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Abstract

This paper surveys end-of-life strategies currently used
in the electronics and appliancesindustries and identifies
product characteristics that define feasble end- of-life
strategies. Our survey indicates that two key characteristics
serve as factorsto categorize appropriate products’ end-
of-life path: product life and technology cyde. The
categorization leads to a methodol ogy that guides product
developers to specify end-of-life strategies, to seek
environmentally friendly designs, and to identify
opportunities f or devedoping new recycling tec hnologies
The goal of disassembly differs depending on each product
category, however, efficient disassembly isa key to carry out
theideal end- of-life drategies for every product category.
To enhance disassemblability, we propose the conc ept of
Product Embedded Disassembly Process. The fundamental
idea isto embeda separation feature inside a product during
manufacturing and activate it at disassembly.

1. Introduction

Environmental consciousness is now a fundamental
focus of product desgn in a variety of industries.
Currently, companies are reducing emissions, conserving
energy consumption, and eliminating haz ar dous mater ials.
In addition to envir onmental & fects during manuf actur ing
and use of products, companies must also assume that they
will be regonsible for “retiring” the product at the end of
itslife. Take-back schemes proposed in Europe, Japan and
other regionsof the world direclly are addr essed to the
end-of-life concerns. To avoid cogtly product retir ement,
designers must i dentify ideal end- of-life strategiesbef ore
specifying the structural attributes of the product.

Over the pagt two years Stanford's graduate level
Dedgn for Manuf actur ability cour s (ME217) included
several projects that addressed recyclability desgn of
various products, such as an inkjet printer, digital copier,
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vacuum cleaner and washing machine. These products
have different end- of-life strategies depending on
characterigics such as wear-out life, technology cycle,
reason for obsolescence, number of materials, cleanliness
of product, and number of modules. End-of -life strategies
may include a combination of reuse, remanufacturing,
primary and secondary recycling, incineraion and
disposal options. Usng a survey of current produc ts and
associated end- of-life strategies this study seeks to
identify these relevant factors, focus on key signif icant
product characterigics, and develop a methodology that
guides product developers to an optimal end- of-life
strategy.

Concerning desgn strategies to improve eco-
efficiency, not only strategies to decreae the
environmental impact and also strategies to incr eese the
utility including upgradability are being invedtigated Y.
The key here is strong relationship between product
developers and recyclersbec ause product developers need
the information about disposing ways of retired products as
well as recyclersneedthe information about the products.
The most important point on determining design strategies
is the “smultaneous’ planning for retir ement in the early
stages of design'?. The guideline we propose is for both
product developers and recycle technology developers
having the aim of sharing the same strategy for each
product.

To carry out the ideal end-of-life strategies and
enhance the recyclability, efficient disassembly is essential
for every product category. For the sake of itsimportance,
researchers ae getting more inteeded in the
investigations on disassembly such as disassembly process
planning, disassembly evaluation and desgn for
disassembly!®> 4 9. To enhance disassemblability of the
produc ts, we propose the concept of Product Embe dded
Disassembly Process. The fundamental ideaisto embed a
separation feaure inside a product during manuf actur ing
and activate it at disassembly. Advantages of thisconc ept



include position insengitivity and simultane ous separation
of plural connections, and thus, shortening disassembly
time and enhancing automation potential. Chiodo et al.[®
investigated generic self disassembly using Shape Memory
Alloy actuators for consumer electronic products. Our
approach is to minimize currently used disassembly
process and appr opriate disassembly process for each
product and then embed them into the products.
Disassembly of CRT which consists of two different types
of glass serves as an illugrative example of Product
Embedded Disassembly Process. The realts of
preliminary experiments show t hat fagened two piec es of
glass like CRT canbe separatedby heating the Nichr ome
wire embedded into the boundary.

2. ldentification of appropriate end-of-life
strategies

2.1 Analysis of characteristics for end-of-life
strategies

Depending on a product's characteristics, a
appropriate end- of-life strategy may be different. The
survey of case studieshave highlighted a set of product
characterigics t hat has implications for the product end-
of-life strategy. The preliminay reaults of the survey
classified the charecteristics as related to externd,
material, disassembly and inverse supply chain. The
proposed factor categorization evolved as survey
progressed. Table 1 shows the comparison of five
products with a recyclability focus under characteridics
identified as the most important.t”@

The following characterigics, listed under key
factors, are important for identification of end- of-life
strategies. We define the characteristics as follows:

- wear-out life: the length of time from product
purchase until the product no longer meets the
original functions e g, 7-10 years for many
automobiles.

- desgn cycle: the length of time between
successive generations of a product; e g., 24
years for automobiles.

- technology cycle: the length of time before
mechanisms, supporting the main functions of
the product, bec ome outdated; e g., 10-20 years
for automobiles, 2—4 years for computers.

- replacementlife: the length of time bef ore users
feel the need to purchae product based on
increased functionality.

- functional complexity: perception of complex
interactions between parts and functions the
product performs.

- obsolescence: thereaon aproduct isno longer
able to perform its intended function; e g,
because of failure of key components, or because
it is outmoded.

- number of materials: number of different
materials; e.g., seven for single use camera; forty
for inkjet printer.

- number of parts: approximate number of partsin
the product, indicated by in bill of materials.

- number of modules. number of subassemblies
that are physically detachable and preserve
function.

- hazards: haz ar dousor unwanted mater ials that
can contaminate components.

- filthiness: amount of dirt or grime that hinder s
reuse and recycling.

- size  approximate dimenson of product; e g.,
large for digital copier and washing machine and
medium for inkjet printer.

- ecodesgn focus companies initiatives in
environmental design, e.g., EcoL abel.

- recycling value drivers the parts or materias
with high profits that drive either recycling or
reuse.

Each case study addressed the current end- of-life
strategy used for the product, especialy attempting to
understand the i nver se supply chain. The intended end-
of-life grategy heavily influenc ed the proposedredesgns.
The Xerox copier and Hewlett Packard printer are
products with high value, short product life, and rapidly
changing tec hnology. The proposed redesgns
incorporated methods for raising per centages of reuse and
remanufacture. Since the Panasonic vac uum cleaner and
Toshiba washing mac hine ar etypically used for extended
periods and have slower tec hnology cycles, the standard
redesign only aimed at increasing material recycling.

The case studiesalso assume that recycling proc ess
technol ogies would be similar to what we have today at the
product end-of-life. None of the case studies proposed
suggestions for improved recycling technology.  This
research indicates that depending on the assumed end- of-
life strate gy distinct recyclahility desgn will result. Thus,
designers must accuraely identify end- of-life strategies
with the help of these characteristics.



Table 1 Case Study Summary (1996-97)

Case Source HP Xerox Panasonic Toshiba Philips
Color Inkjet |Digital Copier, Vacuum Washing 21" Color TV
Printer Cleaner Machine
Product Features - high-speed |- midrange |- fuzzy control|- fast cycle - Standard
- long-life - modular - quiet - low power

Wear-out Life (years) 5 5 8 10 15

Design Cycle (years) 1 2 1 2 3

Technology Cycle (yrs) |1 2 5 5 6

Replacement Life (yrs) 4 7 10 14

Functional Complexity [ High High Low Medium Sharpness

Obsolescence Outdated Outdated Worn-out Worn-out Worn/outdated

# of Materials High Medium Low Low High

# of Parts Medium High Low Low High

# of Modules 5 7 4 4 5

Hazards ink toner PVC motor oils picture tube

Filthiness Medium High High High Medium

Size Medium Large Medium Large Medium

EcoDesign Focus 95 % recycle |50% Remfg |80% recycle |80 % recycle |Energy, Hazard

Recycling Value Drivers | Service Parts [Remfg. Parts | Metals, Metals, Glass, Metal
Plastics Plastics Plastics

Notes:

This information has been gathered from Stanford University ME 217 reports.
Special thanks to Casper Boks for providing information for Philips Television.

2.2 Product Categorization based on Wear-out life
and Technology cycle

From the case studiesand discussions with recycling
organizations, two characteridics surfaced as being
important in predicting end-of-life paths: wear-out life and
technology cycle. As seenin table 1, the products which
have short technology cycle regardess of the length of
wear-out lifei nclude the components available for reuse
and remanufacturing. Likewise, the long technology cycle
invokes amore material recycling focus for the end-of-life
products.

Further developing this relationship, we plotted
various produc ts with the horizontal axis as wear- out life
and ver ticd axis as technology cycle (Figure 1). Severd
other products such as containers, automobiles, computers,
refrigerators and manuf acturing equipment a e added to
thisgraph for comparison. The arrow in the figure shows
two fundamental design strategies depending on the length
of wear-out life. One is the design strategy with aim of
long-term use t oreduce wage products. The other oneis
the desgn strategy accelerating short-term use for high
efficiency value recovery.

This plot only displays wear- out life and tec hnology
cycle, twoof many key characterigics. One canpredict a
more suitable end- of-life strategy by including in the

decision other key product characterigics such as
cleanliness, ease of access to components, replacement
life, functional complexity, and number of parts. While this
figure omits many key characteridics it accurdaely
displays the need to efficiently maximize value of
resources. The following section will discuss in more
detail how product desgners and recycling tec hnology
developers can apply this categorization.
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Fig. 1 End-of-life strategy plot



Table 2 Guidelines for Product Designers and Recycling Technology Developers

Product End-of-|_|fe Product Designers Recycling Technology Developers
Category Scenario
Typel material recovery ease separation of components for develop separation technologies
recycling high quality material accounting for different physical
properties between materials that can
not be sorted
Typell remanufacturing enhance reusability by using develop efficient cleaning and
common parts and modular inspection technol ogies to reduce
componentsin product family remanufacturing cost
Typelll lengthen product extend product life by modular devel op non-destructive techniques for
life by upgrading design of key devices which define removal of key components
value of product
TypelV  lengthen product enhance disassembl ability for develop diagnostic technologies for

life by maintenance  facilitating maintenance

maintenance

2.3 Application to recydability design and
recycling technology development

This categorization of products, in Figure 1, can shed
light on basc guidelines for recycling technology
developers and product designers. Many of the case studies
discussed in previous section informally followed these
guidelines, but addressed product desgners. Table 2
depicts guidelines for improving recycling process
technology development as well.

Type | products are characterized by short wear- out
life and long tec hnology cycle for recyclability design,
designers can ease separation of components to incr ease
material recycling. Likewise, recycling technology
developers are able to alter segparation tec hnologies to
account for novel products. The short wear-out life and
technology cycle of Type Il products encourages designers
to enhance the recyclahbility of the product by using
modular components and common par ts across product
families. The development of more € ficient cleaning and
inspection tec hnologiesreducesthe remanufacturing costs
for products of Type II. The produc tswith long we ar- out
life and short tec hnology cycle should have modularity to
enhance upgradability as the focusin the desgn stages.
Non-destructive di sassembly tec hniquesmay be an ideal
area of resaarch for recycling technology developers of
products with categorization, Type Ill. For Type IV
products, with their long wear-out life and long technology
cycle, designers have opportunities to lengthen the product
life by fadlitating maintenance. Recyding tec hnology
developers can focus efforts on non-destructive techniques
and diagnostic technologies for easing maintenance.

3. Product embedded disassembly process

The goal of disassembly differs depending on each
product category such as removing hard parts and
hazar dousmater ials, retrieving re usable par tsand keeping
quality of retrieved materials. However, efficient
disassembly is a key to carry out the ideal end- of-life
strategies for every product category. The fundamental
idea of Product Embedded Disassembly Process we
propose is to embed a separation feature inside a product
during manufacturing and activate it at disassembly.

3.1 Advantages

Disassembly of productsisvery difficult dueto variety
of the products. For instance, the cutting position for
disassembly and the position of screws are different
depending on the each model even if they are the same kind
of products. Recycde smust identify these positions for
each different model.

We focus on identifying the essential part of currently
used disassembly process and minimizing the mec hanism
for disassembly and then embedding them into the
products. The advantage of this approach includes position
insensitivity, and thus, shortening disassembly time and
enhancing automation potential. Further, the same e fect
for disassembly can be obtained without special expensive
equipments.

3.2 Case Study: Disassembly of CRT

Disassembly of CRT which congsts of two different
types of glass servesas an illudrative example of Product
Embe dded Disassembly Process. CRT consists of a panel



made of high quality glass and a funnel including alot of
lead. At the retirement stage of TV sets and monitor s
CRTsare removed and separated into two types of glasses.
Although several m ethodol ogies to separate these glasses
have been developed, it is ill difficult to set up CRTson
disassembly equipment accuraely and quickly due to
variety of the products.

3.2.1Methodology  One of conve ntional methodol ogies
to disassemble CRT is thermal stress cleaving method.
Four Nichrome wires set along the boundar y between a
panel and afunnel as thelineheat devicesareheated. As
the reault, thermal stress induced by local temper aure
change exceedsthe alowable level. In this case, setting
Nichrome wires takes long time bec ause the positions to
set wiresa e different fr om each model depending on the
screen size. If these wires were embedded along the
boundar y during manuf actur ing as shown in Figur e 2, this
operation would be much easier.

CA
Nichrome wire

Fig. 2 An example of CRT Disassembly

3.2.2 Prdiminary Experiment The following
preliminary experiment here has been carried out in order
to certificate the phenomenon when the line heat sourc es
a eembedded into glasses. Saimoto et al.!¥ have analyzed
transient ther mal stress intendty factor of an edge aack
and have explained the mechanism of thermal stres
cleaving through t he theor y of linear fractur e mec hanics.
The specimen shown in Figure 3(@) is made by heating,
softening and combining two pieces of soda glass and
embedding a Nichrome wire and the ther moc ouples
located at A on the boundar y. The ther moc oupleslocated
a B and C(Figure 3(b)) on the surf ace are attached at
measurement. Figure 3(c) shows the specimen subjected
to the trandent ther mal gress induced by lineheat source.
To heat the electric resgance wire, the direct cur rent of
10A issupplied. Theresistance of thewireis 1.2 ohm, and
the heat capacity of 120W is supplied to the specimen
through the whole wire.

glass plate
electric resistance wire

(b) Location of
thermocouples

(a) Specimen geometry

recorder
power |
supply of— - thermometer
specimen

(c) Specimen subjected to the trandent ther mal
stress induced by line heat source

Fig. 3 Experimental Setup

3.2.3 Results and Discussions Figure 4 shows the
temperature change observed at the location of A, B and C.
Thermal stress induced by local temperaure change
cleaved the specimen aong the line heat source in about 36
seconds. To shorten the disassembly time, bigger current
should be supplied so that gradient of temperature change
becomes bigger.
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Fig. 4 Temperature change observed at
the location of A, B and C



Fig. 5 Crack propagation along line heat
source

Figure 5 shows the propagation of the crack generated
at the edge of the glass. The crack surfaceisvertical to the
x axis in the figure and the crack front is propagating to z
direction. Currently, we are checking the e fect of glass
geometry on the direction of the crack surface.

4. Conclusions and future work

The product characterigics presented in the case
studies can be used to categorizethe produc tsand identify
their optimal end-of-life strategies. We propose guidelines
based on categorizaion of the products by wear-out life
and technology cycle. By proposing an end- of-life
strategy, designers and recyclers are able to seek
environmentally friendy desgns, and to specify
opportunities for developing new recycling tec hnologies
The goal of disassembly differs depending on each product
category, however, efficient disassembly is akey to carry
out the ideal end of-life strategies for every product
category. We proposed the conc ept of Product Embe dded
Disassembly Process. This idea solves the problem that
variety of products make disassembly difficult, because
the products embedded disassembly proces have
functions of self-disassembly. We a e invegigating the
case studies of products embedded disassembly process
based on end-of-life strategies.

Acknowledgments

Funding for thi sresearch comes from theNaiond Science
Foundation Environmeatdly Consdous Manufacturing Grant
DMI-9528615 and the Lucent Founddion Industid Ecology
Faculty Fellowship. Theauthorswou d liketothenk studetson
ME 217 teams induding Hewlet Packard, Xaox, Panasonic
and Toshiba and Casper B. Boks at Delft University and Philips.

References

[1] N. ven Nes,J. Cramer and A.LN.Sevds, “Intewsity of Use
its Relevance inEnvironmeatd Produd Asssanent: A Case
Study on TV,” IEEE Int. Symp. Hectronics and the
Environment, Oak Brook, May 1998, pp. 243-248.

[2] K. Ishii, CF. Eubanks and P.D . Marco, “Design for Product
Retirement and Material Life-cyd €, Materi ds and Design,
Voal. 15, No. 4, 1994, pp. 225-233.

[3] K.E Moore, A. Gungor and SM. Gupta “Disssambly
Process Hanning Using Petri Nes” IEEE Int. Symp.
Electronics and the Envi onment, Ok Brook, May 1998, pp.
88-93.

[4] C.B. Boks, W.CJ. Brouwes, E. Kroll and A.LN. Sevds,
“Disassembly Modding: Two Applictions to a Philips21”
Tdevision Set,” |IEEE Int. Symp. Hectronics and the
Environment, Dallas, May 1996, pp. 224-229.

[5] T. Hajua B. Rapoza, W.A. Knight and G. Boothroyd,
“Design for Disassembly and the Environment,” Annals of the
CIRP, Vol. 45, 1996, pp. 109-114.

[6] J.D. Chiodo , EH. Billgt, D.J Harioon and P. Hary,
“Investigations of Genaic Sdf Disssambly Using Shepe
Memory Alloys,” IEEE Int. Symp. Hectronics and the
Environment, Oak Brook, May 1998, pp. 82-87.

[71 CM. Ross K.A Beatea, K. Isii and K.Maui,
“Characterization of Produad Endof-Life Sraegies to
Enhance  Recyd aility’, ASME Desigh Technical
Conference, Atlantg Sept., 198 ASME Papea 98
DETC/DFM-5742.

[8] K. Ishii, “Design for Environment and Recyd ing: Ov avi ew
of Research in the United States”, 5" International Seminar on
Life Cycle Engineering, Stockholm, Sept. 1998, p. 191.

[9] A. Samoto,Y. Imai and F. Motomura, “Numerical Sudyon
Stress Intensity Factor for 3D Surface Crack under Trang ent
Thermal Sressinduced by Point Heat Source”, Proceedings
of The Ffth Joint Symp. of Nagasaki Univ. and Chgu
Nationd Univ. on Science and Technology, Nagasaki, April
1998, pp. 27-30.



