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ABSTRACT 

Due to internal and external pressure, more and more manufacturing enterprises 

are working hard to improve the environmental performance of their products. Design for 

Environment (DFE) is an efficient design methodology to reduce the negative 

environmental impact of products. Recently, modular design is widely used in the design 

of electromechanical products. In order to greatly reduce the negative environmental 

impact of electromechanical products, new methodology needs to be developed to 

integrate DFE into modular design. 

The purpose of this research is to develop a quantitative environmental analysis 

model for modular design. The proposed model aims at providing design support in 

redesign of modular design; it can be used to help designers to improve the potential 

environmental performance of modular design. In this research, a fuzzy graph is used to 

represent the structure of a modular product. A set of comprehensive environmental 

criteria has been established for modularity analysis after analyzing the potential 

environmental problems through the entire life cycle of modular products. These 

environmental criteria include: usage life compatibility, technology life compatibility, 

material compatibility, maintainability, disassembility (including geometric connection, 

disassembly time, disassembly energy) and assembility. In order to quantitatively apply 

all these criteria to modularity analysis, all environmental criteria are thought to be fuzzy, 

and fuzzy numbers are used to measure the relationship between components upon each 

criterion. Considering the requirements of modular design, a two-step modularity analysis 

scheme has been developed so that the concept of DFE can be integrated into the process 

of modular design. The modularity analysis scheme includes similarity analysis and 

independence analysis. Similarity analysis pursues the similarity or compatibility within 

modules, and independence analysis pursues the independence between modules. 

Different environmental criteria have been selected for these two kinds of analysis, and 

fuzzy AHP is used for these two multi-criteria decision making processes. In this 

VI 



research, a deliverable prototype has also been developed in Microsoft Visual C++ to 

illustrate the proposed methodology. 
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CHAPTER I 

INTRODUCTION 

1.1 Research Background 

Rapid industrializafion has brought great wealth to human society, as well as 

significant environmental damage. In order to keep the earth in a condition that best 

supports life, more and more attention is being paid to the pollution caused by human 

activities, especially industrialization. 

As we know, pollution may be generated at different stages, i.e., manufacturing 

process, consume stage and post-usage stage, of industrial products' life cycle. During 

the manufacturing and post-manufacturing processes, natural resources and energy are 

consmned; and pollutants may be released to the environment. When products reach the 

end of their life, they become solid waste that is also a major source of pollution in 

modem society. 

In order to reduce the pollution, governments are imposing harsher and harsher 

regulations to enforce environmentally conscious manufacturing and product recovery 

(ECMPRO), and some environmental organizations are calling for "green" products 

(Klostermann & Tukker 1998, Gungor & Gupta 1999). On the other hand, companies 

themselves are becoming keener to improve the environmental performance of their 

products in order to attract customers and keep the market share (Vandermerve & Oliff 

1990, 1991). Under some circumstances, both economic and environmental benefits will 

be generated fi^om performing "green" activities. For example, Intel Arizona acclaimed 

that it had been able to recycle 65% of solid waste in 2001, which had saved or 

eliminated the need for approximately 3,847 trees, 64.13 acres of forest, 928,000 gallons 

of water, and 1,584,390 kilowatts of energy (Intel in Your Community Arizona). 

Considering potential economic profits and obvious environmental effects, much 

attention has been paid to "green" production and products. In last decades, many 

theories, i.e.. Environmentally Conscious Design and Manufacturing (ECD&M), and Life 

Cycle Assessment (LCA), have been proposed for different environmental aspects. 



ECD«&M covers various environmentally conscious pracfices including the social and 

technological aspects of the design, synthesis, processing, and the use of products in 

manufacturing industries (Zhang et al. 1997); LCA is probably the most commonly 

accepted method to improve the environmental performance of products by assessing 

their environmental impacts (Nissen et al. 1997, Frankl & Rubik 2000). Because the 

design stage of products plays an important role in determining their characteristics, the 

negative environmental impact will be greatly reduced if environmental factors are taken 

into consideration at the design stage. Therefore, Environmentally Conscious Design 

(ECD) recently became popular due to its efficiency in poUufion reduction. 

In ECD, potential environmental problems are measured or estimated as early in 

the design stage as possible. In past years, some methodologies (i.e., design for 

disassembly, design for recycling, design for maintainability, etc.) have been developed 

to help product designers to make trade-offs decisions between environmental concerns 

and other design requirements. The research on ECD will be introduced in detail in 

Chapter II. According to Borland and Wallace (2000), ECD approaches include 

information systems offering suggestions for material selection, qualitative 

environmental assessment tools, design for environment guidelines, environmental design 

tools and database, and etc. Most existing ECD methodologies are qualitative, and it is 

always difficult for non-environmental professionals to follow the procedures these 

methodologies provide. In order to provide easy-to-handle tools for product designers, a 

quantitative environmental analysis model will be developed in this research. 

Currently electromechanical products are one of major sources of solid waste, and 

its amount is still increasing. Therefore, it is meaningful to introduce the concept of ECD 

into the design of electromechanical products. For most electromechanical products, 

modular design is commonly used. Therefore, the characteristics of modular design 

should be taken into consideration during ECD. Modular design is a design technique 

using similar components to develop complex products (Kamrani 1997, 2000). 

Components in a modular designed product have their own discrete functions, and 

provide a variety of functions when they are coupled together to form a product. Modular 



design is a process to combine units with different functions to obtain the required 

function for a product. The interaction between modules should be minimized; therefore, 

modules can be designed and produced independently. In modular design, the function of 

a product should be analyzed and decomposed into sub-functions so that different 

flinctional modules can satisfy these sub-functions, and the function of the whole product 

when they are combined. In traditional modular design, usually few environmental 

factors are involved. In order to include the environmental consideration into the modular 

design of products, it is helpful to provide specific environmental analysis support for the 

modularity analysis so that the further revision can be made firom the environmental 

viewpoint. 

Yu (1999) has done a lot work in this field, and developed a methodology to form 

modules based on the environmental requirements. In this research, the modularity of 

existing modular design is analyzed according to some selected environmental criteria; 

based on the analysis results, the modularity of a modular design can be improved from 

the environmental viewpoint 

1.2 Problem Statement and Research Objectives 

Currently, Design for Environment (DFE) is becoming popular. DFE is one type 

of ECD methodologies. However, most existing ECD methodologies are qualitative, and 

they usually need professional environmental analysts, which may increase the design 

time of products due to the communication between designers and environmental 

analysts. In order to improve the credibility of analysis results, reduce the controversy 

among different analysts, and simplify the use of analysis process, some quantitative 

methodologies should be developed for the environmental analysis. Furthermore, because 

many environmental factors are immeasurable, appropriate methods need to be developed 

to transfer the linguistic judgment of environmental impacts into numerical values. 

Modular design is a popular design technique for electromechanical products; 

however, few environmental concerns have been included in current modular design 

practice. In order to maximally reduce the burden of the environment, it is necessary to 



take environmental factors into consideration of the modularity analysis during modular 

design. In general, methodologies need to be developed in order to quantitatively include 

environmental considerations into the modular design of electromechanical products. 

In this research, a quantitatively environmental analysis model will be developed 

for modular design. The objectives of this research can be summarized as follows: 

• Establish environmental criteria for modularity analysis. There are many 

environmental problems throughout the life cycle of products. It is impossible 

to include all of them in modularity analysis. In this research, potential 

environmental problems for each life cycle stage of a product are analyzed, 

and some primary and relatively independent environmental objectives are 

selected for DFE in modular design, from which environmental criteria can be 

established for modularity analysis. 

• Apply environmental criteria quantitatively to modularity analysis. Most 

environmental factors caimot be quantitatively measured, which makes it 

difficult to quantitatively apply environmental criteria to modularity analysis. 

In this research, fiizzy numbers are used to map ambiguous judgment into 

numerical numbers. 

Develop a quantitative modularity analysis model. The model aims at increasing 

the modularity of products from the environmental viewpoint without harming the 

fimctional-structure architecture of modular design. 

1.3 Research Methodology 

As discussed above, electromechanical products are usually modular designed. At 

the modular design stage, the function-structure architecture of products should be 

considered at first according to the principles of modular design. However, in view of 

environmental protection, some revision may need to be done to improve the potential 

environmental performance of products. Therefore, the modularity of products should be 

re-analyzed from the environmental viewpoint. 



As mentioned above, pollution may be generated from different stages of 

products' life cycle, in order to cover all primary environmental problems in modularity 

analysis, potential environmental problems should be analyzed stage by stage, from 

which some primary environmental objectives can be set, and the environmental criteria 

can be established for modularity analysis. 

In this research, a graph is used to represent the assembly relationship between 

components in a product. Because it is difficuh for decision makers to give crisp 

judgment about relationships between components, fuzzy numbers are used to describe 

various relationships between components in a product. 

For environmental modularity analysis, multiple environmental objectives are set 

as the criteria. In such a multi-criteria decision-making process, the weight of each 

environmental criterion is calculated using fiizzy AHP, and relationships between 

components are measured according to each criterion. After setting appropriate 

environmental criteria, the comprehensive relationship between components can be 

obtained, based on which the modularity of a product can be analyzed from the 

environmental viewpoint. 

In this research, the environmental modularity analysis includes two parts: 

• Similarity Analysis. The similarity/compatibility between the components 

within a module is analyzed, and components incompatible with others are 

identified. Based on analysis results, suggestions can be provided to improve 

the similarity/compatibility of modules; 

• Independence Analysis. Dependencies of components on components in other 

modules are analyzed, and components too dependent on other modules can 

be identified. Based on analysis results, suggestions can be made to improve 

the independency of modules. 

In the end, an electromechanical product will be chosen to illustrate the proposed 

methodology, and a prototype model will be developed to demonstrate the methodology. 



CHAPTER II 

LITERATURE REVIEW 

In Chapter I, the research background has been introduced, and the necessity of 

ECD and the advantages of modular design have also been discussed briefly. In this 

chapter, the literature on ECD (or DFE) and modular design will be reviewed, and the 

history and development of these two research fields will be introduced. 

2.1 Research on Environmentally Conscious Design 

As we know, many companies in the world are becoming keen to improve the 

environmental performance of their products due to legislative, financial, and image 

requirements. The methods and processes a company adopts to set environmental 

objectives and strategies, and to improve the eco-efficiency of their products can be 

different. Many theories and methodologies have been developed for this purpose, and 

now environmentally conscious design (ECD) becomes popular. 

According to Ulrich and Eppinger (1995), product design or product development 

is a process of mapping the requirements of customer, corporate, and government into a 

product that can be produced and marketed. Most characteristics of a product are 

determined at its design stage. Recently, energy efficiency, the use of recycled and 

recyclable materials, and the avoidance of toxic materials have become both customers' 

and governmental requirements, therefore, taking environmental concern into the 

consideration during the design process becomes more important than ever. 

The concept of ECD was developed when people become interested in the timely 

communication and information transfer between product designers and environmental 

experts in order to shorten the design cycle and improve the product quality in late 1990s. 

Environmentally Conscious Design (ECD) is a new concept that requires product 

designers and environmental experts collaborate during the product design process 

(Boriand & Wallac 2000) to maximally obtain profits and reduce the environmental 

impact simultaneously. Experts of different fields may distiibute spatially and 



temporally; and they all master the knowledge of their own fields. ECD focuses on 

involving the knowledge of different fields into the design process, while some other 

theories, i.e., life cycle assessment, usually focus on providing assessment tools to 

designers so that designers can make some environmental assessment. Assessment tools 

usually are easy for non-environmental professionals to use. 

With legislative, financial, and awareness issues to face, many large corporations 

and universities are working on the research of ECD; much literature can be found on this 

field. The concept of ECD has already been used in practice, and the results are 

surprising. For example, because products are environmentally conscious designed, 94 

percent of cars and trucks scrapped in U.S. are dismantled and shredded, and 75 percent 

of their content by weight—including the iron, steel, aluminum, and copper—is recycled 

in the middle of 1990s. 

Because both Life Cycle Analysis (LCA) and Design for Environment (DFE) are 

emphasized in the literature about ECD, next, ECD will be discussed from these two 

aspects. 

2.1.1 Life Cycle Analysis/Assessment (LCA) 

2.1.1.1 General Knowledge of LCA 

A LCA is an objective process for assessing and evaluating the environmental 

burdens of a product through all phases of its life by identifying and quantifying energy 

and material usage and environmental releases (Graedel 1998, Gungor & Gupta 1999). 

LCA began in the late 1960s, and its real break-through into the business world occurred 

in this decade (Frankl & Rubik 2000). 

According to the ISO-standard 14040, LCA can be defined as a technique for 

assessing the environmental aspects and potential impacts associated with a product by 

compiling an inventory of relevant inputs and outputs of a product system, evaluating the 

potential environmental impacts associated with those inputs and outputs, and 

interpreting the results of the inventory analysis and impact assessment phases in relation 

to the objectives of the study. The activities in products' life cycle can be divided into 



five stages (Figure 2-1), and the adverse environmental impacts generated at each stage 

should be considered in LCA (Graedel 1998). 
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Figure 2-1. Activities in the five life cycle stages. 

LCA can be used for many purposes. In practice, it can be used as the basis for 

the environment related laws, taxes and regulations (Matsuo 2000, Nicholas 2000), the 

support tools to reduce the adverse environmental impact of industrial products and 

production (Tekawa et al. 1997, Zhang & Yu 1997, Tomita et al. 1997, Schey & Hoffinan 

III 2000), etc. Because the design stage is crucial to reduce the environmental impact of a 

product, LCA is usually applied at the design stage. LCA is one of the most instiaictive 

management tools for getting insights into product related environmental impacts (Frankl 

& Rubik 2000). The research on LCA during the last ten years was and is still focused on 

the improvement of LCA methodology and the knowledge integration of various fields. 

However, the application of LCA through policy brings the controversy among different 

researchers and interest groups. Some researchers think that LCA is a useful tool of ECD, 

while others think that LCA procedures are too expensive and complicated to use. 



2.1.1.2 The LCA Framework 

According to the literature, the steps involved in a LCA can be summarized as 

follows (Keoleian & Menerey 1994, Miettinen & Hamalainen 1997, Gungor & Gupta 

1999, Frankl & Rubik 2000): 

• Identification of goals and definition of scope; 

• Analysis of inventory to achieve a balance between material and energy in the 

system; 

• Evaluation of the system's impact on the environment; 

• Interpretation of the analysis results. 

It is important to define the goals and scope before a LCA begins. The goal 

should include the drivers for study, the purpose, the existing information, the evaluation 

criteria, etc. In the scope definition, the assessment methods and result interpretation, the 

data requirements, all assumption, known limitation, and the resource that can be applied 

to the assessment should be included and defined according to the stated goal. Both goals 

and scope should be stated clearly. 

Inventory analysis is the second component of LCA, and it is by far the most 

developed among the components of LCA. It uses quantitative data to provide a 

comprehensive view of the materials and energy input to a system, the product output, 

and environmental releases during the processes. Most literature (Frankl & Rubik 2000, 

Weidema 1997) pointed out that a LCA should be taken following some precise 

guidelines (i.e., SETAC 1993) or ISO standard 14040. 

The third stage of a LCA, environmental impact evaluation, is the difficult part of 

LCA because it is a subjective procedure, and it is hard to quantify or measure the 

outputs of the system and the environmental impacts (or burden) on the external world. 

Some methods (i.e., Eco-indicator 99) are used to obtain the acceptable measurements of 

the environmental impacts, however, there is still a long way before they can be widely 

accepted. In order to reduce the extra controversy on the analysis results of LCA, Frankl 

and Rubik (2000) advocated that any qualitative or quantitative valuation should be as 

transparent as possible during a LCA. 



After one or more of above three stages, the results obtained should be interpreted 

so that they are comprehensible to decision makers (i.e., designers). The findings of this 

stage should be consistent with the established goal and scope. With the findings, two 

forms of activities can be taken: a proactive one termed DFE, and a reactive one termed 

pollution control (Graedel 1998). 

According to the literature and ISO standard, the key-features of LCA 

methodologies can be summarized as follows: 

• A LCA should study all the life cycle stages of products; 

• The definition of goal and scope determines the detail and time frame of an 

LCA; 

• Qualitative or quantitative valuation and description during a LCA should be 

as fransparent as possible; 

• A LCA methodology should be open to future development; 

• Detailed provision should be made on the confidential problems; 

• Both LCA methodologies and the results can be various based on the specific 

application and requirements. 

On the other hand, the limitations of LCA are obvious: 

• Many assumptions and subjective valuation are included in a LCA, which 

result in subjective judgment; 

• The results of a LCA may be unreliable due to the lack of reliable data and 

information; 

In all, LCA is one of the popular ECD tools, and companies should choose appropriate 

tools to meet their special needs. 

2.1.1.3 LCA Methodologies and its Applications 

Because a LCA procedure is time-consuming, it is unimaginable to involve a 

LCA into the design without the aid of computers. Much software has been developed to 

facilitate a LCA process. LCA tools can be specific toolkits (including simple CAD tools) 

(Rosen et al. 1996), or integrated assessment systems (Timmons 1999, Herrmann et al. 

10 



2000, Weidman & Lundberg 2000). With the development of network, distributed LCA 

(Borland et al. 1998) is developed, which supports a collaborative, distributed, 

multidiscipHnary design process. 

As we know, an LCA is a complicated and time-consuming process, which will 

increase the cycle and cost of the product's design. Sometimes, it is difficult or 

impossible to perform a fully comprehensive LCA. Therefore, approximate or 

sfreamlined LCA are useful to the application of LCA. According to Graedel (1998), a 

detailed LCA only provides a framework upon which more efficient and useful methods 

of assessments can be developed, and a streamlined LCA is in the middle from the 

expensive and detailed LCA (extensive LCA), to sketchy LCA (LCA scoping) (Figure 

2-2). Approximate LCAs may be qualitative or quantitative, ranging from checklists, 

qualitative matrices, abridged LCA, and LCA streamlining (Eisenhard et al. 2000). 

Fully 
Comp 
LCA 

^ , Ecoscreeing 
Comprehensive 

•̂  Currently accessible region 

L-Extensive-» .^Streamlined ^ L ^^^ _ 
\ LCA 1 ^ LCA \ Scoping 

Figure 2-2. The LCA/SLCA continuum (Graedel 1998). 

Based on approximate LCA, methodologies of surrogate LCA were recently 

proposed (Sousa et al. 1999, Eisenhard 2000). Not requiring any LCA modeling at the 

time of use, a surrogate LCA methodology derives its analytic capability from the 

collective experience of traditional LCA. In order to deal with limited data available at 

the conceptual design phase, Sousa et al. (1999) proposed a learning surrogate LCA 

methodology which uses learning algorithms to train artificial neural networks according 

to pre-existing life cycle assessment cases. Compared with approximate LCA 

11 



methodologies, a surrogate LCA methodology can save time and cost, hence make it 

possible to do LCA at the conceptual design phase. 

The focuses of LCA studies can be different. Some researchers investigate the 

entire life cycle of products (Overby 1990), while others are interested in the effects of 

LCA on some specific design issues (Ishii 1992, Ishii et al. 1995); some researchers work 

to minimize the adverse impact of products and production (Fiksel et al. 1996), while 

others fry to make a trade-off between the environmental and economic consideration 

(Emblemsvag & Bras 1999). 

In general, the studies on LCA are various, and the development of LCA requires 

contributions from experts of different fields. 

2.1.2 DFE Methodologies and Tools 

2.1.2.1 General Knowledge of DFE 

Findings obtained during a LCA need to be transferred into the initial design of a 

new product (Gimgor & Gupta), and then concept of DFE can be applied to the design. 

The interaction between LCA and DFE is shown in Figure 2-3. (boxes with rounded 

edges in the figure contain supporting activity of the associated stage) As discussed 

above, it is usually difficult to consider all the environmental impacts of a product 

through its entire life cycle; therefore, researchers focus on the impacts generated at some 

specific stages to simply the work. Different researchers are interested in different life 

cycle stages, and various techniques are used to minimize the related potential negative 

environmental impacts. All these problems belong to the research area of DFE. Widely 

speaking, DFE discussed here actually includes the work of simplified LCA. According 

to the Hterattire (Horvath et al. 1995, Zhang 1997, Tomita et al. 1998, Alvarado & 

Thurston 1998, Brady et al. 2001), DFE can be used to reduce risky environmental 

impacts, secure product and human safety, prevent pollution and accidents, protect 

ecology, save resource, and manage waste. 

The concept of DFE originated from 1992 when some electronics companies tried 

to build environmental awareness into their product development process. Some authors 
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(Lenox et al. 1996, Fiksel 1996) summarize that DFE is a systematic consideration of 

design performance with respect to environmental, health, and safety objectives over the 

full product and process life cycle. The difference between traditional design 

methodologies and DFE is that DFE includes the environmental consideration as eariy as 

at the design stage. 

Product Design Product 
Manufacturing 

Life Cycle Analysis 
(LCA) 

T 
Design for 

Environment (DFE) 

Design 

H 
Product Use 

TE n c 

Product Recovery 

JL 
Feedback to LCA and DFE 

•Reclaimed Materials" 

Raw Materials 

Part 
Manufacturing 

Assembly 

~~? 

Use 

Use -1 

Remanufacturing 

Disposal 

Figure 2-3. Interactions among the activities in a product life cycle 
(Gungor & Gupta 1999). 

For DFE, how to obtain reliable data about products and processes is a big 

problem. At the design phase, especially at the conceptual design stage, designers are not 

very clear about the cost, material, component, and structure of future products; therefore, 

it is difficult for them to make precise decisions in DFE since reliable and sufficient data 

is the foundation of precise decision. In order to improve the reliability of data, some 

methods (i.e., probabiHstic methods) are used. For example, Shu and Wallace (1996) use 

a probability-based reliability model to describe the effect of remanufacture on the 

reliability of parts and systems. On the other hand, in order to make appropriate 

decisions, many decision-making methodologies are use in DFE. For example. Analytic 

Hierarchy Process (AHP) makes it easier to handle decision-making processes, and the 
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infroduction of fuzzy theory makes the mathematics description of judgment closer to the 

human intuition. 

Another problem for DFE is that many environmental factors and their impacts 

are unmeasured and incomparable under the current technology. Subjective judgments 

are commonly used in the analysis and calculation. Many researchers have worked on the 

measure of environmental related factors. Eco-indicator 99 is an instance of such effort. 

Generally speaking, Eco-indicator is used to improve the objectivity of the judgment by 

integrating the judgment of many experts from different fields into an integrated indicator 

system though the obtained final indicators are still subjective. An Eco-indicator system 

itself experiences the change with the change of time and the development of technology. 

For example, Eco-indicator 99 is developed from Eco-indicator 95. However, with the 

development of various measurement technologies, it is possible to bring the DFE 

technology to a new and more precise level in the future, and the standardization of the 

environmental factors may become true one day. Before such a day comes, 

methodologies should be developed to quantify the judgment of environmental factors 

and their impacts. 

Designers are also faced with the communication problems during a DFE process. 

There are two main types of commimication. First is among the experts from different 

aspects (i.e., designers, environmental analysts, market analysts, supporting experts, etc). 

Knowledge from different disciplines should be included in the design process, and most 

design activities involve experts from different fields. The information exchange of 

different experts should be kept smooth in order to guarantee the design quality and work 

efficiency. Network provides a basis for such communication, spatially and temporally 

distributed experts can now work for the same project. Understanding between experts 

from different disciplines is also an important factor to smooth communication. 

Disciplines each have their own terminology, which sometimes makes it difficult for 

experts from different disciplines understand each other. Therefore, a unified 

terminological vocabulary should be built and updated in time. The other type of 

communication exists between the manufacturers and customers. The requirements of 
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customers should be reflected in the design; therefore, it is necessary to exchange 

information timely between these two interest groups. In all, smooth communication is 

important to an integrated DFE system. Some papers have talked about how to solve this 

problem. For example. Mead et al. (1999) proposed a methodology of data transfer and 

communication between designers and customers during the process of determining end-

of-life strategies in the telecommunications industry. 

2.1.2.2 DFE Methodologies 

Most DFE methodologies are qualitative, and usually involve the assessment of 

some life cycle stages of products. Some quantitative methods have also been developed 

(Alvarado et al. 1998). For example, to support the quantitative foundations of assessing 

priorities for DFE, Boks and Stevels (2001) proposed a structured methodology to 

analyze the uncertainties from issues affecting end-of-life routes. Six steps are taken to 

rank the priorities of effects, and all kinds of uncertainty are analyzed and their effects are 

estimated, from which the priorities of effects can be calculated. However, most 

quantitative DFE methodologies involve subjective judgment because it is difficult to 

quantify the measurement of many environmental factors (Bervoets et al. 1999, Boks & 

Stevels 2001). Therefore, the experiences from current manufacturing activities and the 

implementation of current DFE practice will influence DFE methodologies in the future 

(Hoffinan et al. 2001). 

Knowledge based systems have also been used for DFE (Rombouts 1998, Neal 

2001), which improve the integration of DFE systems and bring the promise to introduce 

artificial intelligence to DFE systems. In addition, the development of network also 

provides the foundation for distributed DFE systems. 

2.1.2.3 DFE Implementation and Environmental Regulations 

Currently, IT industry, especially in Europe, has been challenged with an 

increasing number of eco-labels for their products. In order to minimize the cost and 

catch the change and keep the market share, industry are actively involved in the 
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activities of setting up environmental criteria (Hermann 2001). Figure 2-4 shows the 

nature of DFE research and practice in U.S., categorized by different viewpoints of 

product development. 
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Figure 2-4. DFE activities in U.S. categorized by product development 
viewpoints (Ishii 1998). 

The electronics industry is recognized as the leader in developing and adopting 

DFE practice. Though there is no standard way for implementing DFE and few 

guidelines for designing successfiil DFE programs, many successful cases can be found. 

Dunnett et al. (1999) pointed out that IBM's DFE initiatives are effective in improving 

product designs and in implementing targeted environmental attributes by analyzing the 

DFE results. The success of Intel Corporation in DFE is another example. Over the past 

several years. Inter has placed emphasis on product ecology including energy 

consumption, material composition, end-of-life product and product packaging programs, 

and the result is outstanding (Brady et al. 2001). The implementation of DFE in United 

Technologies Corporation (UTC) is also successful (Fava 2001). Being a company with 

very diverse products and distributed structure, UTC's DFE efforts are carried out in 
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combination with health and safety efforts. Internal benchmarking, streamlined life cycle 

assessment, and a strategy of DFE have been adopted in UTC. 

Environmental legislations and standards are developed to meet the requirements 

of the environmentally conscious governments and the expectations of an 

environmentally aware public. Many Governments in the world have set up various 

environmental laws and regulations to enforce companies' environmental conscious 

production. Some international standards, i.e., ISO 14000 series, also help companies to 

improve the environmental performance of their products and production. In U.S., many 

states have their own environmental regulations. According to some governmental 

documents (EPA), some primary federal environmental acts are listed as follows: 

• The Clean Air Act (CAA) is a comprehensive Federal law that regulates air 

emissions from area, stationary, and mobile sources. 

• The Clean Water Act (CWA) established the basic structure for regulating 

discharges of pollutants into the waters of the United States. It gave EPA the 

authority to implement pollution control programs such as setting wastewater 

standards for industry. 

• The Emergency Planning & Community Right to Know Act (EPCRA), also 

known as Title III of SAP A, was enacted by Congress as the national 

legislation on community safety. This law was designated to help local 

communities protect public health, safety, and the environment from chemical 

hazards. 

• The National Environmental Policy Act (NEPA) was one of the first laws ever 

written that establishes the broad national framework for protecting our 

environment. Its basic policy is to assure that all branches of government give 

proper consideration to the environment prior to imdertaking any major 

federal action that significantly affects the environment. 

• The Safety Health Act (SHA) is used to ensure worker and workplace safety. 

• The Oil Pollution Act (OPA) of 1990 streamlined and strengthened EPA's 

ability to prevent and respond to catastrophic oil spills. 
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• Resource Conservation and Recovery ACT (RCRA) is the first 

comprehensive federal effort to deal with the problem of solid waste generally 

and hazardous waste specifically. It establishes a framework for national 

programs to achieve environmentally sound management of both hazardous 

and non-hazardous wastes, and it also promotes resource recovery techniques 

and methods to reduce the generation of hazardous waste. 

• The Comprehensive Environmental Response, Compensation, and Liability 

Act (CERCLA) created a tax on the chemical and petroleum industries and 

provided broad Federal authority to respond directly to releases or threatened 

releases of hazardous substances that may endanger public health or the 

environment. 

• The Pollution Prevention Act of 1990 (PPA) focuses on reducing the amount 

of pollution through cost-effective changes in production, operation, and raw 

materials use. It also includes other practices that increase efficiency in the 

use of energy, water, or other natural resources, and protect our resource base 

through conservation. Practices include recycling, source reduction, and 

sustainable agriculture. 

In addition to the regulations and acts set up by different governments, there are 

some voluntary international standards (i.e., ISO 14000) in the world. All these 

environmental standards are used to instruct companies to manage their environmental 

activities. 

2.1.3 Categories of DFE 

Before discussing DFE, Concurrent Engineering (CE) should be introduced 

briefly. According to Institute for Defense Analyses (IDA), CE is a systematic approach 

to the integrated, concurrent design of products and related processes, including 

manufacturing and support. The basic content of CE is the integration of methodologies, 

processors, human beings, tools, and methods to support product development. 

Therefore, CE is a multi-disciplinary methodology, and its objectives include improving 
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quality, reducing costs, compressing cycle time, increasing flexibility, raising 

productivity and efficiency, and improving the social image. Design for "X" (DFX) is 

one of the most effective approaches to implementing CE, and "X" stands for 

manufacturability, inspectability, recyclability, etc. DFE is one type of DFX, and it also 

contains some elements of DFX, i.e., design for recycling, design for disassembly, etc. 

In the past years, a wide variety of DFE methodologies have been developed due 

to the wide range of research in DFE. According to Borland and Wallac (2000), DFE 

approaches can be classified into two groups: analysis and improvement. Analysis tools 

are used to analyze the environmental impact of a product throughout its life cycle, and 

improvement tools assist designers in improving the environmental performance of their 

products (Sweatman and Simon 1996). 

Most DFE approaches only focus on one or more aspects (or life cycle stages) of 

a product, not all aspects of DFE. According to Figure 2-1, the primary activities in a 

products' life cycle may include: Manufacture, assembly, package/shipping, consumer 

service, and reuse/recycle/disposal. Considering products' life cycle stages and other 

environmental aspects, most existing DFE methodologies can be classified into the 

following categories: 

• Design for manufacturing and Assembly, 

• Design for disassembly, 

• Design for reuse, remanufacturing, and recycling, 

• Design for consumer service. 

2.1.3.1 Design for Manufacture and Assembly 

According to Boothroyd et al. (1994), manufacturing processes refer to the 

manufacturing of the individual components/parts of a product or assembly, and 

assembly processes refer to the additional or joining of parts to form a complete product. 

Design for manufacture (DFM) and design for assembly (DFA) are the integration of 

product design and process planning into one common activity. The goal of DFM and 

DFA is to design a product that can be efficiently and reliably manufactured within costs. 
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On the other hand, DFM and DFA are important parts of DFE. Energy and materials are 

consumed during the manufacturing and assembly process, which brings negative impact 

on the environment. In addition, toxic materials may be released during these two kinds 

of processes. From the environmental viewpoint, the goal of DFM and DFA is to reduce 

the consumption of energy and resources, and the release of toxic materials during the 

manufacturing and assembly processes. 

Traditionally, DFM only concerns the manufacturability of products. Guidelines 

for DFM can be summarized from some literature (Boothroyd et al. 1994, Chang et al. 

1998, Bramble 2000) as follows: 

• Reduce the total number of parts, 

• Use a modular design, 

• Use standard components, 

• Design parts to be multi-functional, 

• Design parts for multi-use, 

• Design for ease of fabrication, 

• Avoid separate fasteners, 

• Minimize assembly direction, 

• Maximize compliance, 

• Minimize handling. 

Though the focus of above guidelines is cost and efficiency, some of them also 

improve the environmental performance of manufacture. For example, minimizing 

handling and easing fabrication reduce the consumption of energy. However, from the 

viewpoint of environmentally conscious design, much more environmental factors should 

be taken into consideration of DFM: material and energy consumption, processes wastes, 

disposal and other environmental characteristics of the manufacturing process. In order to 

improve the environmental performance of the manufacturing process, the manufacturing 

process itself should be analyzed. For example, in order to improve the environmental 

performance of Solid Freeform Manufacturing (SFM) process, Luo et al. (2000) use a life 

cycle assessment model to analyze the environmental impact of the manufacturing 
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process. In practical DFM, one of the common considerations is the waste release of the 

manufacturing process. The case is the choice of products' coatings in IBM. One of the 

reasons that IBM chooses power coatings is that power coatings can be applied without 

the aid of solvents, and hence no VOCs are emitted during the manufacturing process 

(Frye 1997). 

DFA, began in 1977, determines the most economical assembly process for a 

product, and analyzes the ease of manual, automatic and robot assembly (Boothroyd 

1994). The aim of DFA is to minimize the non-value added operations in assembly. 

Many analytic DFA methods have been developed. One popular analytic DFA method 

was Boothroyd-Dewhurst method (Boothroyd 1994). The objectives of this method are 

to: (1) determine the appropriate assembly method; (2) Reduce the number of individual 

parts that must be assembled; (3) Ensure that the remaining parts are easy to assemble. 

When the environmental concern is involved in DFA, some extra environmental factors 

(i.e., waste release) should be taken into consideration. For example, the use of toxic 

materials (i.e., lead) should be minimized in the assembly due to negative adverse impact 

on the environment. According to the research results, eliminating toxic materials in 

assembly is technologically feasible. Notel Technology has made great progress in 

finding alternatives to lead solder in assembly since 1991 (Trumble 1997). In addition, 

the use of some assembly methods (i.e., welding) should be reduced when environmental 

impacts are considered. Therefore, current DFA should aim at making a trade-off 

between assembly efficiency/costs and environmental impacts. 

According to the literature (Boothroyd et al. 1994, Crow 1997, Kamrani & 

Salhieh 2000), the guidelines of DFA can be summarized as follows: 

• Simplify the design and reduce the number of parts, 

• Standardize and use common parts and materials, 

• Design for ease of fabrication, 

• Design within process capabilities and avoid unneeded surface finish 

requirements, 

• Mistake-proof product design and assembly. 

21 



• Design for parts orientation and handling, 

• Minimize flexible parts and interconnections, 

• Design for ease of assembly, 

• Design for efficient joining and fastening, 

• Design modular products, 

• Design for automated production. 

2.1.3.2 Design for Consumer Service 

Consumer service includes maintenance, replacement, and other service 

operations. At the usage stage, the failure of a product may be caused by the failure of 

some parts in it. If the parts in a product can be maintained and replaced, the life of the 

whole product will be extended; hence resource can be saved and environmental 

pollution can be reduced. 

Most companies build physical prototypes and analyze the labor steps required to 

perform various service operations. Some of these operations may be difficult and 

expensive, and some may require changes to the product; however, any major changes to 

an existing product are difficult and expensive. Therefore, taking serviceability into 

consideration at the conceptual design stage is an easier and cheaper way to provide good 

service. A design without thorough consideration for the serviceability could lead to an 

unexpected increase in servicing cost and customer dissatisfaction (Ishii et al. 1993), and 

design for serviceability significantly impacts the overall product competitiveness. 

Serviceability includes three major components: diagnosis, access, and disassembly. 

Design for serviceability requires the design to facilitate initial installation, as well as 

repair and modification of products in the field in order to minimize the disposal of non-

working products. 

A way to design for serviceability is to highlight potential high service cost 

drivers at the design stage. A typical case is the evaluation methodology provided by Ishii 

et al. (1993). They developed a representation scheme that designers can use to describe 

layout designs, from which Service Mode Analysis (SMA) takes the information, and 
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analyze the life cycle service cost. SMA they proposed focuses on various service needs 

as defined by customer's perception of malfunctions and other discrepancies. For each 

repair option or other service, the computer uses the "linker" representation to infer a 

sequence of needed labor steps, and the life cycle service cost can be estimated by 

summing up all service cost for each linker. Further, design compatibility analysis (DCA) 

matched for the cost analysis is done, from which suggestions for improvements is given. 

The serviceability guidelines tend to be qualitative and very industry specific. 

Though few general guidelines can be found, some guidelines can be summarized as 

follows according to some literature (DFS Guide, Crow 1997): 

• Minimize the number of layers of components, 

• Make components that are most likely to fail or require servicing to be close 

to the surface, 

• Develop a modular product structure, 

• Minimize the number of connections between subassemblies, 

• Use standard components if possible, 

• Minimize the variety of components and fasteners used. 

2.1.3.3 Design for Disassembly 

When products reach the end of their life, they have to be disassembled before 

they can be reused/remanufacttired/recycled, or discarded. Disassembly is a systematic 

method for separating a product into its constitiient parts, components, subassemblies, or 

other groups (Gupta & Taleb 1994, Gungor & Gupta 1999). In order to simplify the 

problem solving, disassembly is usually looked as the reverse process of assembly in 

some sittiations; however, disassembly and assembly are different. Disassembly 

sequences of a product can be easily found in natural ways, while the assembly sequences 

need to be highly optimized and cleariy defined (Gungor & Gupta 1999). Therefore, 

specific methodologies and tools should be developed for disassembly. 

Design for disassembly (DFD), also known as design for dismantling, has gained 

a lot attention due to the great impact of disassembly on the environment. The purpose of 
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DFD is to assure that a product or a system can be disassembled at the minimum cost and 

effort. From the environmental perspective, DFD takes environmental impacts into 

consideration at the conceptual design stage of a product, and reduces the environmental 

impacts generated by several other life cycle stages of the product. To some extent, DFD 

has a more important effect on the improvement of product's environmental performance 

than the other methodologies of DFE. DFD can be used to reduce disassembly time, 

effort, and cost, which also means the reduction of the environmental impact generated in 

the disassembly process. In addition, DFD also has the effect on the following post-

manufacturing issues: 

1. Reuse/Remanufacture—DFD makes it possible to reuse and remanufacture 

the parts of a product because reusable/remanufacturable parts (i.e., 

components, modules, etc.) can be separated from the EOF products; 

2. Recycling—DFD enables the recovery of materials because the materials used 

in a product can be classified and the hazardous material can be removed; 

3. Maintenance—DFD facilitates the serviceability and maintainability of a 

product at the usage stage because the parts (i.e., components, modules) can 

be separated from the product. 

Considering above three aspects, the guidelines for DFD can be summarized as 

follows (Crow 1997, Dowie-Bhamra 1996): 

• Provide easy access to parts, fasteners, etc., 

• Adopt product structures enabling easy and quick disassembly, 

• Adopt modular design to facilitate service or re-use of modules, 

• Minimize weight of individual parts and modules to facilitate disassembly, 

• Use joining and fastening methods that facilitate disassembly (e.g., fasteners 

instead of adhesives), 

• Minimize fragile parts and leads to enable re-use and remanufacture, 

• Use connectors instead of hard-wired connections, 

• Use of common hand tools for disassembly. 
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The research of DFD began in Europe in the middle of 1980s (Yu 1999), and has 

received more attention of research community than the other areas of DFE since then. 

According to Leonard (1999), two basic methods of disassembly could be used: reverse 

assembly and brute force. In late 1980s and eariy 1990s, few progresses have been made 

in DFE, and the reverse assembly sequence was used for most DFD systems. However, 

as discussed above, disassembly is not the exact reverse process of assembly. Specific 

methodology should be developed for DFD. With the development of DFD, DFD was 

integrated into DFE concept and became a key component of any DFE framework (Yu 

1999). 

The disassembly leveling and process planning are two research major areas of 

DFD (Gungor & Gupta 1998). The disassembly leveling tries to reach a disassembly 

level to which the disassembly of products is kept at a desired level financially and 

environmentally. There are three types of disassembly: full disassembly, optimal 

disassembly, and target disassembly (Kuo et al. 1997), and the disassembly level can be 

determined according to the requirements of disassembly. Some factors, such as the cost 

and effort invested in disassembly, should be considered for disassembly leveling. In 

addition, some technical information about the toxicity or compatibility of materials is 

also essential to disassembly leveling. Much literature can be found on this topic. For 

example, Zussman and his colleagues have exploited the disassembly leveling problems 

in order to improve the design of products (Zussman 1995, Zussman et al. 1994). They 

infroduced a quantitative assessment tool to aid designers in choosing product designs 

that are more suitable for recycling. A disassembly graph, which includes the recovery 

information, is proposed to facilitate designers to make decisions. 

Another important aspect of disassembly is to find efficient disassembly process 

plans (DPP). A DPP is a sequence of disassembly tasks the components of a product is 

dismantled. In DFD, the disassembly design can be assessed only when the DPP can be 

generated for each design. It requires a systematic approach to find the 'best' disassembly 

sequence under a given set of objectives and constraints. For example, Subramani and 
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Dewhurst (1991) utilize a "branch and bound" based algorithm to find a disassembly 

sequence, that reduces the total searching range, to minimize the disassembly cost. 

The research of DFD focuses on designing products for the ease of end-of-life 

disassembly (Ishii et al. 1994). The basic problem of DFD is how to represent the 

disassembly structure of a product or a system. A graph representation is commonly used. 

Some authors (Yu 1999, Kuo et al. 2000) use a component-fastener graph, in which the 

components of a product and their relationships are represented using a graph 

G-{V,E). In such a graph, the components are represented using vertices, and their 

relationships are represented using edges. Base on such graph representation, many DFD 

methodologies have been developed. Kuo et al. (2000) proposed a graph-based heuristic 

approach to perform disassembly analysis for elcetromechanical products. He used a cut-

vertex search procedure to split the graph into some sub-graphs representing the modular 

sub-assemblies; disassembly precedence analysis is applied to generate a disassembly 

free, from which a disassembly sequence can be derived. 

Besides the component-fastener graph, a reverse fishbone diagram (RED) is 

another type of graphical representation. RFD originated from the assembly fishbone 

diagram that Stanford used in documenting the assembly process (Lee et al. 1997). In a 

RFD, following information is given: the type of the operation required to remove 

components, detached components, material properties for each component and its fate, 

the number of disassembly levels, etc. The RFD helps designers qualitatively simulate the 

dismantling process and improve the recycling process for a product. 

Ishii et al. (1994) pointed out that system disassembly cost is a key factor in the 

analysis for product retirement. He considered DFD in the context of product retirement 

and material recycling. He believed that the disassembly time and cost of a complex 

design could be calculated by summing the individual disassembly times and costs for 

each element in the system. 

Masui et al. (1999) proposed the concept of Product Embedded Disassembly 

Process to enhance the disassemblability of a product. The fundamental idea is to embed 

a separation feature inside a product during manufacturing, and activate it at disassembly. 
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According to Masui et al., the advantages of this concept are that it includes position 

insensitivity and simultaneous separation of plural connections, and hence shortening 

disassembly time and enhancing automation potential. 

As discussed above, it is difficult to automatically determine the disassembly 

sequence from the CAD data of a product; therefore, an easy way of DFD is to provide 

data of old design that can be used by designers as a reference. The case is the AMETIDE 

system proposed by the University of California (Berkeley). Given that approximate 80% 

of the design are re-designed based on the old designs, AMETIDE provides the designers 

a database of parts and explains them how it was fastened on a car, which technique was 

employed to remove it, etc. In that way, designers can choose the best solution according 

to the previous experience. 

In addition to the disassembly database, assessment tools for DFD are also 

commonly used. The assessment tool developed by the Institute of Production 

Automation and Handling Technology is an example (Hesselbach & Kuhn 1998). This 

tool covers the calculation of the process parameters level, time, costs and sequence of 

disassembly and the assessment of product properties. 

Though it is difficult to generate the disassembly process planning from CAD 

data of products and it is still a long way before such type of methodologies can be used 

in practical systems, some quantitative methods have been developed. Moore et al. 

(1998) developed a disassembly process planning from a disassembly precedence matrix. 

Disassemble automation is another research interest of DFD. Chiodo et al. (1998) 

pointed out that Shape Memory Alloy (SMA) actuators could be used to automate the 

disassembly of electronic products. 

DFD is widely used in practice, and some achievement has been obtained. The 

Sony Disassembly Evaluation Workshop is one of the practical implementation 

committed to minimize adverse impacts using DFD (Ridder & Scheldt 1998). Its 

assessment outcomes of the disassembly process lead to a better integration of 

disassembling aspects in new products. BMW's 1991 Zl Roadster, whose plastic side 

panels come apart like the halves of a walnut shell, is another case of DFD. According to 
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DFD, BMW replaced glue or solder in bumpers with fasteners so that the bumpers can 

come apart more easily and the materials can be recycled. As a result of DFD, the 

recyclable portion of a car in BMW reaches 80% by weight, and BMW is aiming for 95% 

(Crow 1997). 

2.1.3.4 Design for Reuse, Remanufacturing, and Recycling 

How to deal with end-of-life products is an important problem to environmentally 

conscious design. If products are discarded as soon as they reach their end of life, much 

solid waste will be generated every day in the world, which has a great risky impact on 

the environment. Efforts should be taken to reduce EOF waste. In addition, the natural 

resources on earth are limited; and the resource conservation becomes necessary to the 

continuous development of human society. Design for reuse, remanufacturing and 

recycling is a way to relieve the problem of too much solid waste and limited resource. 

On the other hand, some governments, especially in Europe, have set up environmental 

regulations to enforce the practice of the reuse, remanufacturing, recycling and other end-

of-life environmental sfrategies (Rose & Ishii 1999). European Union (EU) plans to 

monitor the collection of electrical and electronics waste from 2004, and sets the recovery 

targets of product (European Union 1998). At present, electronics products are identified 

as an ideal candidate for product take-back, though they comprise only a small part (only 

about 1%) of the municipal soHd waste stream (Linton 1999). As Rose et al. (1999) 

pointed out, product designs, recycling technologies and legislative decisions greatly 

influence the feasible end-of-life strategies. Therefore, design for reuse, remanufacturing, 

and recycling are important parts of DFE. 

Reuse means that part of the end-of-life products can be reused and resold without 

any further operations except cleaning. Though the reuse of products is unpopular with 

many firms because it may reduce the market demand for new products and bring poor 

market competition (Linton 1999), it is a way to save resource and energy, and reduce 

environmental pollution. Remanufacturing or refurbishment of products involves 

performing manufacturing operations into the disposed item so that it can be utilized 
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again (Becerra 2000), and it is thought the most profitable option (Liton 1999). Recycling 

refers to the recovery of materials contained in end-of-life products. The condition of 

end-of-life product and the contained material characteristics determine whether the 

product could be reused, remanufactured, or recycled (Becrra 2000). Design for reuse, 

remanufacturing, and recycling all belong to the research range of design for recyclability 

(Ishii et al. 1993, Ishii 1998), they greatly determine the environmental impacts of end-

of-life products. 

Material selection is the key issue for effective design for recyclability (Ishii 

1996) (Figure 2-5). Recoverable materials should be selected at design stage, and the 

types of materials should be minimized. Traditionally, only metals are recycled, and now, 

various plastics can also be recycled. 

Raw materials 
Manufacturers Dealer 

Parts 

User 

L J 
Recycling Organization 

Landfill or 
Incineration 

Materials 

Figure 2-5. Design method focusing on recyclability (Isshii 1996). 

In order to continue the recovery process as long as the profitability is maintained, 

designers should find a balance between the resources invested in a recycling process and 

the value gained from the recovery process. Ishii et al. (1993) analyzed the estimated life 

cycle cost of a product by identifying five cost drivers involved in the recycling of a 

product (retrieval, separation, identification, reprocessing, and re-marketing), related 

these cost drivers to the attributes of the candidate design, and provided suggestions for 

improvement. Ishii et al. proposed a representation scheme that can be used by designers 

to describe layout designs. Gupta and Veerakamolmal (1998) also presented a 

quantitative methodology to measure the profitability for product disassembly and 

recycling by taking both operational and environmental factors into consideration. They 
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provided a two-stage recovery model, and their objective is to compute the number of 

parts to disassembly at the minimal disassembly and disposal cost. 

At design stage, the situation of end-of-life products is not clear to the designers; 

therefore, it is difficult for designers to determine the end-of-life strategies. Williams and 

Shu (2001) believed that the experienced data of waste streams is useful to the design for 

reuse and remanufacture. In order to support design for reuse and remanufacture, they 

studied and quantified waste streams of remanufactures of different electronic products, 

and their analysis results include the identification of discard reasons, associated root 

causes for these discard reasons, and consequently, product design. 

Lee and Ishii (1997) proposed the recyclability map as a new graphical design 

tool to identify where appropriate material selection and disassembly redesigns can 

increase material recovery efficiency and reduce retirement costs. They used 

demanufacturing complexity metrics to represent the uncertainty of design factors. 

There are some projects and tools about design for recyclability. For example, the 

REMPRODUSE project is a current European initiative towards design for recyclability 

of electromechanical products (Legarth & Nilsson 1997), which is used for design for 

recyclability of copper. The system accommodates future development of suitable 

recychng and dismantling technology to go along with the new product design. 

According to the literature (Amezquita et al. 1995, Ishii 1996), the guidelines for 

design for recyclability can be summarized as follows: 

Adopt modular design. 

Standardize the parts and products. 

Evaluate metrics for recycling and reuse modules. 

Design tools to promote efficient recycling and reuse. 

Avoid self-contaminating combinations of materials. 

Eliminate or avoid the use of toxic substances. 

Make the disassembly, cleaning, inspection, part replacement, reassembly 

easy. 

Make the component reusable. 
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2.2 Modular Design and Its Application 

2.2.1 Background Information 

The concept of modular design originated from the computer industry and dated 

back to the IBM's System 360, and it is widely used in many fields from then. Modular 

design is a design technique that can be used to develop complex products using similar 

components (Kamrani 2000). A module is a structurally independent part of a larger 

system with well-defined interfaces; it is loosely connected to the rest part of the system, 

which allows an independent development of the module without considering other parts 

of the system (Baldwin & Clark 2000, Holtta 2002). Modular products refer to products, 

assemblies and components that fulfill various functions through the combination of 

distinct building blocks (modules). Basic components refer to the components, 

subsystems, and mechanisms that interact with distinct modules resulting in different 

product variants. 

The term modularity in products is used to describe the use of common units to 

create product variants; it is a tested and proven strategy in the design of products, and it 

has been used for single or product families of similar products. According to the 

literature (Kusiak et al. 1997), three types of modularity can be defined as follows based 

on the interactions within a product: 

1. Bus modularity occurs when a module can be matched with any number of 

basic components. It allows for varying the number and location of basic 

components in a product; 

2. Component-swapping modularity occurs when two or more different basic 

components are paired with a module to create different product variants 

belonging to the same product family; 

3. Component-sharing modularity is complementary to the component-swapping 

modularity. In this type of modularity, various modules sharing the same basic 

component create different product variants belonging to different product 

families. 
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Modular design of products improves the competitiveability of companies. Holtta 

(2002) pointed out that a company cannot compete on its own in the modem society due 

to the increasing complexity of the technological development, cross-fertilization of 

technologies, and shortened innovation cycles. Cooperation between different companies 

helps save resources and sharing skills, experiences and technologies. Due to the 

independence in modules' design, products can be designed and produced independently. 

Therefore, modular design of products and systems make it possible to cooperate 

between different companies. 

A modular architecture is different from an integral architecture. Product 

architecture is a collection of components that perform some functions of a product 

(Huang 2000). A modular architecture is decomposable into independent chunks (i.e., 

modules); and each module can be developed independently, therefore the lead-time can 

be shortened. The interfaces between modules should be well defined, and stable. For an 

integral architecture, parts are interdependent for the entire product, and the design 

change has implications for the entire product. Compared with the modular architecture, 

an integral architecture is easier to meet system performance goals, and change 

architecture rules in dynamic or unstable technical environment. However, modular 

design brings flexibility to the production. 

Ulrich (1995) stated that product architecture could be modular or integral 

according to the mapping from functional requirements to physical objects, and the 

degree of "decoupling" amongst different components. Open architecture means that it is 

possible to substitute, upgrade, replace, maintain or repair any block (i.e., module) 

independent of all other blocks, ft is the key to improve long-term technical 

sustainability. Modular design provides an open architecture. As Prencipe (1998) has 

pointed out, a modular architecture is more appropriate to firms who emphasize product 

variety, change, and standardization since a product with a modular architecture allow 

firms to change the product by upgrading or adding modules without changing the 

remainder. Siddgue (2000) also argued that modularity improves the variety of products 

because modular designed products could be more easily varied without adding 
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fremendous complexity to the manufacturing. As we know, mass production increases the 

productivity and reduces the cost, and customization provides the variety of products. 

Manufacturers usually have to make a trade-off between these two considerations; 

however, modularity makes it possible to obtain these two advantages simultaneously. It 

reduces the life cycle cost by reducing the number of processes and reducing repetitive 

processes. On the other hand, modularity also allows the designers to control the degree 

to which changes in processes or requirements affect the product, and it gives designers 

more flexibility to meet these changing processes by promoting interchangeability 

(Gershenson et al. 1999). Furthermore, modular product architecture also facilitates 

component standardization because not too many types of components need to be 

involved in the production of different products (Siddgue 2000). 

Siddgue (2000) concluded that modularity depends on two characteristics of a 

design: (1) Similarity between the physical and functional architecture of the design and 

(2) Minimization of incidental interactions between physical components. Gershenson et 

al. (1999) argued that the requirement of modularity includes independence and 

similarity. Independence means that each component in an ideal module should be 

independent of all components not contained in that module throughout the entire product 

life cycle; and similarity requires that each component in the module be processed in the 

same manner during each life cycle stage. Gershenson et al. (1999) also pointed out that a 

product should be designed with following three facets of modularity in order to increase 

independence and similarity: 

• Attribute Independence: Component attributers should have as fewer 

dependencies on attributes of other modules, called external attiibutes, as 

possible; 

• Process Independence: Each task of each life cycle process of each component 

in a module should have fewer dependencies on the processes of external 

components as possible; 

• Process Similarity: Group components and subassemblies that have the same 

or compatible life cycle process into the same module. 
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As Prencipe (1998) pointed out, the concept of modularity can also be applied to 

firm's organizational processes, and in particular, product development processes. As we 

know, fraditional design approach requires intensive managerial coordination throughout 

the development process of products due to the tightly coupled components used in the 

product. However, the requirement of managerial coordination for modular products is 

not so stiict. For modular designed products, the components interfaces are well defined, 

and will keep stable for a long time; therefore, the modular product architecture allows 

the different stages of the development process to be "loosely coupled" by specifying 

components interfaces, which simplifies the coordination of development process. All 

developed components in modular products should conform to standardized interface 

specifications. On the other hand, modular design has impact on organizations. With 

modular products, a unit in companies is able to handle several tasks at the same time. 

Furthermore, the modular design makes companies to accommodate the change of the 

market, and hence improves the competitive ability. 

Though the management of modularity sometimes is criticized to be imperfect, 

Devetag and Zaninotto (2002) argued that modularity is the only one among several 

arrangements to cope with the complexity inherent in most high-technology artifact 

production, and by no means the best one. According to them, there is no need to 

postulate a perfect isomorphism between modularity at the product level and modularity 

at the organizational level. 

According to the literature (Huang 2000), the benefits of modularity can be 

summarized as follows: 

Economies of production scale, 

Increased feasibility of product/component change. 

Increased product variety. 

Reduced order lead-time of products. 

Decoupling processes and tasks. 

The ease of product upgrade, maintenance, repair, and disposal. 

And the costs of modularity include: 
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• Redundant physical architecture due to decreased function sharing, 

• Excessive capability due to standardization, 

• The potentiality for static product architectures and excessive product 

similarity. 

Much literature can be found in the field of modular design. The next section will 

infroduce some related methodologies and tools. 

2.2.2 Methodologies and Tools 

There are many ways to measure the modularity of the design and process. 

Gershenson et al. (1999) proposed a four-step measure that relies heavily on 

understanding the physical and process relationships among components. Many matrices 

need to be constructed, during which six possible relationships within both similarity and 

dependency should be considered for modularity: component-component dependency, 

component-component similarity, component-process dependency, component-process 

similarity, process-process similarity, and process-process dependence; and relative 

modularity are calculated using the modularity evaluation matrix. 

According to Holtta (2002), there are two main ways to separate a modular form 

the rest of the structure. The first is heuristic method, in which a module is cut from 

function structures using module heuristics. Webster's dictionary defines a heuristic as "a 

method of eductation or of computer programming in which the pupil or machine 

proceeds along empirical lines, using rules of thumb, to find solutions or answers." Some 

authors (Zamirowski & Otto 1999, Stone et al. 2000) infroduce methods of module 

heuristics. Zamirowski and Otto (1999) proposed heuristic method to identify product 

architecture alternatives for a family of products based on customer needs and product 

function. They believed that alternative concepts can produce the same functions, and 

modules can be created according to different types of functions. Three types of functions 

are identified: similar and repetitive functions within a single product, common functions 

across products, and unique fiinctions in a product family; and they are clustered into 

modules according to function heuristics and variety heuristics. Stone et al. (2000) 
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separated modules from a single product's function structure using three heuristic 

methods: dominant flow, branching flows, or conversion-transmission function pairs. 

The second way to separate a modular is Modular Function Deployment (MFD). 

Though it is also based on the functional decomposition, other modularity drivers than 

functionality are considered in this method. It is similar to Quality Function Deployment 

(QFD) except that modularity drivers are mapped against functions in MFD instead of 

customer requirements in QFD. Holtta (2002) stated that there are twelve modularity 

drivers in MFD: carryover, technology evolution, planned product evolution, different 

specification, common unit, process and/or organization, separate testing, supplier 

availability, service, maintenance, upgrading, and recycling. Erixon (1998) stated that 

MFD consists of five major steps starting with Quality Function Deployment (QFD) 

analysis to clarify customer requirements and to identify important design requirements 

with a special emphasis on modularity. Martin and Ishii (2000) also use the MFD 

methods though they do not directly mention the name of MFD. In order to design for 

variety, they developed a structured method that aids in developing the arrangement of 

functional elements, the fiinction-structure mapping, and the interface specification for a 

product family. They grouped the causes for a component to change into two types of 

drivers—external drivers and internal drivers, and used two types of indices to represent 

the degree of these two types of drivers separately. They standardized those components 

that have high design costs, and modularized those components that cannot be 

standardized and will need to change in the future. 

In addition to above two types of methods to separate a module, some authors 

also suggest the use of multiple criteria to choose a module. Companies should choose 

suitable methods according to their own situations. 

According to Huang (2000), product designs differ in the degree to which they 

have been decomposed into loosely-coupled versus tightly-coupled components, and 

modular design aims to identify components with a high degree of interaction. From the 

concept of modularity, the methodology for modular design can be developed. A popular 

methodology for modular design is heuristic method, in which some guidelines are given 
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to direct the modular design. Design for manufacturability is one aspect of the modular 

design. Gershenson and Prasad (1997a) believed there are three key definitions that 

enable product design for manufacturing modularity: product modularity, characteristic 

modularity, and manufacturing modularity. Characteristic modularity is an instance of 

product modularity, and manufacturing modularity is a specific case of characteristic 

modularity. They developed a modular methodology for manufacturing process using 

three facets of modular product design: attribute independence, process independence, 

and process similarity. Gershenson and Prasad (1997b) also discussed the application of 

modular design to service and maintenance. Based on further modularity analysis and 

previous work, Gershenson et al. (1999) later provided a set of quantitative guidelines 

that direct product development (i.e., design, manufacturing process, service and 

maintenance) towards modular products using the definition of characteristic modularity. 

The goal of their design methodology is to redesign a product eliminating components or 

modules, rearranging components or modules, or changing component attributes. They 

stated that redesign is the changing of the component attributes to reduce outside 

similarities and dependencies or increase inside similarities and dependencies. 

Compared with Gershenson and his collaborators, Huang (2001) fiirther 

developed some guidelines for module design to formalism. Based on the module algebra 

(representation) and operators (a mechanism for changing), he proposed a four-step 

algorithm that allows the fiinctional requirements to be satisfied by the modular design. 

Chandrasekaran and Stone (2001) also proposed a three-stage inductive approach to aid 

in product development and redesign based on modular product architecttire. Based on 

the fimctions, modules are classified as Operational, Carrier and Form Defining Modules. 

Generic design templates are used as a tool to aid the conceptual design. 

Some quantitative methods (Lipson et al. 2001) also have been developed for 

modular design. Lipson et al. (2001) proposed a new mechanism that can enhance 

modularization. In this mechanism, modularity is quantified as inversely proportional to 

the amount of coupling in the system, and binary matrices are used to describe 

dependencies among system components. When a matrix is reordered into block-diagonal 
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form, each block on the diagonal represents a module; and when the matrix is diagonal, 

each row corresponds to a module. 

During the process of modular design, many other problems should be 

considered. Kusiak and Huang (1997) pointed out that design of modular digital circuits 

should consider the testability; Ishii (2001) discussed the approach of design for 

recyclability; and Hata et al. (2001) introduced the methodology considering life cycle 

management in modular design, etc. 

Design for variety is a primary concern of modular design. Fujita et al. (1999) 

discussed product variety design under modular architecture and module 

communalization toward a computational methodology. The module based product 

variety is reviewed with a mixture of views from the customer's needs, functions, 

manufacturing modules and hierarchical representation systems, based on which three 

kinds of consfraints can be derived: diversion feasibility constraint, simultaneity 

consfraint, and capacity constraint. The optimality is under the compromise between 

benefits and overheads due to diversion. In order to involve these three constraints, Fujita 

et al. also developed a mathematical framework to fix product variety, in which all 

consfraints are defined with 0-1 integer variables; and the optimization procedure is to 

solve a 0-1 valued, constrained, nonlinear programming problem. According to Fujita 

(2000), above product variety optimization includes three classes of optimization 

problems: attribute assignment, module combination and simultaneous design of both. 

Martin and Ishii (1997) also have done much work on the design for variety. They 

developed a set of methodologies, including quantitative and qualitative, to help 

companies quantify the cost of providing variety, and to qualitatively guide designers in 

developing products that incur minimum variety costs. The tools provided by Martin and 

Ishii incorporate quantitative indices and qualitative design charts. 

Due to the popularity of the modular design, many people are working on this 

field, and more and more methodologies and tools will be developed for modularity 

design in the future. 
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2.2.3 DFE Involved Design for Modularity 

Design for environment can be included in the process of design for modularity. 

Actually, DFE covers design for manufacturing, design for recyclability, design for 

service and maintainability, etc. Much literature can be found on design for modularity 

from the viewpoint of design for environment; some of them consider only one aspect of 

DFE, and others may consider more than one aspects of DFE. 

Gershenson and Prasad (1997a) discussed the modularity in design for 

manufacturability. They presented a basic methodology for creating manufacturing 

modules to decrease manufacturing costs, decrease lead-time, and strength product 

families. Gershenson and Prasad stated that a product should be designed with following 

facets of modularity in mind: attribute independence, attribute similarity, process 

independence, and process similarity. The environmental consideration for manufacturing 

process can be included in these four facets. 

Gershenson and Prasad (1997b) also discussed the relationship between product 

modularity and product's service and maintenance. Also with four facets of modularity in 

mind, they applied the product modularity to service and maintenance by concentrating 

on the three main aspects of product modularity: (1) maintaining independence between 

components in different modules; (2) encouraging similarity in all components in a 

module; and (3) maintaining interchangeability between modules. According to 

Gershenson and Prasad (1997b), a product can be flexible to the changes in the service 

procedure by creating service modules, which will lead to a decrease in the life cycle 

service cost of the product. 

Modular design for recyclability is a methodology that helps designers plan for 

potential uses of an End-of-Life product (Ishii et al. 1992). The purpose of this method is 

to make recyclability an integral part of the design practice, in stepping with standard 

considerations such as manufacturability and serviceability. In order to effectively 

include recyclability considerations into product design efforts, the design process should 

be streamlined for designers, and environmental impacts should be reviewed in a 

standard manner (Ishii 2001). Some standard design methodologies, i.e.. Quality 
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Function Deployment (QFD), Functional Analysis, and Design for Assembly, can be 

used. According to Ishii, material selection is a critical factor in any design-for-

recyclability sfrategy, and, to facilitate recycling, fewer types of materials should be used 

in tiie products. In addition to design for recyclability, design for assembly mentioned in 

this paper can be thought as another aspect of design for environment. 

Compared with above DFE methodologies, Yu (1999) developed some 

comprehensive environmental factors in his modularity analysis model. He selected six 

environmental objectives, which cover different environmental aspects, as the criteria to 

cluster components into modules and redesign the product. In Yu's analysis model, the 

similarity of six environmental factors and position are the only considerations during the 

process of the component grouping, and the functional architecture of the product has not 

been mentioned. 

2.2.4 Application of Modular Design 

Modular design can be used in many industries. Huang (2000) concluded four 

main application fields of modular design: aircraft design, circuit design, furniture design 

and software. Being a complex and high-tech product, the modular product architecture 

in Boeing 777 aircraft makes it possible to create a positive environment for efficient 

"localized learning" in developing specific components, and provides a framework that 

supports expanded involvement of lead users in product development. Circuit design 

process is also a complicated process involving high-tech, and it should stay competitive 

through dynamic change which caused by quickly developing technology. Because 

modularity supports dynamic system reconfigurability, an electrical circuit system is 

usually designed as a combination of modules; a module is a hierarchically nested 

collection of components and their interconnecting nets, and may contain only a single 

component. Compared with the first two types of modular products, the primary purpose 

of modular architecture used in furniture industry is to reduce the cost of shop floor 

confrol system. As to software, the application of modular design is more popular and 

mature than that in other industries. A module in software industry is usually formed in 
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the planning and preliminary design process, and is implemented with objects in object-

oriented programming, i.e., C++, in the implementation process. 

Many other application fields of modular design can be found in practice, and the 

methodologies and guidelines adopted may be industry specific. 

2.3 Summary 

In this chapter, the literature of the following topics has been reviewed: Life 

Cycle Assessment, Design for Environment, and Modular Design. The discussion can be 

summarized as follows: 

• Life Cycle Assessment (LCA) is a popular technique used in environmentally 

conscious design, and it is a process assessing and evaluating the 

environmental impacts of a product through its entire life cycle. LCA can be 

used for many purposes, and the steps involved in a LCA can be summarized 

as follows: (1) identification of the goals and definition of scope; (2) analysis 

of inventory to achieve a balance between material and energy in the system; 

(3) evaluation of the system's impact on the environment; (4) interpretation of 

the analysis results. However, it is usually impossible to take an entire LCA 

due to its complexity and insufficient available information. Approximate or 

simplified LCA are used in practice. 

• Design for Environment (DFE) is a systematic methodology considering 

design performance with respect to environmental, health, and safety 

objectives over the fiill life cycle of products, ft can be used to reduce 

negative environmental impacts through the life cycle of products. In DFE, 

the findings obtained from LCA are fransferred into the initial design of a new 

product. Different from that in LCA, research in DFE usually focuses on one 

or more product's life cycle stages. DFE methodologies can be qualitative or 

quantitative. In this chapter, the general knowledge of DFE is presented, and 

some methodologies/implementation of DFE and related regulations have 

been discussed. Some DFE methodologies are grouped and discussed 
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according to the life cycle stages of a product: Design for Manufacturing and 

Assembly, Design for Consumer Service, Design for Disassembly, and Design 

for Reuse, Remanufacturing, and Recycling. 

Currently, modular design is widely used in many industries, i.e., software, 

manufacturing, building, etc. It is a design technique that can be used to 

develop complex products using similar components. A module is a 

structurally independent part of a larger system with well-defined interfaces; it 

is loosely connected to the rest part of the system, which allows an 

independent development of a module without considering other parts of the 

system. Modularity is used to describe the use of common units to create 

product variants. The background knowledge of modular design has been 

infroduced in this chapter, the methodology and application of modularity and 

modular design have been presented, and, in the end, the DFE methodologies 

involved in modular design have also been discussed. 
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CHAPTER 111 

MATHEMATICS FUNDAMENTALS 

The purpose of this research is to provide the environmental analysis support for 

the modular design of electromechanical products. Various types of component 

information of a product have been considered, some of which are necessary to our 

environmental modularity analysis. However, traditional representation of a product— 

assembly graphs—does not carry enough information needed. In this research, a graph is 

used to describe the structure of products, in which the vertices represent the components, 

and the edges represents the connectedness or relationship among the components. Some 

information about the connectedness (physical or non-physical) between components can 

be given in the graph. In order to make such graphs closer to the real life, fuzzy theory 

and graph theory are used. Because there are many environmental factors need 

considering, Multi-Criteria Decision-Making (MCDM) is also used in the modularity 

analysis. 

This chapter infroduces the mathematics knowledge that may be used in the future 

research work. 

3.1 The Theory of Fuzzy 

For many years, people have found that it is difficult to give a crisp number to 

describe a situation under many circumstances due to many reasons (Triantaphyllou, 

2000). Zadeh first proposed Fuzzy Set Theory, also called Fuzzy Logic later, in his 

seminal papers (Zadeh 1965, 1968), to reflect the uncertainty and vagueness of the 

sittiations in the real life. In recent years, fuzzy theory becomes popular, and many books 

(i.e., Dubois 1980, KHr 1988, Tanka 1996, Berkan 1997) on the basic concepts and 

applications of fiizzy theory have been published. The word "fuzzy" means "blurred" or 

"unclear" ideas. Fuzziness is a type of imprecision that may be associated with sets in 

which there is no sharp transition from membership to non-membership (Bellman and 

Zadeh, 1970). The gradual transition allows partial degrees of membership (Chen 1998). 
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Through the concept of fuzzy sets, uncertain descriptions can be mapped to crisp 

numbers. 

3.1.1 Basic Concept of Fuzzy Sets 

A fuzzy set is a generalization of an ordinary set (Chen 1998). Let U be the 

universe of discourse, a fuzzy set AonU is described by a membership function to map 

the value of each element // ofU to a crisp value in [0,1]: 

/y, : (7^[0 ,1] . (3-1) 

Each element u of U can be associated with a number //^ (M) representing the 

grade of membership of w in ^ : fi^{u) = 0 means non-membership, 0< ju^{u) <\ 

means the partial membership, and //^(w) = 1 means the full membership. There are three 

types of popular membership functions—^triangular, trapezoidal, and exponential (Figure 

3-1). Triangular membership functions are used in the dissertation because they are 

simpler than the other two membership functions. A triangular membership function 

//^ (x): -^ R[0,\] can be defined as follows: 

1 / 
-, if xe[l,m] 

y"^W = -

m-l m-1 
1 ^ V r 1 X , if x&[m,u\ 

m — u m-u 

0, otherwise 

(3-2) 

Triangular fiizzy set Trapezoidal fiizzy set Exponential fiizzy set 
Figure 3-1. Three popular membership functions of fuzzy sets. 
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In the Equation (3-2), we have 1 <m<u, and x^{l,u]. I and u stand for the 

lower and upper value of the support of fuzzy member x, respectively; and m stands for 

the mean value. The shape of the membership function can be expressed by the mean 

value and the two spreads of the function: {m,m -l,u- m). 

Many methods, i.e., min-max methods, can be used to describe the sum and 

product relations between two fuzzy numbers. However, in the dissertation, the addition, 

multiplication, and division operations of fuzzy triangular numbers are defined as follows 

(Laarhoven & Pedrycz, 1983] separately: 

n,®ru_ = {n„+n„,n,^+n,^,n,^+n^J (3-3a) 

" , ® " 2 = ( " l / X « 2 / . « l m X " 2 m ' « l « X « 2 j ( 3 - 3 b ) 

l/«, = (-«,„,-«,«>-«!/) (3-3c) 

where " = " denotes approximation. «, =(«,/,«,„,«i„} and «2 =("2/'"2m'"2«}' which 

represent two fuzzy triangular numbers with lower, mean, and upper values. In the 

dissertation, fuzzy theory is used to transfer the ambiguous description into crisp 

numbers. To simplify the calculation, only triangular fuzzy numbers are used in the 

dissertation, and the crisp numbers are looked as the fuzzy triangular numbers with equal 

lower, mean, and upper values. 

A fiizzy relation is different from a crisp relation. Let X and Y be two universes 

of discourse, a crisp relation R{X,Y) can be expressed as: 

R{X, Y) = {{x, y)\xeX,yeY}. (3-4) 

And it is characterized by the membership function: 

fl if and only if {x,y)eR{X,Y) 

[0 otherwise. 

A fiizzy relation, R{X,Y), represents the degree of presence or absence of 

association, or connectedness between the elements of two or more fiizzy sets (Mendel 

2001). ft is a fiizzy set defined in the Cartesian product space XxY, which is 

characterized by the membership fimction Mx,y) e [0,1], where xeX and ysY . 

R{X, Y) = {{{x, y), MR (X, y)) \{x,y)eXxY} (3-6) 
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3.1.2 Qf-cut 

Based on the definition of the membership function, an important concept a -cut 

of A is introduced: 

A^^={u\u^U and /j^{u)>a}, ( 0 < a < l ) (3-7) 

A„={u\ueU and / /^ ( ; / )>a} , ( 0 < a < l ) . (3-8) 

A^^ is called strong a -cut of A , and A^ is called weak a -cut of the fuzzy set A . 

In general, fuzzy theory is essential and is applicable to many systems. In the 

dissertation, the fuzzy values are not only used to describe the relationship among the 

components of a product, but also used in the multi-criteria decision making process. 

3.2 Graph Theory and Fuzzy Graph 

Though the theory of graph began over 250 years ago, major development in this 

field occurred from 1930s. In the dissertation, graph theory is used to express the 

relationship among the components in an electromechanical product. 

3.2.1 Graphs and Graph Representations 

A simple graph G = {V,E) is composed of a set of vertices V{G) = {v,, v^,..., v„} 

and a set of unordered edges E{G) = {e^,e^,e^,...}; each edge is identified with a pair of 

distinct vertices of G (Foulds 1992, Diestel 1997, Imrich 2000). We denote the set of 

finite simple graphs by F . A graph G = {V,E) is called a weighted graph if there exists a 

function w: E ^ R (where R is the set of real numbers) to assign a real number—a 

weight—to each edge of £•. If we have a graph G' satisfying V{G') c V{G) and 

E{G') e E{G), then graph G' is a subgraph of the graph G . 

An edge is said to be incident on its end vertices. Two vertices are adjacent if 

they are connected by one or more edges. The number of edges incident on a vertex v,. is 

called the degree of the vertex, and is denoted by d{v,). 
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A walk in a graph G = {V,E)is2i finite alternating sequence of vertices and edges 

Vo,e,,v,,e2 ^'t-p^t'^'* begimiing and ending with vertices such that v,., and v,. are the 

end vertices of the edge e., \<i<k. A walk is open if its end vertices are distinct; 

otherwise it is closed. 

A walk is trail if all its edges are distinct. A trail is open if its end vertices are 

distinct; otherwise, it is closed. 

A closed trail is a circuit if all its vertices except that the end vertices are distinct. 

A graph is said to be acyclic if it has no circuits. A tree is a connected acyclic 

graph. Further research work in the dissertation is based on the concept of tree. 

To describe a vertex in a simple graph G, a list of neighbor vertices should be 

given, by which a graph can be represented. For a graph G with n vertices and m 

edges, n lists are needed even if they are empty; and every edge v,.v. has two entries, 

one in the list for v, and one in the list for v.. Therefore, the space needed for such a 

representation is 0{m + n) or 0{m) for connected graphs. 

Another representation of a graph G with vertex set {Vj,v^,...,vJ is the 

Adjacency Matrix A{G) = [a^ ] . It is a nxn matrix {n is the number of the vertices), in 

which the element is: 

f 1, if v- is adiacent to Vj 

lo, otherwise. «.=L , ' . ' (3-9) 

For simple graphs G € F , A{G) is symmetric and all elements of the main 

diagonal are 0. Clearly, A{G) depends on the numbering of the vertices. 

In the dissertation, an undirected graph G - {V, E) is used to represent a certain 

relationship among the components of a product. In the graph, the vertices V{G) stand 

for the components in the product, and the edges E{G) stand for the connectedness 

among the components. The graph representation of a product makes it easier to do some 

analysis, i.e., the assembly relation analysis (Kuo 1997a, 1997b, Yu 1999). Figure 3-2(b) 

shows a typical graph representation of a product structure (Figure 3-2(a)). Using such 
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graphs, the connectedness among the components can be physical (i.e., relative position) 

or non-physical (i.e., material compatibility). 

3.2.2 Algorithms 

According to Chartrand (1993), the algorithm refers to a set of well-defined rules 

for obtaining a specific output from a specific input following a finite number of steps. 

The Complexity of an algorithm measures the amount of computational effort needed to 

solve a problem using that algorithm. The efficiency of an algorithm needs to be 

considered when designing an algorithm. 
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V :̂ Exteniion Card ^ 

V :̂ Extension Car 

Mf Syilsm Boi 

V,,: Drive Bay 

Vg: Marn Casa 

V,:H 

3 -

rd 
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W 0 / 

i'^JO'-l, 

V,: suck«t 

J) 

1 
\ 
V. 

J 
V,,: Power Supply 

V,: Drive Case 

V :̂ Floppy Orlva 

Sucket 

(a) (b) 
Figure 3-2. Graph representation of product design information (Kuo 2000). 

Many algorithms have been created since modern graph theory came into being. 

Some basic graph analysis algorithms are for the following topics (Flouds, 1992): 

• Tree search, 

• Connectivity, 

• Planarity, 

• Spanning trees, 

• Isomorphism, and 

• Fundamental cycles. 

In addition, there are some graph algorithms to solve following optimization 

problems: 
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1. Shortest paths, 

2. Minimal spanning trees, 

3. Maximum weight plarmar subgraphs, and 

4. Network flows. 

In a graph, search algorithms are usually used. Sequential search algorithm is a 

simple search algorithm, which starts at the beginning of a list and searches in sequence 

until the target is found or until the end of the list. Certainly it may take as many as n 

comparison (n is the number of the item in the list), hence the complexity of the worst 

case is n or 0{n). 

Before applying search algorithms, the list should be sorted at first. The common 

used sorting algorithms are sequential sort or selection sort algorithm, and merge sort. 

The former is to locate the items in the list sequentially, and the latter is more 

complicated. For a given list L of n {n>2), merge sort first divides L into two sublists 

Z, and Z,, each approximately half the length of L . The algorithm then sorts Z-, and L^ 

in an increasing/decreasing order by calling on itself Finally, the two lists are "merged". 

The elements from each of these two sublists are compared, and put into a new list 

orderly. Greedy algorithm is a commonly used algorithm in the graph theory, in which 

best choice possible at each step can be made regardless of the subsequent effect of that 

choice. 

3.2.3 Fuzzy Graphs 

As discussed above, the connectedness of vertices in a crisp graph is determined 

by an adjacency matrix defined by Equation (3-4); however, it is not a good idea to 

measure the degree of different connectedness (physical or non-physical) among the 

components of a product in crisp numbers. Here, fuzzy graphs are used to represent the 

relationship of the components in a product. A fuzzy graph is a graph with fuzzy edges or 

nodes, i.e., it consists of a finite set of vertices V = {v^,v^,...,vj {n is the number of the 

vertices) and a fiizzy relation R onV . fts adjacency matrix, A^ = [a.j], is different from 

that defined in Equation (3-9) for a simple graph though it is still a nxn matrix {n is the 
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number of the vertices). The value of a^. becomes more than simple 0 or 1. According to 

the Equation (3-6), the element of the adjacency matrix can be expressed as follows: 

«/;=/"«(v,-,v^.) {i^j, \<i,j<n). (3-10) 

The value of //«(v,.,i'^.)which ranges from 0 to 1 shows some uncertainty of the 

connectedness of any two vertices. 

3.3 Multi-Criteria Decision Making 

3.3.1 A General Overview 

Multi-Criteria Decision-Making (MCDM) was introduced in the early 1970s, and 

now it is one of the most well known branches of decision-making (Triantaphyllou 2000). 

Many theories and models have been developed since its birth, and more is still being 

created. According to the Hterature (i.e., Zimmermann 1996, Ma et al. 2000), MCDM is 

divided into multi-objective decision-making (MODM) and multi-attribute decision

making (MADM). However, these two terms are usually used to mean the same class of 

models. The words "criterion" and "attribute" are often used synonymously in the 

literature on multi criteria analysis, which is indeed sometimes referred to as multi-

attribute analysis. Attribute is also sometimes used to refer to a measurable criterion. 

The procedure of MCDM is to select an optimal alternative from a list of 

alternatives by considering multiple criteria. It is supposed that MCDM may improve the 

satisfaction with the decision process/the quality of the decision itself, and increase the 

productivity of the decision makers (Lootsma 1999). 

According to Fuller and Carisson (1996), there are four major families of methods 

in MCDM: (1) the outranking approach which contains a number of ways to find a 

ranking, (2) the value and utility theory approaches which use various ways to assess the 

relative importance of multiple attributes, (3) the interactive multiple objective 

programming approach which is built around utility theory-based frade offs among 

criteria, and (4) group decision and negotiation theory which introduces ways to work 

with group dynamics and with difference in knowledge, value systems and objectives 

among group members. 
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Recently, fuzzy set theory has been introduced into the MCDM research field. 

The application of fuzzy theory in the MCDM field has been discussed by many literature 

(Chen & Hwang 1993, Zimmermann & Sebastian 1995, Fuller & Carisson 1996, Lee 

1996, Karsak 2000, Sugihara et al. 2001). As some authors (Chen & Hwang 1992, Lai & 

Huang 1994, Ekenberg & Younes 2000) have pointed out, fuzzy set theory can relax the 

requirement of numerically precision data, which is useful to MCDM because it is 

difficult for people to give precise judgment under most circumstance. In the dissertation, 

fuzzy MCDM is also used to apply multiple environmental objectives to the modularity 

analysis. 

3.3.2 The Analytic Hierarchy Process (AHP) Method 

The Analytic Hierarchy Process (AHP) of Saaty (1980, 1982, 2000, 2001) is a 

popular method for MCDM. ft is useful and easy to handle. Its basic step is the judgment 

on the pairwise comparison of two criteria, or two alternatives under a given criterion. 

Assume that a set of criteria (or alternatives) has already been established. For 

each pair of criteria (or alternatives), the decision-maker is asked to choose a value from 

a scale to express the relative importance (or performance under a given criterion) of the 

two. The scale of relative importance given by Satty is shown in Table 3-1, and the scale 

of relative performance of the alternatives can be given in the same way. 

Table 3-1. The numerical scale of relative importance proposed by Satty. 

Definition 
Equally important 

Moderately more important 
Sfrongly more important 

Very sfrongly more important 
Overwhelmingly more important 

Intermediate values between above five 

Preference index assigned 
1 
3 
5 
7 
9 

2,4,6,8 

Using AHP method, the weights or importance of each criterion can be obtained. 

Suppose there are n criteria c^,c^,...,c„, relative importance of criterion c. over c- is 
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a-J, and relative importance of criterion c over c. is a , = — . A Comparison Matrix 

(CM) can be obtained after comparing every two criteria: 

CM.. = 

a «i2 A a,„ II 

flj, a.n A a,„ 

M M M 

a_, a„, A a. 

(3-11) 

where a ,. = — {i,j = \,...,n), n is the number of the criteria. 

To calculate a vector of preference from the comparison matrix, eigenvalue 

method is used: 

AX = AX. (3-12) 

Replacing the matrix A with the matrix CM in Equation (3-12), a vector X can 

be obtained. In X, each element stands for the relative importance of a criterion: 

X = {x^,x^,...,x„Y. (3-13) 

X can also be obtained approximately by a much simpler method: 

-.-[n-.r. (3-14) 
M 

The weights of criteria can be obtained by normalizing the value in Equation (3-

13): 

n 

1=1 

(3-15) 

WC = [w,, W2,..., w j ^ is the weight vector for the given set of criteria, and 0 < w. < 1 

(y=i,. . . ,n). 

If we have a set of m alternatives, in the same procedure, a performance vector 

for the given set of alternatives can be obtained under each criterion. Therefore, finally 

we have n vectors (w x 1) totally, which form a mxn matrix: 
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WA = 
^11 ^12 - ^H„-n ^u, 

l̂ ml ^n,2 - H^„(„_,) W„„ 

(3-16) 

where: m is the number of alternatives, and n is the number of the criteria; and 

u , represents the relative weight of the priority for the /th alternative with respect to the 

yth criterion. The overall performance of alternatives can be calculated by following 

equation: 

R = WAxWC (3.17) 

where: R = [r„r„...,rj^. max(^.) {r = l,...,m) is the optimal alternatives considering 

all criteria. 

In the AHP, the Consistency Ratio (CR) is used to evaluate the consistency of the 

comparison matrix. If Ci?>10%, the comparison matrix needs re-checking, or the 

consistency of the comparison matrix is acceptable. In order to obtain CR, we have to 

calculate the principle eigenvalue A^^^ of the comparison matrix at first: 

^ ^ = ^ m a x ^ ' ( ^ m a x > « ) - ( 3 - 1 8 ) 

Satty proposed to estimate the value of A^^^ by: 

K=t(t^M (3-19) 
<=i j=\ 

where: W = [w^, w^,..., w„ ] is the normalized eigenvector of the comparison matrix A . 

Satty also defined a Consistency Index (CI) in order to obtain the CR: 

CI = (A 3̂̂  - n) l{n -1) ( « is the dimension of the matrix A ) 

and Random Consistency Index (RCI) (Table 3-2), then he obtained the value of CR: 

CR = CI/RCI (3-20) 

Table 3-2. RCI Values of Sets of Different Order n. 

n 
RCI 

1 
0 

2 
0 

3 
0.58 

4 
0.90 

5 
1.12 

6 
1.24 

7 
1.32 

8 
1.41 

9 
1.45 
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From above discussion, it can be concluded that the AHP is easy to handle. 

Pairwise comparisons are readily accepted in practice as a way to measure the relative 

importance of criteria and the relative performance of alternatives. In addition, because 

the pairwise comparison matrix provides some redundant information, it is possible to do 

some cross-checking; and some certain insufficient information is allowed, which may 

reduce the workload. However, there are some arguments about AHP The most arguable 

point of AHP is that the 1-9 scale has the potential to be internally inconsistent. Besides, 

it is difficult for decision-makers to give a crisp judgment about the pairwise comparison 

under most circumstance. Many people are seeking alternative way to the original AHP 

(Belton & Gear 1983, Sugihara & Tanaka 1999, Sugihara et al. 2001) though some 

alternative ways themselves are criticized. Following section will introduce the fuzzy 

AHP that will be used in the fiirther analysis. 

3.3.3 The Fuzzy AHP 

In the fiizzy AHP, the pairwise comparison is expressed in fiizzy numbers 

because they are closer to human intuition than crisp numbers. Here, triangular ftizzy 

numbers is used. A triangular fiizzy number consists of a center a.j and two spreads c,y 

and dy: 

A^=iay-Cy,ay,ay+dy) (3-21) 

where / = 1,...,« ; ./ = / + \,...,n, ay, Cy ,dy>0, and 4 . = (1,1,1). The membership 

function of Ay can be defined as: 

a,.. -X 
1-- , if ay-cy<x<ay 

MA,XX) = ' 
'^>j 

''ij 

1 - ^ , if ay<x<ay+dy (3-22) 
d, 

0, otherwise. 

We can use Saaty's approximation method (Equation 3-14) to estimate the 

eigenvector of a matrix: 
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^,=(114)"" (3-23) 
/=! 

where " = " means approximate result. Next, X = [X^,X^,...,X,X should be normalized 

(Karsak 2000) into W = [W^,W^,...,W„Y as: 

^:'(-,^^^.^--,^^^)- (3-24) 

In the similar way with the crisp AHP, the performance matrixes of alternatives 

can be obtained with respect to each criterion, and in the end obtain the performance 

vector of ahematives considering all criteria as described in Equation (3-17). 

In the end, the performance of the alternatives needs to be ranked. Many authors 

(Bortolan & Degani 1985, Karsak 2000, Anglani et al. 2000, Moon & Kang 2001) have 

discussed the ranking of fuzzy numbers. Because the use of Integral Value (Liou and 

Wang 1992) is simple and consistent in ranking more than two fuzzy numbers 

simultaneously, the Integral Value (IV) method is used in the dissertation. The Integral 

Value (IV) of a triangular ftizzy number {a-c,a,a + d) is given as follows 

IV = 0.5[a{a + d) + a + {l- a){a - c)] (3-25) 

where a ( 0 < a < l ) denotes an index of optimism which reflects the decision maker's 

risk-taking attitude. 

3.4 Summary 

This chapter introduces some basic mathematics knowledge used in this research: 

fiizzy theory, graph theory, and multi-criteria decision-making. In this research, fiizzy 

sets or numbers will be used to express the various types of linguistic relationships 

between components in a product, and the fiazzy graph will be used to represent the 

structure of the product. In addition, taking various environmental impacts into 

consideration of the design is thought as a multi-criteria decision making process. 
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CHAPTER rv 

DESIGN FOR MODULARITY 

The goal of this research is to provide some quantitative environmental analysis 

that can be used by designers to revise the design of a product. According to the analysis 

results, some suggestions may be given on eliminating components from modules, 

rearranging components/modules, or changing component/module attributes. Therefore, 

the knowledge of design for modularity is important to the fiarther analysis. In this 

chapter, some basic knowledge about design for modularity will be given. 

4.1 Background for Modular Design 

Modular design is a design technique used to develop complex products using 

similar components (Kamrani 1997). The concept of modular design is thought to begin 

from the Axiomatic Design Theory of Suh (1990), which requires that the independence 

of functional requirements be maintained in good design. According to this axiom, each 

module (or subsystem) of a product performs a single function. The more independency 

there is among the different modules of a product, the better the design is. 

4.1.1 Product Development Process 

The development process of a product is a sequence of all required activities to 

develop, manufacture, and sell a product. Each company needs to adopt an appropriate 

development process in order to organize the activities efficiently during the development 

process of a product. 

Traditionally, products are developed sequentially. First, people need to do some 

research work to obtain some necessary knowledge before developing a new product. 

With the obtained knowledge, the concept of the new product is developed through an 

iterative process. Based on the formal concept, the product is designed, which is also an 

iterative process. In the end, the new product is manufactured and sent to the market. All 

stages in this process may be iterative, and somewhat overiapped; however, they are 
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sequential. According to Dimancescu and Dwenger (1996), the main disadvantage of the 

sequential method is the weakness of links between the functional departments that 

should be cooperating to develop a new product. 

Concurrent Engineering (CE), also called Simultaneous Engineering, is different 

from the fraditional sequential engineering. It can be defined as an integrated and 

systematic approach to the design of products and related process, including 

manufacturing, testing, and services (Craig & Stark 1994). In the CE process, all 

activities in different stages may occur or be considered simultaneously, which will 

improve the whole quality of the product, reduce the cost of the development and the 

lead-time to the market. 

Generic Development Process is another type of product development process. A 

generic product development can be structured starting with needs recognition and 

ending with the marketing of a finished product (Pugh 1991). 

According to Craig and Stark (1994), the product development process can be 

classified into following categories: 

• Market-pull development, 

• Technology-push development, 

• Platform-based development, 

• Process-based development, 

• Customer-based development, 

• Modular development. 

An important part of the product development process is the engineering design 

process which can be defined as the process of devising a system, component, or process 

to meet the requirement of customers (Craig & Stark 1994). Many design techniques 

have been developed, and now modular design becomes very popular in many fields. 
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4.1.2 Related Topics 

4.1.2.1 Design for Variety 

Mass production marks the modernization of manufacture. The goal of the mass 

production system is to manufacture products at the lowest possible cost, and improve the 

productivity by using interchangeable parts, specialized machines and division of labor 

(Ishii 1995). However, the requirements of customers are various; and manufacturers 

have to consider the variety of the products, or they will lose their market share. Pine 

(1993) discussed about the necessity of the variety in modem market, and proposed a 

new concept called "mass customization" to replace the concept of the mass production. 

Though mass customization increases the variety of products, it also results in the 

increase of the production cost, which contradicts the final purpose of the manufacturers. 

Design for Variety (DFV) is a new design concept by which people try to find a 

frade-off between the variety demanded by the market and the benefits the manufacturers 

pursue. According to Martin and Ishii (1997, 2000), design for variety is a series of 

structured methodologies to help the companies reduce the impact of variety on the life 

cycle costs of products. 

The product may be spatially varied or time varied (Martin & Ishii 2000). The 

spatial variety refers to the variety within the current product line, and the time variety 

refers to the variety that occurs among products of different generations. The driver of 

spatial variety is the various demands of the market; and the drivers for time variety are 

some external factors (i.e., customer requirements, cost consideration, and standards) that 

are out of the companies' control, and internal factors (i.e., technology) that can be 

confrolled by the companies themselves. During the design, these factors are taken into 

consideration according to their importance rank. 

In DFV, people usually standardize some components that are less likely to 

change in near ftiture. In addition to standardization of components, modularity is also an 

important way to realize the variety of products. Components that cannot be standardized 

should be modularized. This means that when components within a module do change, it 

is not likely to require changes in other components outside the module. In other words, 
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modular design minimizes the coupling degree of components from different modules. In 

general, modular design makes it possible to isolate the production of different modules, 

hence reduce the production cost of the products. 

4.1.2.2 Design for Life Cycle 

Life cycle of a product is, in fact, a process of material flow process (Figure 4-1). 

Because the design stage mostly affects the whole quality of a product, design for life 

cycle becomes popular. In general, design for life cycle is a process of incorporating 

various aspects of a product's whole life in the early stages of design. During the design 

stage, designers need to consider many problems, such as manufacturability, 

assemblability, disassemblability, serviceability, and recyclability. Many related 

methodologies, i.e., design for assembly, have been developed in last decades. More 

recently, researchers have realized that modularity of products is important because 

modular design can affect almost every life cycle stage. This means that designers should 

focus not only on one product, but entire product families and changes over product 

generations. 

Raw Material Manufacture Assembly Consumer 
Service 

Reuse 
n 

Recycle 

Disposal 

Environmental 
Impact 

Figure 4-1. Products' whole Ufecycle (Marco et al. 1994). 

According to Gu et al. (1999), modular design can achieve following objectives 

from the life cycle viewpoint of products: 

1. Dividing design task for parallel development; 
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2. Facilitating the production and assembly; 

3. Standardizing the components, or subsystems; 

4. Simplifying the services after the production; 

5. Facihtating the upgrade; 

6. Simplifying the reconfiguration; 

7. Facilitating recycling, reuse and disposal; 

8. Benefiting product variety and customization. 

From the viewpoint of life cycle, some basic guidelines (Hata et al. 2001) should 

be followed during the modular design: 

1. Do not combine components made from different materials; 

2. Do not combine components with different physical cycle; 

3. Do not combine components with different intervals for maintenance and 

upgrade. 

4.2 Modular Design 

As discussed above, modular design is a design technique that can be used to 

develop complex products using similar components, and it aims at reducing 

interdependencies among modules. Due to the independencies of modules, they can be 

produced independently without information exchange between the decision-units 

entitled to the production of different modules (Devetag & Zaninotto 2002). 

In the modular design, we need to consider the modularity of the design. 

Modularity is used to describe the use of common units to create product variants; it is a 

tested and proven strategy in the design of products, and it has been used for single or 

product families of similar products. In the manufacturing field, modularity can be 

applied in the area of product design, design problems, and production systems. The 

modules can be classified as following types according to the fimctions they perform 

(Kamrani 2000): 

1. Basic functions, 

2. Auxiliary fiinctions. 
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3. Special functions, 

4. Special functions, 

5. Adaptive functions, 

6. Customer-specific functions. 

And product modularity can be represented based on the types of combinations between 

modules (Figure 4-2). 

(a) Compoent-
Swapping 

Modularity 

O 

(b) Component-
Sharing Modularity 

(c) Fabricate-to-fit 
Modularity 

Figure 4-2. Categories of Modularity. 

(d) Bus Modularity 

A complex modular system can be developed by decomposing a system into some 

sub-systems, each performing a single function or basic fimctions, and then integrating 

them to obtain the whole complicated task. This decomposition requires three elements 

(Camuffo 2000): 

• An architecture that specifies the modules and their functions in the system; 

• Interfaces that describe in detail the interaction among the modules; 

• Standards that test the conformity of the modules to design rules, and measure 

the relative performance of modules. 

With respect to the categories of modularity in manufacturing field, the 

decomposition can be classified into: product decomposition, problem decomposition, 

and process decomposition. During the process of decomposition, primary parts and 

auxiliary parts should be identified. Primary parts are those that support the overall 

fimction in a direct manner; auxiliary parts are those that support the overall function 

indirectly, or they are those parts that support the overall fiinctions by supporting the 

primary parts. 
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Integration process is after the process of decomposition. During the process of 

integration process, parts need to be classified. Classification is a process of grouping 

parts into families based on some rules. Similar parts are identified and grouped together 

to take advantage of their similarities in manufacturing and design. A part family is a 

collection of parts that are similar either because of their geometrical shape and size, or 

because of similar processing steps. Some techniques, i.e., sorting techniques, are needed 

during the grouping process. 

In general, modularity relies on dividing a product into components with clear 

definition of the interface that allow the design tasks to be coupled. With all its 

advantages, modular design has been used widely. 

4.3 Design for Modularity 

Figure 4-3 shows the hfe cycle of design for modularity. The following sections 

will infroduce the methodologies used in the whole process of design for modularity. 

Because modularity analysis is nearly an inverse process of design for modularity, the 

research of design for modularity is useful to the development of the methodology, and 

many methods used in this process can also be used in the environmental analysis. 

4.3.1 Requirement Analysis 

When designers are assigned a design task, they should analyze the requirements 

from customers before they can set up specifications for the modular design. The 

customers can be either general or specific. Information about requirements from general 

customers can be obtained by conducting a market study that begins by establishing 

target markets and customers. As to specific customers, they are usually asked to provide 

documentation requirements. Quality Function Deployment (QFD) is usually used to 

analyze the requirements of customers. 
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Figure 4-3. Design for Modularity Life Cycle (Kamrani & Salhieh 2000) 
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QFD is a common tool used to fulfill customers' expectations. It is a team-based 

technique that provides a way of identifying and translating customers' requirements into 

technical specifications for product planning, design, process, and production. In general, 

QFD addresses: 

1. What customer wants and needs (WHATs), 

2. Why the requirements is important to the customers (WHYs), 

3. How the product features satisfy the customers' needs (HOWs). 

Figure 4-4 shows the House of Quality (HOQ) that is the core of the whole QFD 

process. 
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Figure 4-4. The House of Quality. 

4.3.2 Functional-Structure Analysis 

Based on the functions mapped to the customer requirements, components, 

modules, or subsystems of products can be designed. In the modular design, designers 

usually use function-structure diagram to investigate the relationship between the 

functions and structure of products. Figure 4-5 shows a simple function-structure 

diagram, which describes the relationship between the fimction hierarchy and structure 

hierarchy of products. 
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Figure 4-5. Function-structure diagram. 

From Figure 4-5, we can find that it is a process of decomposition. The target 

fimctions required by customers can be decomposed into sub-functions, and so on. The 

products or systems can also be decomposed into modules (or components) or sub

systems. In the modular design, the number of functions that a component, module, or 

system performs should be minimized. Modular Function Deployment (MFD) is used to 

help designers identify the relationship between the functions hierarchy and structure 

hierarchy of products. The matrix of MFD is similar with that of the quality function 

deployment (QFD), and it is shown in Figure 4-6. 

In Figure 4-6, the most suitable technical solutions are group into sub-functions, 

and inserted as the "HOWs" in MFD matrix, while module drivers are inserted as the 

"WHATs". 
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Figure 4-6. Typical contents of a MFD matrix. 

4.3.3 Product Integration 

As discussed above, a function/task can be implemented by a combination of 

elements (components, modules, or subsystems) in a specific manner. Therefore, basic 

components obtained from the decomposition process should be arranged and integrated 

into a fimctional system (module). 

Analysis of functional and physical characteristics is an important part for product 

integration. These two types of characteristics are arranged into a hierarchy of description 

from the top level to the bottom level. For example, bottom-level descriptions are used to 

determine the relationships between components. Because such hierarchy provides 

information about the relationship among the components and modules, it is very useful 

to the fiiture environmental analysis. 

During the process of integration, we also need to consider the independence and 

similarity from different system levels. Independence exists among the modules, and 

similarity exists within modules. To increase independence and similarity, modules or 

subsystems should be grouped by considering following aspects: 

• Component attributes have fewer dependencies on attributes of other modules; 
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• Each task performed by a component during all its life cycle process has few 

dependencies on the process of components in other modules; 

• Components and subsystems, which have the compatible life cycle processes, 

are grouped into the same module. 

The degree of similarity should be measured and used in grouping components 

into modules. Various methods have been used to define and calculate the similarity of 

modules. For example, if we define 5,.„ as the similarity of components within a module, 

^ou, as the similarity of components outside a module, Z),., as the dependency between 

components within a module, and D„„, as the dependency between components outside 

of the module, then the relative modularity within a module can be defined as: 

Modularity = SJ{S,„ +S„J + DJ{D^„ +D„J. (4-1) 

The purpose of integration, thus, can be described as: maximize the modularity 

within a module, and minimize the modularity outside the module. 

After setting the target index of similarity and independency, the grouping (or 

clustering) of components can be completed using some search algorithms. When the 

stincture of a product is very complex (i.e., there are many components), it is a time-

consuming process to integrate the product. Reducing the search space is one of the ways 

to reduce the complexity of search algorithms, hence reduce the time of grouping 

process. 

4.4 Summary 

This chapter introduces the basic knowledge of modular design, and some related 

topics also have been discussed. The process of design for modularity is introduced along 

three common steps: requirement analysis, function-structure analysis, and product 

integration. Independence and similarity analysis are used in the process of product 

integration, which will also be used for the modularity analysis in the fiiture discussion. 
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CHAPTER V 

ENVIRONMENTALLY CONSCIOUS MODULARITY ANALYSIS 

An environmentally conscious modularity analysis is a multi-criteria decision 

making process since many environmental criteria need to be taken into consideration at 

the same time. In this research, the environmental criteria are derived from environmental 

objectives analysis through the life cycle of products, and criteria are quantitatively 

applied to the modularity analysis. This chapter will introduce the methodology in detail. 

5.1 Environmental Problems Analysis 

As discussed in the previous chapters, a product's impact on the environment can 

be found at all stages through its life cycle. According to some literature (Marco et al. 

1994, Yu 1999, Becerra 2000), the stages of a product's hfe cycle may include: 

manufacture, assembly, consumer service, disassembly, and 

reuse/recycle/remanufacture/disposal. To cover all primary environmental problems 

occurred at these stages, the environmental problems are discussed from the viewpoint of 

design for "X" following the order of stages in a life cycle. Based on the analysis of these 

environmental problems, we can set up environmental objectives for each stage and 

select some primary objectives as environmental criteria for the modularity analysis. 

5.1.1 Design for Manufacturing 

Design for Manufacturing (DFM) is an integrated approach to product and 

process development. Usually compatibility, complexity, efficiency, and coupling of 

manufacttire should be considered. Compatibility concern means that features, materials, 

and processes in the manufacturing process should be compatible. Complexity is 

concemed with some issues, such as level of detail, feature size, and accessibility. Whole 

manufacturing process should be organized efficiently, and all features, processes, 

materials, and other aspects should be coupled. 
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At the manufacturing stage, energy and resource consumption are major sources 

of adverse environmental impacts. If products and manufacturing processes are not 

appropriately designed, more than necessary energy and resources will be consumed. The 

more energy and resources are consumed at this stage, the more serious negative 

environmental impact will be caused. In addition, too many types of materials and too 

complex stincture of product design should be avoided because both of them will result 

in complex manufacturing processes. A complex manufacturing process costs and 

consumes more than usual ones do. 

5.1.2 Design for Assembly 

Design for assembly (DFA) is a structured design methodology of analyzing 

product concepts or existing products for simplification of assembly processes. DFA 

pursues less time, less work intensity, and less cost. 

There are many ways to reduce assembly time. Automating assembly processes is 

a popular method, in which robots are used to replace human labor on assembly lines. 

Reducing the number of components and modules (or subsystems) in products can also 

reduce the assembly time. During assembly processes, frequent setup will increase the 

assembly time, therefore, not too many types of parts (components, modules, joining 

parts, etc.) should be used; and components and modules should be standardized if 

possible. If the joining methods and parts of components or modules are various, many 

assembly tools and techniques will be needed, which also increases the assembly time. 

To improve the productivity, skillful assembly workers are needed. Selecting some 

suitable joining methods or material, i.e., rivets and welding, will also simplify the 

process of joining two parts. 

Less work intensity can be obtained by automating assembly processes. When 

fewer types of tools and techniques are needed, the assembly work becomes easier for 

workers. Increasing the accessibility to parts (i.e., components, modules) also makes the 

assembly easier. 
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When an assembly is simple, much money will also be saved from the people 

fraining. Reducing the resource consumption (i.e., electricity) is a direct way to reduce 

the assembly cost. When an assembly process is dangerous, assembly workers will be 

paid much higher than usual, and many extra actions need to be taken to provide safety 

protection for people and property, hence increase the cost of assembly, and extra burden 

will also be added to the environment. 

From above analysis, we can conclude that some methods having positive effects 

on one target may have adverse effects on the other targets; and some methods may have 

positive effects on more than one target. For example, minimizing the number of parts 

will reduce the assembly time, work intensity, and assembly cost simultaneously; while 

using skilled workers will increase the disassembly cost and reduce the disassembly time. 

5.1.3 Design for Consumer Services 

Design for consumer service requires that enough spare space should be left for 

maintenance. Maintenance can be either preventive or corrective. When a product is to be 

repaired, it may have various degrees of damage, including physical (i.e., dirtiness, 

corrosion, or aging) and chemical damages, and different repairing methods are needed. 

To facilitate the repair of components, the components and modules of products are not 

encouraged to integrated together. For products with a modular structure, people usually 

replace the whole module that fails to work with a new one, and the old module will be 

sent to the recycling department; therefore, enough maintenance space between modules 

should be left for module replacement. In addition, the usage life of components within a 

module should be similar; otherwise it will be a big waste of resources if a module is 

replaced only because some of its components fail to work. Furthermore, the physical 

connectedness between modules should be minimized, or it will be a difficult task to 

replace modules. 
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5.1.4 Design for Disassembly 

If a product that would be disposed entirely is instead recycled, remanufactured, 

reused (some parts), or disposed partially, it should be disassembled at first. According to 

Gungor and Gupta (1997), disassembly is a systematic process that allows reusable, non-

recyclable, and hazardous subassemblies to be selectively separated from recyclable ones. 

As discussed in Chapter II, design for disassembly (DFD) is a major part of 

environmentally conscious design. To some extent, a disassembly process is a reverse 

process of assembly. Some environmental problems considered in the assembly process 

should also be taken care of in the disassembly process. Similarly, disassembly time, 

cost, and working intensity should also be minimized in DFD. 

However, some problems of DFD may be different from those of DFA because a 

disassembly process is not an exact reverse process of assembly. For example, some 

combining methods and materials (i.e., rivets, welding) recommended in DFA are not 

encouraged in DFD because they will make disassembly a difficult task. In addition, if no 

precious material or costly component is used in modules, and no special problems need 

to be considered, people usually do not care much about component-level disassembly, 

but care about module-level disassembly. Therefore, the physical connectedness between 

modules, especially between high-level modules, should be minimized. 

5.1.5 Design for Reuse. Remanufacture, Recycling, and Disposal 

Reuse means that components, modules, or whole products can be re-utilized 

without modification or upgrade other than cleanup. Material and resource consumption 

can be reduced greatly due to the reuse of products. Remanufactiire refers to the process 

that some manufacturing operations are used to make components, modules, or products 

to be used again. Recycle primarily refers to a process, in which materials are recovered, 

though the quality of materials may be lowered. The remains of products that cannot be 

recovered will be disposed after some processes (i.e., shredding, incineration). 

A component should be replaced when it reaches the end of its usage life or 

technology life. Here we think a module as a unit in modular designed products. Thus, a 
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module reaches the end of its life when one or more components in it fail to work. It is a 

waste to discard a whole module only because it is time to replace one or more 

components in it. Therefore, the components in a module should have similar usage and 

technology life. 

Remanufacturing is also an important strategy in avoiding waste and reducing 

negative environmental impacts. In remanufacturing processes, damaged components in 

modules can be replaced, and the modules can be used again. Therefore, components 

within modules should be joined together in such a way that non-destructive methods can 

be used to separate them. 

Currently, recycling is a widely adopted activity for this stage. It refers to 

collecting, processing, and reusing materials that would otherwise be thrown away. 

Before materials can be recycled, some methods may be adopted to separate the parts, 

and the parts will be sorted approximately according to the material type. For modular 

designed products, if similar (or compatible) materials have been used in a module, no 

much further disassembly will be needed; hence the processing cost and negative 

environmental impact generated in the recycling process are reduced. 

All parts of end-of-life products will be disposed in the end. In order to reduce the 

volume of the waste, they may be burnt, or shredded if toxic materials will be generated 

during the incineration process, before they are sent to landfills. At the design stage, the 

usage of toxic materials should be avoided; otherwise serious environmental problems 

will arise at the recycling/disposal stages. 

5.2 Criteria Analysis 

Some environmental problems have been discussed according to different life 

cycle stages of products. According to above analysis, we can set some primary 

environmental objectives, based on which we can develop the environmental criteria for 

the environmental modularity analysis. Because functions and architecture related 

problems have already been taken into consideration during the forming process of 

modules, we will not consider the physical position related problems in our analysis. Our 
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task is to provide environmental analysis to existing modules in the design. According to 

our analysis, we may suggest that some components should be removed from the current 

modules, or other revision should be done. 

Because it is impossible to cover all environmental considerations in our 

modularity analysis, only some primary factors are selected as the environmental criteria. 

In addition, the environmental criteria need to be assumed independent in order to 

simplify the multi-criteria decision analysis. However, correlation exists commonly 

among different environmental objectives. If selected environmental criteria are 

interdependent, imprecise weights will be assigned to them, and imprecise environmental 

analysis results will be obtained. Therefore, we should make the selected criteria as 

independent as possible. 

Based on above discussion, following environmental criteria are selected for the 

modularity analysis: 

• Usage Life Compatibility. The components in a module should have similar 

usage life; 

• Technology Life Compatibility. The components in a module should have 

similar technology Hfe; 

• Material Compatibility. Compatible materials should be used within modules; 

• Maintainability. Maintenance here includes replacement of modules, repair, 

etc. The modules in a modular designed product should be easy to be 

accessed, repaired or replaced at the maintenance stage. 

• Design for disassembly: 

- Geometric Connection. The geometric connection between modules 

should be easy to be broken without causing any damage to the modules; 

- Disassembly time. The disassembly time to separate modules should be 

minimized. 

- Disassembly energy. The disassembly energy spent to separate modules 

should be minimized. 
• Assembility. Components and modules should be easy for assembly. 
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Some indexes are defined to measure above criteria, and to apply all criteria to the 

modularity analysis, all indexes are all set to [0,1]. Next, these environmental criteria will 

be discussed in detail. 

5.2.1 Usage Life Compatibility 

Usage life, also called expected longevity, of a product refers to the lifetime that 

the product is designed to work reliably. Components and modules also have their own 

usage life. The components of a product may have different usage life from the whole 

product. For example, a mouse usually has a shorter lifetime than a computer. The 

expected usage life of components in a product can be set shorter or longer than that of 

the whole product because old components can be replaced with new ones during the 

lifetime of the product. For example, a computer can work continuously by replacing the 

old mouse with a new mouse when the original mouse fails to work. 

In a modular designed product, it is a big waste of resources if some components 

are designed to have much longer usage life-span than those of others because a module 

will be replaced and sent to recycling departments even if only one of the components in 

the module fails to work. Therefore, components in same modules should have a similar 

usage life. 

If we assume the usage Hfe of component / is ULi {i = \,2,...,n), then the relative 

usage life{RUL) of component / and j can be defined as: 

RULij=ULilULj {i = \,2,...,n) (5-1) 

where n is the number of components in the product, and the result RULy is a crisp 

number. As we will discuss later, fuzzy criteria are used in this research because many 

environmental factors are immeasurable. Fuzzy numbers are used to map fuzzy judgment 

upon fiizzy criteria into crisp numbers. In order to combine the criteria, usage life 

compatibility, with other fuzzy environmental criteria, an index. Usage Life 

Compatibility Index {ULI) is used to describe the similarity of relative usage life between 

two components: 
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UU, = " ^ ' " ^ ^ " ^ > > (5-2) 
max{ULi,ULi) 

The higher the value of ULI is, the more compatible two parts are, and the smaller the 

potential negative environmental impact is. In the modularity analysis, a crisp UU can 

be thought as a fuzzy hiangular number with equal lower, mean, and upper values. 

5.2.2 Technology Life CompatibiHtv 

Technology life comes from the cyclic nature of technology embedded in 

products. Due to the demand of market and the development of technology itself, one 

kind of technology always experiences a life cycle: introduction, maturation, and 

obsolescence. A particular kind of products may experience overlapping and out-of-phase 

technology life cycles corresponding to the key embedded technologies. Modem 

technology develops at an accelerated speed, and the technology embedded in some 

products is being outdated quickly. Many products, especially electromechanical 

products, have to be discarded before reaching the end of their expected usage life. 

Different parts in a product may have different technology life span. For example, 

motherboards of computers have a much longer technology life than other parts, i.e., hard 

disk and CPU, in a PC computer. It is common to replace the old hard disks with higher 

capacity ones; while it is rare to change the motherboard only, and keep other parts 

unchanged. It will save much resource and reduce the negative environmental impact if 

all components included in a part have almost reached the end of their technology life 

when the part is discarded. For a modular designed product, it can be upgraded by 

replacing some outdated modules. Therefore, we should make sure that the components 

in a module have compatible technology life. 

In a similar way as in the analysis of usage life compatibility, we can obtain the 

relative technology fife of components. If we assume the technology life of component / 

is TLi {i = l,2,...,n), then the Relative Technology Life {RTL) of component / and j 

can be obtained by: 
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RTL:i=TLi/TLj (/= 1,2,...,«) (5-3) 

where n is the number of components in a product. 

As discussed in usage life compatibility criterion, an index Technology Life 

Compatibility Index {TLI) is introduced here to express the similarity of relative 

technology life between two components. Similar to the definition of ULI, the 

technology life compatibility index between component / and j can be defined as: 

;̂Ty _ min(7Z,,7Z,) r ^ o ^ 
JLIij= — — {i = \,2,...,n). (5-4) 

max{TLi,TLj) 
The higher the value of TLI is, the more compatible two parts are, and the better the 

potential environmental impact is. TLI is a crisp number, hi the modularity analysis, A 

TLI can be thought as a triangular fuzzy number with equal lower, mean, and upper 

values. 

5.2.3 Material Compatibihty 

Material compatibility requires that similar or compatible materials should be 

used in the construction of products. The requirement of material compatibility may be 

different at different stages. For example, at the assembly stage, it requires the usage of 

materials that are easy to be joined; while at the disassembly stage, it requires the usage 

of materials that are easy to be separated. Because design for recyclability is the most 

important concern of material compatibility criterion, material compatibility will be 

discussed from the viewpoint of recyclability in the research. 

When products reach the end of their life, they will be sent to recycling 

departments where materials may be recovered if possible. Different methods may be 

needed for the recovery of different materials. Before the recovery process, the end-of-

life products or parts are usually shredded into scraps. If incompatible materials are 

included in one kind of solid scraps, extra processes and methods will be needed to 

separate these materials, thus extra energy and resource will be consumed, which will 

increase the burden of the environment. If parts used for the material recovery are made 
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of some similar or compatible types of materials, then not much further separation 

processes will be needed after shredding. In modular designed products, a module is 

thought as a unit for recycling. If modules can be directly used for material recovery, cost 

and energy for further disassembly can also be saved. Therefore, it will benefit the 

environment if the components in a module are made of similar or compatible materials. 

During the disassembly process, modules will be put into different Collection 

Bins (CB) according to the types of their primary inclusive material. The collection bins 

can be classified into several basic groups: 

1. PCB Bins. They can be further classified into two types: 

- Populated Circuit Board Bins collect whole circuit boards with all 

components still attached; 

- Circuit Boards Bins collect un-populated circuit boards or circuit boards 

that have all the components removed either by manual dismantling (de-

soldering) or by means of shearing the components off so that the surface 

of the circuit board is "sheared flush"; 

2. Plastics Bins. They can be further classified into: 

- Thermoset bins collect modules made of urea plastics, epoxy plastics, etc.; 

- Thermoplastics bins collect modules made of ABS, HDPE, PET, PVC, 

PP, PS, etc.; 

3. Ferrous Bins. They collect Tin plate, steel scrap, steel sheet, etc.; 

4. Nonferrous Bins. They collect aluminum group, copper base, etc.; 

5. Precious Meltables Bins. They directly collect meltable precious metals and 

may not contain non-metallic materials. Copper wire is one of the main 

sources for this type of bins; 

6. Miscellaneous Metals Bins. They collect other mixed precious metals assorted 

precious metal content items that are not included in the listed grades in any 

part of the precious metal category; 
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7. Glass/Ceramics Bins. They collect parts made of various grass or ceramics. 

They can be fiirther classified according to the color of the material if 

necessary; 

8. Paper/Wood Bins. They collect paper and wood; 

9. Rubber Bins. They collect synthetic and natural rubber; 

10. Other Bins. 

Collected materials in collection bins can be recycled in mechanical or chemical 

ways. If mechanical methods are primary ones used in the recycling process, mechanical 

compatibility of materials should be considered; otherwise chemical compatibility of 

materials should be considered. The measurement of material compatibility for 

recyclability is not fixed; it depends on the selected environmental criteria, recycling 

methods, material types, recycling objectives, etc. For example, there are about four types 

of recycling methods for polymeric materials according to Hind (1999): reuse (primary), 

mechanical recycling (secondary), chemical recycling (tertiary), and thermal recovery 

(quaternary); for different types of recycling methods of polymeric materials, there are 

different compatibility requirements. Table 5-1 gives an example to measure the material 

compatibility of some commonly used thermoplastics. 

Table 5-1. Compatibility for some common thermoplastics. 
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As discussed above, the judgment of material compatibility is ambiguous and 

subjective. Therefore, the degree of material compatibility between components cannot 

be expressed using crisp numbers. In order to convert linguistic description to numerical 

expression, a fuzzy index. Material Compatibility Index {MCI) is introduced for fuzzy 

criterion: material compatibility. Assume that we use four scales—"compatible," "partial 

compatible," "limited compatible," and "incompatible"—to describe the material 

compatibility degree between components. Material Compatibility Index {MCIa) of 

component / andy can be defined using ftizzy numbers as shown in Figure 5-1. 

1 

Limited partial 
,.fP"^Patible Compatible Compatible 

Incompatible *^ 

Figure 5-1. Fuzzy membership fimction of Material Compatibility Index {MCI). 

When considering m criteria for material compatibility, the MCI is summarized 

as: 

MCIij=^{MCIijkXw^) (5-6) 
k=\ 

where ŵ  is the relative importance weight of criterion k upon a certain purpose. The 

criterion weights here can be calculated in ftizzy AHP as described in Chapter III. The 

higher the value of MCI is, the more compatible two parts are, and the better the 

potential environmental impact is. 
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5.2.4 Maintainability 

In a modular designed product, the modules should be easy to be replaced during 

the consumer time in order to extend its whole usage life. The accessibility, constraints 

and other factors affect the maintainability of a module. As we know, it is hard to include 

maintainability information of modules into the relationship of components, because, in 

most situations, the measurement of maintainability is usually subjective, and many 

factors determine the maintainability of a part. In order to facilitate the analysis, it is 

assumed that the maintainability of a module is determined by the relationship between 

its components and outside components. In this research, outside components refer to 

components outside a module, and inside components refer to the components within a 

module. If there are outside components restricting any inside component of a module, 

the maintainability of the module is reduced. The restriction on inside components by 

outside components includes the geometrical constraints, positioning, etc. Actually, it is 

difficult to quantify all these information. Therefore, maintainability is a fuzzy criterion. 

Here, a fiizzy index. Maintainability Index {MAI) is defined to describe the difficulty 

degree of maintenance of a component. MAIy describes the restriction of component^ on 

component /. During the modularity analysis, only restriction from outside components 

will be calculated toward MAI. 

Decision makers give the fuzzy value ofM4/ according to their subjective 

judgment. The fuzzy description of MAI is shown in Table 5-2. According to the 

definition of MAI, the higher the value of MAI is, the more difficuh it is to maintain a 

part. Here the maintainability of components just considers the restriction from outside 

components, therefore, the maintainability of all components in a module acttially reflects 

the maintainability of this module. 

As Material Compatibility Index {MCI), the linguistic description of 

Maintainability Index {MTI) can also be convert into crisp numbers using fuzzy 

numbers. Assume four scales—"Maintainable," "partial Maintainable," "limited 

Maintainable," and "Unmaintainable"—are used to describe the maintainability degree 
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between components. Maintainability Index {MAI,) of component / considering the 

restiiction caused by component / can be defined using fuzzy numbers as shown in Figure 

5-2. 

Table 5-2. Fuzzy definition of Maintainability Index {MAI). 

Maintainability Index 

{MAI) 

Maintainable 

Partial Maintainable 
Limited Maintainable 

Unmaintainable 

Fuzzy Description of 
Component Maintainability 

No restriction, easy to be 
maintained 

Partial restriction 
Limited restriction 
Absolute restriction 

(Inaccessible and restricted 
absolutely) 

M Limited 
maintainable 

JnmaintainabL 

Partial 
maintainable Maintainable 

• MAIij 

Figure 5-2. Definition of Maintainability Index {MAI). 

5.2.5 Design for Disassembly (DFD) 

As to DFD, geometric connection, disassembly time, and disassembly energy 

should be considered. The focus of DFD may be different in different situations. For 

example, geometric connection is the primary consideration when it is profitable to reuse 

some expensive parts; while sometimes disassembly time and energy become the primary 
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concern when the labor is costly. In this section, general discussion will be given to some 

aspects. 

5.2.5.1 Geometric Connection 

As discussed in the previous chapters, components in modules should be 

encapsulated from the outside components. The physical connection between components 

in different modules should be minimized. 

As we know, two or more parts can be joined together to form an assembly entity. 

According to Schey (2000) and Groover (2002), two categories of joining can be 

summarized as follows: 

1. Permanent Joining—refers to the joints obtained by welding, brazing, 

soldering, and adhesive bonding. In this situation, two parts are joined 

together permanently, and cannot be separated without causing any damage. 

2. Mechanical joining (or mechanical joining)—Includes thread fasteners, rivets 

and eyelets, interference fits, molding inserts and integral fasteners, and other 

mechanical fastening types. In the process of this type of joining, various 

fastening methods are used to mechanically attach two (or more) parts 

together. In most cases, the fastening method involves the use of discrete 

hardware components, called fasteners that are added to the parts during 

assembly operations. 

Welding is a materials joining process in which two or more parts are coalesced at 

their contacting surfaces by a suitable application of heat and/or pressure, ft provides a 

permanent joint, and it is difficult to separate two parts joined by welding. Welding is an 

economic and quick way to simplify the assembly process. Since welding accomplishes a 

permanent bond between components, it does not allow for convenient disassembly. If 

there is a need for later disassembly of joined parts, then welding should not be used as 

the assembly method. 

Brazing is a joining process in which a filler metal is melted and distributed by 

capillary action between the faying surfaces of the metal parts being joined. Soldering is 
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similar to brazing. It is a joining process in which filler metal with melting point 

(liquidus) not exceeding 450°C (840°F) is melted and distributed by capillary action 

between the faying surfaces of the metal parts being joined. Adhesive bonding is a joining 

process in which a filler material is used to hold two (or more) closely spaced parts 

together by surface attachment. 

Mechanical fastening methods can be divided into two major classes: (1) those 

that allow for disassembly (i.e., threaded fasteners), and (2) those that create a permanent 

joint (i.e., rivets). From the viewpoint of assembility, the number of threaded fasteners 

should be minimized because they increase assembly time. However, they still allow for 

disassembly. Among commonly used mechanical fastening methods, snap fit is a good 

way facilitating both assembly and disassembly. In general, mechanical fastening makes 

assembly and disassembly easier compared to other permanent joining methods. 

According to above discussion, the criterion, geometric connection, here can be 

defined as a criterion for the measurement of physical restriction on a part during the 

disassembly process. Because it is difficult to give crisp judgment of the degree of 

physical restriction on a part, the criterion is a fuzzy criterion. In this research, a fuzzy 

index. Geometric Connection Index {GCI), is defined to express the geometric 

connection degree between two components. The higher the value of GCI is, the more 

likely the separation causes damage. According to the principles of modularity, the value 

of GCI should be high when it describes the connection between inside components if 

not considering the needs to replace components within modules, while it should be 

minimized when it describes the connection between components in different modules. In 

practice, the description of geometric connection may be uncertain linguistic terms. Here 

fiizzy numbers are used to connect fuzzy description with crisp number. Assume that four 

scales—"separation causing no damage," "separation causing limited damage," 

"separation causing partial damage," and "separation causing absolute damage"—are 

used to describe the geometric connection between two components. Using scrip scale 1-

4 to represent four scales of fiizzy description (Table 5-3), GCI can be represented using 
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fuzzy numbers as shown in Figure 5-3. According to the definition, the higher the value 

of GCI is, the more difficult it is to separate parts. 

Table 5-3. Scale of Geometric Connection. 

Scale of Geometric Connection 
1 
2 
3 
4 

Linguistic Description 
Separation causing no damage 

Separation causing limited damage 
Separation causing partial damage 

Separation causing absolute damage 

Scale 4 

• CGI 

Figure 5-3. Definition of Geometric Connection Index {GCI). 

5.2.5.2 Disassembly Time 

Disassembly time is a measure of performance. According to Veerakamolmal and 

Gupta (1998), disassembly time is the total time to successfully disassemble and retrieve 

a single part or a selection of components, ft can be used as one of the ways to measure 

the disassembility of a product. Disassembly task can be performed manually or 

automatically. In order to unify the measurement, in this research, we restrict the 

definition of disassembly time to the time needed by an average skilled worker to 

complete a specific disassembly task. 

fti order to keep the integrity of retiieved parts, disassembly should be performed 

according to a certain sequence. There may exist many disassembly sequences for a 

product, especially for a complex product; and disassembly sequence has a primary 

impact on disassembly efficiency and cost. Total disassembly time of a product gives a 
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measure of the efficiency of a given disassembly sequence for a product. Because 

disassembly sequence is a NP -complete problem, there is not an easy way to determine 

the optimum sequence for disassembly. Here, it is assumed that the disassembly sequence 

of a product is determined beforehand when we do a modularity analysis. 

In order to measure disassembly time, standards need to be set up beforehand. A 

Predetermined Time Standards (PTS), which originated in the 1920s, is a work 

measurement technique whereby standard working time is established for some basic 

human motions (classified according to the nature of motions and conditions under which 

it is made), and it is assumed that any job can be completed by combining some basic 

motions at a defined level of performance. Many analysts from different countries have 

contributed to the development of PTS since its birth; and now, there are about 200 types 

of PTS measurements in the worid, among which Methods Time Measurement (MTM) 

and Maynard Operation Sequence Technique (MOST) are very popular. Before the work 

measurement, time units system should be set up. Various time units systems can be 

found, and Time Measurement Units (TMU) is a commonly adopted system. Each TMU 

represents 1/100,000'*^ of an hour (1 TM^ =0.036 second). 

The MTM (now is called as MTM -1) system, developed in 1946 by Maynard, 

Stegmerten, and Schwab, is the most recognized PTS system for its consistency and 

reliability. Most measurement specialists think it as the basis of other PTS. The basic aim 

of MTM is to eliminate all waste in the work by determining the least amount of time 

needed to complete a task and maintain the quality of work. Usually 125% of normal 

performance (skill and effort) is expected in the MTM system. As most PTS systems, 

MTM is also based on the combination of some basic motion patterns. Each complex 

human motion can be divided into several basic motions. MTM has made a great 

progress since its birth. In the early 1960s, Master Standard Data (MSD) was developed 

on the basis of MTM, in which the set of motion elements is simplified compared with 

MTM -1. MTM -2, developed by some Swedish analysts at the proximate time needed 

for operations, also reduced the number of basic motions. MTM -3 is a further 

development than MTM -2 based on the MTM -1. hi general, all adaptations of MTM 
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were developed to retain the good features of MTM for work measurement, and 

especially to improve the working efficiency. 

The MOST system, established in the 1970s, makes the work measurement 

practical, efficient, and inexpensive. There are two adaptations of MOST: 

• Mini—Measures identical, short-cycle operations; 

• Maxi—Measures long-cycle operations with significant variation in the 

method from cycle to cycle. 

As shovm in Table 5-4, MOST work measurement system is much more efficient 

than MTM system. Therefore, MOST is used for the calculation of disassembly time in 

this dissertation. 

Table 5-4. Comparison of MOST and MTM. 

PTS system 

MTM-1 
M T M - 2 
M T M - 3 

Mini MOST 
Basic MOST 
Maxi MOST 

Total TMU's produced per 
analyst hour 

300 
1,000 
3,000 
4,000 
12,000 
25,000 

As the MTM system, the MOST work measurement system is based on sequences 

of basic motions (including the use of tools). In the MOST system, any movement to 

complete a task is thought as a series of standard sequence models. For example, the 

motion to pick up a part can be divided into the following sequence of basic motions: 

A,B,GABoPA 

where the numerical index assigned to each capital letter defines the performance time of 

each basic motion in TMU, and the capital letters mean: 

Aj = Movement of hand to an object within the reach of an outstretched arm; 

Bg = No body motion; 

G, = Gain control of one light object; 

/̂  = Place object. 
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Therefore, the sequence mentioned above means the set of following basic motions: 

sfretch your arm to a light object; pick up the object; move your hand to put the object in 

another place; put down the object; and draw back the arm. The performance time for 

above sequence can be obtained by summing the numeric indices of all parameters in the 

sequence and multiplying by 10 as follows: 

Total 7Mf/ = (l-i-0 + l + l + 0 + l-l-l)xl0 = 310 TMU. (5-7) 

Obtained time value reflects the activity of an average skilled operator working at 

an average performance level of normal pace. This is often referred to as the 100% 

performance level (skill and effort) in the work measurement study. The detailed 

description of MOST can be found in some literature (Zandin 1993). 

During the disassembly process, the disassembly of a part (component, module, 

etc.) may be consfrained by the disassembly of other parts, which is determined by a 

disassembly sequence. Some authors (Veerakamolmal & Gupta 1998, 1999) have 

developed some methods to calculate disassembly time. Because the possible number of 

disassembly sequences for a product may be surprising, here we assume that the 

disassembly sequence has been predetermined (or given with the design) in order to 

simplify the analysis. The total disassembly time for a single part can be looked as the 

time used to remove it from the parts it is joined with. For example, according to the 

assembly graph (Figure 5-4) of the product described in Figure 3-2, the disassembly time 

of part 2 is the total time needed to remove all parts (1, 7, 8, 9 and 10) attached it. 

Therefore, from the viewpoint of disassembly time, the relationship of two parts can be 

expressed as the disassembly time needed to remove a part from the other. If we consider 

the disassembly of components, we can set up a disassembly time matrix DT=[DTij] to 

describe the disassembly time between any two components in a product, in which the 

element WTIJ stands for the time to remove the component / from component / , and 

^ij = mji {i,j = 1,2,...,«; n is the number of components in the product). 

According to above discussion, the criterion, disassembly time, is a crisp 

criterion, fti order to combine this crisp criterion with other ftizzy criteria in the 



modularity analysis, crisp numbers—disassembly time—firstly need to be transferred to 

numbers between [0,1]. Therefore, Disassembly Time Index {DTI) is introduced here to 

describe the standardized disassembly time of a component from other component. 

Assume that DTIy stands for the disassembly time of component / from / , and 

DTIij = DTIji. The definition of DTIy is as follows: 

_ l DTijIk^DTs if DTy<k^DTs 
DTIij=\ •' ' - ••' " ^ . - " r _ - _ - ( 5 . 8 ) 

1 // DTy >k^DTs 

where kj. is an coefficient decided by decision makers, here we can set it to 2. The larger 

the DTIij is, the sfronger connection between component / and / ; DTs is the stand 

disassembly time of a product, it should be given by decision makers in advance; here it 

can be set to the average disassembly time of components in the product. 

As mentioned above, crisp numbers, DTI, should be combined with other ftizzy 

indexes in the modularity analysis, therefore, a DTI should be thought as a fuzzy 

number with equal mean value, and lower and upper values. 

Figure 5-4. Assembly graph of a product. 
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5.2.5.3 Disassembly Energy 

In addition to geometric connection types and disassembly time, disassembly 

energy also affects the difficulty degree of separating two parts. To simplify the analysis, 

the disassembly energy for mechanical fastening can be thought as the energy of screw 

release, the elastic deformation energy of snap fits, or the fiictional energy of connectors; 

and for chemical joining, the de-bonding energy, the fracture energy and the fusion 

energy are all calculated over the bonded area. For simplicity, here we only consider 

mechanical fasteners. 

As we know, a screw is tightened with a torque T^ to generate a certain clamping 

force F^. The tightening torque can be calculated: 

Tf^aFjd (5-9) 

where a is called the torque coefficient, which is estimated about 0.2 (Yu 1999), and 

d is the diameter of the screw. Also according to Yu (1999), energy for loosing a screw 

E^ is given by: 

E^=^.%xTfXB (5-10) 

where G denotes the rotational angle producing the axial tension. 

For a simple snap fit (Figure 5-5), the disassembly energy can be calculated as 

follows: 

E,=-Ewbl\ (5-11) 

^ 8 ^ h' 

where E is the modulus of material elasticity and other parameters. 

As the criterion Disassembly Time, criterion Disassembly Energy is also a crisp 

criterion. To combine this crisp criterion with other fiizzy criterion in the modularity 
analysis, here Disassembly Energy Index {DEI) is firstly defined to measure the 

disassembly energy needed to separate two parts (components). Similar to the definition 

of DTIij, DEIij reflects the disassembly energy needed to disassembly component / 

from j , and DEhj = DEI ji. The calculation of DEhj is similar to that of DThj. ft can 

be defined as follows: 
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-—- DEijIk^DEs if DE„<k,DEs 
DEIij=\ ^ J v E— (3_j2) 

[ 1 if DEy >k,DEs 

where k^ is an coefficient decided by decision makers, here we can set it to 2; Standard 

Disassembly Energy (D^s ) should be given by decision makers in advance, here it can 

be set to the average disassembly energy of components in a product. The larger the 

DEIij is, the stronger the connection between component / and / . As ^ 7 7 , DEI can 

be thought as fuzzy numbers with equal mean values, and lower and upper values. 

4 VV • 

i L 

7 

4-0 , - •^Z? , -^ 

Figure 5-5. Simple snap fit. 

5.2.6 Assembility 

To some extent, an assembly process can be looked as a reverse process of 

disassembly. From such a viewpoint, the principles of DFD are also suitable for the 

improvement of assembility. However, the consideration of assembility sometimes 

confradicts that of disassembility. For example, some combining methods and materials 

(i.e., rivets, welding) that reduce disassembility may be used to improve assembility. As a 

complement of DFD, in this part, assembility only covers the part of DFA that contradicts 

the requirements of DFD. Because it is difficult to give crisp judgment of assembility, the 

criterion assembility is a fiizzy criterion. 

In this research. Assembly Index {ASI) is defined to express the difficulty degree 

of combining two parts. The higher the ASI is, the more difficult it is to combine two 

components. Usually it is easy to give a linguistic judgment of assembility. A 4-scale 
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system is used to linguistically describe the assemblility between components (Table 5-

5). In order to include this assembility criterion into the modularity analysis, as shown in 

Figure 5-3, fuzzy numbers are used to map linguistic scales to numerical scales. 

Similar to GCI, ASI can be represented using fuzzy numbers as defined in Figure 

5-3. According to the definition in Table 5-5, the higher the value of ASI is, the more 

difficult it is to join two components. 

Table 5-5. Scale of Assembility. 

Scale of Geometric Connection 

1 
2 

3 

4 

Linguistic Description of Joining 
Difficulty 

No assembly 
Easy assembly (snap fit) 

Some difficult assembly (rivets, 
welding) 

Difficult assembly (Some screws) 

5.3 Modularity Analysis Scheme 

In the previous section, the environmental criteria have been established for the 

environmental modularity analysis from many environmental objectives through the life 

cycle of products. This section discusses how to apply these criteria to the modularity 

analysis of products. As we discussed in Chapter fV, modularity requires that similarity 

and independence simultaneously; therefore, the modularity analysis here be done from 

two parts: 

1. Similarity analysis. Components within a module should have similar or 

compatible attributes, and they should undergo similar or compatible life 

cycle processes. The similarity analysis of a product may contain three steps: 

- Find the components that are not compatible with others within a module 

according to selected environmental criteria. All modules should be 

checked one by one. If the incompatible components have to be kept 

within their original module, suggestions should be given to improve the 

similarity of the module. If the incompatible components can be removed 

from their original module, then go to next step; 

91 



- Check if the components removed from their original modules can be 

included in other modules. If this kind of transfer is allowed by the 

functional-structural architecture of the product, the compatibility of the 

removed components with other modules will be checked. Based on the 

analysis of this step, suggestions will be given about the transfer of 

components from their original modules to other modules; 

- Check if new modules can be formed to include the removed components. 

If this kind of formation is allowed by the fiinctional-structural 

architecture of the product, the removed components may be suggested to 

form new modules if possible, or exist individually. 

2. Independence analysis. Component attributes/processes should have few 

dependencies on attributes/processes of other modules. 

- Find components dependent on outside components according to selected 

environmental criteria. All modules should be checked one by one. If the 

dependent components cannot be removed from their original modules, 

then suggestions should be provided to improve the independencies of 

modules. If the dependent components can be removed from their original 

modules, additional steps (component transfer and new module formation) 

may be performed. 

A product may have different levels of modules, and the modularity of a product 

depends on the levels of modules under consideration. Modular similarities and 

independencies may arise from the component interactions and various processes the 

components undergo during their life cycle (Gershenson 1999). Here we only discuss 

these two aspects from the environmental view. Some primary interaction and processes 

have been taken into consideration when setting the environmental criteria; therefore, the 

discussion in this section is limited to the above selected environmental criteria. Not all 

environmental criteria are needed for each step of analysis; therefore, we need to 

determine the specific environmental criteria for each step of the modularity analysis. 
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5.3.1 Combination of the Environmental Criteria 

According to the previous section, eight primary environmental criteria should be 

taken into consideration during the modularity analysis. These eight environmental 

criteria are: usage life compatibility (C/Z-/), technology life compatibility (TZ/), material 

compatibility (MCI), maintainability (MAI), geometric connection (GCI), disassembly 

time {DTI), disassembly energy {DEI), and assembility {ASI). According to the 

definitions, the higher the values of ULI, TLI and MCI are, the more compatible the 

parts in a product are; and the higher the values of MAI, GCI, DTI, DEI and ASI are, 

the more difficult it is to remove/separate the parts in a product. As discussed above. 

some of these criteria {MCI, MAI, GCI, ASI) are fuzzy criteria, and some {ULI, TLI, 

DTI, and DEI) are crisp criteria. In order to quantitatively apply all criteria to the 

modularity analysis, all criteria are thought to be fiizzy criteria. The relative weights of 

fiizzy criteria are calculated using fiizzy AHP in which pairwise comparisons are 

represented as ratios of fuzzy triangular numbers (Triantaphyllou 2000). As mentioned in 

Chapter III, when a criterion is compared with itself, the ftizzy triangular number (1,1,1) 

is used instead of the crisp number 1. 

The relative importance of two criteria may change under different situations and 

requirements. In order to simplify the analysis, it is assumed that the relative importance 

of criteria is fixed for a certain kind of products when considering the their contribution 

to the same measurement. In the following sections, similarity analysis and independence 

analysis will be discussed in detail. 

5.3.2 Similarity Analysis 

According to Gershenson and Prasad (1997), similarity in modular design 

requires that components in the same module should be processed in the same manner at 

each life cycle stage. When components in a module have compatible usage life, 

technology life and materials, they can be similarly processed as a whole in some 

processes. Compared to these three aspects, high disassembility, assembility, and 
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maintainability mean less to the similarity of a module. Therefore, three environmental 

criteria—usage life compatibility {ULI), technology life compatibility {TLI) and 

material compatibility {MCI) are used for the similarity analysis in this research. In 

Table 5-6, an example of relative importance of these three criteria is given. The practical 

values may be different from those in Table 5-6. 

Table 5-6. Fuzzy Comparison Matrix of ULI, TLI and MCI. 

ULI 

TLI 

MCI 

ULI 

(1,1,1) 

(f,l2) 

(f,l,6) 

TLI 

( - 1 - ) 

(1,1,1) 

(fl,6) 

MCI 

( - 1 - ) 
^6 " 2 ^ 

( - 1 - ) 
^6 " 2 ^ 

(1,1,1) 

From Table 5-6, we get the following importance vectors of three criteria 

(expressed as fiizzy triangular numbers): 

Z ,=[ ( l , l , l )x ( l l ,A)x( iL^) ] "^=(0 .44 , 1, 1.31) 
2 2 6 2 

X, = [ ( | ,1,2) X (1,1,1) X (1,1,^)]"^ =(0.48, 1, 1.44) 
3 6 2 

Z3 =[(-,1,6)x(|,1,6)X(1,1,1)]"^-(0.76, I 3.30). 

According to Equation (3-24), vector ^ = [ l , ,X, ,^3]"can be normahzed as 

follows: 

W, = (0.07, 0.33, 0.78) 

iV, = (0.08, 0.33, 0.86) 

W,={0.n, 0.33, 1.96). 
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5.3.2.1 Find Incompatible Components in Modules 

As discussed in Chapter III, the structure of a product can be described using a 

fuzzy graph, and the relationship between the components can be expressed using some 

matiixes. For each criterion, there is a decision matrix describing the relationship 

between the components in a product. Because there are three environmental criteria used 

for the similarity analysis, three such matrixes will be created. According to the 

definition, we can generate a matrix A^' to describe the relationship between 

components for criterion /. Assume elements of A^/' describe the relationship between 

the components in a product for environmental criterion / (z'=l, 2, 3), and W^ is the 

relative weight of environmental criterion / considering criteria's contribution to the 

similarity of the product. In order to analyze the similarity of a module from the 

environmental viewTJoint, we introduce a comprehensive index, Similarity Index {SI), to 

express the comprehensive contribution of three selected environmental criteria. The 

modules in a product should be analyzed one by one. In this multi-criteria decision 

analysis, each criterion has a corresponding decision matrix for the components. After 

considering three environmental criteria (usage life compatibility, technology life 

compatibihty, and material compatibility), the comprehensive relationship matrix of the 

components can be obtained by: 

Af =f^{Aj''xW^) (5-13) 
1=1 

where A^' is defined as follows: 
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(5-14) 

And k = 1,2,..., w ; m is the number of modules (including individual components) in the 

product; w^ is the number of components in module k. The comprehensive relationship 

matiix A^/ obtained from Equation (5-13) is: 
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(5-15) 

Because the weights of criteria are triangular fuzzy numbers, all elements in 

matrix A^' may be triangular fiizzy numbers. For a modular designed product, the ideal 

value of relationship between components in modules is 1. According to Chapter III, 

Integral Value {IV) can be used to rank ftizzy data, and determine the ideal and 

negative-ideal solutions; therefore, IV is used to rank the ftizzy relationship between 

components. The components that are not incompatible with other components within 

modules can be found according to the following steps: 
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1. Calculate the integral value IVy,^ of fuzzy numbers which represent the 

relationship between components within module A: {k = \,2,...,m; m is the 

number of modules, including individual components) in a product; 

2. Decide a standard similarity index SI mean, the similarity index between 

components can be obtained using the following equation: 

h; if IVy,,>s'K..„ 
SIij.k=< (5-16) 

0; otherwise 

where SIij,k refers to the comprehensive similarity between component / 

and j in module k, and /F/,,* is the IV of the fiizzy number â .̂  in Af 
3. Decide if a component is incompatible with other components within module 

k. If ^57(,,t <—- , the component i is thought incompatible with other 
7=1 2 

components within module k, where w^ is the number of components in 

module k. 

4. Find the component that is the most incompatible with other components 

within module k. If its remove is allowed by the fiinctional-structural 

architecture of the product, and if it does not perform the main fimction of the 

module, the component can be removed from module k; or, some suggestions 

should be given to improve the compatibility of this component; 

5. Repeat step 3 and 4, until no more incompatible components can be found in 

module k. 

In order to facilitate the following analysis, the components removed from their 

original modules due to environmental incompatibility are called removed components. 

In the following two sections, we try to minimize the number of modules. If it is 

impossible to put these removed components into other modules, they have to exist 

individually. 

97 



5.3.2.2 Component Transfer 

One of purposes in modular design is to minimize the number of modules. In the 

first step of the similarity analysis, the number of modules may increase due to the 

consideration of the environmental criteria; however, the number of modules in a product 

should be minimized if possible. Therefore, much effort is spent in transferring the 

removed components to other modules. During this period, the fimctional and physical 

structure of a product should be complied with at first. The relationship between these 

removed components and components in other modules can be found in matrix A^. 

Following steps should be taken during the component transfer: 

1. If the fimctional and physical requirements permit, add a removed component 

to another module; 

2. Check if this component is compatible with this module. This process is the 

similar to that described in Section 5.3.2.1; 

3. If the component can be included into more than one module, find the most 

suitable module; 

4. Repeat above step 1,2,3 for another removed component. 

5.3.2.3 Generation of New Modules 

If removed components cannot be transferred to other modules, we can try to 

group them to form new modules. During this period, fiinctional-structural architecture 

should also be considered at first. The relationship matrix for these removed components 

can be obtained from matiix A^. Following steps should taken during the process of 

module formation: 

1. Calculate the integral value {IV) for each triangular fiizzy numbers in the 

relationship matrix; determine the compatibility of components as the last 

section describes; 

2. Cluster compatible components into new modules if allowed by the fimctional 

and physical structure. Because a similarity index may be 0 or 1, it is easy to 

cluster compatible components into new modules. 
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Due to the consideration of environmental criteria, the number of modules in the 

product may still increase even with all above extra efforts, and some components may 

have to exist individually. 

5.3.3 Independence Analysis 

As the similarity analysis, suitable environmental criteria should be established 

for the independence analysis. Here we try to find the dependencies of a module on other 

modules, therefore, following environmental criteria are selected for the independence 

analysis: maintainability {MAI), geometric connection (GC/), disassembly time {DTI), 

disassembly energy {DEI), and assembility (/i57). In the analysis, the independency of 

a module on other modules can be obtained by calculating the dependencies of the inside 

components on the outside components. Therefore, in the independency analysis, the 

concern focuses on the contribution of criteria to the dependencies among modules; while 

in the similarity analysis, the concern focuses on the contribution of criteria to the 

similarity or compatibility of components within modules. According to the previous 

analysis, the comparison matrix of the selected five criteria can be obtained as Table 5-7. 

Practical values may be different from those in Table 5-7. 

Table 5-7. Fuzzy Comparison Matrix of MAI, GCI, DTI, DEI and ASI. 

MAI 

GCI 

DTI 

DEI 

ASI 

MAI 

(1,1,1) 

(f2,4) 

(fl,3) 

(1,2,3) 

(1,2,3) 

GCI 

(ill) 

(1,1,1) 

( - - 1 ) 

3 1 3 
(— - - ) 
So'3'8^ 

3 1 3 
^10'3'8^ 

DTI 

( - 1 - ) 

(1^2) 

(1,1,1) 

(All) 
M3^2'5^ 

(f2,4) 

DEI 

( - - 1 ) 

( -3^^) 

(^2 11) 

(1,1,1) 

(f,l,2) 

ASI 

( - - 1 ) 

(-3 1̂ ) 

( i l l ) 

(-1-) 4 "2^ 

(1,1,1) 
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From Table 5-7, we get the following importance vectors of these five criteria 

(expressed as fuzzy triangular numbers): 

X, = [ ( l , l , l ) x ( i , l , l ) x ( i , l , l ) x ( i , i , l ) x ( i , l , l ) ] - ^(0.39, 0.66, 0.99) 

X, =[(^ ,2 ,4)x( l ,U)x(l , l 2)X (1,3,1^) x ( l 3,1^)]"^ s (1.57, 1.93, 2.45) 
-̂  2 J 3 3 3 

-?3 = [ ( ^ a , 3 ) x ( i 1 l)x(l , l , l )x(l 2 , ^ ) x ( i 1 1)]"= .(0.70, 092, 1.37) 
-" ^ J 3 6 4 2 4 

X, = [ ( l , 2 , 3 ) x ( A , l , l ) ^ ( _ | ^ ^ 3 ^ ^ ( l ^ ) ^ ( ^ l 1)^/5 ^ (0 59̂  QgQ̂  J QQ̂  

X, =[(l ,2,3)x(A,l , l) ,<(i^2,4)x(l , l ,2)x(l , l , l)]" ' =(0.77, 1.06, 1.55) 

According to Equation (3-24), vector X = [X„X„X„X,.X,Y can be 

normalized as relative weight vector W = [W^,iV2,W^,W^.W^ : 

W, =(0.05, 0.12, 0.25) 

W^ =(0.21, 0.36, 0.61) 

W, =(0.L 0.17, 0.34) 

W, =(0.08, 0.15, 0.25) 

fF5=(0.10, 0.20, 0.39). 

In this research. Dependence Index {DI) will be used to describe the 

comprehensive dependence degree between components. Considering all above 

environmental criteria, the relationship between components in a product can be 

expressed using a matrix A^': 

f̂ =Z(^fx^) (5-17) 
1=1 

where A^'' (/ = 1,2,...5) refers to the relationship between components considering the 

criterion /. The format of A^' is similar to that of Af. In a similar way as in the 
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similarity analysis, the integral value ( /F ) of elements in A^' can be obtained. Setting a 

decision value a- (given by decision makers), we have the following decision rules: 

• If IVy > a- , then component /and j is thought dependent (component /' and 

7 are in different modules); 

" If ^Kj < ^57, then component / and / is thought independent (component / 

and / are in different modules). 

Therefore, the Dependence Index {DIi) for module /' can be obtained as follows: 

YTj _ Number of dependent components 

Total number of components in module i 

If Dli > P—, module / is thought dependent on other modules too much, and 

modification should be done to reduce its dependency. /?— can be given by decision 

makers, here we can use 0.5. If the fiinctional-structural architecture of a product 

permits, the components within a module too dependent on outside components can be 

removed. As described in Section 5.3.2, the removed components can be transferred to 

other modules, or be clustered to form new modules. If a dependent component cannot be 

removed from its original module, suggestions can be given to reduce the dependency of 

a module according to the dependence situation described in A^'. 

5.3.4 Algorithms 

Some algorithms have been developed for modularity analysis. For similarity 

analysis, some primary algorithms of similarity analysis are given in Figure 5-6, and the 

core part is to obtain the similarity of two components (Figure 5-7). The complexity of 

the algorithm to find incompatible components in a module is 0{n^). The complexity of 

the algorithm to cluster removable and transferable components can be obtained as 

follows: 

t{n) < n -H (« - 2) + (« - 4) +... + (« - (n - 2)) < cn^ = 0{n^). (5-19) 
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Therefore, the complexity of the algorithms for similarity analysis isO(«^) 

fimction Find_InconpatibleConps(A/oJM/e///) 
{initialization} 
T •(r- 0, C <r- all conponents in module i 
n <— number of conponents in module i, array SI[l,2,..n] 
hx i •(- 1 to n 

fiDry <^ 7 to « 
coml <— ith ehnent in C, com2 <—jth ehnent in C 
if/ =j then {Rfn*(i-l)+j] <-1 SIfiJ <- SIfiJ +1} 
else SIfi] <SI[i] +Determine_CompatibilityOfComps(coml,com2)} 

fori<—lton 
find the smallest SI[i] 
if ith conponent is not a primary conponent of module / 
T <-ith conponent, C<^ C\/conponent i} 

repeat n-2 times 
RetumT 

fimction Transfer_RemovableConps(Com, Module[i]) 
{initialization} 
C <— all conponents in module / 
C <- C\{all inconpatilDle conponents in module /} 
n <— number of elements in C, C <— Com 
if Com & FindJncompatibleComps(C), retumtrue 
else xetxsnfalse 

fimction Cluster_RemoyableComps(C: Set of removable conponents\set of transferable 
conponents) 

{initialization} 
record M 
While r^ j0^ do 

n <- number of elements in C 
for / <^ / to n 

T<^0 
coml ^ 1st elment in C, com2 ^ ith ehnent m C 
if Determine_CompatibilityOfComps{coml,com2)=\ 

T 4r- ith element in C, C <- C\{ith element in C} 

M'f-T 
Return M 

Figure 5-6. Algorithms of Similarity Analysis 
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fimction Determine_CompatibilityOfComps(Com7. Com2) 
{initialization} 
the relationshp between conponents {coml and com2) under a certain criterion 
(c): rl for cl, r2 for c2. and r3 for c3 
r <— conprehensive relationshp between coml and com2 
rr <— the Integral Value of r 
57 <— the value ofsimilarity index by comparing rr with SSI 
ifSI=0, n=0 
else n=l 
return n 

Figure 5-7. Algorithm to find the similarity of two components 

The core part of Independence analysis is to obtain the dependence of two 

components. The algorithm of determining the independence of two components is a 

little bit similar to that of determining the compatibility of two components. All steps of 

these two kinds of analysis should comply with the functional-structural architecture of a 

product at first. 

5.3.5 Comparison of the Methodologies 

Yu developed an analysis scheme for electromechanical products. The difference 

of these two methodologies can be summarized as follows: 

• Different purposes. Yu's methodology is used to transfer traditionally 

designed products into modular products using some selected environmental 

criteria. The methodology developed in this research is used to improve the 

environmental performance of modular products using some selected criteria. 

• Different analysis schemes. Yu developed a cluster algorithm to group 

components according to the environmental criteria. In this research, the 

characteristics of modular design have been considered, and a two-step 

modularity analysis scheme has been developed, hi fact, modules should be 

formed according to the fiinctional-structural architecture; therefore, it is not 

appropriate to form modules according to some selected environmental 
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criteria. On the other hand, Yu clustered modules partly according to the 

original physical relationship of components. In fact, the physical location, 

geometric connection and joining methods of components in a product will 

change when it is modularly redesigned. Therefore, it is not appropriate to 

form modules partly according to the current physical relationship among 

components. Further, it is a little bit difficult to find the physical meaning of 

the module forming using the environmental criteria. 

• Different criteria set. Different criteria systems have been established in these 

two methods. For example, Yu clustered some components with same high 

disassembly time and energy into same modules. In fact, the physical meaning 

is not clear in that situation. In my methodology, the environmental criteria 

are established according to the different purposes of analysis: similarity 

analysis and independence analysis. In similarity analysis, the environmental 

criteria are selected to measure the similarity of components within modules, 

while the environmental criteria are selected to measure the dependence 

between modules in independence analysis. 

• Different application methods of the criteria. AHP was used by Yu to rank all 

the environmental criteria, and the relationship of components upon each 

criterion is mapped into a numerical ratio. In my research, ftizzy AHP is used 

to rank all the criteria. To quantitatively apply all environmental criteria to 

modularity analysis, all criteria are thought to be fuzzy, and fiizzy numbers are 

used to map linguistic judgment into numerical values. 

• Different algorithms. Different algorithms have been developed for these two 

methodologies. 

5.4 System Architectiire and Prototype 

5.4.1 System Architecture 

Based on above modularity analysis, we can provide the environmental 

modularity analysis for a modular designed product. Based on the methodology proposed 
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in this research, environmental analysis support systems can be developed for modular 

design. A prototype has been developed to demonstrate such systems. 

During the previous modularity analysis, we can find that human decisions and 

interaction are important to the work of the proposed methodology. Here, we list some 

necessary information for an environmental analysis modularity model: 

• Product information (CAD/CAM information), including physical properties, 

geometrical information, BOM, assembly and disassembly information, etc. 

This type of data should be imported to the system. 

• Environmental related information, including material information, 

recycling/disposal methods, hazardous material treatments, related 

environmental acts, etc. This kind of information is stored in the database of 

the system. 

• Some technique information, including disassembly technique level— 

standard disassembly time, disassembly energy, tool library, etc. This kind of 

information may be stored in the database of the system, or be imported/input 

by users. 

• Modular information, including the functional-structural architecture, 

component/modular classification information, etc. This kind of information 

should be imported to the system. 

• Decision-making data, including the relative importance of environmental 

criteria, fiizzy relationship between components upon each criterion, decision

making parameters, etc. This kind of data should be input by users or 

designers. 

All above information should be available to the system. A lot more work needs to be 

done for the acquisition of various data. For example, some internal applications may 

need to be developed to transfer CAD/CAM information into data that the system can 

read. 

On the other hand, the environmental criteria are not dominant during the decision 

making process because the final decision should be made by designers of products. The 
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resufts of the modularity analysis are provided to designers as suggestions for revision of 

design. However, some environmental requirements, i.e., how to deal with toxic 

matenals, may become dominant if they are enforced by some environmental acts. 

Therefore, both dominant and non-dominant environmental criteria should be considered 

in the system. The architecture of the system is shown in Figure 5-8. 
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Similarity 
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Independence 
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Figure 5-8. System architecture. 

5.4.2 Prototype 

A deliverable prototype has been developed using Visual C in the research. In the 

prototype, the following assumptions have been made: 

• The product information is assumed to be available. In practice, the product 

information need to be collected from CAD/CAM files, and external files 

need to be developed to transfer these files into some data files that the system 

recognizes. Here, we assume that all product information have been 

transferred into a data file that is recognizable to the system. The entity 

diagram of the production information in the prototype is shown in Figure 5-9. 
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It is assumed that the information of assembly and disassembly sequences is 

given in the product information data file, and the disassembly sequence of a 

product is fixed. Because various disassembly sequences may exist for a given 

product, we can develop some external application to generate an optimal 

disassembly sequence for a given product. 

A seven-scale system has been defined to evaluate the relative importance of 

two criteria. 

As to the environmental acts, only one part of the requirements on the 

hazardous material is considered. 

ipaaBmaiiBM 

loduleComDonentResb'ictad 
^oduleComDonenlfieslrict 
laintanenceResb-ictionType 

laduleComponentl 
^oduleCom ponentZ 
Disassembly Time 
DisassemblyEna'gy 
[ZauseOamage 

ID 
loduleComponentl 

vjoduleComponentZ 
flssemd^ifficuty 

Figure 5-9. Entity diagram of the product information in the prototype. 

The flow chart of the prototype is given in Figure 5-10. Two main parts are 

contained in this system: similarity analysis and independence analysis. The flow chart of 
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the similarity analysis part is given in Figure 5-11, and the structure of the independence 

analysis part is similar to that of the similarity analysis part. 

No Similarity Analysis 
Import Another Product 

I 

Figure 5-10. Overall flow chart of the prototype. 
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Components Are 
Clusterable 

End 

Go To Next Module <• 

Figure 5-11. The flow chart ofsimilarity analysis in the prototype 

In the prototype, the input includes the product information data file (Figure 5-

12), relative importance of the criteria (i.e., the input for similarity analysis in Figure 5-

13), some decision-making parameters (i.e., the input of standard similarity index in 

Figure 5-14). According to the characteristic of AHP comparison matrix, only 3 relative 

importances are needed for similarity analysis, and 10 relative importances are needed for 

independence analysis. In the prototype. Standard Similarity Index {SSI) stands for 

SI mean In the mcthodology; it gives a standard to determine the similarity between two 

components. If SSI is set too high, too many inside components in a module will be 

thought incompatible; if it is set too low, no incompatible components in a module can be 

found, which makes it impossible to improve the environmental performance of a 
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module. Standard Dependence Index {SDT) stands for a^,, which gives a standard to 

determine the dependency between two components. When SDI is set too high, it 

becomes difficult to find the dependency between modules. Therefore, much experience 

is needed in determining the values of SSI and SDI. In the prototype, COM technology is 

used to show the analysis results and the analysis report. 

The output of the prototype includes the result output for each step of analysis, 

and the final report (Figure 5-15). In the system, a final report may include the product 

information, similarity analysis resuU and independence analysis result. The content of 

the final report is selectable. 
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Figure 5-12. Data file input interface. 
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Figure 5-14. Input interface of decision-making parameters. 
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Figure 5-15. Final report of the analysis 

5.5 Summary 

Negative environmental impact may be generated at various stages all through a 

products' life cycle. In order to take all potential environmental problems into 

consideration at the design stage, the primary life cycle stages of a product are analyzed 

one by one in this chapter. Negative environmental impact is analyzed fi-om the following 

aspects: design for manufacturing, design for assembly, design for consumer service, 

design for disassembly, and design for reuse/remanufacture/recycling/disposal. Some 

primary, and relatively independent environmental objectives can be set as the 

comprehensive objectives for the whole DFE process according to the analysis, based on 

which eight environmental criteria have been establish for modularity analysis: usage 

compatibility, technology life compatibility, material compatibility, maintainability, 

geometric connection, disassembly time, disassembly energy, and assembility. Because 

some environmental criteria are fiizzy criteria, in order to quantitatively apply all eight 

environmental criteria to modularity analysis, all criteria are thought to be fiizzy. Fuzzy 

AHP is used to rank eight environmental criteria. Furthermore, a fuzzy graph is used to 
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represent the structure of a product; the relationships between the components are 

measured according to eight criteria. Triangular fiizzy numbers are used to map fuzzy 

judgment into crisp numbers for each criterion. Some fuzzy indexes have been defined to 

measure the fuzzy criteria. The environmental modularity analysis includes two parts: 

similarity analysis and independence analysis. The purpose of the similarity analysis is to 

improve the similarity/compatibility within modules, while the independency analysis is 

used to decrease the dependency between modules. According to the purpose of these 

two kinds of modularity analysis, three environmental criteria are chosen for similarity 

analysis, and five environmental criteria are chosen for independent analysis. Algorithms 

have developed for these two kinds of analysis. In this chapter, the system architecture 

for the future system is given, and a prototype about the fiature system is also described. 

113 



CHAPTER VI 

A MODULARITY ANALYSIS EXAMPLE 

In the previous chapter, a methodology has been developed for the 

environmentally conscious modularity analysis. In this chapter, an example will be given 

to illustiate the proposed methodology. 

6.1 A Coffee Maker 

Coffee makers can be found in many families. A coffee maker is a simple electric 

device, it comprises three groups of components as shown in Figure 6.1: glass carafe, 

body, and heating element. These three groups of components can be thought as three 

modules, and each module can be fiirther disassembled into components or lower level 

modules. Different kinds of coffee makers may have different structures, and in this 

chapter, we only discuss the coffee makers shown in Figure 6.1. The component tree of a 

coffee maker is given in Figure 6.2. Little disassembly relationship information has been 

included in this figure. 

Figure 6-1. An electric coffee maker. 
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Figure 6-2. A component tree diagram for an electric coffee maker. 

To simplify the analysis, some modules are thought components, i.e., switch. The 

part list of a coffee maker is given in Table 6-1, and the disassembly sequence is assumed 

as follows: 

• Remove GLASS CARAFE: Plastic Insert -^ Screw -^ Plastic Handle -^ 

Metal Band ->• Glass Carafe; 

• BODY BASE: Screws (3) -> Metallic Bottom -^ Plastic Joints (2) -^ Bent 

Tube (2) -^ Screws (4) -^ BODY & HEATING ELEMENT; 

• BODY: Swivel Filter Cup -^ Screws (4) -^ Plastic Top (-> Plastic Stud -> 

Hinged Lid) -^ Plastic Tube -^ HEATING ELEMENT; 

• HEATING ELEMENT: Screw -^ Fixing Plate -> WIRE ASSEMBLY ( ^ 

Switch -^ Wire -^ Sensor -> Thermal Fuses (2)) -> U Metallic Tube -^ 

Plastic Holding Plate -^ Heating Plate. 

The MOST sequence for a coffee maker is shown in Table 6-2 shown. The 

Practical disassembly sequence may be different from above sequence. To simplify the 

analysis, we assume that the disassembly sequence is fixed in our problem. According to 
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the assumed disassembly sequence, we can establish some relationship matrixes (i.e., 

disassembly time & energy, geometric connection, and Maintainability) among 

components. In the following sections, the detailed similarity analysis and independence 

analysis of a coffee maker will be described, and the data used in this example may be 

different from practical data. 

Table 6-1. Part list of a coffee maker. 

No. 

1 
2 

3 
4 
5 
6 
7 
8 
9 

Part Name 

Plastic Insert 
Plastic Handle 

Glass Carafe 
Metal Band 

Screw 
Body 

Swivel Filter Cup 
Plastic Tube 
Plastic Top 

No. 

10 
11 

12 
13 
14 
15 
16 
17 
18 

Part Name 

Small Hinged Lid 
Screw (4) 

Plastic Stub 
Base 

Bent Tube (2) 
Screw (3) 

Metallic Bottom 
Plastic Joints (2) 

Screw (4) 

No. 

19 
20 

21 
22 
23 
24 
25 
26 
27 

Part Name 

U Metallic Tube 
Plastic Holding 

Shaft 
Metallic Fixing Plate 

Heating Plate 
Screw & Nut 

Sensor 
Thermal Fuses (2) 

Wires 
Switch 
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Table 6-2. MOST sequences for a coffee maker. 

Components 
being separated 

3 from 22 

1 from 3 

5 from 2 
2 from 4 

4 from 3 

7 from 6 

11 from 9 (4) 

9 from 6 

10 from 9 

8 from 6 

15 from 16 (4) 
16 from 13 

17 from 14 (2) 

14 from 13 (2) 

14 from 19 (2) 

20 from 13 

27 from 13 

18 from 13 (4) 
13 from 6 

Task 

Remove Glass 
Carafe from 
heating plate 

Remove plastic 
insert from glass 

carafe 
Unscrew screw 
Remove plastic 

handle 
Remove metal 

band 
Remove cup 

from head 
Remove screws 

from head 
Remove Plastic 

Top 
Remove Small 

Lid 
Remove plastic 
tube from body 

Remove screws 
Remove bottom 
Remove joints 

Remove bent 
tube from the 

base 
Remove bent 

tube from the U 
Metallic Tube 

Remove heating 
element 

Remove switch 
from base 

Remove screw 
Separate body 

and base 

MOST Sequence Model 

A,B,G,A,B,P,A, 

A,B,G,A,B,P,A, 

A,B,G,A,B,P,A,L,,,,A,B,P,A, 

A,B,G,A,B,P,A, 

A,B,G,A,B,P,A, 

A,B,G,A,B,P,A, 

A,B,G,A,B,P,A,L,,,,A,B,P,A, 

A,B,G,A,B,P,A, 

A,B,G,ABoPA 

A,B,G,A,B,P,A,; 

A,B,G,A,B,P,A, 

A,B,G,A,B,P,A,L,,,,A,B,P,A, 

A,B,G,A,B,P,A, 

A,B,GABoPAAoABoPA 
A,B,G,A,B,P,A,; 

A,B,G,A,B,P,A, 

A,B,G,ABoPA 

A,B,G,ABoPA, 

A,B,G,A,B,PAL,,,AB,P^A, 

A,B,GABoPA 

Disassembly 
Time (TMU) 

50 

70 

260 
50 

50 

50 

260 

50 

140 

100 

1040 
50 

400 

100 

100 

240 

240 

1040 
50 
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(Table 6-2. Continued) 

26 from 27 

26 from 19 

26 from 24 

23 from 21 

21 from 22 

19 from 22 

25 from 24 

25 from 19 

24 from 19 

20 from 19 

Remove wire from 
switch 

Remove wire from 
U metallic tube 

Remove wire from 
sensor 

Remove screw & 
nut 

Remove fixing 
plate 

Remove U metallic 
tube 

Remove fiases (2) 

Remove fiises (2) 

Remove sensor 

Remove holding 
shaft 

A,B,GABoPA 

A,B,GAB,PA 

A,B,GABoPA 

y4| SpG | /4| BQPJA^ i-iQ^j AJBQP^ y4| 

A,B,G,A,B,P,A, 

A,B,G,ABoP^A 

A,B,GABoPA 

A,B^GAiBoPA\ 

A,B,G,ABoPA^ 

A,B,G,ABoPA^ 

90 

90 

90 

260 

50 

600 

180 

180 

600 

300 

Assume that the disassembly energy is zero for most disassembly operations. In 

the disassembly process of a glass carafe, disassembly energy is considered only for some 

operations, i.e., tightening/loosening screw, removing U metallic plate, and removing 

sensor. According to Equation (5-ll)-(5-13), we can calculate the disassembly energy for 

each operation. To simplify the analysis, in this example, we just estimate the 

approximate disassembly energy, and calculate the DEI according to Equation (5-12) for 

components. Here it is assumed that the DEI to remove 4 screws equals 1. The 

approximate DEI to separate some components are shown in Table 6-3. 

Table 6-3. Approximate DEI needed to separate components. 

Components No. 
2 and 5 
9 and 11 
15 and 16 
21 and 23 

DEI 
0.25 

0.75 
0.375 

Components No. 
19 and 22 
19 and 24 
13 and 27 
13 and 18 

DEI 

1 
0.375 

1 
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6.2 Similarity Analysis 

As discussed in Chapter V, three criteria should be taken into consideration in the 

similarity analysis: usage life cycle, technology life cycle, and material compatibility. 

The similarity/compatibility of modules should be analyzed module by module. 

6.2.1 Module 1—Glass Carafe 

In a glass carafe, the screw may need to be tightened regulariy during its lifetime, 

which will results in the loose of the screw. When the screw hole becomes worn, the 

handle needs to be change. Assume the usage life cycle of other components can be 

thought the same. Therefore, the relationship between components in module "glass 

carafe" is given in Table 6-4 based on usage the criterion: Life Cycle Compatibility. 

Table 6-4. ULI matrix of module "glass carafe." 

ULI 

1 
2 
3 
4 
5 

1 

(1,1,1) 
(0.5,0.5,0.5) 

(1,1,1) 
(1,1,1) 
(1,1,1) 

2 

(0.5,0.5,0.5) 
(1,1,1) 

(0.5,0.5,0.5) 
(0.5,0.5,0.5) 
(0.5,0.5,0.5) 

3 

(1,1,1) 
(0.5,0.5,0.5) 

(1,1,1) 
(1,1,1) 
(1,1,1) 

4 

(1,1,1) 
(0.5,0.5,0.5) 

(1,1,1) 
(1,1,1) 
(1,1,1) 

5 

(1,1,1) 
(0.5,0.5,0.5) 

(1,1,1) 
(1,1,1) 
(1,1,1) 

Because there is no advanced technology embedded in module "glass carafe," the 

technology life cycle of the components in a glass carafe can be thought the same (Table 

6-5). 

Table 6-5. TLI matrix of module "glass carafe." 

TLI 

1 
2 
3 
4 
5 

1 

(1,1,1) 
(1,1,1) 
(1,1,1) 
(1,1,1) 
(1,1,1) 

2 

(1,1,1) 
(1,1,1) 
(1,1,1) 
(1,1,1) 
(1,1,1) 

3 

(1,1,1) 
(1,1,1) 
(1,1,1) 
(1,1,1) 
(1,1,1) 

4 

(1,1,1) 
(1,1,1) 
(1,1,1) 
(1,1,1) 
(1,1,1) 

5 

(1,1,1) 
(1,1,1) 
(1,1,1) 
(1,1,1) 
(1,1,1) 
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The relationship of the components in module "glass carafe" is given in Table 6-6 

based on the criterion: Material Compatibility. 

Table 6-6. MCI matrix of module "glass carafe." 

MCI 
1 
2 
3 
4 
5 

1 

(1,1,1) 
(1,1,1) 

(0,0.33,0.66) 
(0,0,0.33) 
(0,0,0.33) 

2 

(1,1,1) 
(1,1,1) 

(0,0.33,0.66) 
(0,0,0.33) 
(0,0,0.33) 

3 

(0,0.33,0.66) 
(0,0.33,0.66) 

(1,1,1) 
(0,0,0.33) 
(0.66,1,1) 

4 

(0,0,0.33) 
(0,0,0.33) 
(0,0,0.33) 

(1,1,1) 
(0.66,1,1) 

5 

(0,0,0.33) 
(0,0,0.33) 
(0.66,1,1) 
(0.66,1,1) 

(1,1,1) 

As described in Chapter V, the weights of criteria ULI, TLI, and MCI is: 

(0.07, 0.33, 0.78), (0.08, 0.33, 0.86), and (0.13, 0.33, 1.96), respectively. 

Considering all these three criteria, the comprehensive compatibility matrix of module 

"glass carafe" is given in Table 6-7. Set a in Equation (3-25) to 0.5, we obtain the 

integral values of comprehensive compatibility between the components in module "glass 

5 5 

carafe." Set SI mean = X X ^ ' ^ ^ ^ ^ = ^•^' according to the definition in Equation (5-16), 
' / 

we can obtain the similarity indexes for the components in module "glass carafe" as 

shown in Table 6-8. 

Table 6-7. Comprehensive similarity matrix of module "glass carafe." 

ULI 

TLI 

MCI 
(0.28,1,3.6) 

0.25,0.83,3.21 
(0.15,19,0.24) 
0.15,0.15,0.19 
0.15,0.15,0.19 

(0.25,0.83,3.21) 
(0.28,1,3.6) 

(0.12,0.6,1.9) 
(0.12,0.5,1.9) 
(0.12,0.5,1.9) 

(0.15,19,0.24) 
(0.12,0.6,1.9) 
(0.28,1,3.6) 

(0.15,0.66,2.3) 
(0.24,1,3.6) 

(0.15,0.15,0.19) 
(0.12,0.5,1.9) 
(0.15,0.66,2.3) 

(0.28,1,3.6) 
(0.24,1,3.6) 

(0.15,0.15,0.19) 
(0.12,0.5,1.9) 
(0.24,1,3.6) 
(0.24,1,3.6) 
(0.28,1,3.6) 
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Table 6-8. Similarity Indexes in module "glass carafe." 

IV 

1 
2 
3 
4 
5 

1 

1 
1 
0 
0 
0 

2 

1 
1 
1 
0 
0 

3 

0 
0 
1 
1 
1 

4 

0 
0 
1 
1 
1 

5 

0 
0 
1 
1 
1 

According to Table 6-8, plastic insert and handle are incompatible with other 

components in a glass carafe, which is mainly caused by material incompatibility. 

According to its function, the plastic insert cannot be removed from this module; 

therefore, the similarity analysis of a glass carafe suggests that the similarity of the plastic 

insert and handle with the other components should be improved. The incompatibility is 

caused by the incompatibility of usage life and materials; therefore, the revision may be 

suggested as follows: 

1. Change the joint method between the plastic handle and the glass carafe 

because the use of the screw result in short usage life of the handle; 

2. Change the materials of the insert and the handle if possible. 

6.2.2 Module 2—Body 

Module "body" can be divided fiirther into two lower level modules: body and 

base. Here we just do the analysis to the whole body. This module includes component 6-

16 and component 18. To simplify the analysis, it is also assumed that component plastic 

body (6), Swivel Filter Cup (7), Plastic Top (9), Small Hinged Lid (10), Plastic Stub (12), 

Base (13) are made of the same material, and they have the same technology hfe cycle 

and usage life cycle. Therefore, we can use component 6 to represent all these six 

components in the analysis. Component 11 is used to represent component 11 and 18. 

The compatibility matrix of a coffee maker body are given in Table 6-9, 6-10, and 6-11 

respectively upon three environmental criteria. 
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Table 6-9. ULI matrix of module "body." 

ULI 

6 
8 
11 
14 
15 
16 

6 

(1,1,1) 
(0.5, 0.5, 0.5) 

(1,1,1) 
(0.5,0.5,0.5) 
(0.5, 0.5, 0.5) 
(0.5,0.5,0.5) 

8 

(0.5,0.5,0.5) 
(1,1,1) 
(1,1,1) 
(1,1,1) 

(0.5,0.5,0.5) 
(0.5,0.5,0.5) 

11 

(1,1,1) 
(1,1,1) 
(1,1,1) 

(0.5, 0.5, 0.5) 
(1,1,1) 
(1,1,1) 

14 

(0.5,0.5,0.5) 
(1,1,1) 

(0.5,0.5,0.5) 
(1,1,1) 

(0.5,0.5,0.5) 
(0.5, 0.5, 0.5) 

15 

(0.5, 0.5, 0.5) 
(0.5, 0.5, 0.5) 

(1,1,1) 
(0.5, 0.5, 0.5) 

(1,1,1) 
(1,1,1) 

16 

(0.5, 0.5, 0.5) 
(0.5, 0.5, 0.5) 

(1,1,1) 
(0.5, 0.5, 0.5) 

(1,1,1) 
(1,1,1) 

TLI 

6 
8 
11 
14 
15 
16 

6 

(1,1,1) 
(1,1,1) 
(1,1,1) 
(1,1,1) 
(1,1,1) 
(1,1,1) 

Table 6-IC 

8 

(1,1,1) 
(1,1,1) 
(1,1,1) 
(1,1,1) 
(1,1,1) 
(1,1,1) 

). 7X7 matrix of module "body." 

11 

(1,1,1) 
(1,1,1) 
(1,1,1) 
(1,1,1) 
(1,1,1) 
(1,1,1) 

14 

(1,1,1) 
(1,1,1) 
(1,1,1) 
(1,1,1) 
(1,1,1) 
(1,1,1) 

15 

(1,1,1) 
(1,1,1) 
(1,1,1) 
(1,1,1) 
(1,1,1) 
(1,1,1) 

16 

(1,1,1) 
(1,1,1) 
(1,1,1) 
(1,1,1) 
(1,1,1) 
(1,1,1) 

Table 6-11. MCI compatibility matrix of module "body." 

MCI 

6 
8 
11 
14 
15 
16 

6 

(1,1,1) 
(0.33,0.66,1) 

(0,0,0.33) 
(0.33,0.66,1) 

(0,0,0.33) 
(0,0,0.33) 

8 

(0.33,0.66,1) 
(1,1,1) 

(0,0,0.33) 
(0.66,1,1) 
(0,0,0.33) 
(0,0,0.33) 

11 

(0,0,0.33) 
(0,0,0.33) 

(1,1,1) 
(0,0,0.33) 
(0.66,1,1) 
(0.66,1,1) 

14 

(0.33,0.66,1) 
(0.66,1,1) 
(0,0,0.33) 

(1,1,1) 
(0,0,0.33) 
(0,0,0.33) 

15 

(0,0,0.33) 
(0,0,0.33) 
(0.66,1,1) 
(0,0,0.33) 

(1,1,1) 
(0.66,1,1) 

16 

(0,0,0.33) 
(0,0,0.33) 
(0.66,1,1) 
(0,0,0.33) 
(0.66,1,1) 

(1,1,1) 

According to the weights of three selected criteria, the comprehensive 

compatibility matrix of a coffee maker body is shown in Table 6-12. Set a in Equation 

(3-25) to 0.5, we obtain the integral values of comprehensive compatibility between 

components in a coffee maker body. Still set SI mean = 0.8, according to the definition in 

Equation (5-16), we obtain the similarity indexes for the components in module "body" 

as shown in Table 6-13. 
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Table 6-12. Comprehensive compatibility matrix of module "body." 

ULI 

TLI 
MCI 

11 
14 
15 

(0-29,1,3.6) :0.20,0.71,3.2':0.16,0.66,2.3 
(0.2,0.71,3.2) 
0.16,0.66,2.3 
:0.20,0.71,3.2 
:0.20,0.71,3.2 

0.16,0.66,2.3; (0.29,1,3.6) 
(0.29,1,3.6) 

(0.16,0.5,1.9) 

11 

(0.29,1,3.6) 0.16,0.66,2.3; (0.25,1,3.6) 

(0.16,0.5,1.9) 
(0.29,1,3.6) 

14 

0.20,0.71,3.2 

(0.16,0.5,1.9) 
(0.29,1,3.6) 

(0.16,0.5,1.9) 

15 

(0.16,0.5,1.9) 
(0.16,0.5,1.9) 
(0.25,1,3.6) 

(0.16,0.5,1.9) 
(0.29,1,3.6) 

16 

(0.16,0.5,1.9) 
(0.16,0.5,1.9) 
(0.25,1,3.6) 

(0.16,0.5,1.9) 
(0.25,1,3.6) 

16 (0.16,0.5,1.9) (0.16,0.5,1.9) (0.29,1,3.6) (0.16,0.5,1.9) (0.25,1,3.6) (0.29,1,3.6) 

Table 6-13. Similarity Indexes in module "body." 

rv 

6 
8 
11 
14 
15 
16 

6 

1 
1 
1 
1 
1 
0 

8 

1 
1 
1 
1 
0 
0 

11 

1 
1 
1 
0 
1 
1 

14 

1 
1 
0 
1 
0 
0 

15 

0 
0 
1 
0 
1 
1 

16 

0 
0 
1 
0 
1 
1 

Considering that component 6 in Table 6-13 represent 6 components, we can find 

that screws and metallic bottom are not compatible with other components in a coffee 

maker body. According to the fiinctional-sti-uctural architecture, these three components 

carmot be removed; therefore, the suggestions for the revision are as follows: 

1. Use some plastic joint materials to replace the screws used to connect the 

plastic top and the body, or change the joint method; 

2. Use some plastic joint materials to replace the screws used to connect the 

bottom and the base, or change the joint method; 

3. Use some plastic joint materials to replace the screws used to connect the 

body and the base, or change the joint method. For example, snap fit can be 

used to connect the body and the base; 

4. Replace the metallic bottom with plastic material, or change the joint method 

so that it is easy to disassemble the bottom. 

123 



6.2.3 Module 3—Heating Element 

Module "heating element" contains component 17 and component 19-27. hi 

practice, "heating element" is a group of components, here we look it as a module, hi a 

similar way used in above section, we can obtain the similarity indexes between 

components in module "heating element" (Table 6-14). 

Table 6-14. Similarity Indexes in module "Heating Element." 

rv 

17 
19 
20 
21 
22 
23 
24 
25 
26 
27 

17 

1 
0 
1 
0 
0 
0 
0 
0 
0 
1 

19 

0 
1 
0 
1 
1 
1 
0 
0 
1 
0 

20 

1 
0 
1 
0 
0 
0 
0 
0 
0 
1 

21 

0 
1 
0 
1 
1 
1 
0 
0 
1 
0 

22 

0 
1 
0 
1 
1 
1 
0 
0 
1 
0 

23 

0 
1 
0 
1 
1 
1 
0 
0 
1 
0 

24 

0 
0 
0 
0 
0 
0 
1 
1 
0 
0 

25 

0 
0 
0 
0 
0 
0 
1 
1 
0 
0 

26 

0 
1 
0 
1 
1 
1 
0 
0 
1 
0 

27 

1 
0 
1 
0 
0 
0 
0 
0 
0 
1 

According to Table 6-14, component 17, 20, 24, 25 and 27 are incompatible with 

other components in module "heating element." Suggestions for revision are as follows: 

1. The use of plastic material should be avoided if possible; 

2. The life cycle of the sensor, the thermal fiises and the switch should be 

improved. 

6.3 Independence Analysis 

As discussed in Chapter V, five criteria should be taken into consideration in the 

independence analysis: maintainability {MAI), geometric connection {GCI), 

disassembly time {DTI), disassembly energy {DEI), and assembility {ASI). The 

relative weights of these five criteria are as follows: 

W, =(0.05, 0.12, 0.25) 

W^ =(0.21, 0.36, 0.61) 
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W, =(0.1, 0.17, 0.34) 

W, =(0.08, 0.15, 0.25) 

W,={0.10, 0.20, 0.39). 

In this analysis, the dependence of a module on other modules is evaluated 

module by module. 

6.3.1 Module 1—Glass Carafe 

In module "glass carafe," only the glass carafe has a physical relationship with the 

components (heating plate) in the other modules, and it is easy to put it on or remove it 

away from the heating plate. According to the five selected environmental criteria, only 

one component—the glass carafe—in five components of module "glass carafe" has a 

very small dependency on the heating plate. If or—= 0.8, the glass carafe is independent. 

Therefore, module "glass carafe" is independent of other modules from the 

environmental viewpoint. 

6.3.2 Module 2—Body 

In order to measure the dependencies of components in module "body," we need 

to assess the relationship between these components and the components in other 

modules. To simplify the analysis, we only need to list the components that are related to 

the components in other modules according to the five environmental criteria: base (13), 

body (6), bent tube (14), screw (15), and metalhc bottom (16). Therefore, only 5 of 12 

components in module "body" may be dependent on outside components. According to 

Equation (5-18), if we set yff—=0.5, module "body" can be thought independent. 

6.3.3 Module 3—Heating Element 

There are 10 components in module "heating element." To simplify the analysis, 

we only need to list the components which are related to the components in other 

modules according to five environmental criteria: plastic joints (17), U metallic tube (19), 
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plastic holding shaft (20), metallic fixing plate (21), heating plate (22), screw & Nut (23), 

and switch (27). In the independency analysis, only the dependencies between outside 

components are considered, therefore, only the dependencies between components from 

different modules are measured here. The values of MAI between components are 

shown in Table 6-15, and GCI in Table 6-16. 

Table 6-15. MAI for the dependent components in module "Heating Element." 

MAI 

17 
19 
20 
22 
23 
27 

3 

(0,0,0) 
(0,0,0) 
(0,0,0) 

(0,0,0.33) 
(0,0,0) 

(0,0,0) 

13 

(0,0.33,0.66) 
(0.33,0.66,1) 
(0.66,1,1) 
(0.66,1,1) 
(0,0,0.33) 
(0.66,1,1) 

14 

(0,0.33,0.66) 
(0,0.33,0.66) 

(0,0,0) 
(0,0,0) 

(0,0,0.33) 
(0,0,0.33) 

15 

(0,0,0.33) 
(0,0,0.33) 
(0,0,0.33) 
(0,0,0.33) 
(0,0,0.33) 
(0,0,0.33) 

16 

(0,0,0.33) 
(0,0,0.33) 
(0,0,0.33) 
(0,0,0.33) 
(0,0,0.33) 
(0,0,0.33) 

Table 6-16. GCI for the dependent components in module "Heating Element." 

GCI 

17 
19 
20 
22 
23 
27 

3 

(0,0,0) 
(0,0,0) 
(0,0,0) 

(0,0,0.33) 
(0,0,0) 
(0,0,0) 

13 

(0,0,0) 
(0,0,0) 

(0,0,0.33) 
(0,0,0.33) 
(0,0,0) 

(0,0.33,0.66) 

14 

(0,0,0.33) 
(0,0,0.33) 
(0,0,0) 
(0,0,0) 
(0,0,0) 
(0,0,0) 

15 

(0,0,0) 
(0,0,0) 
(0,0,0) 
(0,0,0) 
(0,0,0) 
(0,0,0) 

16 

(0,0,0) 
(0,0,0) 
(0,0,0) 
(0,0,0) 
(0,0,0) 
(0,0,0) 

30 30 

Set DTs = ^ J ^ D T y /30 = 226TMU and k^ = 0.5, we can obtain the DTI for 
,=1 y=i 

the dependent inside components and outside components according to Table 6-2. The 

results are shown in Table 6-17. Because the heating elements are accessible only when 

component 15 and 16 are removed, DTI between component 23 and 15 & 16 are 

calculated based on the disassembly sequence. DEI between components are calculated 

based on Table 6-3, the resuUs are shown in Table 6-18. ASI between components are 

shown in Table 6-19. 
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DTI 

17 
19 
20 
22 
23 
27 

Table 6-17. DTI between components in module "Heating Element." 

3 

(0,0,0) 
(0,0,0) 
(0,0,0) 

(0.44,0.44,0.44) 
(0,0,0) 
(0,0,0) 

13 

(0,0,0) 
(0,0,0) 
(1,1,1) 
(0,0,0) 
(0,0,0) 
(1,1,1) 

14 

(1,1,1) 
(0.88,0.88,0.88) 

(0,0,0) 
(0,0,0) 
(0,0,0) 
(0,0,0) 

15 

(0,0,0) 
(0,0,0) 
(0,0,0) 
(0,0,0) 
(1,1,1) 
(0,0,0) 

16 

(0,0,0) 
(0,0,0) 
(0,0,0) 
(0,0,0) 

(0.44,0.44,0.44) 
(0,0,0) 

Table 6-18. DEI between components in module "Heating Element." 

DEI 

17 
19 
20 
22 
23 
27 

3 

(0,0,0) 
(0,0,0) 
(0,0,0) 
(0,0,0) 
(0,0,0) 
(0,0,0) 

13 

(0,0,0) 
(0,0,0) 
(0,0,0) 
(0,0,0) 
(0,0,0) 

(0.38,0.38,0.38) 

14 

(0,0,0) 
(0,0,0) 
(0,0,0) 
(0,0,0) 
(0,0,0) 
(0,0,0) 

15 

(0,0,0) 
(0,0,0) 
(0,0,0) 
(0,0,0) 

(0.75,0.75,0.75) 
(0,0,0) 

16 

(0,0,0) 
(0,0,0) 
(0,0,0) 
(0,0,0) 
(0,0,0) 
(0,0,0) 

Table 6-19. ASI between components in module "Heating Element." 

ASI 

17 
19 
20 
22 
23 
27 

3 

(0,0,0) 
(0,0,0) 
(0,0,0) 

(0,0,0.33) 
(0,0,0) 
(0,0,0) 

13 

(0,0,0) 
(0,0,0) 

(0.33,0.66,1) 
(0,0,0) 
(0,0,0) 

(0.33,0.66,1) 

14 

(0,0.33,0.66) 
(0,0.33,0.66) 

(0,0,0) 
(0,0,0) 
(0,0,0) 
(0,0,0) 

15 

(0,0,0) 
(0,0,0) 
(0,0,0) 
(0,0,0) 

(0.66,1,1) 
(0,0,0) 

16 

(0,0,0) 
(0,0,0) 
(0,0,0) 
(0,0,0) 

(0,0,0.33) 
(0,0,0) 

Considering all the five environmental criteria, the comprehensive dependencies 

of components in module "heating element" on components in other modules can be 

obtained as shown in Table 6-20. The integral values of dependencies are shown in Table 

6-21. 
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Table 6-20. Comprehensive dependencies between components. 

17 
19 
20 
22 
23 
27 

3 

(0,0,0) 
(0,0,0) 
(0,0,0) 

(0.04,0.07,0.15) 
(0,0,0) 
(0,0,0) 

13 

(0,0.04,0.17) 
(0.12,0.25,0.25) 
(0.17,0.42,1.18) 
(0.03,0.12,0.84) 
(0.03,0.13,0.47) 
(0.2,0.6,1.5) 

14 

(0.1,0.28,0.96) 
(0.09,0.26,0.92) 

(0,0,0) 
(0,0,0) 

(0,0,0.08) 
(0,0,0.08) 

15 

(0,0,0.08) 
(0,0,0.08) 
(0,0,0.08) 
(0,0,0.08) 

(0.23,0.48,1) 
(0,0,0.08) 

16 

(0,0,0.08) 
(0,0,0.08) 
(0,0,0.08) 
(0,0,0.08) 

(0.04,0.07,0.36) 
(0,0,0.08) 

Table 6-21. Integral values of comprehensive dependencies between components. 

17 
19 
20 
22 
23 
27 

3 

0 
0 
0 

0.08 

0 
0 

13 

0.06 
0.22 
0.55 
0.28 

0.19 
0.73 

14 

0.41 
0.38 
0 
0 

0.02 
0.02 

15 

0.02 
0.02 
0.02 
0.02 

0.55 
0.02 

16 

0.02 
0.02 
0.02 
0.02 
0.14 
0.02 

If a—= 0.8, all components in module "heating elemenf are independent of 

components in other modules. Therefore, module "heating element" is independent of 

other modules. 

6.4 Analysis Results and Methodology Vahdation 

According to above analysis, modules in a coffee carafe are independent from the 

environmental viewpoint when setting or—= 0.8 and yff̂^ =0.5 . If we set SI mean =0.8, 

the similarity of modules in a coffee carafe needs to be improved. The suggestions of 

revision focus on following aspects: 

1. The screw should be avoided if possible. Some other joint method, i.e., snap 

fit, should be used to replace the use of screw; 

2. Compatible materials should be used within modules. 

If different decision-making parameters are selected, the analysis results may be 

different. To improve the modularity of a product, low-level modules may need to be 
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analyzed and further similarity and independence analysis should be done. Designers 

determine the level of the modularity analysis. Different kind of redesign can be made to 

modular design according to the results of the environmental modularity analysisi. If the 

following redesign has been done to the original design of a coffee maker, the component 

free of the redesign example is shown in Figure 6.3: 

1. The glass carafe and handle become a whole, and the material of insert is 

changed to glass; 

2. Snap fit is used for the joining of the lid and the body; 

3. The plastic tube and the body become a whole; 

4. Snap fit is used for the joining of the body and the base. 
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Figure 6-3. A component tree diagram for a redesign example. 

Based on some commonly used evaluation metrics, and the characteristics and 

requirements of modular design, some evaluation metrics have been used to evaluate the 

improvement of the redesign (Table 6-22). The structure of a coffee maker is very simple, 

it only contains three modules, and each module contains not many components. 

Furthermore, there are not many types of materials contained in a coffee maker, and not 
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many joining methods are used for the connection of components, therefore, the 

advantages of the methodology are not very obvious. However, some improvement still 

can be found for this redesign example. Different kind of redesign has different degree in 

the improvement. 

Table 6-22. Evaluation form for the coffee maker 
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Environmental Source Metrics 

• Total number of fasteners in a product unit 
• Total number of different types of fasteners in a product unit 
• Total disassembly time in a product (s) 

• Number of different disassembly tools needed 
• Number of parts in a product unit 
• Number of non-joining parts in a product unit 

• Percentage of recyclable materials in a product unit 
• Percentage of reusable conponents in a product unit 
• Number of different materials in a product unit 

• Number of modules in a product unit 
• Number of independent modules 
• Number of incompatible modules 
• Number of replaceable modules 
• Percentage of modules containing incompatible materials 
• Percentage of modules containing incompati"ble materials 

Original 

14 
3 

275 
1 

27 
21 

N/A 
N/A 
4.3 

3 
100% 

3 
3 

100% 
100 

Redesign 

5 
3 

184 

1 
21 
18 

N/A 
N/A 
3.7 

3 
100% 

1 
3 

67% 
50% 

Improve 
-ment 
64% 
0% 
33% 
0% 

22% 
14% 

0% 
0% 
14% 

0% 
0% 

67% 
0% 
33% 
50% 

6.5 Summary 

In this chapter, an example—a coffee carafe—is given to illustrate the 

methodology proposed in the research. The modules in a coffee carafe are analyzed one 

by one in the modularity analysis according to their similarity and independence. 

According to the analysis results, some suggestions are given for revision of the design of 

a coffee maker. In the end of this chapter, the validation discussion of the methodology 

has been given based on a redesign example. 
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CHAPTER Vll 

CONCLUSION AND FUTURE WORK 

7.1 Conclusion of the Research 

The goal of this research is to provide quantitative environmental analysis support 

for modular design of elecfromechanical products. The driving forces are from the 

following two aspects: 

• Modular design is widely used in the design of electromechanical products 

due to its advantages; 

• Environmental factors should be taken into consideration as early as at the 

design stage in order to minimize the adverse environmental impacts 

generated by a product through all its lifetime. 

In this research, environmental problems are analyzed stage by stage through all 

the life cycle of a product, from which some primary environmental objectives are 

selected, and eight environmental criteria are established for the modularity analysis of 

the design. Fuzzy AHP is used to rank all these criteria and obtain their relative weights 

considering their contribution to a certain measurement. Because some environmental 

criteria cannot be measured quantitatively, fiazzy numbers are used to map ambiguous 

judgment into numerical numbers. To quantitatively applying the selected criteria to the 

modularity analysis, all eight environmental criteria are thought to by fiizzy. Considering 

the uncertain relationship between components in a product, a fiizzy graph is used to 

represent the structure of a product, and fiizzy numbers are used to represent various 

relationships between the components. In this research, the modularity analysis is done 

from two parts: similarity analysis and independence analysis. Different environmental 

criteria have been adopted for these two types of modularity analysis. According to the 

results of the modularity analysis, suggestions for the redesign can be provided to 

improve the modularity of a product from the environmental viewpoint. In general, the 

methodology proposed in this research can be used to develop design support systems 

that can help designers improve the environmental performance of their products. 
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7.2 Contributions of the Research 

DFE methodologies are usually qualitative and not easy to be handled by non-

environmental professionals, i.e., designers. This research proposes a quantitative DFE 

methodology for modular design. The contributions of this research can be summarized 

as follows: 

1. A set of comprehensive environmental criteria has been established for DFE 

analysis of modular design. Based on the analysis of the environmental 

objectives at each primary life cycle stage, some comprehensive 

environmental objectives have been figured out, and hence a set of 

comprehensive environmental criteria has been established for DFE conscious 

modularity analysis of modular design. These environmental criteria include: 

usage life compatibility, technology life compatibility, material compatibility, 

maintainability, disassembility (includes geometric connection, disassembly 

time, disassembly energy) and assembility. Four criteria (material 

compatibility, maintainability, disassembility, geometric connection) cannot 

be measured using crisp numbers, and the other four criteria are measurable. 

In order to quantitatively apply all these criteria to modularity analysis, all 

environmental criteria have been thought to be fiizzy. 

2. Fuzzy numbers are used to transfer linguistic judgment into numerical 

numbers. For each criterion, an index has been defined to measure the 

relationship between components. Fuzzy numbers are used to represent 

various relationships between components. 

3. A modularity analysis scheme has been developed so that the concept of DFE 

can be integrated into modular design to improve the environmental 

performance of modular products. This is a two-step analysis scheme that 

includes similarity analysis and independence analysis. Similarity analysis 

pursues the similarity or compatibility within modules, and independence 

analysis pursues the independence between modules. For each kind of 
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analysis, a set of environmental criteria has been selected according to the 

purpose of the analysis. 

4. Fuzzy AHP has been used in the multi-criteria decision making processes. For 

each kind of analysis, more than one environmental criterion has been used, 

therefore, it is a muhi-criteria decision-making process. In this research, 

because fuzzy criteria are used, fuzzy AHP is used to rank the criteria, and 

obtain the relative weights of each criterion. 

5. Algorithms have been developed for these two kinds of analysis. In similarity 

analysis, the primary algorithms include the algorithms to calculate the 

similarity of two components, to find the incompatible components within a 

module, to find transferable components, and to cluster new modules; in 

independence analysis, the primary algorithms include the algorithms to 

calculate the dependence between two components, and to obtain the 

dependence between modules. The highest complexity of the algorithms is 

0{n'). 

6. A deliverable prototype has been developed to illustrate the methodology 

proposed in the research. In this prototype, the product information is assumed 

available directly from a product information data file that is recognizable to 

the system, not from some external applications (i.e., CAD/CAM). The input 

includes a product information data file, pairwise relative importance of 

environmental criteria, the values of some decision making parameters, and 

the information of the fiinctional-structural architecture of a product. The 

output of the prototype includes: some intermediate analysis/calculation 

results, incompatible components in each module, transferable incompatible 

components and their possible destination, newly clustered modules, and the 

dependency between modules and its causes. 
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7.3 Suggestions for Further Research 

Based on this research, some further work can be suggested as follows: 

1. Data Management. Some data, i.e., product information, are needed for the 

environmentally conscious modularity analysis. The data may be CAD/CAM 

data, environmental Acts information, and other technique data; therefore, 

some applications should be developed to obtain or transfer all needed data; 

2. Criteria Establishment. In the future, more environmental criteria can be 

developed other than the eight criteria in this research. Different 

environmental criteria may be needed for different types of products; 

3. Criteria Definitions. In this research, eight environmental criteria have been 

established, and a four-scale fiizzy measurement has been defined for each 

fiizzy criterion. In the fiiture, a lot work needs to be done to establish standard 

and more detailed scales; 

4. Decision Help. During the modularity analysis, decision makers should 

determine many parameters, which is difficult for designers. Therefore, some 

experienced data (i.e., expert database) should be developed to help designers 

in determining these decision-making parameters. 
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