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3. METHOD
The method can be summarized as the following optimization problem:

Given: geometries, weights, materials, and recycle and reuse values of each
component, contact and distance specifications among components, locator
library, and possible EOL treatments and associated scenarios.

Find: spatial configuration of components and locators, EOL treatments of
disassembled components and subassemblies.

Subiject ta: no overlap among components, no unfixed components prior to
disassembly, satisfaction of contact specifications, assemble-ability of com-
ponents.

Minimizing: violation of distance specification, redundant use of locators,
and environmental impact of EOL scenario.

Maximizing: profit of EOL scenario.

Since the optimization problem has four objectives, a multi-objective genetic
algorithm (MOGA) (Fonseca and Fleming, 1993; Deb et al., 2002) is utilized
to obtain Pareto optimal solutions.

3.1 Inputs
There are four (4) categories of inputs for the problem as listed below:

Component information: This includes the geometries, weights, materials
and reuse values of components. Due to the efficiency in checking contacts
and the simplicity in modifying geometries (Beasley and Martin, 1993; Mi-
nami et al., 1995; Sung et al., 2001), the component geometries are repre-
sented by voxels. CAD inputs are first voxelized using ACIS * solid modeling
kernel.

Contact and distance specibcationd he adjacencies and distances among
components are often constrained by their functional relationships. For exam-
ple, a heat sink and CPU in a computer should be in contact, and a cooling
fan and CPU should be nearby. The contact specification specifies the re-
quired adjacencies among the component, such as CPU and a heat sink in a
computer. Since the distances between some pairs of components are more
important than the others, the distance specification is defined as a set of
the weights of importance for the distances between pairs of components
(measured between two designated voxels) that need to be minimized. If the
weight between two components is not defined, their distance is considered
unimportant and can be arbitrarily chosen. Fig. 2-3 shows an example.
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Figure 2-4. Graphical representation of typical locators for sheet metal or injection-molded
components (Bonenberger, 2000).
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Figure 2-5. Flow chart of example EOL scenario.
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a sequence of locators indicating their priority during the construction of the
locator configuration.

The choice of locator for the i-th component pair is indirectly represented
by CD; and pj, since the direct representation of the locator id in the library
would result in a large number of infeasible choices. The construction of locator
configurations from a given y; is not trivial since 1) multiple locator types can
constrain the motion of ¢y as specified by CDj, and 2) among such locator types,
geometrically feasible locators depend on the relative locations of components
Co and ¢;. Fig. 2-6 shows an example. In order to constrain the motion of ¢y in
+z direction, a catch can be added to ¢; if ¢y is “below” ¢; as shown in Fig. 2-6a.
However, a catch cannot be used if ¢y is “above” ¢; as shown in Figs. 2-6b and
6c¢, in which case boss (Fig. 2-6b) or track (Fig. 2-6¢) needs to be used. Thus,
the locator configuration of a component is dynamically constructed by testing
locator types in the sequence of p;.

@

Figure 2-6. Construction of locator configuration.

Giveny; = (CDj, pi), the locator configuration of the i-th pair of com-
ponents cg and ¢; is constructed by testing locator types, in sequence pj, for
constraining each direction in CD; as follows:

1. Foreachd CDj, remove d from CD;j if the motion of cpind CD is
constrained by other components or locators. This step is necessary to reduce
the redundant use of locator features.

2. Remove locator type t at the beginning of p;. If pj is empty, return FALSE.

Select directiond CD.

4. Find an orientation of o of locator type t whose locator constraint LC (after

re-orientation) contains d. If several orientations are found, select an orien-

tation with maximum |[LC ~ CDj|. If none is found, go to step 2.

Add t to cyorcyino.

6. CD; CD;\LC.IfCD =@, return TRUE. Otherwise, go to step 3.
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rrecyele — mrjre‘:yCIe * Mij (19)
J
eirecycle — mejrecover *mijj (20)
J
where mr [*Y¢® ang meje°ver are the material value and recovered energy of

material j , respectively.
Since little data is available for the refurbishment of components, the cost
for refurbishment is simply assumed as:

Cirefurb =0.5 I,ireuse (21)

Based on the data on desktop computers (Aanstoos et al., 1998), energy
consumption for refurbishment efT" is estimated as:

el®furt — 1 106+ m; (22)
1

where m; is the weight of the i-th component.
Cost and energy consumption of transportation cf"@"S and ef"a"s are esti-
mated as (Hula et al., 2003):

CErans — Ac'i[rans ‘Dj*mj (22)

e'itrans - Ae%rans . Di om;j (23)
where ¢ [rans =2.07e 4[Fkg +km], e A =1.17e 3[MJ/kg *km],
and D; is the travel distance. Similarly, costs and energy consumptions for

shredding and landfill cshred, landfill - gshred gpq glandfill 5re calculated as
(Hula et al., 2003):

C_shred — AC_Shred em; (24)
1 1

gfhred = Aeshred o, (25)
C:andfill — AC!andfiIl ‘m; (26)

e:andfill — AeIiandfill om; (27)
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and distance (thin lines with weights) specifications. The contacts between
component B (heat sink) and C (CPU), and C (circuit board) and G (memory)
arerequired due to their importance to the product function. Component A (case)
is considered as fixed in the global reference frame. Component J (battery)
needs to be retrieved due to regulatory requirements. The locator library in
Fig. 2-4 is assumed for all components. The relative manufacturing difficulty
of locators in the library is listed in Table 2-1.

Figure 2-10. Assembly of Power Mac G4 Cube * .

Table 2-2 shows the material composition mj; of components A-J in
Fig. 2-11b. For components C-F, the material composition data in (Goosey
and Kellner, 2003) is utilized. Table 2-3 shows energy intensity meJ!”te”S, re-

covered energy meje®¥e, and material values mr eeyele (Kuehr and Williams,
2003; Hula, 2003). Considering Apple Computer’s Electronic Recycling Pro-
gram in United States and Canada (www.apple.com/environment), the EOL
Power Mac G4 Cubes® are assumed to be transported to one of two facil-
ities in United States (Worcester, MA and Gilroy, CA) for reuse, recycle,
and landfill. The average distance between the collection point and the fa-
cility is estimated as D; = 1000 km for all components. It is assumed that
40 ton tracks are used for transportation. Based on this assumption, Table 2-4
shows the revenues, costs and energy consumptions of components A-J cal-
culated using Eqgs. 18-27. Revenue from reuse r{®“s® reflects current val-
ues in the PC reuse markets in the United States (www.dvwarehouse.com
and store.yahoo.com/hardcoremac/hardware.htm). Note that reuse option is not
available to components A (frame) and B (heat sink).
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Figure 2-12. Distribution of Pareto optimal designs in six 2-dimensional spaces (a)—(f).

Table 2-5. Objective function values of R;, R2, R3, Rsand Rs

F 1 (dist. spec.)| f , (mfg. diff.) | f 5 (probt) | f 4 (env. impact)
Ri 6175 1170 19.30 35627
R 38496 650 19.34 642
R3 38227 800 374.72 35593
R4 6884 1210 130.79 741
Rs 38299 840 373.24 647

As stated in the previous section, reuse, if available, is usually the best EOL
treatment for a component because of its high revenue and high energy recov-
ery. For the components without reuse option, the choice between recycle and
landfill depends on the ease of disassembly, as seen in these results. If the disas-
sembly cost is low enough that recycling the component is more profitable than
land-filling it, recycle becomes the most profitable EOL treatment. Otherwise,
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there is a trade-off between the profit and the environmental impact, which is
found in the Pareto optimal designs.

Oftentimes such trade-off among alternative designs can hint at opportu-
nities for further design improvements. For example, the examination of the
differences between R3 and Rs suggests the possibility of replacing the screws
between A and B by slot-like locators (which are not available for A and B in
the locator library) for higher profit and lower environmental impact.

(d) (€)

Figure 2-13. Representative Pareto designs: (a) Ry, (b) Rz, (¢) Rz, (d) R4 and (e) Rs.

S. SUMMARY AND FUTURE WORKS

This paper presented an extension of our previous work on a computational
method for product-embedded disassembly, which newly incorporates EOL
treatments of disassembled components and subassemblies as additional deci-
sion variables, and LCA focusing on EOL treatments as a means to evaluate
environmental impacts. The method was successfully applied to a realistic ex-
ample of a desktop computer assembly, and a set of Pareto optimal solutions is
obtained as design alternatives.

Future work includes the adoption of more detailed LCA covering entire
product life including the production and use phases, the development of
more efficient optimization algorithm, the study on the effect of embedded





