and SRs. h&n a pa-wise comparison matrix will appear in the scre The
designer has to seleetppropriateimportance ratingpased on the linguistiscale that
appears in the screefror assisting designer to input importanceng, a drop down mer
as shown in Fig. 7.4vill appearon the screen, from which designer can selecl

importance rating.
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AHP LINGLISTIC SCALE

Figure 7.4 CSREMDSS - drop down menu

Once the importance weights to BPWCR and BPWSRailated by the system,
designer has to add components of the product gerttify the PDC stages applicable for
the product/component. Against each componenD@ $tage selection option button will
be appeared captioned ‘stage selection’ as showigir/.5. All the PDC stages applicable
in CSRE Matrix will be displayed in this CSREMDS@8earface when the designer selects
this button against each component. The PDC stigesach component are selected

accordingly and saved.

CSRE Matrix

Home / Products / Product and Components

Product Name: Walking Stick Umbrella

Name Weight to individual Crs & Srs CSRE Matrix

Umbrella Cloth
Matrix

Crook Handle

Matrix

Tube/Shaft

Tube Runner
Matrix

Ribs & Stretchers
Matrix

Matrix

Figure 7.5 CSREMDSS - user interface to add compisn®DC Options, CRs, SRs
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As seen in Fig. 7.5, the button captioned ‘optibas to be selected by the designer
as a next step, for adding the different optiomsidied under each PDC stages. In the pop
up screen, the designer has to add these opti@nssag@ach component and save the data.
Figure 7.6 shows the CSRE Matrix screen shot aftdecting options under design
selection stage. Similarly, Fig. 7.7 shows the ESRatrix screen shot after selecting

options under all the stages of PDC.

CSRE Matrix

Product Name: Walking Stick Umbrella
Component Name: Umbrella Cloth

DESIGN_SELECTION |Z|

SIL.LNo Option Stage
1 Circular Cloth (CC) DESIGN_SELECTION
2 CC with Frill DESIGN_SELECTION

Figure 7.6 CSREMDSS - Options selected under De3gjection Stage

The CRs identified under each PDC stages are thenesl against each component.
SRs identified are also subsequently entered byd#sgner against each component.
Designer then ranks each CR. If all the membedesign team are present while entering
the ranks, the user interface helps them to ideetimponents and their PDC options by
discussing and arriving at a consensus for comgaiRs and subsequent ranking. Figure

7.8 shows the screen shot after completing thigavl for the component umbrella cloth.
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CSRE Matrix
Product Name: Walking Stick Umbrella
Component Name: Umbrelfla Cloth
DISTRIBUTION_SELECTION '! Add Optlon
SLNo Option Stage
1 Circular Cloth (CC} DESIGN_SELECTION
2 CC with Frill DESIGN_SELECTION
3 Nylon Taffeta MATERIAL _SELECTION
4 Pongee Fabric MATERIAL SELECTION
5 Cotton Fabric MATERIAL SELECTION
L.} Paly Propylene MATERIAL SELECTION
7 NP and Stiching PROCESS. SELECTION
8 PP and stiching PROCESS_SELECTION
9 CP and stiching PROCESS_SELECTION
10 PPP and stiching PROCESS_SELECTION
11 All seasons USAGE_SELECTION
12 Recycle DISPOSAL SELECTION
13 Dispose DISPOSAL_SELECTION
14 Plastic Bags DISTRIBUTION_SELECTION
$5 Plastic Wrapping DISTRIBUTION_SELECTION

Figure 7.7 CSREMDSS - Options selected under eB¢h $age

Similarly SRs identified undereach component aralrthanks are entered by the
designer. Figure 7.9 shows the SRs and their mgskentered for the component umbrella

cloth.
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CSRE Matrix

Product Mame: Walking Stick Umbrelia

Component Name: Umbrella Cloth

Options: DESIGN_SELECTION-Circutar Cloth (CC) DESIGN_SELECTION-CC with Frill
MATERIAL_SELECTION-Nylon Taffeta MATERIAL _SELECTION-Pongee Fabric

MATERIAL _SELECTION-Cotton Fabric MATERIAL_SELECTION-Paly Propylens

PROCESS SELECTION-NP and Stiching PROCESS_SELECTION-PP apd stiching

PROCESS SELECTION-CP and stiching PROCESS_SELECTION-PPP and stiching
USAGE_SELECTION-All seasons DISPOSAL SELECTION-Recyde DISPOSAL SELECTION-
Dispose DISTRIBUTION_SELECTION-Plastic Bags DISTRIBUTION_SELECTION-Plastic Wrapping

DISPOSAL SELECTION x

Stage Requirement Abbreviation Rank
DESIGN_SELECTION Better Appearance BA |15

DESIGN_SELECTION More Area Coverage MAC [5

MATERIAL SELECTION Reduced Material Cost RMTC PR
MATERIAL SELECTION More Wrinkle Free MRF |47
MATERIAL SELECTION More Water Repellent MWR E

PROCESS SELECTION Reduced Manufacturing Cost RMNC |_1

USAGE_SELECTION More Overall Rigidity MOR |5

DISPOSAL SELECTION More Resale Valus MRV is—

Figure 7.8 CSREMDSS — CRs selected under each Ri€ and their ranking

DISPOSAL SELECTION |

Stage Regquirement Abbreviation Rank
DESKGN_SELECTION Muare Heat Diss pathon MHD &
MATERIAL_SELECTION Lzss Harmful to Environment LHE 11
PROCESS SELECTION More Wirker Safety WS 7
PROCESS SELECTION Feduced Wastage R 5
USAGE_SELECTION Mare Durable MD 4
DISPOSAL SELECTION Easily Degradabie ED 13
DISPOSAL_SELECTION More Recyclable MR 2
]

Figure 7.9 CSREMDSS - SRs selected under each RIg€ and their ranking

Upon entering the ranks against CRs and SRs, CSREM&mpute the weights

either using ROC weight method or by AHP methodspear the method selected initially.
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If the designer select AHP method, similar to BPW@Rd BPWSR calculation, a
dropdown menu will be appeared in the CSREMDSSfeate that will help the designer to
input importance rating based on linguistic scakdgure 7.10 shows the screen shot of
CSREMDSS interface, after the weights were caledldbor CRs and SRs using ROC

weights method.

CSRE Matrix
Rank order centroid weight method(ROC)
CRs Rank Welght
BA |6 0.08
MAC |5 0.08
RMTC |2 021
MRF |4 011
MWR 3 015
RMNC|1 0.34
MOR |7 0.03
MRV [ 0.02
SRs Rank Weight
MHDS 0.04
LHE [1 0.37
MWS7 0.02
RW [5 0.07
MD [4 0.11
D 3 0.16
MR |2 lo.23
Save ROC Results

Figure 7.10 CSREMDSS — Weights of CRs and SRs
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CSREMDSS in the same manner as explained in se8tlis carried out for the
CSRE Matrix Phase 2. Once the weights for CRsSiRsl are determined, the first phase of
the CSRE Matrix is completed. The designer hagtback to the product and components
page to start the second phase of CSRE Matrix. rtheedesigner selects the matrix button
in the product and component page (Fig. 7.5), wedrcorresponding to PDC stages will be

appeared against each component.

Initially the CSRE Matrix for the first stage namddesign Selection (DS) has to be
constructed. Subsequently, CSRE Matrices have toobstructed for ‘Material Selection’
(MS), ‘Manufacturing Process Selection’ (MPS), ‘Disution Selection’ (DrS), ‘Usage

Selection’ (US) and ‘Disposal Selection’ (DiS) stag

The first CSRE Matrix appears in CSREMDSS interfascthe DS Matrix, as it was
the first PDC stage selected by the designer.néniS Matrix screen of CSREMDSS, all
the inputs given earlier by the designer will bsptlyed against each CR, SR and options
of PDC. In the same CSREMDSS user interface, #sgder has to give rating to each

option against each CR and SR.

CSRE Matrix

CSRE Matrix for DESIGN_SELECTION- Walking Stick Umbrella Umbrella Cloth

CRs BA MAC SRs MHD

CR
Options |, .. [10.05 0.08 Total CR Score ione | 004 Total SR Score CSRE Score

Figure 7.11 CSREMDSS — DS Matrix
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These ratings are given by the designer using tbp down menu that appear
adjacent to the box where ratings has to be giv€he rating values of 1 to 9 will be
appeared in a drop down menu. The calculatiortstaf CR scores, SR scores and CSRE
score will be done by the system. The CSRE MatixDS stage that appears in

CSREMDSS is shown in Fig. 7.11.

CSRE Matrix for MATERIAL_SELECTION- Walking Stick Umbrella Umbrella Cloth
Circular Cloth (CC) »
CRs RMTC MRF MWR SRs LHE
CR i e ™ : -
Options | Ly 021 0.11 0.15 Total CR Score sRweight [[0.37 Total SR Score CSRE Score
BPWCR 0.5 BPWCR |[0.5
Ratingto Ratingto
Nylon 8w 8w b - | MNylen 3w
Nylan [{73 2.2
Taftera | TG 173 Tatfeta loss 228
CRScore |0.84 0.44 0.45 sRscore ||0.55
Ratingto Ratingto
Pongee 2 w 3. 3. Pongee |4 w
Pongee [ T
Fabric | 2P o8 Fabric 074 172
CRscore [0.21 017 0.6 SRscare [[0.74
Ratingta Ratingto
Cotton 8- 3~ 2 - Cotton g -
Cotton ke E G Y
Fabric | Fabric jrae Fabric 148 2.6
CRScore |0.84 0.17 0.15 Skscore ||148
Ratingto Ratingto
Poly Paly R 5. 5w — Poly 4w — -
Prapylene | Propyiene p.ss Propylene o7 172
CRScore [0.32 0.28 0.38 SRScore |[0.74
Save Stage Results
CCwith Frill -
CRs RMTC MRF MWR SRs LHE
CR - s
Options |, e 0.21 011 0.15 Total CR Score SR Weight | [0.37 Total SR Score CSRE Score
BPWCR 0.5 BPWCR |03
Ratingto Ratingto
MNylon 8 v 8 6 v — |Nylen 3w
Nylon i g
Tafteta | 19TeQ LT3 Taffeta 035 228
CRScore |0.84 044 0.45 sescore |[0.55
Rating to Ratingta
Ponges 2 w 3 8 - Pongee | 4
Pongee =
F;h:r Fabric oea Fabric 0.74 172
CRScore  [0.21 0.17 0.6 SRScore ||0.74
Ratingto Ratingto
Cotion Cotton 8w 3~ 2 - - Catton 8 -
Fabric | FAbIic 114 Eabric 1458 264
CRore |0.64 0.17 013 SR5core ||148
Ratingto Ratingto
Poly Paly i 5 - 3w Poly 4
Propylene | Propylene .73 Propylens 0.74 172
CRScore [0.32 0.26 0.38 SRScore (074

Figure 7.12 CSREMDSS — MS Matrix
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Upon completing the CSRE Matrix of DS, the desigmes to save the CSRE Mat
by clicking the ‘Save Stage Result’ button dispkhyt the bottom of thDS Matrix. The
system will subsequenthjirectto thenext CSRE Matrix namely the MS Matri Similar to
DS Matrix, matrices corresponding to MS, MPS, US, DIiS and 8igfges also have to
developed. Figures 7.17.13, 7.14, 7.15 and 7.1depict the CSRE Matrices develof

using CSREMDSS faMS, MPS, US, DiS and DrS stacrespectively.

CSRE Matrix

CSRE Matrix for PROCESS_SELECTION- Walking Stick Umbrella Umbrella Cloth

Circular Cloth (CC) » MNylonTaffeta

CRs RMNC SRS MWS RW
options| 034 Total CR 5c = jo.02 [o.07 Total SR Sc CSRE S
ptions ||t fotal CR Score weight [ Y fotal SR Score ore
BPWCR |[0.3 BPWCR bs
Rating Rating
toNp | MR -
Npand |and and -
Stiching | Stiching 136 Stiching 025 L6l
CR B
136 .04 .21
Score Score
Circular Cloth (CC) + | PongeeFabric
CRs RMNC SRs MWS RW
jons| - o34 = 002 joo7
ontions | {12 Total CR Score weight | L Total SR Score CSRE Score
BPWCR ||0.5 BPWCR F 5
Rating Rating
wee | PP 2
ppand |2nd and
stiching | stiching Loz stiching 0.09 111
cR 102 * 0.02 [o.07
Score Score
Circular Cloth (CC)_v | Cotton Fabric =
CRs RMNC SRS MWS RW
jons| 8 [o.34 ] = 0.02 Joo7 I
Options |1 Total CR Score Weight Total SR Score CSRE Score
BPWCR |[0.5 BPWCR bs
Rating Rating
toCP 4 - toCP 3 - o -
cPand |2nd and
stiching | stiching 0.68 stiching 029 Pz
CR SR
[0.68 008 jo.21
Score Score
Circular Cloth (CC) ~ PolyPropylene «
CRs RMNC SRs MWS RW
Options | o 034 Total CR 5c = 0.02 .07 Total SR 5c CSRESc:
ptions | e {10 otal CR Score weight | ! otal SR Score ore
Rating Rating
ta PPP toPPP  —
o S o 5 - 4w
PPPand P
stiching | stiching 051 stiching 0.19 o7
CR - = .
051 0.05 0.14
Score Score

Figure 7..3 CSREMDSS — MPS Matrix
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Figure 7.14 CSREMDSS - US Matrix
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Figure 7.15 CSREMDSS — DiS Matrix
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After developing CSRE Matrix against each PDC stagsigner has to go back to
the products and components page to select thegeattration button. This is shown in
Fig. 7.5 as path button. When the designer setbetpath button, system will generate all
the possible paths with scores against each pasih@sn in Fig. 7.16. The combination
path Circular Cloth with Frill as design, Nylon et as material, Nylon Production and
Stitching as Manufacturing Process, All season seg@ and Recycle as disposal got a
maximum score of 15.14 as shown in Fig. 7.16. $heond combination path score
obtained was 15.0 against Circular Cloth as deaigph Nylon Taffeta as material, Nylon
Production and Stitching as Manufacturing Procédlsseason as usage and Recycle as
disposal. DrS stage was constructed separatabureé=7.17 shows the DrS stage Matrix.

The distribution with plastic wrapping got a maximgcore of 5.75.

Paths
Circ lylon Taffets->MNP and Stiching->All seasons->Recycle—

Cv Frill->MNylon Taffeta-> MNP and Stiching-> ycle-—PP5(15.14)
Circular Cloth (CC}->Pongee Fabric->PP and stiching s->Recycle-—
PPS(12.97)

CCwath Frill-=Pongee Fabrnc->PP and stiching->All seasons->Recycle—PP5(13.11)
Circular Clath [CC)->Cotton Fabric->CP and stiching-> All seasons->Recycle--

PPS{14.98}
CC with Frill->Cotton Fabric->CP and stiching->A

oth (CC)-»Poly Propylene->PPP and stic

lylon Taffeta-= NP and Stiching->
-ular Cloth (CC)->Pongee Fabric->PP and sti

CCwith Frill->Pongee Fabric->PP and stiching-»All

3}
Circular Cloth (CC}->Cotton Fabric-»CP and stichir
PP5{13.43)
CCwith Frill->Cotton Fabric->=CP and stiching-»All seazons-» Dispose-—-PPS(13.59)
Circular Cloth (CC)-=Poly Propylens->PPP and stiching-»All seasons-»Dispose—
PPS{11.2)
CC with Frill->Poly Propylene-> PPP and stiching->All seasons->Dispose-—PP5{ 11 34)

Figure 7.16 CSREMDSS - Path with Path scores
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CSRE Matrix

CSRE Matrix for DISTRIBUTION_SELECTION- Walking Stick Umbrella DS Umbrella Cloth

CRs RPC SRs MR ED
ons | 1 oy 0.5 Jos
Options Weight Total CR Score Weight . . Total SR Score CSRE Score
BPWCR | [0.5 BPWCR 0.5
Rating to Rating to
X Plastic 4~ Plastic 6 - ER g
Plastic | paq ,27 Bag 2.25 4.25
Bag
CR ,7 SR
2 15 0.75
Score Score
Rating to Rating to
Plastic 6~ Plastic 3 - 8 -
Plastic | Wrapping 3 Wrapping 275 575
Wrapping
CR ’7 SR
Score 3 Score 018 2

Save Stage Reslts

Figure 7.17 CSREMDSS - DrS Matrix

Subsequently, the multi-criteria decision supgodl was changed from ROC to
AHP in CSREMDSS. In AHP approach, to obtain thegts to individual CRs and SRs,
pair-wise comparisons were carried out. For thigortance ratings according to the
linguistic variables were inserted using a drop donenu. Figure 7.18 is the screen shot
that include the drop down menu for entering thguistic variables and importance scale.
Figure 7.19 is the screen shot that depicts the &RsSRs weights calculated using AHP

method.
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Figure 7.18 CSREMDSS — AHP approach where drop doenu shows importance rating
and linguistic scale.

CSRE Matrix

Home | Products / Walking Stick UmbrellaAHP / AHP-Umbrella Cloth

fcRs 2:‘:“’1 Manufacturing b - tuced Material Cast More Water Repellent  More Wrinkle Fres More AreaCoverage  Better Appearance More Overall Rigidity ~ More Resale Value Weight
RMNC|1 1 3 3 5 B 7 .17
IRMTC |1 1 4 4 5 16 7 7 [p2
MWR [0.33 025 1 3 5 5 7 2 .17
MRF |0.23 025 032 1 |4 5 7 B .15
MAC |02 02 o2 025 1 s 7 s .13
EA |02 017 o2 02 02 1 H H .11
MOR [0.17 014 0.14 0.14 l0.14 l0.11 1 B os
MRV |0.14 014 013 0.11 l0.11 l0.11 0.11 1 o1
(SRS :::::::n‘tb" Mare Recyclable Easily Degradable MareDurable Reduced Wastage More Heat Dissipation  MoreWorker Safety  Weight

LHE |1 2 2 E o 5 017

MR |05 1 4 5 7 7 & 021

ED [0S 025 1 5 7 5 7 021

MO [0.33 o2 02 1 7 B i 0.1%

Rw |02 0.14 0.14 014 1 7 i 0.14

MHD|0.17 .14 011 011 0.11 1 i 007

Mvvs|o.2 017 014 011 0.11 0.11 1 001

Figure 7.19 CSREMDSS - Screen shot showing CRS&sdweights calculated using
AHP method.

The CSRE Matrices corresponding to all the PD@estavere developed for the
component umbrella cloth with the AHP method. Fegu7.20 to 7.24 depict CSRE
Matrices of Design Selection, Material Selectiorarifacturing Process selection, Usage

Selection and Disposal Selection respectively.
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Figure 7.20 CSREMDSS — DS Matrix using AHP apphoac

CSRE Matrix for MATERIAL_SELECTIOMN- Walking Stick Umbrella AHP Umbrella Cloth
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Figure 7.21 CSREMDSS — MS Matrix using AHP approach
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Home / Products

Walking Stick Umbrella AHP

CSRE Matrix for PROCESS_SELECTION- Walking Stick Umbrella AHP Umbrella Cloth

Circular Cloth (CC)

+ MylonTaffeta  «

CRs RMHNC SRs MWS RW
ions | F 017 I R 001 [o1a |
Options Weight Total CR Score Weight Total SR Score CSRE Score
BPWCR | |0.5 BPWCR Fl 5
Rating Rating
to NP 3 - to NP . o -
MPand [2nd and
stiching Stiching 0.63 Stiching 0.44 112
cr 0.65 = 0.02 042
score Score :
CircularCloth (CC) - PongeeFabric -
CRs RMHC SRs MWS RW
fons| 0.17 = 0.01 [o.14
Options Weight 3 Total CR Score Weight | Total SR Score CSRE Score
EPWCR ||0.5 EPWCR E.j
Rating Rating
to PP ta PP
d 6~ and M 2
pPand |2" = 5
stiching | stiching 0.51 stiching 0.15 )0'66
cr 0.51 SR 0.01 014
Score Score
Circular Cloth (CC) + CottonFabric
CRs RMHNC SRs MWS RW
jons| " 017 R 001 [o.14
Options Weight Total CR Score Weight Total SR Score CSRE Score
BPWCR | |0.5 BPWCR Fl 5
Rating Rating
toCP 2 - toCP . o -
cPand |2nd and
stiching stiching 0.34 stiching 0.46 )O'E
cr 0.34 = 0.04 042
score Score :
CircularCloth (CC) = Poly Propylene -
CRs RMHC SRs MWS RW
fons| 0.17 = 0.01 [o.14
Options Weight 3 Total CR Score Weight | Total SR Score CSRE Score
EPWCR ||0.5 EPWCR E.j
Rating Rating
to PPP to PPP
d 3 - and - 4 -
PPPand | 2" 5
stiching |stiching 026 stiching 0.31 |O37
CR SR
0.26 0.03 0.28
Score Score

Figure 7.22 CSREMDSS — MPS Matrix using AHP applnoac
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CSRE Matrix for USAGE_SELECTION- Walking Stick Umbrella AHP Umbrella Cloth
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Figure 7.23 CSREMDSS — US Matrix using AHP approach
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CSRE Matrix for DISPOSAL_SELECTION - Walking Stick Umbrella AHP Umbrella Cloth

Cirtads CigAh[C0] = Mylonlafietd = MPandStiching = Al srasom =

CRy Ay = |En MR
gl T o= foz ozt TR
L= TS P takil CR Sesie - fatal SR Scmie E Semin
———i———
[ E!! HE o5
Hating Rating
[T i = 1o i = ¥ -
Guwcycie | Brvyre ooz Heryte jasd )
i ——— £
Sooae e Lo k"” k‘“
Haiing Hating
L5 i- te i = i
Db | Dagone [z e | 7FE jea
CR B — 5= | L
Chneler CRath 0O = mrlﬂlt B PF'H‘!ﬂHIIHP‘ = AN peatiee ¥
iy MRV 1 [+ [34] (]
CE h—: L
o a1 a1 Yol S Seed CSRE Sesis
L Em.m:nsm vt [P j2 =
m 1 s
Hating 1 Hating
L] 1= | fo 1= F I
| —
Rocvdie | Rrevn T Boecytie [oaa LR
= | i I
Pl | T | e T K1
Hating 1 Farog
i 1= 1 1] L= S
[T 1'_""2‘“'"' ]ﬁm (Bppme [oaz 1%
e - | b
e s | Soow ot pu
Cimsar Caify(C0} = CottunFaine o CFf peiviicey = i esin =
TR MRV LTI (]
R S B -
oY i T T5ial CR Stme o fon oz Tukal 58 Senre CEEF Soner
] E:- BEWCH E:
Rarlireg Radirg
fié 1= in ] i
— e -
Peryste | FECVE oo Revyrhe ol jaza
R iR B
. 1 T | ks
Watireg Ratirad
2] 1= m = 1=
—
Drapone | Dhpme ool [Haposs Joss juse
= - A -
il oo e | T fore
Crputar Clonh (0] = Poly Propyiene = P el giating = Al isstom. =
= [T Sy (B0 =] ]
A e SR : 1
LU e Tartal 8 Scnere rigaa | 022 i | Yacai 58 e CERE Soaee
R | s BiwWEH Eh
Rafiigt Ralwyg
o aw o = |
Hetyeie | Rrovce T Recyoe ez [
o A
g 1" o
e - sore h} kls‘
Wating Helrg
1o LI o I = 1=
Dinpane | oos ot e ez joza
= —— S = e
o . [Pa oz f

Figure 7.24 CSREMDSS - DiS Matrix using AHP apploac
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When AHP method was used, the weights to individiRé and SRs were different
from ROC method and the path scores also werereliffeaccordingly. The combination
path, Circular Cloth with Frill as design, Nylonflieta as material, Nylon Production and
Stitching as Manufacturing Process, All season seg@ and Recycle as disposal got a
maximum score of 15.74 as shown in Fig. 7.25. $heond combination path score
obtained was 15.53 against Circular Cloth as deaighNylon Taffeta as material, Nylon
Production and Stitching as Manufacturing Procédlsseason as usage and Recycle as

disposal. DrS stage was constructed separately.

CSRE Matrix

Home / Products / Walking Stick Umbrella AHP

Paths

Circular Cloth (CC)->Nylon Taffeta-=NP and Stiching-=All seasons->Recycle-—PPS(15.53)
Circular Clath (CC)->Pongee Fabric-=PP and stiching->All seasons->Recycle—---PP5(13.27)
Circular Cloth {CC)->Cotton Fabric->CP and stiching->All seasons->Recycle—PPS(13.71)
Circular Cloth (CC)->Poly Propylene->PPP and stiching->All seasons->Recycle—---PP5(12.71)
CC with Frill-=Nylon Taffeta->NP and Stiching->All seasons->Recycle--—-PPS(15.74)

CC with Frill-»Pongee Fabric->PP and stiching-»All seasons->Recycle----PP5(13.48)

CC with Frill->Catton Fabric->CP and stiching->All seasons->Recycle—-PP5(13.92)

CC with Frill->Poly Propylene->PPP and stiching->All seasons->Recycle—--PPS(12.92)
Circular Cloth (CC)->Nylon Taffeta->NP and Stiching->All seasons-»Dispose—-PP5{15.07)
Circular Cloth (CC)->Pongee Fabric-»PP and stiching->All seasons->Dispose-—--PP5(12.81)
Circular Cloth (CC)->Cotton Fabric->CP and stiching->All seasons->Dispose--—-PPS(13.25)
Circular Cloth (CC)->Poly Propylene->PPP and stiching->All seasons->Dispose-—-PPS({12.25)
CC with Frill->Nylon Taffeta->NP and Stiching->All seasons->Dispose----PPS(15.28)

CC with Frill->Pongee Fabric->PP and stiching-»All seasons->Dispose—-PPS(13.02)

CC with Frill-=Catton Fabric->CP and stiching->All seasons->Dispose--—-PPS(13.46)

CC with Frill->Poly Propylene->PPP and stiching->All seasons->Dispose-—-PPS(12.46)

Figure 7.25 CSREMDSS - Path with Path scores usiiig approach

74 RESULTSAND DISCUSSION

A Decision Support System is developed and pub iptactice for assisting

practitioners in developing new sustainable produbich satisfy the customers. The
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various steps of CSRE Matrix in each stage of thedyct development stages are
developed using a decision support system. The iB®8plained with demonstrations of

the use of the tool in an umbrella manufacturingnpany.

7.5 CHAPTER SUMMARY

The success of a product in the present competitanket depends on its prolonged
presence in the maturity stage of the productcyiele. The CSREMDSS help the designer
to arrive at various combination options in PD@stfor producing a customer satisfying
sustainable product quickly and thereby reduce timenarket. CSRE Matrices of each
PDC stage can be built using CSREMDSS and thus NE&Idme an easy task in front of
the designers. In addition, CSREMDSS is carriet asia systematic approach where
complex data analysis and computations in multisies support tools are handled by the

system.
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CHAPTER 8

CONCLUSION

81 PREAMBLE

Accomplishing present generation’s needs withouhmmmising the needs of the
future generations can only be achieved through dhetious extraction and use of
resources. Sustainable product development hagdicant role in reaching this level of
sustainability. Organizations are now increasingbnscious about sustainable product
development and they are badly in need of sustiEnabduct development tools to design

and manufacture their products.

Traditional new product development tools were yasoncentrating on cost/profit
models that would increase their bottom line (Kaelo& et al., 2003). Modern day
business strategies take advantage of the new grativelopment methods to achieve
reduced cost and improved quality of the producis €t al., 2010). In addition to cost and
guality, introduction of environmental requiremeirt® design has also emerged as a new

competitive strategy (Koltun, 2010).

Life Cycle Assessment (LCA) is one of such widelgcepted approach for
evaluating environmental and economic impacts mfogluct, process or an activity (Roy et
al., 2009). Apart from environmental and economagpects, social aspects as a third
dimension of sustainability need to be reckonedtlier evaluation of sustainability level.

Many researchers have attempted to integrate LCth wther tools such as Quality
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Function Deployment, TRIZ etc. These attempts kpented the acceptance level of
LCA as an assessment/new product development tblmwever, these attempts cannot
avoid or reduce the adverse effect of product'ds essalation due to the introduction of

environmental requirements into new product devaleqt (Kaebernick et al., 2003).

The necessity of a paradigm shift in new produeetigment tools has resulted in a
cost, profit, quality, and sustainable model thatkon voice of customers, voice of
environment, voice of society and voice of manuwfeats. Optimization of all these
requirements using a sustainable product developmeol is the main challenge

encountered by the designers.

During systematic literature review, it was noticdtht very few works were
reported related to the construction of sustaingbdeluct development tools. In addition,
the tools and methods that consider an integrgppdoach of all the three dimensions of
sustainable development are quite a few. Thealibee review conducted for this research
works emphasized the importance of integratingttad three dimensions of sustainable
development in new product development. It wae alsticed that the existing tools that
consider all the three dimensions of sustainabdibynot separately weigh sustainability
requirements and customer requirements. This e@dyce the importance of sustainability
requirements over customer requirements. Some atlds that consider all the three

dimensions of sustainability do not weigh its elatseand sub-elements.

Sustainable product development tools are not gégedistinguished from
sustainability assessment tools in literature. é¥beless, there is a fundamental difference
between these two types in its application arerroduct assessment tools evaluate

sustainability impact of the product; whereas pridievelopment tools try to avoid impact
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on sustainability. Even though enormous numberdoofs have been developed for
sustainability assessment, there is still lackaafig for sustainable product development.
The tools that consider environmental aspectsodyst development do not have a general
perspective on sustainability to encompass other dinensions of sustainability namely

social and economic.

82 RESEARCH DELIVERABLES

A new tool namely CSRE Matrix has been developefaas of the research work.
The primary objective was to develop a tool thatonporates sustainability requirements
and customer requirements into new product devedmpm Most of the existing new
product development tools merely focus on achiewingtomer satisfaction. Literature
review revealed that a very few number of toolsehbeen developed for sustainable new
product development which considers all the threeedsions of the sustainability along
with customer requirements. CSRE Matrix proposethis doctoral work reckons all the

three dimensions of sustainable development alatigoustomer requirements.

CSRE matrix weighs CRs and SRs separately to eealliierent options in each
stage of product development cycle based on tHalrhént level of CRs and SRs. The
importance of both CRs and SRs were not reducedaltiee priority of the other. When
CRs are considered as part of SRs, CRs may be eigiore to SRs, as it is the prime
objective of new product development. CSRE Matowercomes this limitation by
weighing CRs and SRs separately while computingsttoees of different alternatives. In
addition, CSRE Matrix introduces business policyghieto CRs and SRs as a new concept.

By including business policy weights, companies @ policies either to support CRs or
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SRs. In addition, each alternative at product hbigreent stages is rated based on its

fulfillment to voice of customers and voice of sisability.

Case studies were conducted in three differentsinehs for testing the acceptability
and applicability of the CSRE Matrix. Evaluatiasfsdifferent options at different stages of
the product development have been carried outhi@mproducts namely 500 ml edible oil
bottle, 750 ml ayurvedic medicine bottle and forlkieay stick umbrella. The best options
under each stage of product development could berrdmed easily and the same was

unanimously agreed by the practitioners involvethanstudies.

The personnel who participated in the case stuglipported the proposed tool and
expressed their opinion that it can be used effelgtiin their organization for the
development of sustainable and customer satisfgnoglucts. They also agreed that the
proposed tool assess alternative options in PDgesthased on customer requirements and
sustainability requirements of products consider&dshort, the case study suggested that
CSRE Matrix can be used effectively as a new prodewelopment tool that focuses on

sustainable product development without comprorgisustomer satisfaction.

The calculations and presentation of the CSRE mdieing time consuming, a
decision support system named CSREMDSS was dekkpe used to facilitate the easy
use of the proposed tool. Decision support systeaeloped as part of this doctoral work
helped the designers to construct CSRE Matriceh Wei$s effort. It was noticed that
computations based on decision support tools sadkHP and ROC methods could easily

be handled through this decision support system.
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83 CHAPTER SUMMARY

The main objective of this thesis work was to caorgdt a tool for product
development that overcomes all the limitations bé texisting sustainable product
development tools. By introducing CSRE Matrix,sthiesearch work has attempted to

fulfill its objectives and has been succeeded.

CSRE Matrix has reckoned customer requirementssasthinability requirements
separately and hence do not allow customer regem&ndominating over sustainability
requirements. CSRE Matrix considers all the thiaeensions of sustainability namely
environmental, social and economic. In order tolude all the sub-elements of
sustainability requirements under the three dinmssiof sustainability, brainstorming
technique has been applied among design team menibd@s approach helped them to
obtain broad picture of all the sustainability regments and prioritize the sub-elements of
a particular sustainability dimension which hasdprainance over the other. Case studies
conducted on the development of three productswia industries corroborated the

usefulness and acceptability of the proposed tool.

The decision support system ‘CSREMDSS’ developed part of this thesis works
was aimed to reduce the difficulties in the condtan of CSRE Matrices and to simplify
the calculations involved. CSREMDSS also helpstmcturing CSRE Matrices of each

stages of product development cycle very accuraetlyquickly.

In developing the proposed tool ‘CSRE Matrix’, tladm was to construct a

relatively simple and easily buildable tool for asable new product development. CSRE
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Matrix in its present form has tried to serve thispose and the endeavor has fulfilled its

responsibilities towards a sustainable future.

84 LIMITATIONSOF THE RESEARCH WORK

The following limitations were observed during idesof the CSRE matrix and the

implementation studies.

CSRE Matrix is developed based on the qualitathfermation from the experts
involved. Hence, the selection of design team nme¥mlnust be based on their overall
knowledge in design and sustainability aspects. ailability of personnel having
knowledge in manufacturing of the products andstiigtainability aspects of the design and

processes is important for the organizations tp bemefits of this tool.

The weighing of CRs and SRs as a whole is possibtee CSRE Matrix. This
feature can be used to decide the fulfilment osGRd SRs. The top management of the
organization can decide this weight. This hasdadbne carefully, since providing more
weights of CRs and less weight to SRs can conherptoduct into a customer satisfying

product than a customer satisfying sustainableymtd

The CSRE Matrix considers different possible aléiues in the different stages of
its product life cycle. The designer has to chdwk compatibility of these alternatives
carefully. Compatibility checking of products withore components and subcomponents
needs designer’s special attention. However, tinealesigner is more used with the tool
and follows an approach that considers the besbroptin each stage of the product

development cycle, the difficulty of selecting thest option can be minimized.
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8.5 SCOPE FOR FUTURE RESEARCH

CSRE Matrix has been constructed as a genericvwbath can be used for the
development of any type of products. It is mortedive in the case of new product
development where quantitative information is nadikable for designers. In the case of
product development that focus on modification wistng product, where quantitative
information are available, qualitative assessmgntdmparing physical parameters of each
option quantitatively would help in making bettectsions. LCA of an existing product
can offer more information for comparing physicargmeters. Integration of decision
support system of CSRE Matrix with any one of tl@ALdecision support system is one of

the possible future scopes of works in this regard.

CSRE Matrix was test implemented in very few mawtring organizations.
Inferences from the study revealed that it can beduin many other manufacturing
organizations. For this purpose, if a databaseoaimon sustainability requirements and
customer requirements is available for similar piid, CSRE Matrix can be used more

effectively in any type of industries.

According to Ziout et al., 2013, significance |lewéeach of the three sustainability
dimensions is not equal. In order to widen thepsoof the CSRE Matrix, the importance to
individual dimensions of sustainability can be weid and considered which will benefit

the prospective users.

While developing the decision support system ofRESMatrix, fuzzy analytic
hierarchy process (FAHP) method was not considehed to the cumbersome work
involved in formulating the FAHP procedure in sadre programming. However, the

addition of FAHP method in the DSS of CSRE Matriguld make it perfect.
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The aforesaid modifications to the proposed CSR&rik shall benefit in a long
term perspective. Moreover, radical innovations eequired for CSRE Matrix for its

global acceptance as a perfect new product deveoptool.
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