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Product design is one of the most important sectors influencing global sustainability, as
almost all the products consumed by people are outputs of the product development
process. In particular, early design decisions can have a very significant impact on
sustainability. These decisions not only relate to material and manufacturing choices but
have a far-reaching effect on the product’s entire life cycle, including transportation,
distribution, and end-of-life logistics. However, key challenges have to be overcome to
enable eco-design methods to be applicable in early design stages. Lack of information
models, semantic interoperability, methods to influence eco-design thinking in early
stages, measurement science and uncertainty models in eco-decisions, and ability to
balance business decisions and eco-design methodology are serious impediments to re-
alizing sustainable products and services. Therefore, integrating downstream life cycle
data into eco-design tools is essential to achieving true sustainable product development.
Our review gives an overview of related research and positions early eco-design tools
and decision support as a key strategy for the future. By merging sustainable thinking
into traditional design methods, this review provides a framework for ongoing research,
as well as encourages research collaborations among the various communities interested
in sustainable product realization. �DOI: 10.1115/1.4002308�
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Introduction
The world is more crowded, more polluted, more urban, more

cologically stressed, and warmer than ever before in recorded
istory. During the 20th century, the human population increased
rom less than 2 billion to over 6 billion people. The number of
ities with more than a million people has grown from less than
0 to more than 300, and in the last 75 years, many cities have
rown 25 times or more. The largest cities in the world now
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contain a startling 30 million people in total. During the same time
period, the number of automotive vehicles in the world has grown
from a few tens of thousands to more than half a billion. The
consumption of resources such as oil, water, and metals has in-
creased more than ten times, while pollution has increased even
more. Human activities worldwide now add as much as 7
�109 tons of carbon dioxide to the atmosphere every year �1�.

Growing environmental concerns, coupled with public pressure
and stricter regulations, are fundamentally impacting the way
companies design and launch new products across the world �2�.
Therefore, companies are confronted with the responsibility of
producing products in an environmentally friendly manner. This

requires the next generation of engineers to be trained in the con-
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ext of sustainability, along with a global perspective, in order to
olve problems of sustainability on multiple scales �3�.

The issue of environmental sustainability is extraordinary in
oth magnitude and complexity and as such is one of the greatest
hallenges faced by modern society �4�. Moreover, as a result of
opulation growth and the improvement in the quality of life �5�,
ore and more products are used to provide services or are con-

umed by people directly, further complicating the quest for envi-
onmental sustainability. In 2006, the total output of the U.S.
anufacturing sector �in the form of a variety of products� had a

ross value of $5.3�1012 �6�. These products were responsible
or about 84% of energy-related carbon dioxide emissions and
0% of the energy consumption in the industrial sector �7�. There-
ore, reducing the environmental footprints associated with these
roducts has critical importance in addressing the environmental
ustainability challenge.

While many different enterprises and systems are involved
rom the concept to the end-of-life �EOL� and recycling of prod-
cts, it also requires a shared responsibility to implement and
ealize sustainability throughout the life cycle. Ultimately, design-
rs and product engineering management must understand pos-
ible designs for environment strategies. Innovation is an integral
art that must balance business with other constraints to find the
est strategy for product lines. Information requirements of engi-
eering designers for eco-design have to be served in a manner
uch that both manufacturing and life cycle use of the product are
co-friendly. Figure 1 illustrates the necessary considerations dur-
ng design to achieve sustainable product development. Also, the
ntegration of downstream issues into design is a complex task.
he ambiguity attributed to a concept during the early design
hase creates grand challenges for the development of appropri-
te, accurate metrics related to sustainability. The purpose of this
aper is to provide a map of the primary drivers, ongoing re-
earch, and future needs for researchers, educators, and practitio-
ers. In addition, the paper also serves another purpose of provid-
ng foresight into gaps that are emerging in realizing the quest for

ore sustainable products �8�. This review also provides some
pecific research examples in terms of our position in developing
arly design strategies, which show promise to be effective in the
ong run.

Background
On Feb. 2, 2007, the United Nations scientific panel studying

limate change declared that the evidence of a warming trend is

Fig. 1 Design decisions affect every stage of a product’s life
unequivocal” and that human activity has “very likely” been the
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driving force in this change over the past 50 years �9�. The last
report by the Intergovernmental Panel on Climate Change, in
2001, had found that human beings had “likely” played a role.
Subsequently, climate change, including the “cap and trade” pos-
sibilities, has been a major front page topic in various newspapers,
Secretary Clinton’s agenda for engaging Asian countries in solv-
ing global problems, the soot from millions of villages in India as
a source of global climate change, the arctic melt unnerving sci-
entists in the summer of 2007, the risk of inaction on climate
change by the United Nations, and, most recently, the Aug. 9,
2009 article entitled “Climate Change Seen as Threat to U.S. Se-
curity,” all paint a picture illustrating the far-reaching implications
of climate change �10�.

3 Sustainability and Product Design
The industrial sector has been responsible for emissions of

1235�106 metric tons of carbon dioxide in the United States as
of 2007. This number is expected to increase to 1667
�106 metric tons by 2030 �11�. It is therefore imperative to de-
sign products and processes that are environmentally sustainable.

It is well known that although only 5–7% of the entire product
cost is attributable to early design, the decisions made during this
stage lock in 70–80% of the total product cost �12�. Correspond-
ingly, one can hypothesize the same to be the case for environ-
mental impacts. That is, whether or not a product is relatively
sustainable is largely determined during the early design stage.
Due to high levels of uncertainty regarding design embodiments
at the early design phase, novel methods and tools are essential to
providing designers a basis for ascertaining the degree of sustain-
ability of a given product or process �13�.

3.1 DFE. Design for environment �DFE� is a practice by
which environmental considerations are integrated into product
and process engineering design procedures. DFE practices are
meant to develop environmentally compatible products and pro-
cesses while maintaining product, price, performance, and quality
standards �14�. Sherwin and Bhamra �15� suggested that the real
focus for innovation should be around stages 3 and 4 �redesign
and rethink�, as can be seen in Fig. 2 and in the original revised
four-step approach by Charter �16�. Indeed, sustainability is inex-
tricably linked with economic and social considerations that differ
across cultures and technology, and combined with improved de-
sign, they can greatly aid this quest �5�.

Design for the environment enables consideration of environ-
mental issues as business opportunities. These opportunities may
exist for new products, processes, or manufacturing technologies
�17�. The extent of the product’s environmental friendliness de-
pends on the level of DFE implemented by the company. There-
fore, most of the levels of DFE have to be set up before compa-
nies start to implement their own DFE. In general, because of the

Fig. 2 Revised approach to DFS †15‡
complexity of today’s products and the departmental organization
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f most companies, DFE is essentially a cross-functional activity
18�. Although DFE suggests a number of ways in which one can
nclude environmental considerations in design, it is prescriptive.
t does not reflect reality, which is simply that the considerations
nd decisions at design time have to be informed by knowledge
hat comes from a detailed analysis. However, such analysis takes

long time and is done at later stages of the product design
rocess. Projection of life cycle data to the design phase would
nable key decisions at the early design phase. New interfaces and
esign methods must be developed and tested using appropriate
nformation/knowledge models to accomplish this task.

3.2 Eco-Design Tools. During the past ten years, numerous
co-design tools have been proposed and developed. In fact,
SO-TR 14062 �19� suggests the use of some 30 various tools.
he current eco-design tools vary in data presentation and design
rocess implementation. Figure 3 illustrates some of the recent
co-design tools and their individual application to the design pro-
ess. These tools can generally be classified into three categories:
ools based on checklists, tools based on life cycle assessment
LCA�, and tools based on quality function deployment �QFD�
20�.

3.2.1 Tools Based on LCA. Engineered products interact with
he environment through energy and material flows at every stage
f their life cycle, from raw material extraction and acquisition,
anufacturing, transportation, and distribution, all the way to use

nd maintenance, reuse and recycle, and, ultimately, disposal and
aste management. LCA has emerged as the most objective tool

Fig. 3 Map of current ecodesign tools
Fig. 4 Steps for identifyin
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available for evaluating the environmental profile of a product or
process �21,22�. Figure 4 illustrates the steps for identifying the
environmental impact of a product system in a LCA context �8�.
In order to conduct a LCA detailed product design, information is
required, which makes it unsuitable for use in the early design
process when a detailed specification is not available yet �23�.
This is especially true for a new product design since even infor-
mation from reference products �previous generation or competi-
tors� is not available. Also, LCA could be very costly and time-
consuming, so only large companies can afford to do it. There
have been some efforts in addressing these issues by developing
simplified or streamlined LCA for screening purposes. But again,
these methods tend to ignore environmental impacts from certain
life cycle stages, certain material/energy flows, or certain impact
categories �24,25�. As recent efforts have been made to implement
LCA during the early design phase �26�, uncertainties about the
early design embodiments �i.e., shape, component interactions,
etc.� have become a major obstacle. To what level the fidelity can
be maintained remains largely unaddressed. Another serious ob-
stacle associated with applying LCA-based tools to early design
lies in the fact that, inherently, LCA is not design oriented; i.e., it
is designed to analyze certain structures and components, not en-
vironmental costs associated with functions required by customers
or the technologies used to achieve those functions. Allocating
environmental impacts across functions is one method of assess-
ing the greenness of concept embodiments �27�.

3.2.2 Tools Based on Checklists. These qualitative tools are
the easiest to use and are among the tools most prevalent in the
industry, especially in small and medium size companies �28�. A
common feature of these tools is the checklist, which is a set of
items used for assessing a product from the environmental per-
spective over its entire life cycle. These items include, for ex-
ample, “is less energy consumed during the use phase of the prod-
uct than the existing ones?” or “are less toxic materials used in the
product?” �29�. These tools are developed particularly for the
early stages of the product development process. Compared with
LCA-based tools, these tools are much more subjective. The
proper use of the tools requires extensive experience and knowl-
edge. Even with these, there remains a challenge when trade-offs
exist between different life cycle stages or different environment
impact categories. Moreover, these tools can rarely offer concrete
solutions.

3.2.3 Tools Based on QFD. The objective of a traditional QFD
is to convert customers’ needs into engineering characteristics
and, at the same time, to improve the quality level of the product.
By introducing the environmental impacts of the product itself
and over its life cycle into QFDs as new customer needs, a set of
ecodesign tools has been developed. These include QFD for the
environment, green quality function deployment, and House of
g environmental impact
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cology �23,30�. In general, application of these tools starts from
ollecting both customer needs and environmental needs and de-
eloping correlations between these needs and quality character-
stics. A functional analysis is then performed to identify how
uality characteristics are correlated with engineering characteris-
ics �including structure or components� and hot spots from both
nvironmental as well as traditional quality points of view. It can
e seen that QFD-based tools are significantly different from
CA-based tools since the focus here is on the product specifica-

ion development stage. One serious drawback of these QFD-
ased tools �similar to traditional QFD� is that the development of
orrelations between environmental needs and quality and engi-
eering characteristics is totally on the designers, and usually the
orrelations developed are based on knowledge from the tradi-
ional environmental engineering discipline without the consider-
tion of life cycle �31�.

3.2.4 Integrated Tools. Though most eco-design tools fall
ithin the three categories mentioned above, there have been ef-

orts to provide a more holistic approach to the design process.
ofthouse described a web-based framework for eco-design tools,
combination of guidance, education, and information, along

ith well considered content, appropriate presentation, and easy
ccess �32�. Furthermore, Dewulf et al. presented an alternative
eb-based platform for a novel eco-design tool, Eco-PaS �33�.
obert et al. suggested that the discontinuity between these vari-
us tools has slowed the progress toward achieving sustainable
evelopment �34�. Moreover, these tools generally take the form
f a stand-alone application, which further limits their use in the
onceptual design stage of product development. There are some
fforts to bridge this limitation by integrating various technologies
uch as life cycle costing with LCA �35�, multicriteria decision
aking with LCA �8,36�, and mathematical decision modeling
ith constrained optimization approaches �36,37�. An integrated
ecision support tool that minimizes information-related barriers
s likely to significantly enhance the capability, simplicity, and
illingness of decision makers to pursue sustainable product de-

ign activities.

3.3 Challenges for Eco-Design Tools. There is no single sil-
er bullet eco-design tool that can handle all aspects of sustainable
roduct realization since there are a variety of limitations associ-
ted with all types of eco-design tools discussed in this section.
or example, despite the important contributions of LCA tools in
co-design, various levels of uncertainty sources reside within
CA. These sources of uncertainty are usually generated by �1�
mpirically inaccurate parameters in the life cycle inventory �LCI�
riginally caused by imprecise, outdated measurements or lack of
ata and/or by �2� the life cycle impact assessment �LCIA� model
aused by utilizing simplified factors, which do not consider the
patial and temporal characteristics. Generally, variations in envi-
onmental interventions over a relatively short period of time,
uch as short disastrous emissions, are not considered in LCA.
he high uncertainty present in the implementation of LCA may

ntroduce a crucial limitation when interpreting the environmental
mpact, as well as implementing the result in eco-design. There
re some methodologies that mitigate the uncertainty issue by
ntroducing probabilistic simulation, correlation, and regression
nalysis �38�. Monte Carlo simulation is one of the most popular
ools to use for analyzing the uncertainty through assigning the
robabilistic distribution to each source of uncertain data. Most
CA software packages at least consider parametric uncertainty
ia sensitivity analysis; however, efforts for standardizing LCA
ata collection and including uncertainty have not received much
ttention. The relevance of Bayesian methods for LCA has been
ecognized in recent research �39�.

LCA provides information about an average product or process.
owever, to use such information in improving design and manu-

acturing, it is necessary to also account for detailed information

bout a specific process �40�. The need for integration of socio-

91004-4 / Vol. 132, SEPTEMBER 2010

nloaded 15 May 2012 to 128.46.190.42. Redistribution subject to ASM
economic modeling with ecodesign and LCA is recognized �41�;
however, there is a lack of systematic methods to satisfy this
necessity. Products with multiple embedded technologies require a
collaborative design and development process across corporate,
global, and disciplinary boundaries.

By using eco-design tools, designers can conceptualize a sus-
tainable product. However, product design is simply the first stage
of product development. Thus, there are further opportunities for
improvements from an environmental perspective. Cleaner manu-
facturing, a more efficient infrastructure �i.e., transportation and
internal logistics�, and more thoughtful end-of-life scenarios could
all contribute to a better eco-design.

4 Product Manufacturing

4.1 Environmentally Conscious Manufacturing. The prod-
uct manufacturing process is the main stage in the life cycle that
consumes resources directly and produces environmental pollu-
tion as well as being the main factor that affects the result of
enterprise performance in terms of sustainable development �42�.
Efforts to minimize the environmental impacts of manufacturing
processes can roughly be classified into three categories: �1� pro-
cess improvement and optimization, �2� new process develop-
ment, and �3� process planning. Traditional manufacturing pro-
cesses are generally designed for high performance and low cost
with little attention paid to environmental issues. For example,
metalworking fluids are widely used in a variety of machining
operations, and flood delivery is the common practice. Skerlos et
al. reviewed advances in the development of alternative metal-
working fluid delivery strategies for sustainable manufacturing. It
was pointed out that it is possible to design more sustainable
metalworking fluid systems either by extending dramatically the
in-use lifetime of water-based fluids or, better yet, by switching to
gas-based �air or supercritical carbon dioxide� minimum quantity
lubrication systems �43�.

Besides process improvement and optimization, many new
“green” processes have been developed to replace conventional
processes. One example is the development of laser-based manu-
facturing processes. One of such processes is laser cutting, which
has become a popular alternative to oxy-fuel cutting. Laser cutting
usually leads to much narrower widths of cut �thus less material
waste� and does not emit metal oxide fumes. Similarly, laser
shock peening has become competitive with conventional shot
peening for certain aerospace and aeronautic applications, where
high residue stress and long fatigue life are desired. Compared
with shot peening, laser shock peening does not consume a shot
medium; thus, no particulate emission is involved. It should be
noted that LCA needs to be conducted to confirm the “greenness”
of the new processes �44�.

One of the most important steps in converting a design concept
into a manufactured product is process planning �45�. The manu-
facturing plan outlines the selection of the manufacturing pro-
cesses, sequencing of the processes, and parameters for each
manufacturing process. Similar to in product design, one can ar-
gue that in the early stage of process planning, selection and se-
quence of major processes are more critical than the parameter
optimization of processes involved, with regard to performance,
including that of sustainability. Process planning is conventionally
completed manually from scratch by experts who retrieve and
manipulate a great deal of information from many sources, includ-
ing established standards, machinability data, machine capabili-
ties, tooling inventories, stock availability, and existing practice.
Much research and development has been devoted to developing
computer-aided process planning �CAPP�. Similar to computer-
aided design �CAD�, CAPP when combined with computer-aided
manufacturing �CAM� is effective in optimizing processes in a
selected sequence but usually offers limited help at the early stage
of process planning. Moreover, most of these CAPP efforts have
been focused on production efficiency, cost, and product quality,

but few efforts have been focused on environmental sustainability.

Transactions of the ASME

E license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



T
f
c
f
e
t
a
i

p
t
p
m
p
i
i
s
d
m
t
f
a
a
c
m
s
s

u
a
p
o
a
m
s
s
v
d
M
a
e
M
n
m
m

J

Dow
o date, only a handful of papers have been published, which
ocus on the integration of environmental considerations into pro-
ess planning �46–49�. Due to the lack of life cycle data of manu-
acturing processes, almost all of the papers have directed their
fforts to framework or methodology development. The integra-
ion of environmental considerations into process planning will
llow for more sustainable manufacturing process selection and
nventory management �Fig. 5�.

4.2 DFMA. Although efforts in improving the environmental
erformance of manufacturing processes discussed above can lead
o significant reduction in environmental impacts associated with
roduct manufacturing, it should be noted that these efforts alone
ay not be sufficient for sustainable product realization. As

ointed out earlier, design choices, especially decisions made dur-
ng the early design stage, can take up to 70% of the cost �includ-
ng material and resource consumption� committed �12�. As a re-
ult, life cycle environmental impacts of a product are largely
etermined by design. To maximize product sustainability, it is
ore desirable to integrate environmentally conscious manufac-

uring efforts with design for the environment. Design for manu-
acturing and assembly �DFMA� has emerged as a framework to
ddress the imperative need of accommodating manufacturing and
ssembly considerations within the design �50�. Although the fo-
us of DFMA to date is on minimizing production cost and time to
arket, the framework has the potential to be expanded to include

ustainability considerations and to integrate environmentally con-
cious design and manufacturing.

The main goal of current DFMA approaches is to obtain a prod-
ct with a high level of manufacturability. That is, DFMA usually
ttempts at simplifying the product structure by reducing total
arts count; optimizing for the best combination of materials, ge-
metry, and cost-effective manufacturing methods for all parts;
nd simplifying manual assembly tasks �51�. Design guidelines,
anufacture and assembly guidelines, and manufacturing process

election guidelines have been made available to designers to con-
ider the manufacturing and assembly issue �52,53�. With the ad-
ances of computer-aided engineering software packages and the
evelopment/adaptation of Standard for the Exchange of Product
odel Data �STEP�, it is now possible to simulate manufacturing

nd assembly processes, to predict their performance, and to
valuate the manufacturability aspects of a specific part �54–58�.
ore recent efforts have attempted to develop a feedback mecha-

ism linking product design decisions in a CAD system to actual
anufacturing/assembly operations in CAM �59�, with the ulti-

Fig. 5 Sustainable ma
ate goal of evaluating a product’s design without building an

ournal of Mechanical Design
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expensive physical production system.
Ideally, DFMA must be applied at the conceptual design stage

in order to obtain the maximum benefits. It is widely acknowl-
edged that suitable methods and tools should be used to integrate
manufacturing information into the design process as early as pos-
sible �60�. However, making sound decisions in the early design
phase is rather difficult since this involves many unpredictable
factors in manufacturability, quality/tolerance, and resource avail-
ability �54,61�. At the conceptual design stage, computer simula-
tion based approaches cannot be applied since a detailed design is
not available yet. DFMA tools in the form of guidelines or ranking
indices are helpful, but proper use of these “subjective” tools re-
quires extensive designer experience. Although the critical need
exists for supporting DFMA in early design, a literature search
only resulted in a handful of studies, and almost all of them take
an information model or ontology-based approach �50,61–63�.
This is not a surprise since experience or knowledge is critical in
properly applying qualitative DFMA tools in early design.

In general, these efforts aim at enabling the reuse of DFMA
knowledge embedded in previously solved problems, which is
stored in a repository. Ontology is used to capture concepts and
represent the knowledge in a hierarchical manner, which is pre-
ferred by designers. For example, Yim and Rosen used a descrip-
tion logic to encode ontology for parts to be produced through
additive manufacturing processes and demonstrated the retrieval
of archived DFMA problems that are similar to the specific prob-
lem at hand �62�. More recently, Chang et al. proposed a new
process for DFMA ontology development and utilization, which
can reuse existing relevant ontologies and can dynamically ex-
pand as new design alternatives are added to the repository �63�.
To address the impreciseness associated with early design, Wang
and Ceglarek developed a vector-based variation propagation
model for a skeletal design of a truck cab made through multista-
tion sheet metal assembly processes �64�. The model takes into
consideration all the existing interactions between flexible parts
and tools and can automatically generate product skeletal design
to be fed into CAD systems. Potentially, this variation in the
propagation modeling approach can be combined with knowledge
retrieval through ontology to support preliminary and conceptual
design.

It should be pointed out that until now, environmental or sus-
tainability issues have not been considered in all the efforts in
DFMA technique development. To bring manufacturing consider-
ations into a design for an environmental approach, DFMA tools

acturing research map
nuf
have to be expanded. Since DFMA tools suitable for early design
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re still at a premature stage, both challenges and opportunities
xist. Given the current research efforts, the information model/
ntology-based method represents a promising approach. Since
he availability of manufacturing information and knowledge is
ey to achieving DFMA �52�, developing an environmental life
ycle inventory database for both existing and emerging manufac-
uring processes and integrating the database into the DFMA in-
ormation model seem to carry the priority.

Supply Chain Considerations

5.1 GSCM. As a result of globalization, today a product as-
embled in one location can be comprised of many components
rom literally all over the world. After assembly, the product is
hipped to distribution and eventually to the consumer. Therefore,
fforts toward sustainable product realization must take into ac-
ount manufacturing activities at three different levels: process,
actory, and supply chain �65�. The supply chain can account for a
uarter of the total manufacturing costs �66�, making it likely to
ontribute to the environmental costs as well. The primary objec-
ive of traditional supply chain management approaches is to ful-
ll customer demands through the most efficient use of resources,

ncluding distribution capacity, inventory, and labor. Sonnemann
t al. discussed the need for shorter industrial process chains, par-
icularly geographically well-localized parts of life cycles �67�.
oons recognized that diminishing the ecological effects of prod-
cts has become a significant focus of corporate environmental
trategies �68�. Due to these mounting concerns for environmental
ustainability, academic and corporate interest in sustainable sup-
ly chain management �or green supply chain management
GSCM�� has risen considerably in recent years, as illustrated by
he number of papers published, particularly in special issues of
ournals �69�.

Therefore, one can look at the reuse problem from a logistical
erspective as well. Compared with the traditional supply chain
anagement approach, a sustainable supply chain should be de-

igned for cost and environmental impact minimization. The
cope of GSCM practice implementation ranges from green pur-
hasing to integrated life cycle management supply chains flowing
rom supplier, to manufacturer, and to customer, and then closing
he loop with reverse logistics �70�. The problem not only in-
olves the willingness and ability of customers to return products
ut also the existence of a streamlined reverse supply chain. The
ssue of reverse logistics has been approached in primarily two
ays, independent and integrated �71�. In an independent ap-
roach, it is assumed that the forward supply chain works inde-
endently of the reverse supply chain and vice versa. On the other
and, an integrated approach considers them together, including
he interactions. Demirel and Gökçen presented a mixed integer

odel for remanufacturing in a reverse logistics environment.
hey considered an integrated model in which forward and re-
erse flows are considered simultaneously, and they provided so-
utions in terms of optimal production volume as well as location
f various facilities �72�. Neto et al. proposed a multi-objective
rogramming-based framework for the design and evaluation of
ustainable logistic networks, in which profitability and environ-
ental impacts are balanced �73�. Sarkis developed a strategic

ecision framework for GSCM practice implementation to evalu-
te alternatives adopted by companies that would affect their ex-
ernal relationships with suppliers and customers �74�. Sheu et al.
eveloped a linear multi-objective programming model that opti-
ized the operations of both forward and reverse logistics in a

iven green supply chain �75�. A leasing approach, as presented in
angun and Thurston, promised to simplify the logistics issue but

equires participation from customers �76�. Modularization of
roduct has also been found to facilitate reverse logistics �77� as
ell as product reuse in general �78�. In the end, a closed-loop
anufacturing system, which manages a reverse logistics net-
ork, is preferred.

The impact of reused products on sales of new products is also
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an issue of concern. Thomas showed how the increase in demand
for reused products could have a positive or a negative effect on
new product demand depending on the availability of waste goods
�79�. Joint considerations of new and remanufactured products
were considered in Guide and Wassenhove, where the authors
looked at this issue and provided insights into cannibalization of
sales of new products by remanufactured products �80�. Addition-
ally, Simon et al. evaluated the cost benefits of self-contained data
acquisition features in products, which could help in product
reuse �81�.

The product’s entire life cycle has to be carefully considered in
supply chain management. A company can select those suppliers
that generate the least pollution in each individual phase. In fact,
Gehin et al. introduced a method to deconstruct the supply chain
in order to target the product’s phase �distribution, packaging,
etc.� that carried the most environmental impact �82�. This paved
the way for a concerted effort to reduce the total environmental
load of the product in cooperation with suppliers, distributors,
users, recycling companies, and waste-processing firms. However,
similar to the case of environmentally conscious manufacturing
process planning, lack of life cycle data on products has seriously
limited the use of the sustainable supply chain management ap-
proach. Recently, Walmart™ funded the Sustainability Consor-
tium, which brings together universities, businesses, nongovern-
ment organizations �NGOs�, and governmental agencies to design
and develop a sustainable product index for consumer products
�83�. One of the key tasks is to develop scientifically grounded
tools to create life cycle inventories and analysis for thousands of
products that are manufactured and used in places around the
globe. It is expected that there will be similar efforts initiated that
can eventually be shared, yet secure databases will be developed
to allow retailers and consumers the ability to compare one prod-
uct with another in a variety of areas, besides enabling green
supply chain management in enterprises of different sizes. An-
other important aspect is that consumers are becoming more sen-
sitive to the life cycle costs of the product, and the notion of
product and services are being merged �84�. Figure 6 illustrates
the numerous paths of research within life cycle management.

5.2 Projecting Supply Chain Knowledge to Design. Though
there has been some recent work attempting to predict supply
chain data at the early design stage, this research area is still well
in its infancy. The ambiguity associated with an embodiment de-
sign gives little insight into the dynamic networks associated with
transportation, distribution, and other supply chain related costs.
Additionally, linking product attributes and features directly to
supply chain costs is challenging without having fully developed
relationships among designers and manufacturers and/or suppli-

Fig. 6 Research map for product end-of-life management and
logistics
ers. Efforts, such as the Walmart™’s Sustainability Consortium
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entioned above, aim to gain insight into these issues.
Though modularization and part/subassembly commonality

cross separate product lines or pipelines could significantly re-
uce the environmental costs of supply chain networks, innova-
ive metrics and decision making tools for the product’s early
evelopment stages are essential to deliver the necessary eco-
avings. Regardless of this need, there has been some relevant
esearch. In a 2009 paper, Thomas proposed barcodes on products
in addition to packaging� that can lead to their clear identification
85�. Here, logistical issues are facilitated within the product de-
ign by including specific features that inherently provide knowl-
dge about their performance level and/or usability. Krikke et al.
oupled a volume-based mathematical model with optimization
echniques to improve supply chain eco-costs for the design of
efrigerators �86�.

Life cycle simulation �LCS� has emerged as a promising field to
arrow the gap between supply chain cost estimation and design
eature decisions. As of now, there has been little work with re-
ard to DFE in simulating supply chain networks. However, there
ave been recent studies within LCS specifically for optimization
f supply chain eco-costs �87–89�. The potential benefits of LCS
ith regard to environmental cost savings and application to de-

ision making are significant. The supply chain’s relative impact
n sustainability within design remains as a potentially rich av-
nue for innovative research.

Product End-of-Life Management
Managing end-of-life products has become a field of rapidly

rowing interest for product manufacturers. As environmental
egulations urge stronger stewardship for product retirement, dis-
osal can no longer be the primary retirement strategy for end-of-
ife products. Manufacturers need to find more proactive ways to
educe waste and save resources. EOL management of used prod-
cts is a promising solution to this problem.

EOL management is the process of converting end-of-life prod-
cts into remarketable products, components, or materials. It en-
bles manufacturers to comply with legislation while gaining
ome economic advantage as well. As a result, more companies
ave become interested in EOL management, and successful cases
ave been reported by various industries, including IT and con-
umer electronics, household appliances, industry equipment, and
utomobiles.

Environmental regulations are strong motivators for companies
o undertake product recovery. However, in order to facilitate
OL management and sustain its growth, another positive moti-
ator is essential, i.e., profit. Accordingly, engineering methods
or maximizing �or improving� profit from EOL management have
een to increase demand in both academia and industry.

Product design is the most important factor in achieving prof-
table EOL management. Product design features, such as product
rchitecture, material properties, functional performance, and re-
iability, greatly affect what types of used products can be col-
ected, what kinds of recovered items can be produced, what re-
overy operations are necessary to produce them, and how
rofitable the recovered units can be. Therefore, EOL manage-
ent should be considered at the design stage in order to facilitate

fficient and effective take-back and recovery. In this regard, a
arge number of studies have been conducted seeking optimal or
t least better product design from the EOL-management stand-
oint.

6.1 Design for End-of-Life Management

6.1.1 Processes for End-of-Life Management. EOL manage-
ent starts from product take-back, which is the process of col-

ecting products that reach an end-of-life status. White et al. pre-
ented an overview of challenges in end-of-life management at
ach stage of the product recovery process and showed that better
nformation about product design, product quality, and timing can

mprove the end-of-life opportunities �90�. Since product take-
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back determines the volume, type, and quality of feedstock pro-
cessed later in the recovery process, how many cores and which
types of cores should be acquired are major concerns for the
manufacturer.

After product take-back, the collected products move to a re-
covery plant and pass through an end-of-life recovery process.
After testing functional and cosmetic quality, unrecoverable units
move to disposal sites for landfill or incineration. Recoverable
products are reprocessed with various options, including reuse,
refurbishing, remanufacturing, and material recovery. When
component-level recovery is more worthwhile than product recov-
ery, disassembly is performed in advance of other recovery pro-
cesses. In disassembly, a product is dismantled and turned into a
set of “child” subassemblies, and individual child subassemblies
continue their recovery as independent units. Finally, recovered
units are sent to various demand sites, such as manufacturing
plants, second-hand markets, or component markets.

6.1.2 Method for Evaluating Product Design. The engineering
challenge in EOL management is to be able to improve the design
of the product after learning from the EOL strategies undertaken.
EOL strategies involve a combination of decisions on the disas-
sembly level �i.e., the extent to which a product is disassembled�,
disassembly sequence, and end-of-life options for resultant parts,
such as reuse, remanufacturing, material recovery, incineration,
and disposal �91�. These strategies are influenced by the product’s
attributes, manufacturer capabilities, and other constraints such as
the cost and environmental impact of these decisions.

A number of methods have been developed to evaluate product
designs based on their optimal EOL strategies. The optimal EOL
strategy reveals the maximum recovery potential of the current
product design. This information is helpful in answering various
design questions. For instance, how good is the current design,
which design is better than others, why, what is the limitation of
current EOL management, and how can the product design be
improved for better EOL management?

Early works in this field have focused on EOL management of
a single type of product. Ishii and Lee proposed the reverse fish-
bone diagram to model the disassembly and processing sequence
�92�. Penev and De Ron �93� and Pnueli and Zussman �94� used
an AND/OR graph to represent a product structure and suggested
algorithms to find optimal disassembly and recovery plans for the
product. Kwak et al. proposed a linear programming model to
achieve an optimal EOL strategy and discussed what insights can
be gained for redesigning products �95�. Some methods, such as
those developed by Krikke et al. �96� and Gonzalez and Adenso-
Diaz �97�, have focused on optimizing the disassembly level
rather than the disassembly sequence.

Several studies have considered an extension problem of mul-
tiple types of products. Jayaraman �98� and Franke et al. �99�
developed methods to manage a number of units of multiple prod-
ucts in end-of-life recovery. These models optimize the EOL strat-
egy considering component commonality. Behdad et al. elucidated
process commonality across multiple products in end-of-life re-
covery. The model is applicable to multiple products that do not
share any components except disassembly operations �100�.

For sustainability, establishing closed-loop system, i.e., a cradle
to cradle system, is the most important goal. However, there have
been only a few studies suggesting a systematic way to consider
multiple life cycles. Zhao et al. presented a multi-life-cycle model
to identify optimal life cycle lengths in the multiproduct case
�101�.

6.1.3 Design Method for Improving Processes. Modular de-
sign. In order to improve overall processes, modular design,
where similar components sharing common characteristics are de-
signed into a module, is frequently recommended. Marks et al.
�102�, Ishii et al. �103�, and Feldmann et al. �104� proposed a
modular design when the EOL strategy for the product is known.

Qian and Zhang �105�, Gu and Sosale �106�, Sand et al. �107�,
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eliger and Zettl �108�, and Umeda et al. �109� attempted to de-
ign modules by considering various life cycle attributes, such as
ompatibility of materials, similarity of lifetime, maintenance
ycle, and ease of disassembly.

Part standardization. End-of-life management involves mul-
iple types of end-of-life products. Accordingly, product take-back
nd end-of-life recovery are influenced by individual product de-
igns and the interactions among designs. As Simpson �110�, Per-
ra et al. �111�, and Bras �112� stated, increasing part commonal-
ty across product variants can benefit end-of-life management in
wo ways. First, the economies of scale in the recovery operation
ncrease. Necessary tools and worker skills and setup time de-
rease in various recovery operations, including disassembly, re-
air, and reassembly. Second, the interchangeability of compo-
ents across product variants increases, which in turn facilitates
art reuse. Many studies have been conducted aiming at improv-
ng a specific area of EOL management.

Take-back management. Product take-back is emerging as a
ritical area to ensure sustainable product design and EOL man-
gement. Product take-back has been examined mainly from busi-
ess and operational perspectives. Uncertainty of quality, quantity,
nd timing of end-of-life products makes EOL management diffi-
ult �113�. Active take-back can be used to mitigate such uncer-
ainties. The active take-back system provides consumers with
conomic incentives if they return EOL products in good condi-
ion in a timely fashion. In this vein, pricing of used products and
esigning a trade-in or buyback program are of interest, and these
oncepts need engineering design involved for better decisions
114–116�.

In the past, most product take-back models were focused on
ptimizing facility locations and resource allocation in order to
inimize costs �117–120�. Recently, however, novel supply chain
odels started adopting product design focused variables in addi-

ion to location and allocation information in order to optimize
CA results �121,122,86�.
A set of works addresses the problem of scheduling take-back.

he demand for parts or recovered products triggers product take-
ack, and the objective is to fulfill the demand at minimum cost.
ey decision variables are the amount and type of cores to acquire

nd the amount and type of parts to externally procure �123–127�.
esearch connecting the design perspective to business and opera-

ional perspectives is necessary. Also, product design for a timely
ake-back is necessary.

DfD. Design for disassembly �DfD� is a design method that
akes a product easy to disassemble. Various DfD approaches

ave treated DfD with the assumption of a fixed recovery plan.
hey focused on evaluating the disassembly time and cost of a
roduct �128–131�. When finding design weaknesses that counter
he fixed recovery plan, one can improve it so that the recovered
roduct can be effectively disassembled �132�. More innovative
ays of DfD have also been discussed in academia, such as
roduct-embedded disassembly using a snap-fit type of connector,
ctive disassembly using smart material, and a heat-reversible
onnector �133–137�.

Design for reuse and remanufacturing. Hammond and Bras
1996� �138� introduced design metrics for assessing the remanu-
acturability of product designs. In order for profitable reuse and
emanufacturing, a product design should have efficiency in as-
embly, disassembly, testing, repair, cleaning, inspection, refur-
ishing, and replacement. In particular, easy repair and upgrade
re emphasized in many studies. To render a product that has such
haracteristics, several concepts have been highlighted, including
odular design �139,140�, platform design �141,142�, design for

pgradability �143,144�, and design for adaptability �145,146�.
Design for material recovery. The economic viability and envi-

onmental impact of material recovery are directly influenced by
he materials used. Reducing material diversity in a product, using
ess toxic materials, and employing biodegradable material are

ell-known design guidelines applicable in the design stage.
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Many approaches have been developed to help designers choose
the proper material by considering all economic, environmental,
and technical perspectives �147–149�. Product structure is also an
important factor affecting material recovery. To be specific, modu-
lar design is desired, which supports easy separation of different
material types. Williams provided a comprehensive review of de-
manufacturing for material recovery �150�. Mat Saman et al. pro-
posed a method for evaluating the ease of recycling of a product
�151�. Gutowski and Dahmus investigated the material mix in a
product and predicted the likely end-of-life path of a product
�152�. Finally, material recovery is also greatly affected by the
process. Many analytical models for planning of material recovery
have been developed; they include Choi et al. �153–155�, Sodhi
and Reimer �154�, and Spengler et al. �155�. Product design is one
of the most important inputs in these models.

6.2 Product EOL-Management Model. Who conducts take-
back and EOL recovery is an important factor that must be con-
sidered in design for EOL management. EOL management can be
conducted by the original equipment manufacturer �OEM�, sub-
contractor, or independent remanufacturer �156,157�. OEM repre-
sents the original product manufacturer, while the subcontractor
represents the remanufacturing company working for OEM under
a contract, and independent remanufacturer represents the third-
party remanufacturer. A comparative summary of the three busi-
ness types—OEM, subcontractor, and independent remanu-
facturer—is provided in Table 1 with an insight for sustainable
product design.

Clear distinctions among these cases are often hard in the real
world. For a product, sometimes all actors are involved at the
same time. In addition, sometimes the actors are collaborative and
sometimes competitive. Geyer et al. �158� modeled the economics
of remanufacturing for an OEM company, which conducted re-
manufacturing, and the remanufactured item was a perfect substi-
tute for the new products. Many papers, including those of Ma-
jumder and Groenevelt �159� and Ferrer and Swaminathan �160�
focused their attention on the competition between an OEM and
an independent remanufacturer especially when OEMs involved
remanufacturing in their business. Jung and Hwang �161� and
Mitra and Webster �162� considered the competition between an
OEM and an independent remanufacturer as well, but the OEMs
were assumed not to be performing remanufacturing. This case
shows the competition in the secondary market due to the canni-
balization. Unlike others, Atasu et al. �163� and Heese et al. �164�
considered the competition between OEMs that conducted
remanufacturing.

Depending on the situation, optimal EOL management and op-
timal product design vary. In general, most design studies have
assumed a simple setting of OEM remanufacturing. Understand-
ing possible cases and variations is essential in order to identify
possible directions for new research.

6.3 Insights for Sustainable Product Realization. It is dif-
ficult to recommend a specific product recovery model over an-
other since this relates to different types of products and indus-
tries. However, OEM’s direct product take-back and
remanufacturing may be the most preferred model in the context
of sustainable product design and recovery. In practice, it is unre-
alistic to expect OEMs to take feedback from remanufacturers for
design innovation and changes, as pointed out by Ref. �157�.

From the life cycle perspective, this research area has gained a
new wave of interest that can be seen in recent works: product
end-of-life decision making for multiple life cycles �101�, linking
product recovery with design decisions �76�, merging recovery
network with product design chain �165�, sharing components or
disassembly operations, etc �100,166�. However, an analysis of
individual products is necessary to evaluate the efficacy of prod-
uct recovery. Skerlos et al. �167� found that the extent of environ-
mental impact of product take-back depends largely on situational

issues such as transportation and energy grid technology.
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A logical progression of research will be in the area of sustain-
ble product portfolio realization by embedding product recovery
ecisions early in the product design stage. Manzini and Vezzoli
168� argued that design should shift the business focus away
rom developing single products, toward managing systems of
roducts that are jointly capable of fulfilling environmental de-
ands. New aspects in the end-of-life decision model should in-

lude energy, enterprise-level strategy, environmental impact,
merging market conditions, disruptive changes, etc., as well as
he conventional enterprise profit.

Potential research areas are summarized as follows, which
each beyond the engineering design community.

1. Establishing a mutual link between product design and re-
covery for a portfolio of products. Previous approaches have
shown limited one-way influence �as opposed to mutual in-
fluence� either by proposing an evaluation method of design
under a given recovery plan or by identifying an optimal
recovery plan under a given product design. A new research
direction is needed that captures prelife and end-of-life in a
simultaneous manner by closing the loop of prelife, usage
life, and end-of-life, thus enabling sustainable, multi-life-
cycle product design and recovery. This research will logi-
cally combine well-established areas such as engineering de-
sign, operations research, optimization, and logistics.

2. Utilizing the evolving, massive-scale preference/usage/
recovery data that can capture a dynamic trend in the design
and recovery process. Utilizing data in product design and
recovery process has been limited to small-scale, single-
product cases to date in the context of product recovery. As
the complexity of product design grows with volatile market
conditions, a new research direction is needed to overcome
the issues of scalability. This research will lead to a new area
that combines data management, data mining, visualization
and computing, as well as marketing and statistical prefer-
ence analysis.

3. Component sharing decision making for product portfolio
design and end-of-life recovery in a simultaneous manner.
This leads to �1� the identification of the effect of sharing
components on the recovery operations and �2� the effect of
sharing disassembly operations on the design process. As a

Table 1 Remanufacturer b

emanufacturer Structure Characterist

EM
OEM has full control over
design and recovery.

• Effective
environmen
• Economic
high�.
• Reuse of
components
• Protection
information

ubcontractor
Subcontractor provides
remanufacturing service.

• OEM mai
warranty.
• OEM can
based on su
• Subcontra
from the OE
tooling.

ndependent remanufacturer

No or little partnership
exists between OEM and
third-party remanufacturer.

• Remanufa
competitors
• Remanufa
for recovery
result, product portfolio design will be better, not only from
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the design perspective but also from the recovery perspec-
tive.

4. Embedding environmental regulations and policies in prod-
uct design and recovery in the enterprise context. Recent
studies suggest product design, and recovery decisions are
closely related to the environmental regulatory policies.
Regulatory enforcement, however, must be justified in the
sustainable economic front for voluntary adoption in the in-
dustry. In other words, policy alone may not justify the eco-
nomic shortfalls under the current challenging global eco-
nomic environment. A new research area is needed to
identify and characterize the interactions among design, re-
covery, environmental impact, and regulations, which will
lead to potentially a new business model in industry.

7 Challenges
Early design decisions can have a significant or even dominant

impact on the sustainability of product realization. The decisions
have to be made based not only on structure, material, and manu-
facturing choices, but also on transportation, distribution, and end-
of-life logistics and management. That is, the product’s entire life
cycle has to be included. Although LCA has been established as
the most widely used methodology �and deemed as the most ob-
jective one� to evaluate the environmental sustainability of a prod-
uct, applying LCA to support design decision making in general
remains a significant challenge. Consequently, LCA is used more
often as a compliance tool in practice. A design strategy toward
sustainability could also be new product or machine designs lead-
ing to innovative designs in areas for which we have not envi-
sioned products yet. Some coupled sustainability-energy-related
products and processes are also attractive.

Another challenge lies in the fact that, until now, relatively
comprehensive databases used to support LCA have only been
developed for EU scenarios. The U.S. databases are under devel-
opment, but the scope is very limited so far. Considering that
product realization has been globalized, there is a clear need to
develop inventory databases for all major countries involved due
to their varying levels of technological development. Also, it
should be noted that the current EU databases have been devel-
oped for product evaluation and not product design. The databases

iness types and examples
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pliance with
egulations.
efits �if return volume is

anufactured parts and

OEM’s proprietary design

Kodak, Fujifilm �single-use cameras�,
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roducing 1 kg of stainless steel and generating 1 kW h of elec-
ricity�. The unit process is treated as a black box, and there is no
orrelation between inputs and outputs specified, which makes the
xploration of “what-if” scenarios �e.g., process changes/updates
uch as efficiency improvement� difficult. Probably, the drawback
s most obvious for manufacturing processes where the unit pro-
ess is based on the weight of the part being machined or de-
ormed. Moreover, very limited processes have been developed
or “infrastructure” �e.g., machines, devices, and components�,
hich makes it tedious to identify environmental impacts of some

ommonly used product components �e.g., motors�. The current
ethods, both repetitive and time-consuming within industrial ap-

lication, force designers to start from the raw materials and
anufacturing processes involved. Sharing of standard data for
CA may be envisioned as a future scenario.
Additionally, product family design has gained significance in

he design community as a well-established design paradigm for
esigning a portfolio of products. Most research so far has fo-
used on the design stage, while the role of the product family in
roduct recovery is not known to date. Future work in sustainable
roduct family design involves assessing the effect of platform
haring in product family design and recovery, optimal decision
aking in multigeneration product portfolio design and recovery,

nd end-of-life product/component decision making for maximum
rofit and sustainability, to name a few.

Another important area is to quantify the impact of regulatory
nd business decisions in product recovery. Current low rates of
roduct take-back might be improved by strategic business deci-
ions such as product buyback programs or regulatory enforce-
ent in the form of a financial penalty. By quantifying these de-

isions, a new business model may arise through linking new
roduct marketing and used product take-back in an incentive-
riven environment.

One of the issues associated with low levels of product take-
ack is the high variability of incoming feedstock �i.e., end-of-life
roducts� to product remanufacturers. Analytic methods for iden-
ifying design trends and corresponding recovery options will be-
ome a critical component for simultaneous design/recovery deci-
ion making. The effort should focus on design/recovery
ifferences in various types of products such as PCs, cell phones,
hite goods, and automotive vehicles. Once the trend and corre-

ponding recovery options are identified, OEMs can strategically
ocus on design issues such as component sharing across multiple
enerations and active product take-back by enforcing product
sage terms, for example. Research in more sophisticated models
or dealing with uncertainty during the remanufacturing process is
lso needed.

Future Trends
In the realm of sustainable product development, there is a

trong indication that future research will address the issue of
ntegrating information from subsequent life cycle stages into the
arly design phase. As a result, research in the fields of informa-
ion modeling, uncertainty quantification, and decision making as
pplied to sustainability will be of key importance. Another area
f future importance is the seamless integration of sustainability
nto design practices. Hence, research in design cognition and in
eveloping natural interfaces such as the sketch-based interface,
EAsy �173�, will come to the forefront. Tools such as the func-

ion impact matrix and Eco-Pas �29,35� explore this same idea.
ustainability, unlike many other design parameters, is a global
onstraint. Therefore, design tools in the form of life cycle simu-
ation for sustainability need to be developed. Efforts in this di-
ection have already been seen in the form of the development of
ustainability Xpress™ by Dassault Systems.
With regard to businesses, imminent regulations have forced

ompanies to search for quantification methods to assess their
co-footprint. Therefore, some businesses, specifically Walmart™,

ave begun to map their entire supplier network and have pushed
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to convert traditional business models toward more sustainable
practices. Efforts to minimize eco-costs by business leaders will
force others to follow suit to secure a competitive advantage in the
market. Thus, the area of carbon footprint evaluation and sharing
is expected to become a key area for all businesses in the future.
After significant compliance throughout businesses is realized, re-
search areas, such as industrial ecology, risk assessment, and life
cycle simulation, will all be further adopted in real industrial ap-
plications. Sustainability will become a key consideration in shap-
ing business models employed in product design as well �8�. Re-
search will be focused on developing design methods for selling a
service �rather than a product�, including leasing systems. Addi-
tionally, research into customer motivations for making new pur-
chases will be required. In addition to the traditional cost versus
performance trade-off information, information about why cus-
tomers are replacing functioning products with newer models will
help designers better meet customer needs. Related research on
residual product value at the end of the first consumer use phase
will also be needed. Design methods, which take this value into
account for product design, material choice, manufacturing pro-
cess design, take-back, and remanufacturing, could potentially im-
prove both the economic and environmental efficiency of the en-
tire life cycle.

To summarize, future research in the realm of integrated sus-
tainable design will be directed toward the following:

• development of uncertainty models that are representative of
LCA data used in the interpretation of environmental im-
pact; implementation of these results with regard to ecode-
sign

• integration of socio-economic modeling with ecodesign and
LCA

• integration of environmental considerations into process
planning for more sustainable manufacturing process selec-
tion and inventory management

• development of a feedback mechanism linking product de-
sign decisions in a CAD system to actual manufacturing/
assembly operations in CAM with the ultimate goal of
evaluating a product’s design without building an expensive
physical production system

• development of an environmental life cycle inventory data-
base for both existing and emerging manufacturing pro-
cesses and integrating this database into the DFMA infor-
mation model

• development of shared, yet secure databases that will allow
retailers and consumers to compare one product with an-
other for sustainability

• using LCS with regard to environmental cost savings and
application to decision making

• development of a systematic way to consider multiple life
cycles

• utilizing the evolving, massive-scale preference/usage/
recovery data that can capture dynamic trend in the design
and recovery process

9 Conclusion
Increasing the amount of research coupled with practical impli-

cations is required to make sustainable design decisions early in
the product realization cycle. The early design strategy offers the
highest impact on sustainability. During early design, the designer
has significant power to shape the design intent of the project to
influence consumer behavior �174�. This is particularly important
in the realm of sustainability in which regulatory policies and
consumer consciousness have yet to be fully developed. It is also
necessary to include uncertainty in assessment of these decisions
supported by appropriate metrics for sustainable design decisions.
Integration with product life cycle management, along with ad-
dressing interoperability in the environmental knowledge models,

is needed. Providing nonintrusive interfaces for sustainable design
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ecisions will enable the designer to interact with the knowledge
odels and design data as well as view data acquired from the

ast products. These varied efforts should be coupled with models
nd databases that can support sustainable decisions. The lack of
tandards and best practices in all domains from discrete products
o buildings will increase life cycle costs with regard to sustain-
bility. To limit the environmental impact in product development,
rigorous, clearly-defined measurements are essential” �175�. A
ommunity-based approach combining university research, na-
ional institutes, private enterprises, and even entrepreneurial eco-
ompanies, together with larger enterprises, is needed to realize
ustainability. Figure 7 illustrates the limited research in interfac-
ng multiple life cycle stages with design. Thus, collaborations
mong the various disciplines of product realization �i.e., design,
anufacturing supply chain, etc.� are essential to tackle this in-

reasingly challenging task of sustainable development
176–218�.

Of course, to realize these high-arching goals, research leaders
ust implement a complex systems approach for sustainable de-

ign decision making in product systems, in which manufacturing,
lobal supply chain, and energy consumption are all linked. This
ntegrative outlook on the interdependencies of these networked
ystems is currently outside the scope of existing engineering de-
ign and practice. Understanding and controlling multiscale, com-
lex, coupled designed systems is essential to facilitating eco-
omic growth and improving health and societal well-being.

cknowledgment
The authors, F.Z. and K.R., would like to acknowledge funding

rom National Science Foundation Grant No. EEC0935074 �En-
bling Project Based Learning for Eco-Design: Method Develop-
ent and Curriculum Reform�. The authors, H.K. and D.T., would

ike to acknowledge funding from National Science Foundation
rant No. CMMI0726934 �Enterprise Systems for Product Port-

olio Design�. The authors acknowledge contributions by Vijit
andey and Minjung Kwak.

eferences
�1� Ayres, R. U., and Ayres, L. W., 2002, A Handbook of Industrial Ecology,

Edward Elgar, Northampton, MA.
�2� Choi, J. K., Nies, L. F., and Ramani, K., 2008, “A Framework for the Integra-

tion of Environmental and Business Aspects Toward Sustainable Product De-
velopment,” J. Eng. Design, 19, pp. 431–446.

�3� Miheclic, J. R., Paterson, K. G., Phillips, L. D., Zhang, Q., Watkins, D. W.,
Barkdoll, B. D., Fuchs, V. J., Fry, L. M., Hokanson, D. R., and Ayres, L. W.,
2008, Educating Engineers in the Sustainable Futures Model With a Global
Perspective, Taylor & Francis, London.

�4� National Academy of Engineering �NAE�, 2008, Grand Challenges for Engi-
neering.

�5� Chertow, M. R., 2000, “The IPAT Equation and Its Variants: Changing Views
of Technology and Environmental Impact,” J. Ind. Ecol., 4, pp. 13–29.

�6� BEA, 2008, Annual Industry Accounts, http://www.bea.gov/about/pdf/
IED_Annual.pdf

�7� EIA, 2006, 2002 Manufacturing Energy Consumption Survey.
�8� Choi, J.-K., and Ramani, K., 2009, A Quest for Sustainable Product Design: A

Systematic Methodology for Integrated Assessment of Environmentally Benign

Fig. 7 Classification of research
and Economically Feasible Product Design, VDM, Saarbrücken, Germany.

ournal of Mechanical Design

nloaded 15 May 2012 to 128.46.190.42. Redistribution subject to ASM
�9� Watson, R. T., Albritton, D. L., Allen, M. R., Baede, A. P. M., Church, J. A.,
Cubasch, U., Xiaosu, D., Yihui, D., Ehhalt, D. H. et al., 2001, “A Contribution
of Working Groups I, II, and III to the Third Assessment Report of the Inter-
governmental Panel on Climate Change,” Climate Change 2001: Synthesis
Report, Cambridge University Press, Cambridge, UK, p. 398.

�10� NYTimes, 2009, http://www.nytimes.com/2009/08/09/science/earth/
09climate.html, accessed Aug. 10.

�11� EIA, 2008, International Energy Annual 2006, World Carbon Dioxide Emis-
sions from the Use of Fossil Fuels.

�12� Ullman, D. G., 1997, The Mechanical Design Process, 2nd ed., McGraw-Hill,
New York.

�13� Sousa, I., and Wallace, D., 2006, “Product Classification to Support Approxi-
mate Life-Cycle Assessment of Design Concepts,” Technol. Forecast. Soc.
Change, 73, pp. 228–249.

�14� Graedel, T. E., and Allenby, B. R., 2003, Industrial Ecology, 2nd ed., Prentice
Hall, New York.

�15� Sherwin, C., and Bhamra, T., 1999, “Beyond Engineering: Ecodesign as A
Proactive Approach to Product Innovation,” Proceedings of the IEEE Interna-
tional Symposium on Environmentally Conscious Design and Inverse Manu-
facturing Conference, Tokyo, Japan, pp. 41–46.

�16� Charter, M., 1997, “Managing the Eco-Design Process,” Journal of Sustainable
Product Development, 1�2�, pp. 48–51.

�17� Wukash, R. F., 1993, Proceedings of the 48th Industrial Waste Conference,
School of Civil Engineering Continuing Education, Purdue University, May
10, 11, and 12.

�18� Johansson, G., 2002, “Success Factors for Integration of Ecodesign in Product
Development,” Environ. Manage. Health, 13�1�, pp. 98–107.

�19� ISO, 2002, TR 14062: Environmental Management—Integrating Environmen-
tal Aspects Into Product Design and Development.

�20� Fargnoli, M., and Kimura, F., 2006, “Sustainable Design of Modern Industrial
Products,” Proceedings of the 13th CIRP International Conference on Life
Cycle Engineering, pp. 189–194.

�21� ISO, 2006, ISO 14040, Environmental Management–Life Cycle Assessment–
Principles and Framework.

�22� M. A. Curran, 2006, Life Cycle Assessment: Principles and Practice, EPA/600/
R-06/060.

�23� Choi, J. K., and Ramani, K., 2009, A Quest for Sustainable Product Design: A
Systematic Methodology for Integrated Assessment of Environmentally Benign
and Economically Feasible Product Design, VMD, Saarbrucken, Germany.

�24� Todd, J. A., and Curran, M. A., 1999, “Streamlined Life-Cycle Assessment: A
Final Report From the SETAC North America Streamlined LCA Workgroup,”
Society of Environmental Toxicology and Chemistry �SETAC� and SETAC
Foundation for Environmental Education.

�25� Koffler, C., Krinke, S., Schebek, L., and Buchgeister, J., 2008, “Volkswagen
slimLCI: A Procedure for Streamlined Inventory Modeling Within Life Cycle
Assessment of Vehicles,” Int. J. Veh. Des., 46, pp. 172–188.

�26� Yu, S., Kato, S., and Kimura, F., 2001, ”EcoDesign for Product Variety: A
Multi-Objective Optimization Framework,” Second International Symposium
on Environmentally Conscious Design and Inverse Manufacturing �EcoDesign
’01�.

�27� Devanathan, S., Ramanujan, D., Bernstein, W. Z., Zhao, F., and Ramani, K.,
2010, “Integration of Sustainability Into Early Design Through the Function
Impact Matrix,” ASME J. Mech. Des., in press.

�28� Luttropp, D. C., and Lagerstedt, J., 2006, “EcoDesign and the Ten Golden
Rules: Generic Advice for Merging Environmental Aspects Into Product De-
velopment,” J. Cleaner Prod., 14, pp. 1396–1408.

�29� Lee, K. M., and Park, P. J., 2005, EcoDesign: Best Practice of ISO-14062,
Eco-Product Research Institute (ERI), Ajou University, Korea.

�30� Masui, K., Sakao, T., Kobayashi, M., and Inaba, A., 2003, “Applying Quality
Function Deployment to Environmentally Conscious Design,” Int. J. Qual.
Reliab. Manage., 20, pp. 90–106.

�31� Bouchereau, V., and Rowlands, H., 2000, “Methods and Techniques to Help
Quality Function Deployment �QFD�,” Benchmarking: An International Jour-
nal, 7�1�, pp. 8–20.

�32� Lofthouse, V., 2006, “Ecodesign Tools for Designers: Defining the Require-
ments,” J. Cleaner Prod., 14, pp. 1386–1395.

�33� Dewulf, W., Willems, B., and Duflou, J. R., 2006, “Estimating the Environ-

ers according to life cycle stages
pap
mental Profile of Early Design Concepts,” Innovation in Life Cycle Engineer-

SEPTEMBER 2010, Vol. 132 / 091004-11

E license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



0

Dow
ing and Sustainable Development, Part 3, pp. 321–334.
�34� Robèrt, K.-H., Schmidt-Bleek, B., de Larderel, J. A., Basile, G., Jansen, J. L.,

Kuehr, R., Thomas, P. P., Suzuki, M., Hawken, P., and Wackernagel, M., 2002,
“Strategic Sustainable Development—Selection, Design and Synergies of Ap-
plied Tools,” J. Cleaner Prod., 10, pp. 197–214.

�35� Senthil, K., Ong, S. K., Nee, A. Y. C., and Tab, B. H., 2003, “A Proposed Tool
to Integrate Environmental and Economical Assessments of Product,” Environ.
Impact. Asses. Rev., 23, pp. 51–72.

�36� Khan, F. I., Sadiq, R., and Veitch, B., 2004, “Life Cycle iNdeX�LInX�: A New
Indexing Procedure for Process and Product Design and Decision-Making,” J.
Cleaner Prod., 12, pp. 59–76.

�37� Thurston, D. L., and Srinivasan, S., 2003, “Constrained Optimization for
Green Engineering Decision-Making,” Environ. Sci. Technol., 37, pp. 5389–
5397.

�38� Björklund, A. E., 2002, “Survey of Approaches to Improve Reliability in
LCA,” Int. J. Life Cycle Assess., 7�2�, pp. 64–72.

�39� Shipworth, D., 2002, “A Stochastic Framework for Embodied Greenhouse Gas
Emissions Modeling for Construction Materials,” Build. Res. Inf., 30�1�, pp.
16–24.

�40� Cash, D. W., and Moser, S. C., 2000, “Linking Global and Local Scales:
Designing Dynamic Assessment and Management Processes,” Global Environ.
Change, 10, pp. 109–120.

�41� Bouman, M., Heijungs, R., van der Voet, E., and Huppes, G., 2000, “An
Analytical Comparison of SFA, LCA and Partial Equilibrium Models,” Eco-
logic. Econ., 32, pp. 195–216.

�42� Gutowski, T., 2004, “Design and Manufacturing for the Environment,” Hand-
book of Mechanical Engineering, Springer-Verlag, Berlin.

�43� Skerlos, S. J., Adriaens, P., Hayes, K., Zimmerman, J., and Zhao, F., 2004,
“Ecological Material and Green Manufacturing: Design and Technology for
Metalworking Fluid Systems,” Proceedings of the World Engineering Con-
gress, Shanghai, China, Nov. 2–6.

�44� Zhao, F., Naik, G., and Zhang, L., 2009, “Environmental Sustainability of
Laser-Assisted Manufacturing: Case Studies on Laser Shock Peening and La-
ser Assisted Turning,” 2009 International Manufacturing Science and Engi-
neering Conference, West Lafayette, IN, Oct. 4–7.

�45� Denkena, B., Shpitalni, M., Kowalski, P., Molcho, Z., and Zipori, Y., 2007,
“Knowledge Management in Process Planning,” CIRP Ann., 56�1�, pp. 175–
180.

�46� Gutowski, T., Murphy, C., Allen, D., Bauer, D., Bras, B., Piwonka, T., Sheng,
P., Sutherland, J., Thurston, D., and Wolff, E., 2005, “Environmentally Benign
Manufacturing: Observations From Japan, Europe, and the United States,” J.
Cleaner Prod., 13, pp. 1–17.

�47� Tan, X. C., Liu, F., Liu, D. C., Zheng, L., Wang, H. Y., and Zhang, Y. H., 2007,
“Research on the Diagnosis and Improvement Method of a Process Route in an
Enterprise Production Process in Terms of Sustainable Development,” Int. J.
Adv. Manuf. Technol., 33, pp. 1256–1262.

�48� Mouzon, G., Yildirim, M. B., and Twomey, J., 2007, “Operational Methods for
Minimization of Energy Consumption of Manufacturing Equipment,” Int. J.
Prod. Res., 45, pp. 4247–4271.

�49� Srinivasan, M., and Sheng, P., 1999, “Feature Based Process Planning in En-
vironmentally Conscious Machining,” Rob. Comput.-Integr. Manufact., 15,
pp. 271–281.

�50� Gupta, S., and Okudan, G. E., 2008, “Computer-Aided Generation of Modu-
larised Conceptual Designs With Assembly and Variety Considerations,” J.
Eng. Design, 19�6�, pp. 533–551.

�51� Caputo, A. C., and Pelagagge, P. M., 2008, “Effects of Product Design on
Assembly Lines Performances,” Ind. Manage. Data Syst., 108�6�, pp. 726–
749.

�52� Ferrer, I., Rios, J., and Ciurana, J., 2009, “An Approach to Integrate Manufac-
turing Process Information in Part Design Phases,” J. Mater. Process. Technol.,
209�4�, pp. 2085–2091.

�53� Shercliff, H. R., and Lovatt, A. M., 2001, “Selection of Manufacturing Pro-
cesses in Design and the Role of Process Modelling,” Prog. Mater. Sci., 46�3–
4�, pp. 429–459.

�54� Feng, S. C., and Song, E. Y., 2000, “Information Modeling of Conceptual
Design Integrated With Process Planning,” Proceedings of the Symposia on
Design for Manufacturability, the 2000 International Mechanical Engineering
Congress and Exposition, Orlando, FL, Nov. 5–10.

�55� Altintas, Y., and Cao, Y., 2005, “Virtual Design and Optimization of Machine
Tool Spindles,” CIRP Ann., 54�1�, pp. 379–382.

�56� Su, Q., 2007, “Computer Aided Geometric Feasible Assembly Sequence Plan-
ning and Optimizing,” Int. J. Adv. Manuf. Technol., 33�1–2�, pp. 48–57.

�57� Selvaraj, P., Radhakrishnan, P., and Adithan, M., 2009, “An Integrated Ap-
proach to Design for Manufacturing and Assembly Based on Reduction of
Product Development Time and Cost,” The International Journal of Advanced
Manufacturing Technology, 42�1-2�, pp. 13–29.

�58� Giudice, F., Balisteri, F., and Risitano, G., 2009, “A Concurrent Design
Method Based on DFMA–FEA Integrated Approach,” Concurr. Eng. Res.
Appl., 17�3�, pp. 183–202.

�59� Wu, C. H., Xie, Y. J., and Mok, S. M., 2007, “Linking Product Design in CAD
With Assembly Operations in CAM for Virtual Product Assembly,” Assem.
Autom., 27�4�, pp. 309–323.

�60� Swift, K. G., and Booker, J. D., 2003, Process Selection: From Design to
Manufacture, Butterworth Heinemann, Oxford, UK, pp. 1–13.

�61� Dantan, J. Y., Hassan, A., Etienne, A., Siadat, A., and Martin, P., 2008, “In-
formation Modeling for Variation Management During the Product and Manu-

facturing Process Design,” Int J Interact Des Manuf, 2�2�, pp. 107–118.

91004-12 / Vol. 132, SEPTEMBER 2010

nloaded 15 May 2012 to 128.46.190.42. Redistribution subject to ASM
�62� Yim, S., and Rosen, D. W., 2008, “A Repository for DFM Problems Using
Description Logics,” Int. J. Manuf. Technol. Manage., 19�6�, pp. 755–774.

�63� Chang, X. M., Rai, R., and Terpenny, J., 2010, “Development and Utilization
of Ontologies in Design for Manufacturing,” ASME J. Mech. Des., 132, p.
021009.

�64� Wang, H. X., and Ceglarek, D., 2009, “Variation Propagation Modeling and
Analysis at Preliminary Design Phase of Multi-Station Assembly Systems,”
Assem. Autom., 29�2�, pp. 154–166.

�65� Pham, D. T., Pham, P. T. N., and Thomas, A., 2008, “Integrated Production
Machines and Systems—Beyond Lean Manufacturing,” Int. J. Manuf. Tech-
nol. Manage., 19�6�, pp. 695–711.

�66� Askin, R. G., and Goldberg, J. B., 2002, Design and Analysis of Lean Produc-
tion Systems, Wiley, New York.

�67� Sonnemann, G., Castells, F., and Schuhmacher, M., 2004, Integrated Life-
Cycle and Risk Assessment for Industrial Processes, CRC, Boca Raton, FL.

�68� Boons, F., 2002, “Greening Products: A Framework for Product Chain Man-
agement,” J. Cleaner Prod., 10, pp. 495–505.

�69� Seuring, S., and Muller, M., 2008, “From a Literature Review to a Conceptual
Framework for Sustainable Supply Chain Management,” J. Cleaner Prod., 16,
pp. 1699–1710.

�70� Zhu, Q. H., Sarkis, J., and Lai, K. H., 2008, “Confirmation of a Measurement
Model for Green Supply Chain Management Practices Implementation,” Int. J.
Prod. Econ., 111, pp. 261–273.

�71� Dolgui, A., Soldek, J., and Zaikin, O., 2005, Supply Chain Optimization
Product/Process Design, Facility Location and Flow Control, Springer, Bos-
ton, p. 94.

�72� Demirel, N., and Gökçen, H., 2008, “A Mixed Integer Programming Model for
Remanufacturing in Reverse Logistics Environment,” Int. J. Adv. Manuf.
Technol., 39, pp. 1197–1206.

�73� Neto, J. Q. F., Bloemhof-Ruwaard, J. M., van Nuner, J. A. E. E., and van
Heck, E., 2008, “Designing and Evaluating Sustainable Logistics Networks,”
Int. J. Prod. Econ., 111, pp. 195–208.

�74� Sarkis, J., 2003, “A Strategic Decision Making Framework for Green Supply
Chain Management,” J. Cleaner Prod., 11, pp. 397–409.

�75� Sheu, J. B., Chou, Y. H., and Hu, J. J., 2005, “An Integrated Logistics Opera-
tional Model for Green Supply Chain Management,” Transp. Res., Part E
Logist. Trans. Rev., 41, pp. 287–313.

�76� Mangun, D., and Thurston, D. L., 2002, “Incorporating Component Reuse,
Remanufacture and Recycle Into Product Portfolio Design,” IEEE Trans. Eng.
Manage., 49�4�, pp. 479–490.

�77� Mutha, A., and Pokharel, S., 2009, “Strategic Network Design for Reverse
Logistics and Remanufacturing Using New and Old Product Modules,” Com-
put. Ind. Eng., 56�1�, pp. 334–346.

�78� Aoyama, K., and Koga, T., 2006, “Latest Trends for Design for Environment
�DfE�,” Science of Machine, 58, pp. 460–467.

�79� Thomas, V., 2003, “Demand and Dematerialization Impacts of Second-Hand
Markets,” J. Ind. Ecol., 7�2�, pp. 65–78.

�80� Guide, V. D. R., and Wassenhove, L. N. V., 2006, “Closed-Loop Supply
Chains: An Introduction to the Feature Issue,” Production and Operations
Management, 15�3�, pp. 345–350.

�81� Simon, M., Bee, G., Moore, P., Pu, J., and Xie, C., 2001, “Modeling of the Life
Cycle of Products With Data Acquisition Features,” Comput. Ind., 45, pp.
111–122.

�82� Gehin, A., Zwolinski, P., and Brissaud, D., 2007, “Towards the Use of LCA
During the Early Design Phase to Define EoL Scenarios,” Advances in Life
Cycle Engineering for Sustainable Manufacturing Businesses, Part 2, A1, pp.
23–28. Proceedings of the 14th CIRP Conference on Life Cycle Engineering,
Waseda University, Tokyo, Japan, June 11–13, 2007.

�83� Walmart, 2009, “Sustainability Product Index: Fact Sheet,” http://
walmartstores.com/download/3879.pdf

�84� Ginsberg, J. M., and Bloom, P. N., 2004, “Choosing the Right Green Market-
ing Strategy,” Sloan Manage. Rev., 46, pp. 79–84.

�85� Thomas, V., 2009, “A Universal Code for Environmental Management of
Products,” Resour. Conserv. Recycl., 53, pp. 400–408.

�86� Krikke, H., Bloemhof-Ruwaard, J., and Van Wassenhove, L. N., 2003, “Con-
current Product and Closed-Loop Supply Chain Design With an Application to
Refrigerators,” Int. J. Prod. Res., 41�16�, pp. 3689–3719.

�87� Komoto, H., Tomiyama, T., Silvester, S., and Brezet, H., 2009, “Analyzing
Supply Chain Robustness for OEMs From a Life Cycle Perspective Using Life
Cycle |Simulation,” Int. J. Prod. Econ., in press.

�88� Lily, A., Dzuraidah, A. W., Che Hassan, C. H., and Che Husna, A., 2009,
“Development of an Optimisation Model for Automotive Component Reuse,”
Int. J. Adv. Manuf. Technol., 3�1�, pp. 87–96.

�89� Kumazawa, T., and Kobayashi, H., 2006, “A Simulation System to Support the
Establishment of Circulated Business,” Adv. Eng. Inf., 20, pp. 127–136.

�90� White, C., Masanet, E., Rosen, C., and Beckman, S., 2003, “Product Recovery
With Some Byte: An Overview of Management Challenges and Environmental
Consequences in Reverse Manufacturing for the Computer Industry,” J.
Cleaner Prod., 11, pp. 445–458.

�91� Rose, C. M., Kurt, A. B., and Kosuke, I., 1999, “Determining End-of-Life
Strategies as a Part of Product Definition, ISEE –1999,” Proceedings of the
1999 IEEE International Symposium on Electronics and the Environment, pp.
219–224.

�92� Ishii, K., and Lee, B., 1996, “Reverse Fishbone Diagram: A Tool in Aid of
Design for Product Retirement,” Proceedings of the 1996 ASME Design Tech-
nical Conference.
�93� Penev, K. D., and De Ron, A. J., 1996, “Determination of a Disassembly

Transactions of the ASME

E license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

J

Dow
Strategy,” Int. J. Prod. Res., 34�2�, pp. 495–506.
�94� Pnueli, Y., and Zussman, E., 1997, “Evaluating the End-of-Life Value of a

Product and Improving It by Redesign,” Int. J. Prod. Res., 35�4�, pp. 921–942.
�95� Kwak, M. J., Hong, Y. S., and Cho, N. W., 2009, “Eco-Architecture Analysis

for End-of-Life Decision Making,” Int. J. Prod. Res., 47�22�, pp. 6233–6259.
�96� Krikke, H. R., van Harten, A., and Schuur, P. C., 1998, “On a Medium Term

Product Recovery and Disposal Strategy for Durable Assembly Products,” Int.
J. Prod. Res., 36, pp. 111–140.

�97� González, B., and Adenso-Díaz, B., 2005, “A Bill of Materials-Based Ap-
proach for EOL Decision Making in Design for the Environment,” Int. J. Prod.
Res., 43, pp. 2071–2099.

�98� Jayaraman, V., 2006, “Production Planning for Closed-Loop Supply Chains
With Product Recovery and Reuse: An Analytical Approach,” Int. J. Prod.
Res., 44�5�, pp. 981–998.

�99� Franke, C., Basdere, B., Ciupek, M., and Seliger, S., 2006, “Remanufacturing
of Mobile Phones-Capacity, Program and Facility Adaptation Planning,”
Omega, 34�6�, pp. 562–570.

100� Behdad, S., Kim, H., and Thurston, D., 2010, “Simultaneous Selective Dis-
assembly and End-of-Life Decision Making for Multiple Products That Share
Disassembly Operations,” ASME J. Mech. Des., 132�4�, p. 041002.

101� Zhao, Y., Pandey, V., Kim, H., and Thurston, D., 2009, “Varying Lifecycle
Lengths Within a Portfolio for Product Takeback,” ASME International De-
sign Engineering Technical Conferences on Design for Manufacturing and
Lifecycle, San Diego, CA.

102� Marks, M. D., Eubanks, C. F., and Ishii, K., 1993, “Life-Cycle Clumping of
Product Designs for Ownership and Retirement,” ASME Design Theory and
Methodology, Albuquerque, NM, pp. 83–90.

103� Ishii, K., Eubanks, C. H., and Di Marco, P., 1994, “Design for Product Re-
tirement and Material Life-Cycle,” Mater. Des., 15�4�, pp. 225–233.

104� Feldmann, K., Traunter, S., Lohrmann, H., and Melzer, K., 2001, “Computer-
Based Product Structure Analysis for Technical Goods Regarding Optimal
End-of-Life Strategies,” Proc. Inst. Mech. Eng., Part B, 215�5�, pp. 683–693.

105� Qian, X., and Zhang, H. C., 2003, “Design for Environment: An Environ-
mental Analysis Model for the Modular Design of Products,” Proceedings of
the 2003 IEEE International Symposium on Electronics and the Environ-
ment, Boston, pp. 114–119.

106� Gu, P., and Sosale, S., 1999, “Product Modularization for Life Cycle Engi-
neering,” Rob. Comput.-Integr. Manufact., 15�5�, pp. 387–401.

107� Sand, J. C., Gu, P., and Watson, G., 2002, “HOME: House of Modular
Enhancement—A Tool for Modular Product Redesign,” Concurr. Eng. Res.
Appl., 10�2�, pp. 153–164.

108� Seliger, G., and Zettl, M., 2008, “Modularization as an Enabler for Cycle
Economy,” CIRP Ann., 57�1�, pp. 133–136.

109� Umeda, Y., Fukushige, S., Tonoike, K., and Kondoh, S., 2008, “Product
Modularity for Life Cycle Design,” CIRP Ann., 57�1�, pp. 13–16.

110� Simpson, T., 1998, “A Concept Exploration Method for Product Family De-
sign,” Ph.D. thesis, Georgia Institute of Technology, Atlanta, GA.

111� Perera, H. S., Nagarur, N., and Tabucanon, M. T., 1999, “Component Part
Standardization: A Way to Reduce the Life-Cycle Costs of Products,” Int. J.
Prod. Econ., 60–61, pp. 109–116.

112� Bras, B., 2007, “Design for Remanufacturing Processes,” Environmentally
Conscious Mechanical Design, M. Kutz, ed., Wiley, Hoboken, NJ, pp. 283–
318.

113� Guide, V. D. R., 2000, “Production Planning and Control for Remanufactur-
ing: Industry Practice and Research Needs,” J. Operations Manage., 18�4�,
pp. 467–483.

114� Guide, V. D. R., 2001, “Managing Product Returns for Remanufacturing,”
Prod. Oper. Manage., 10�2�, pp. 142–155.

115� Guide, V. D. R., Teunter, R. H., and Van Wassenhove, L. N., 2003, “Match-
ing Demand and Supply to Maximize Profits From Remanufacturing,”
Manuf. Serv. Oper. Manage., 5�4�, pp. 303–316.

116� Ray, S., Boyaci, T., and Aras, N., 2005, “Optimal Prices and Trade-in Re-
bates for Durable, Remanufacturable Products,” Manuf. Serv. Oper. Manage.,
7�3�, pp. 208–228.

117� Marks, D. H., 1969, “Facility Location and Routing Models on Solid Waste
Collection Systems, Ph.D. thesis, Johns Hopkins University, Baltimore.

118� Gottinger, H. W., 1988, “A Computational Model for Solid Waste Manage-
ment With Application,” Eur. J. Oper. Res., 35�3�, pp. 350–364.

119� Ossenbruggen, P. J., and Ossenbruggen, P. C., 1992, “SWAP, a Computer
Package for Solid Waste Management,” Comput. Environ. Urban Syst.,
16�2�, pp. 83–100.

120� Fleischmann, M., Krikke, H. R., Dekker, R., and Flapper, S. D. P., 2000, “A
Characterisation of Logistics Networks for Product Recovery,” Omega,
28�6�, pp. 653–666.

121� Bloemhof-Ruwaard, J. M., Van Wassenhove, L. N., Gabel, H. L., and
Weaver, P. M., 1996, “An Environmental Life Cycle Optimization Model for
the European Pulp and Paper Industry,” Omega, 24�6�, pp. 615–629.

122� Daniel, S. E., Voutsinas, T. G., and Pappis, C. P., 1999, “Implementation of
Life Cycle Analysis in the Starter Batteries’ Reverse Chain,” University of
Piraeus.

123� Taleb, K., and Gupta, S., 1997, “Disassembly of Multiple Product Struc-
tures,” Comput. Ind. Eng., 32�4�, pp. 949–961.

124� Meacham, A., Uzsoy, R., and Venkatadri, U., 1999, “Optimal Disassembly
Configurations for Single and Multiple Products,” J. Manuf. Syst., 18�5�, pp.
311–322.

125� Ferrer, G., and Whybark, D. C., 2001, “Material Planning for a Remanufac-

turing Facility,” Prod. Oper. Manage., 10�2�, pp. 112–124.

ournal of Mechanical Design

nloaded 15 May 2012 to 128.46.190.42. Redistribution subject to ASM
�126� Imtanavanich, P., and Gupta, S. M., 2005, “Multi-Criteria Decision Making
Approach in Multiple Periods for a Disassembly-to-Order System Under
Product’s Deterioration and Stochastic Yields,” Proceedings of the SPIE In-
ternational Conference on Environmentally Conscious Manufacturing V, pp.
10–21.

�127� Inderfurth, K., and Langella, I. M., 2008, “Planning Disassembly for
Remanufacture-to-Order Systems,” Environment Conscious Manufacturing,
S. M. Gupta and A. J. Lamber, eds., CRC, Boca Raton, FL, pp. 387–411.

�128� Dowie, T., and Kelly, P., 1994, “Estimation of Disassembly Times, Manches-
ter Metropolitan University, Technical Report.

�129� Kroll, E., and Carver, B. S., 1999, “Disassembly Analysis Through Time
Estimation and Other Metrics,” Rob. Comput.-Integr. Manufact., 15�3�, pp.
191–200.

�130� Das, S. K., Yedlarajiah, P., and Narendra, R., 2000, “An Approach for Esti-
mating the EOL Product Disassembly Effort and Cost,” Int. J. Prod. Res.,
38�3�, pp. 657–673.

�131� Sodhi, R., Sonnenberg, M., and Das, S., 2004, “Evaluating the Unfastening
Effort in Design for Disassembly and Serviceability,” J. Eng. Design, 15�1�,
pp. 69–90.

�132� Gungor, A., 2006, “Evaluation of Connection Types in Design for Disassem-
bly �DFD� Using Analytic Network Process,” Comput. Ind. Eng., 50�1–2�,
pp. 35–54.

�133� Chiodo, J., Billet, E., and Harrison, D., 1998, “Active Disassembly,” The
Journal of Sustainable Product Design, Issue 7, pp. 30–36.

�134� Takeuchi, S., and Saitou, K., 2005, “Design for Product-Embedded Disas-
sembly,” Proceedings of ASME 2005 International Design Engineering Tech-
nical Conferences, Long Beach, CA.

�135� Carrell, J., 2009, “Design and Analysis of Shape Memory Polymer snap-Fits
for Active Disassembly,” MS thesis, Texas Tech University, Lubbock, TX.

�136� Hussein, H., and Harrison, D., 2008, “New Technologies for Active Disas-
sembly: Using the Shape Memory Effect in Engineering Polymers,” Int. J.
Prod. Dev., 6�3/4�, pp. 431–449.

�137� Shalaby, M., and Saitou, K., 2008, “Design for Disassembly With High-
Stiffness Heat-Reversible Locator-Snap Systems,” ASME J. Mech. Des.,
130�12�, p. 121701.

�138� Hammond, R., and Bras, B. A., 1996, “Design for Remanufacturing Met-
rics,” Proceedings of the First International Workshop on Reuse, S. D. Flap-
per and A. J. de Ron, eds., Eindhoven, The Netherlands, Nov. 11–13, pp.
5–22.

�139� Kimura, F., Kato, S., Hata, T., and Masuda, T., 2001, “Product Modulariza-
tion for Parts Reuse in Inverse Manufacturing,” CIRP Ann., 50�1�, pp. 89–
92.

�140� Meehan, J. S., Duffy, A. H. B., and Whitfield, R. I., 2007, “Supporting
‘Design for Re-use’ With Modular Design,” Concurr. Eng. Res. Appl., 15�2�,
pp. 141–155.

�141� King, A. M., and Burgess, S. C., 2005, “The Development of a Remanufac-
turing Platform Design: A Strategic Response to the Directive on Waste Elec-
trical and Electronic Equipment,” Proc. Inst. Mech. Eng., Part B, 219�8�, pp.
623–631.

�142� Seliger, G., Skerlos, S. J., Basdere, B., and Zettl, M., 2003, “Design of a
Modular Housing Platform for Remanufacturing of Multiple Cellular Phone
Models,” Proceedings of the EcoDesign, Tokyo, Japan, pp. 243–250.

�143� Xing, K., Belusko, M., Luong, L., and Abhary, K., 2007, “An Evaluation
Model of Product Upgradeability for Remanufacture,” Int. J. Adv. Manuf.
Technol., 35�1–2�, pp. 1–14.

�144� Umeda, Y., Kondoh, S., Shimomura, Y., and Tomiyama, T., 2005, “Develop-
ment of Design Methodology for Upgradable Products Based on Function-
Behavior-State Modeling,” Artif. Intell. Eng. Des. Anal. Manuf., 19�3�, pp.
161–192.

�145� Willems, B., Dewulf, W., and Duflou, J. R., 2008, “A Method to Assess the
Lifetime Prolongation Capabilities of Products,” International Journal of Sus-
tainable Manufacturing, 1�1/2�, pp. 122–144.

�146� Kasarda, M. E., Terpenny, J. P., Inman, D., Precoda, K. R., Jelesko, J., Shin,
A., and Park, J., 2007, “Design for Adaptability �DFAD�—A New Concept
for Achieving Sustainable Design,” Rob. Comput.-Integr. Manufact., 23�6�,
pp. 727–734.

�147� Weaver, P. M., Ashby, M. F., Burgess, S., and Shibaike, N., 1996, “Selection
of Materials to Reduce Environmental Impact: A Case Study on Refrigerator
Insulation,” Mater. Des., 17�1�, pp. 11–17.

�148� Giudice, F., La Rosa, G., and Risitano, A., 2005, “Materials Selection in the
Life-Cycle Design Process: A Method to Integrate Mechanical and Environ-
mental Performances in Optimal Choice,” Mater. Des., 26�1�, pp. 9–20.

�149� Chan, J. W. K., and Tong, T. K. L., 2007, “Multi-Criteria Material Selections
and End-of-Life Product Strategy: Grey Relational Analysis Approach,”
Mater. Des., 28�5�, pp. 1539–1546.

�150� Williams, A., 2007, “Product Service Systems in the Automobile Industry:
Contribution to System Innovation?,” J. Cleaner Prod., 15�11–12�, pp. 1093–
1103.

�151� Mat Saman, M. Z., Blount, G., Jones, R., Goodyer, J., and Jawaid, A., 2005,
“Methodology for the Design Recyclability Assessment in Automotive Engi-
neering,” Proceedings of the Fourth International Conference on Design and
Manufacture for Sustainable Development, UK.

�152� Gutowski, T. G., and Dahmus, J. B., 2005, “Mixing Entropy and Product
Recycling,” Electronics and the Environment, Proceedings of the IEEE In-
ternational Symposium on Electronics and the Environment, pp. 72–76.

�153� Choi, J.-K., Stuart, J. A., and Ramani, K., 2005, “Modeling of Automotive

Recycling Planning in the United States,” International Journal of Automo-

SEPTEMBER 2010, Vol. 132 / 091004-13

E license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

0

Dow
tive technology, 6�4�, pp. 413–419.
154� Sodhi, M. S., and Reimer, B., 2001, “Models for Recycling Electronics End-

of-Life Products,” OR-Spectrum, 23�1�, pp. 97–115.
155� Spengler, T., Ploong, M., and Schroter, M., 2003, “Integrated Planning of

Acquisition, Disassembly and Bulk Recycling: A Case Study on Electronic
Scrap Recovery,” Operations Research Spectrum, 25�3�, pp. 413–442.

156� Yu-yan, W., 2009, “The Choice of Different Takeback Models in CLSC,”
IEEE International Symposium on Intelligent Information Technology Appli-
cation Workshops, pp. 324–327.

157� Jacobsson, N., 2000, “Emerging Product Strategies: Selling Services of Re-
manufactured Products,” Ph.D. thesis, Lund University, Sweden.

158� Geyer, R., Wassenhove, L. N. V., and Atasu, A., 2007, “The Economics of
Remanufacturing Under Limited Component Durability and Finite Product
Life Cycles,” Manage. Sci., 53�1�, pp. 88–100.

159� Majumder, P., and Groenevelt, H., 2001, “Competition in Remanufacturing,”
Prod. Oper. Manage., 10�2�, pp. 125–141.

160� Ferrer, G., and Swaminathan, J. M., 2006, “Managing New and Remanufac-
tured Products,” Manage. Sci., 52�1�, pp. 15–26.

161� Jung, K. S., and Hwang, H., 2009, “Competition and Cooperation in a Re-
manufacturing System With Take-Back Requirement,” J. Intell. Manuf., pp.
1–7.

162� Mitra, S., and Webster, S., 2008, “Competition in Remanufacturing and the
Effects of Government Subsidies,” Int. J. Prod. Econ., 111�2�, pp. 287–298.

163� Atasu, A., Sarvary, M., and Wassenhove, L. N. V., 2008, “Remanufacturing
as a Marketing Strategy,” Manage. Sci., 54�10�, pp. 1731–1746.

164� Heese, H. S., Cattani, K., Ferrer, G., Gilland, W., and Roth, A. V., 2005,
“Competitive Advantage Through Take-Back of Used Products,” Eur. J.
Oper. Res., 164�1�, pp. 143–157.

165� Kwak, M., and Kim, H., 2010, “Evaluating End-of-Life Recovery Profit by a
Simultaneous Consideration of Product Design and Recovery Network De-
sign,” ASME J. Mech. Des., 132�7�, p. 071001.

166� Willems, B., Dequlf, W., and Duflou, J. R., 2006, “Can Large-Scale Disas-
sembly be Profitable? A Linear Programming Approach to Quantifying the
Turning Point to Make Disassembly Economically Viable,” Int. J. Prod. Res.,
44, pp. 1125–1146.

167� Skerlos, S. J., Morrow, W. R., Chan, K.-Y., Zhao, F., Hula, A., Seliger, G.,
Basdere, B., and Prasitnarit, A., 2003, “Economic and Environmental Char-
acteristics of Global Cellular Telephone Remanufacturing,” IEEE Interna-
tional Symposium on Electronics and the Environment, Boston, MA, May
19–22.

168� Manzini, E., and Vezzoli, C., 2003, “A Strategic Design Approach to Develop
Sustainable Product Service Systems: Examples Taken From the ‘Environ-
mentally Friendly Innovation’ Italian Prize,” J. Cleaner Prod., 11, pp. 851–
857.

169� Gray, C., and Charter, M., 2007, “Remanufacturing and Product Design,
Designing for the Seventh Generation,” The Centre for Sustainable Design,
University College for the Creative Arts, Report.

170� Sundin, E., 2004, “Product and Process Design for Successful Remanufac-
turing,” Ph.D. thesis, Linkoping University, Sweden.

171� Ostlin, J., Sundin, E., and Bjorkman, M., 2008, “Importance of Closed-Loop
Supply Chain Relationships for Product Remanufacturing,” Int. J. Prod.
Econ., 115, pp. 336–348.

172� Hammond, R., Amezquita, T., and Bras, B., 1998, “Issues in the Automotive
Parts Remanufacturing Industry—A Discussion of Results From Surveys Per-
formed Among Remanufacturers,” International Journal of Engineering De-
sign and Automation, Special Issue on Environmentally Conscious Design
and Manufacturing, 4�1�, pp. 27–46.

173� Murugappan, S., and Ramani, K., 2009, “FEAsy: A Sketch-Based Interface
Integrating Structural Analysis in Early Design,” Proceedings of the ASME
2009 International Design Engineering Technical Conference and Computers
and Information in Engineering Conference IDETC/CIE.

174� Lockton, D., 2007, “Design With Intent: Using Design to Influence Behav-
ior,” http://architectures.danlockton.co.uk/what-is-design-with-intent/, ac-
cessed February.

175� NIST, 2009, “Sustainable and Lifecycle Information-Based Manufacturing,”
Manufacturing Systems Integration Division, Manufacturing Engineering
Laboratory, http://www.nist.gov/mel/msid/dpg/slim.cfm, accessed Jul. 8.

176� Daniel, V., Guide, J. R., and Pentico, D. W., 2003, “A Hierarchical Decision
Model for Re-Manufacturing and Re-Use,” International Journal of Logistics:
Research and Applications, 6�1–2�, pp. 29–35.

177� Simon, M., and Dowie, T., 1993, “Disassembly Process Planning,” Presented
at the 30th International MATADOR Conference, Manchester, UK.

178� Gungor, A., and Gupta, S. M., 1998, “Disassembly Sequence Planning for
Complete Disassembly in Product Recovery,” Proceedings of the 1998
Northeast Decision Sciences Institute Conference, Boston, MA, Mar. 25–27,
pp. 250–252.

179� Coulter, S. L., and Bras, B. A., 1997, “Reducing Environmental Impact
Through Systematic Product Evolution,” International Journal of Environ-
mentally Conscious Design and Manufacturing, 6�2�, pp. 1–10.

180� Coulter, S. L., Bras, B. A., Winslow, G., and Yester, S., 1996, “Designing for
Material Separation: Lessons From Automotive Recycling,” Proceedings of
the ASME Design Engineering Technical Conference and Computers in En-
gineering Conference, Irvine, CA, Aug. 18–22, Paper No. 96-DETC/DFM-
1270.

181� Kraines, S., Komiyama, H., Batres, R., Koyama, M., and Wallace, D., 2005,
“Internet Based Integrated Environmental Assessment: Using Ontologies to

Share Computational Models,” J. Ind. Ecol., 9�3�, pp. 31–50.

91004-14 / Vol. 132, SEPTEMBER 2010

nloaded 15 May 2012 to 128.46.190.42. Redistribution subject to ASM
�182� Walton S. V., Handfield, R. B., and Melnyk, S. T., 1998, “The Green Supply
Chain: Integrating Suppliers Into Environmental Management Process,” Int.
J. Purch. Mater. Manage., 34�2�, pp. 2–11.

�183� Kleban, S. D., Luger, G. F., and Watkin, R. D., 1996, “Expert System Sup-
port for Environmental Assessment of Manufacturing Products and Facili-
ties,” J. Intell. Manuf., 7, pp. 39–53.

�184� Chung, S.-L., Wee, H.-M., and Yang, P.-C., 2008, “Optimal Policy for a
Closed-Loop Supply Chain Inventory System With Remanufacturing,” Math.
Comput. Modell., 48, pp. 867–881.

�185� Srivastava, S. K., 2007, “Green Supply-Chain Management: A State-of-the-
Art Literature Review,” Int. J. Manage. Rev., 9�1�, pp. 53–80.

�186� Chen, R. W., Navin-Chandra, D., and Print, F. B., 1994, “A Cost-Benefit
Analysis Model of Product Design for Recyclability and Its Application,”
IEEE Trans. Compon., Packag. Manuf. Technol., Part A, 17�4�, pp. 502–507.

�187� Handfield, R., Sroufe, R., and Walton, S., 2005, “Integrating Environmental
Management and Supply Chain Strategies,” Bus. Strategy Environ., 14, pp.
1–19.

�188� Hopkinson, N., Gao, Y., and McAfee, D. J., 2006, “Design for Environment
Analyses Applied to Rapid Manufacturing,” Proc. Inst. Mech. Eng., Part D
�J. Automob. Eng.�, 220, pp. 1363–1372.

�189� Ilgin, M. A., and Gupta, S. M., 2010, “Environmentally Conscious Manufac-
turing and Product Recovery �ECMPRO�: A Review of the State of the Art,”
J. Environ. Manage., 91, pp. 563–591.

�190� Gupta, M. C., 1995, “Environmental Management and Its Impact on the
Operations Function,” Int. J. Operat. Product Manage., 15�8�, pp. 34–51.

�191� Hauschild, M., Jeswiet, J., and Alting, L., 2005, “From Life Cycle Assess-
ment to Sustainable Production: Status and Perspectives,” CIRP Ann., 2, pp.
535–555.

�192� Bovea, M. D., and Wang, B., 2003, “Identifying Environmental Improvement
Options by Combining Lifecycle Assessment and Fuzzy Set Theory,” Int. J.
Prod. Res., 41�3�, pp. 593–609.

�193� Bakar, M. S. A., and Rahimifard, S., 2007, “Computer-Aided Recycling Pro-
cess Planning for End-of-Life Electrical and Electronic Equipment,” Proc.
Inst. Mech. Eng., Part B, 221, pp. 1369–1374.

�194� Duta, L., Filip, F. G., and Popescu, C., 2008a, “Evolutionary programming in
disassembly decision making,” Int. J. Comput. Commun. Control, 3, pp.
282–286.

�195� Lee, K., and Gadh, R., 1995, “Computer Aided Design-for-Disassembly: A
Destructive Approach, in Joint Symposium on Concurrent Product and Pro-
cess Engineering,” International Mechanical Engineering Congress and Ex-
position ‘95, San Francisco, CA, pp. 1–13.

�196� Park, J. H., and Seo, K. K., 2006, “A Knowledge-Based Approximate Life
Cycle Assessment System for Evaluating Environmental Impacts of Product
Design Alternatives in a Collaborative Design Environment,” Adv. Eng. Inf.,
20, pp. 147–154.

�197� Lee, H., 2004, “The Triple-A Supply Chain,” Harvard Bus. Rev., 82�10�, pp.
102–112.

�198� Huang, H., Liu, Z., Zhang, L., and Sutherland, J., 2009, “Materials Selection
for Environmentally Conscious Design via a Proposed Life Cycle Environ-
mental Performance Index,” Int. J. Adv. Manuf. Technol., 44, pp. 1073–
1082.

�199� Johansson, G., Greif, A., and Fleischer, G., 2007, “Managing the Design/
Environment Interface: Studies of Integration Mechanisms,” Int. J. Prod.
Res., 45�18�, pp. 4041–4055.

�200� Dehghanian, F., and Mansour, S., 2009, “Designing Sustainable Recovery
Network of End-of-Line Products Using Genetic Algorithm,” Resour. Con-
serv. Recycl., 53, pp. 559–570.

�201� Gehin, A., Zwolinski, P., and Brissaud, D., 2008, “A Tool to Implement
Sustainable End-of-Life Strategies in the Product Development Phase,” J.
Cleaner Prod., 16, pp. 566–576.

�202� Azapagic, A., Millington, A., and Collett, A., 2006, “A Methodology for
Integrating Sustainability Considerations Into Process Design,” Chem. Eng.
Res. Des., 84�A6�, pp. 439–452.

�203� Azapagic, A., 1999, “Life Cycle Assessment and Its Application to Process
Selection, Design and Optimization,” Chem. Eng. J., 73, pp. 1–21.

�204� Beamon, B. M., 1999, “Designing the Green Supply Chain,” Logist. Inf.
Manag., 12�4�, pp. 332–342.

�205� Rose, C. M., 2000, “Design for Environment: A Method for Formulating
Product End-of-Life Strategies,” Ph.D. thesis, Stanford University, Palo Alto,
CA.

�206� Cash, D. W., Clark, W. C., Alcock, F., Dickson, N. M., Eckley, N., Guston,
D. H., Jager, J., and Mitchell, R. B., 2003, “Knowledge Systems for Sustain-
able Development,” Proc. Natl. Acad. Sci. U.S.A., 100�14�, pp. 8086–8091.

�207� Eisenhard, J. L., Wallace, D. R., Sousa, I., Schepper, M. S., and Rombouts, J.
P., 2000, “Approximate Life-Cycle Assessment in Conceptual Product De-
sign,” Proceedings of the DETC’00 ASME 2000 Design Engineering Tech-
nical Conferences and Computers and Information in Engineering Confer-
ence. Baltimore, MD, Sept. 10–13.

�208� Kriwet, A., Zussman, E., and Seliger, G., 1995, “Systematic Integration of
Design for Recycling Into Product Design,” Int. J. Prod. Econ., 38, pp.
15–22.

�209� Bufardi, A., Gheorghe, R., Kiritsis, D., and Xirouchakis, P., 2004, “Multicri-
teria Decision-Aid Approach for Product End-of-Life Alternative Selection,”
Int. J. Prod. Res., 42�16�, pp. 3139–3157.

�210� Bras, B., and McIntosh, M. W., 1999, “Product, Process, and Organizational
Design for Remanufacture—An Overview of Research,” Rob. Comput.-

Integr. Manufact., 15, pp. 167–178.

Transactions of the ASME

E license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



�

�

�

�

�

J

Dow
211� Grochowski, D. E., and Tang, Y., 2009, “A Machine Learning Approach for
Optimal Disassembly Planning,” Int. J. Comput. Integr. Manuf., 22�4�, pp.
374–383.

212� Westkämper, E., Alting, L., and Arndt, G., 2001, “Life Cycle Management
and Assessment: Approaches and Visions Towards Sustainable Manufactur-
ing,” CIRP Ann., 49�2�, pp. 501–526.

213� Giudice, F., and Kassem, M., 2009, “End-of-Life Impact Reduction Through
Analysis and Redistribution of Disassembly Depth: A Case Study in Elec-
tronic Device Redesign,” Comput. Ind. Eng., 57, pp. 677–690.

214� Harsch, M., 2000, “Life Cycle Simulation as R&D Tool,” SAE Paper No.
2000-01-1500.

215� Sharifi, H., Ismail, H. S., and Reid, I., 2006, “Achieving Agility in Supply
ournal of Mechanical Design

nloaded 15 May 2012 to 128.46.190.42. Redistribution subject to ASM
Chain Through Simultaneous ‘Design of’ and ‘Design for’ the Supply
Chain,” J. Manuf. Technol. Manage., 17�8�, pp. 1078–1098.

�216� Tsoulfas, G. T., and Pappis, C. P., 2008, “A Model for Supply Chains Envi-
ronmental Performance Analysis and Decision Making,” J. Cleaner Prod.,
16�15�, pp. 1647–1657.

�217� Mani, M., Lyons, K. W., Rachuri, S., Subrahmanian, E., and Sriram, R. D.,
2008, “Introducing Sustainability Early Into Manufacturing Process Plan-
ning,” Proceedings of the 14th International Conference on Manufacturing
Science and Engineering, Evanston, IL, Oct. 7–10.

�218� Spicer, A. J., and Johnson, M. R., 2004, “Third-Party Demanufacturing as a
Solution for Extended Producer Responsibility,” J. Cleaner Prod., 12, pp.
37–45.
SEPTEMBER 2010, Vol. 132 / 091004-15

E license or copyright; see http://www.asme.org/terms/Terms_Use.cfm


