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Abstract: In recent years, many countries have developed legislations  
which are aimed to force manufacturers to recycle their products at the end  
of their life. However, before end-of-life products can be recycled, end-of-life 
disassembly needs to be in place. It entails large amounts of capital expenditure 
and time. Besides this, product designers also do not have experience in 
disassembling and recycling to determine the impact of various design aspects 
on difficulty at the disassembly stage. Therefore, there is a need for a tool to 
analyse the disassemblability and recyclability. This paper proposes software 
named as EDAS to fulfil those needs. 
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1 Introduction 

Special interest has been addressed to the impacts of disposal of products at the end  
of their life. This is due to the tremendous growth in the demand for consumer products 
that have resulted shortened lifetime of most products. In the case of electronic products, 
the US Environmental Protection Agency (EPA) estimates that about 40 million 
computers became obsolete in a year and only 18% of them are recycled, the rest are still 
disposed of, primarily in landfills (EPA, 2008). Conversely, the number of potential 
landfill sites has seen an exponential decrease (Desai, 2002). 

In order to reduce the environmental impacts of end-of-life products, European 
Union, Japan, USA, and other countries require manufacturers to take back their products 
at the end of their useful life and recycle them. In Europe, the End-of-Life Vehicle 
Directive (ELVD) has currently been transposed into national legislation and enacted 
(The European Parliament and of the Council of European Union, 2000). In other 
countries of the world, similar legislation can be found or is planned to be enacted, such 
as the Electronic Waste Recycling Act of 2003 in California and Japan’s Home 
Appliance Recycling Law. 

Based on Desai (2002), before end-of-life products can be recycled, end-of-life 
disassembly needs to be in place. These entail large amounts of capital expenditure. Most 
manufacturers would not like to even consider disassembling, reusing, recycling and 
remanufacturing unless costs are justified and financial gains are assured. In general, 
most designers of today also do not seem to have required experience in disassembling 
and recycling to determine the impacts of various design aspects on disassemblability at 
the end-of-life stage. It is, therefore, important that a system for evaluating the 
disassemblability is available in order to encourage manufacturers to incorporate 
disassembly issues when developing a product. It will aid them in fulfilling the legislation 
that will be fully implemented and at the same time the costs of disassembly are justified 
and financial gains are assured. 

This paper proposes a software tool named EDAS which integrates the determination 
of end-of-life option, disassemblability evaluation, and searches for the optimum 
disassembly sequence to assess the design of products for their technical and economic 
viability at the end-of-life. 
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2 Literature review 

According to Rose and Stevels (2001), end-of-life is the point in time when the product 
no longer satisfies the initial purchaser or first user. Several researches have been 
conducted in order to aid product designers to select the appropriate end-of-life options 
for their products. Rose and Stevels (2001) proposed an End-of-Life Strategy 
Environmental Impact Model (ELSEIM) to calculate environmental impact across all 
possible end-of-life strategies. Lye et al. (2002) designed Environmental Component 
Design Evaluation (ECoDE). It uses the Analytical Hierarchy Process (AHP) to compare 
criteria in assessing the environmental impact of a product. Although ECoDE can 
estimate the end-of-life value, no guideline has been provided to product designers for 
selecting the appropriate end-of-life options. Lee et al. (2001) proposed a complete 
guideline for determining feasible end-of-life options. The guideline was developed 
based on the material composition of the component. For each option, authors also 
proposed a method to calculate the end-of-life value. 

In the area of disassemblability evaluation, various methodologies have been 
developed to evaluate the disassemblability of a product. Yi et al. (2003) proposed a 
method for evaluating disassembly time. In this work, the disassembly time is divided 
into preparation time, moving time, disassembly time, and post-processing time. But 
some of the time phases which were developed in this method, such as preparation time, 
may not directly affect the disassembly efficiency. Desai and Mital (2005) presented  
a methodology to design products for disassembly. According to this, disassemblability  
is a function of several factors, such as effective tools placement, weight, size, material 
and shape of the components. In order to measure the disassembly time, the authors only 
focus on the operations which directly affect the disassembly efficiency. Design 
attributes, design parameters and the detailed description of the working environment 
were provided to aid the designers in selecting the disassemblability score. 

In order to find the optimal disassembly sequences, several methods can be used. 
Dong et al. (2006) presented a novel approach to the automatic generation of disassembly 
sequence from a hierarchical attributed liaison graph representation of an assembly  
by recursively decomposing assembly into sub-assemblies. Disassembly for selected 
components often occurs during product end-of-life treatment. Considering this, Wave 
Propagation (WP) method was proposed to determine the optimal disassembly sequence 
(Mascle and Balasoiu, 2003). Lambert (1999) used binary linear programming to find the 
optimal disassembly sequence. The binary linear programming model can be directly 
derived from the AND/OR graph. In order to avoid long CPU computing time, the binary 
linear programming model can be relaxed into a continuous linear programming problem. 
This is possible because the basic solution of the linear programming model is an extreme 
point of a polyhedron. It turns out that the model is simple and flexible indeed. Changing 
the model only requires the modification of transition matrix, new cost and new revenue 
vector. Kongar and Gupta (2006) presented a genetic algorithm-based approach to find  
an optimal disassembly sequence. The objective function of this genetic algorithm is to 
minimise the disassembly time. The chromosome in this genetic algorithm represents the 
disassembly task sequence, disassembly direction, method, demand (for recycling or not) 
and material. The Precedence Preservative Crossover (PPX) method is used to satisfy 
disassembly precedence relationships. The application of ant colony optimisation can be 
found in Shan et al. (2007). The advantage of the genetic algorithm model, ant colony 
optimisation and other meta-heuristic methods is that they can deal with a lot of 
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complicated problem that cannot be solved by using mathematical programming methods 
but they need specialised software to solve the problem, relatively long CPU times, 
generating of a sub-optimum solution without any knowledge of its distance from 
optimum, and restricted gain of insight in the problem. 

The above review shows that researchers studied end-of-life option determination, 
disassemblability evaluation and disassembly sequencing as separate parts. Only a few 
researchers conducted research to integrate the analyses of disassembly sequencing and 
disassemblability evaluation in one framework. There is a bulk of researches in terms  
of disassembly sequencing optimisation with a particular objective function, such as 
minimisation of cost or minimisation of time by using mathematical models, but certain 
physical and practical factors cannot be effectively incorporated into mathematical 
models. In addition, the allocation of certain end-of-life options also plays an important 
role in the disassembly process. Mathematical models also fail to consider these factors. 

These three factors, end-of-life option determination, disassemblability evaluation 
and disassembly sequencing, are important. The end-of-life option determination and the 
disassemblability evaluation will show how economically efficient it is to disassemble a 
product and check the potential of a component to be recycled. The optimum disassembly 
sequence will maximise the end-of-life value and minimise the disassembly cost of the 
end-of-life products. 

3 Methodology 

The methodology which is implemented in EDAS integrates the determination of the 
end-of-life options, disassembly sequencing and the evaluation of disassemblability 
within a single framework. The proposed methodology is shown in Figure 1. It will be a 
very useful tool for manufacturers in minimising the environmental impacts of end-of-life 
product, maximising economic value of end-of-life product and complying with  
end-of-life product legislation. 

Figure 1 Methodology 

In stage 1, the product being disassembled is defined. It means obtaining the type and 
quantity of fasteners among product’s components, mass of the components, materials 
used, and disassembly tasks required to take apart the components from the product. 
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In stage 2, the end-of-life options for the components are obtained. The method 
proposed in Lee et al. (2001) is adopted. If the component: 

• Is made from metal without any other alloy, primary recycling is recommended.  
If alloys are present, they alter the mechanical properties of the parent metal,  
so secondary recycling or landfill is more appropriate. 

• Is polymeric, primary recycling is recommended, otherwise consider secondary 
recycling or incineration to recover its energy content. 

• Is made from ceramic, secondary recycling or landfill is recommended. 

• Is made from an elastomeric or is a composite material, secondary recycling  
or incineration is recommended, otherwise landfill. 

• Contains toxic or hazardous material, special handling is required. 

In order to calculate the end-of-life value, the equations below are used (Lee et al., 2001): 

Reuse value = Cost of component ($) − Miscellaneous cost ($) (1) 

Remanufacture value = Cost of component ($) − Remanufacture cost ($) 
                                        − Miscellaneous cost ($) (2) 

Primary recycle value = Weight of component (kg) × Market value of 
                                          material ($/kg) − Miscellaneous cost ($) (3) 

Secondary recycle value = Weight of component (kg) × Scrap value of 
                                              material ($/kg) − Miscellaneous cost ($)  (4) 

Incinerate value = Energy produced (KJ) × Unit cost of energy ($/KJ) 
                               − Miscellaneous cost ($) (5) 

Landfill cost = −(Weight of component (kg) × Cost of landfill ($/kg)) 
                          − Miscellaneous cost ($) (6) 

Special handling cost = −(Weight of component (kg) × Cost of special 
                                             handling ($/kg)) − Miscellaneous cost ($) (7) 

Miscellaneous cost = Handling + Transportation + Storage
                                   + Re-processing. (8) 

In stage 3, the disassemblability of product is evaluated. The disassemblability evaluation 
method proposed by Desai and Mital (2005) is used. The scoring system, which is 
derived from the MTM time measurement technique, is used to show the 
disassemblability of product. By using the scoring system, disassembly time can be 
estimated. Multiplying the estimated disassembly time with disassembly operation rate 
per unit of time will yield the disassembly cost. 

In stage 4, recycling rate is computed. It is aimed to evaluate whether the design 
meets the legislation or not. Recycling rate is the share of materials (in percent by weight) 
out of all materials used in the product, which may be recycled at feasible and reasonable 
expenditure. Equations (9) and (10) are used to calculate the recycling rate (BMW Group, 
2002).
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MR1, MR2 = Mass (kg) of components for recycling rate categories R1 and R2. 
MG = Mass (kg) of product or subassembly. 

Recycling categories (R1, R2 and R3) are defined as: 

• R1 – Components suitable for economic recycling with SR ≥ 100%. 

• R2 – Component suitable for economic recycling which has 80% ≤ SR < 100%. 

• R3 – Not suitable for economic recycling with SR < 80%. 

Suitability for recycling (SR) is calculated as follow: 

Cost (equivalent new material + disposal)Suitability for recycling 100%.
Cost (dismantling + re-processing + logistics)

= ×

 (10) 

In stage 5, the reports of the end-of-life value calculation, disassemblability evaluation 
and recycling rate are provided. By using these reports, the decision to redesign can be 
made. 

In stage 6, the disassembly sequence is optimised. It will maximise the end-of-life 
value and minimise the disassembly cost through searching the best sequence.  
The disassembly sequence problem is formulated into a linear programming model 
(Lambert, 1999), as shown in equations (11)–(13). 

Maximise : ( )= −Z rT c x  (11) 

Subject to : ≤Tx 0  (12) 

{0 or 1}=x  (13) 

where r is the revenue vector (end-of-life value), c is the disassembly cost vector, T is the 
transition matrix. The decision variable (disassembly operations) is x which has  
binary value {0 or 1}. This indicates whether a disassembly action should be executed (1) 
or not (0). 

According to Lambert and Gupta (2005), the revenues are related to the availability of 
the sub-assemblies. These revenues can be grouped into a revenue vector r with 
components ri.  These might have positive and negative values, because the availability 
of a specific subassembly may represent costs when it cannot be reused or recycled and 
has to be disposed at some expense. The disassembly costs are assigned to the 
disassembly operations, and this is represented via the cost vector c with components cj.
Costs are only encountered if the action is actually performed, which is only true if the 
corresponding disassembly operation variable is equal to 1. 

The transition matrix is derived from the AND/OR graph. Based on Lambert and 
Gupta (2005), in AND/OR graph, sub-assemblies are used as nodes and every 
disassembly operation is represented by a hyper-arc that points from parent sub-assembly 
to children sub-assemblies (AND relationship). Because a sub-assembly can typically  
be disassembled in several ways, it results in different hyper-arcs pointing from the  
sub-assembly (OR relationship). 
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According to Lambert (1999), each of transition matrix’s columns corresponds to an 
action and each of its rows to a sub-assembly. Destruction or creation of a sub-assembly 
by this action is indicated by assigning the value −1 or +1 to the element on the 
corresponding row. All other elements are zero. 

4 Assumption 

The application of the above methodology is limited by several assumptions: 

• In computing the end-of-life value it is assumed that the recycling facility has 100% 
efficiency.

• The disassembly cost is assumed as the labour cost per unit of time. 

• As mentioned earlier that Method Time Measurement (MTM) System was used  
in estimating the disassembly time. Here, in using this method, it is assumed  
that the disassembly operations is performed sitting down at the bench level. 

• The operators doing the disassembly operations are assumed have average skill and 
work in the normal condition. 

• The material of the components used for developing the product is known. 

5 EDAS: End-of-Life Disassembly Analysis Software 

Based on the above methodology, computer software named as EDAS was developed to 
ease the tasks of disassembly analysis and facilitate the decision making. 

In order to illustrate the application of the proposed methodology and the software 
developed for disassembly evaluation, a hair clipper, shown in Figure 2, was used as a 
case study. 

Figure 2 Hair clipper (see online version for colours) 

Stage 1: Product definition 

Figure 3 is the template for entering the product’s and components’ information.  
The information entered into this template comprises component’s number, component’s 
name, mass and costs. For the sub-assemblies, the information entered comprises the  
sub-assemblies and the components used for developing them. For disassembly tasks,  
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the information entered comprises task number, task name, joint released, joint released 
type and the tools required to perform the task. 

Figure 3 Template for disassemblability evaluation input (see online version for colours) 

Stage 2: End-of-life option determination and end-of-life value calculation 

The template shown in Figure 3 is also used to select and compute the end-of-life value 
of the components and sub-assemblies. As an illustration, a lower cutter is discussed. 
Based on the proposed methodology, feasible end-of-life option for sheet metal (material 
composing lower cutter) is primary recycling. The market value of metal is 1.54 $/kg 
(this amount is assumed to be the result of forecasting and present value calculation). 
Since miscellaneous costs are outside the control of the designers, they are omitted from 
the calculation. 

Primary recycling value = Weight of component (kg) × Market value of 
                                            material ($/kg) − Miscellaneous cost ($) 
                                         = 0.027 kg × 1.54 $/kg = $ 0.042. 

Table 1 shows the end-of-life value of the hair clipper’s components. It shows that all 
components of the hair clipper give rise to a surplus and do not adversely impact the 
environment. A component which adversely impacts the environment will require special 
handling and the deficit incurred by special handling is indicated by the negative sign of 
the end-of-life value. 

Table 1 End-of-life value of the hair clipper’s components 

No. Component Mass (kg) Material EOL option EOL value ($)
1 Lower cutter 0.027 Sheet metal Primary recycling 0.04158 
2 Upper cutter 0.008 Sheet metal Primary recycling 0.01232 
3 Tip 0.0005 Polypropylene Secondary recycling 0.00001 
4 Handle 0.002 Polypropylene Secondary recycling 0.00004 
5 U-shape 0.008 Sheet metal Primary recycling 0.01232 
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Table 1 End-of-life value of the hair clipper’s components (continued) 

No. Component Mass (kg) Material EOL option EOL value ($)

6 Upper cover 0.021 Polypropylene Secondary recycling 0.00042 
7 Front part 0.002 Sheet metal Primary recycling 0.00308 
8 Magnet 0.027 Metal Primary recycling 0.04158 
9 Coil 0.154 Cooper Primary recycling 0.23716 
10 Outer switch 0.001 Polypropylene Secondary recycling 0.00002 
11 Inner switch 0.004 Polypropylene Secondary recycling 8 × 10–5

12 Cable 0.08 Cooper Primary recycling 0.1232 
13 Lower cover 0.045 Polypropylene Secondary recycling 0.0009 

Stage 3: Disassemblability evaluation 

Here, numerical disassemblability evaluation is obtained. Table 2 shows the numerical 
disassemblability analysis of unscrews operation for disassembling the lower cutter 
which has 2 screws. From Table 2, it can be seen that force as the design attribute or 
parameter of design has the highest contribution to the duration of disassembly time  
of the lower cutter. In order to reduce the exertion of force required to disengage the 
lower cutter, according to Desai and Mital (2005), appropriate materials for component 
bearing surfaces and/or fasteners should be selected to reduce inter-surface friction. 
Besides, the holding surfaces in the component also need to be re-designed. The software 
developed also provides redesign recommendations in order to increase the 
disassemblability of the product analysed. 

Table 2 Disassemblability evaluation of lower cutter 

Design attribute Design attribute parameter Score 
Force Straight line and twisting motions with exertion of 

pressure/inter-surface friction and/or wedging 3

Component dimensions 2 
Magnitude of weight 2 

Material handling 

Symmetric components are easy to handle 0.8 
Requirement of tools Exertion of torque 2 

Dimensions/length, breadth, depth, radius, angle made 
with surface 1Accessibility 

Location/on plane surface 1 
Positioning Symmetry 1.2 
Total 13

Disassembly time = Number of screws × Total × 10 × 0.036 = 2 × 13 × 10 × 0.036 = 9.36 s. 

Disassembly cost = Disassembly time (s) × Labour cost ($/s) = 9.36 × 0.002 = $ 0.01872 

As an example, redesign recommendation for exertion of force as the design parameter  
is shown in Figure 4. Based on Figure 4, a variety of alternative design configurations 
can be generated corresponding to each remedial measure. Each of these configurations 
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may, in turn, be analysed for cost effectiveness and, in turn, tested for functionality, 
assemblability, manufacturability and structural rigidity under working conditions  
(Desai, 2002). Table 3 shows all disassembly tasks and their duration. Template shown in  
Figure 3 is also used to evaluate the disassemblability and estimate the disassembly time. 

Figure 4 An example of redesign recommendation (see online version for colours) 

Table 3 Disassembly tasks and their duration 

No. Released component Task Tool Duration (s)

1 Lower cutter Unscrew Screwdriver 9.36 
2 Upper cutter Pull – 3.42 
3 Tip Pull – 3.42 
4 Handle Unscrew Screwdriver 5.04 
5 U-shape Pull – 3.42 
6 Upper cover Unscrew Screwdriver 18.72 
7 Front part Unscrew Screwdriver 9.36 
8 Magnet Pull – 4.14 
9 Coil Unscrew Screwdriver 9.36 
10 Outer switch Pull – 3.42 
11 Inner switch Pull – 3.42 
12 Cable Pull – 3.78 
13 Lower cover Pull – 3.78 

Stage 4: Recycling rate calculation 

In stage 4, recycling rate is obtained. Before recycling rate can be calculated, Suitability 
for Recycling (SR) must be calculated earlier. 

As an example, the suitability for recycling of the lower cutter is explained. The cost 
of equivalent new material = mass (kg) × cost of equivalent new material of lower  
cutter ($/kg) = 0.027 × 1.54 = $0.04158, disposal cost = mass (kg) × disposal cost per kg 
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($/kg) = 0.027 × 0.06 = $0.00162, dismantling cost = disassembly time (s) × disassembly 
rate ($/s) = 9.36 × 0.002 = $0.01872, re-processing cost and logistic cost are omitted from 
the calculation because they are outside the control of the designers. 

SR = [(0.04158 + 0.00162)/0.01872] × 100% = 230.77%. 

It means that, if the lower cutter is not recycled the total cost of new material for 
producing a new lower cutter plus cost required disposing the end-of-life lower cutter  
is 2.3077 times as much as the total cost (disassembly, reconditioning and logistic) 
required if it is recycled. Based on this, it is better if the lower cutter is recycled. Table 4 
presents the suitability of recycling for all components of a hair clipper. 

Table 4 Suitability for recycling and recycling category of hair clipper’s components 

No. Released component Suitability for recycling (%) Category 
1 Lower cutter 230.77 R1 
2 Upper cutter 187.13 R1 
3 Tip 0.58 R3 
4 Handle 1.59 R3 
5 U-shape 187.13 R1 
6 Upper cover 4.49 R3 
7 Front part 17.09 R3 
8 Magnet 521.73 R1 
9 Coil 1316.24 R1 
10 Outer switch 1.17 R3 
11 Inner switch 4.68 R3 
12 Cable 1693.12 R1 
13 Lower cover 47.62 R3 

Based on recycling category of each component, recycling rate can be calculated.  
The total mass of the hair clipper is 0.3795 kg and the total mass of the components with  
R1 and R2 category is 0.304 kg. 

Recycling rate = (0.304/0.3795) × 100% = 80.1%. 

It means that, 80.1% (in terms of weight) out of all the materials used in the hair clipper 
can be recycled at feasible and reasonable expenditure. 

Stage 5: End-of-life values, disassemblability, and recycling rate report 

Here, the disassemlability evaluation reports are provided. Figures 5–7 show the reports. 
In Figure 5 the disassemblability report table is provided. It aims to show the detailed 
report of the disassemblability analysis done in stage 3. By using the table, product 
designers can identify, for each component, which design attribute has a high numerical 
score. Meanwhile, Figure 6 shows that the lower cutter, upper cover, front part and coil 
have the potential to be improved. The lower cutter, upper cover and front part have low 
end-of-life value and high duration of disassembly time. On the contrary, the coil has 
high end-of-life value and high duration disassembly time. In order to increase the  
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efficiency of disassembly process, those components should be disassembled very easily. 
It can be solved by changing the joining technique, redesigning the components or by 
repositioning them in the product hierarchy for easy disassembly. 

Figure 5 Disassemblability report (see online version for colours) 

Figure 6 End-of-life value vs. disassembly time (see online version for colours) 

In Figure 7, the circles connected by the solid line represent value removal rate and the 
dashed line represents disassembly cost ($/s). Value removal rate is the ratio between 
end-of-life value ($) and disassembly time (s). Anything below the disassembly cost line 
(tip, handle, upper cover, front part, outer switch, inner switch and lower cover), is  not 
economical to disassemble, while components plotted above this line (lower cutter, upper 
cutter, u-shape, magnet, coil and cable), can potentially make money if suitable quantities  
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can be recovered. Note should be taken that, in this simple case study, the disassembly 
cost is assumed to be the labour cost (direct cost), while in the real world it is not only  
the labour cost acts as a driver of the disassembly cost but also other costs (indirect costs) 
such as maintenance, overhead and equipment depreciation cost. 

Figure 7 Value removal rate (see online version for colours) 

Stage 6: Searching the optimum disassembly sequence 

The first step in searching for the optimum disassembly sequence is developing the 
AND/OR graph, as shown in Figure 8. The nodes represent the subassemblies and the 
arcs represent the disassembly actions. 

Figure 8 AND/OR graph of the hair clipper (see online version for colours) 

In the nodes, the number 1/13 means consisting components 1, 2, 3, …, 13. List of the 
end-of-life value of the sub-assembly and the disassembly cost for each disassembly 
operation is shown in Table 5. 

The revenue vector, cost vector and the transition matrix of this disassembly problem 
are shown in equations (14), (15) and in Table 6. 
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[ ]0.01008 0.01872 ... 0.00684c =  (14) 

[ ]0.01366 0.01359 ... 0.0009 .r = − −  (15) 

The cost vector represents the disassembly costs required to disengage the components  
or sub-assemblies from the hair clipper while the revenue vector represents the  
end-of-life value of the components or subassemblies. The total number of the possible 
sub-assemblies and disassembly tasks for this case study are 43 and 42. So, the size  
of the cost vector, revenue vector and transition matrix are 1 × 43, 1 × 42 and 42 × 43, 
respectively.

Table 5 Disassembly cost and sub-assembly revenue 

Action Cost ($) Action Cost ($) Subassembly Revenue ($) Subassembly Revenue ($)

1 0.1008 23 0.0684 1/13 −0.013662 1,5 0.0539 

2 0.1872 24 0.1872 1/3,5/13 −0.01359 3,5 −0.000306
3 0.3744 25 0.3744 2/13 −0.01269 3,7 −0.00009
4 0.1008 26 0.1872 1/5,7/13 −0.012906 11,13 −0.001764
5 0.3744 27 0.0684 2/3,5/13 −0.012618 11,12 −0.00504
6 0.0684 28 0.1872 2/5,7/13 −0.011934 8,13 −0.002592
7 0.1872 29 0.0684 3/13 −0.012402 9,13 −0.007164
8 0.1008 30 0.0828 1/3,5,7/13 −0.012834 1 0.04158 

9 0.1008 31 0.1872 2,3,6/13 −0.01233 2 0.01232 

10 0.1872 32 0.1872 3,5/13 −0.01233 3 0.00001 

11 0.1008 33 0.1872 2,3,5,7/13 −0.011862 4 0.00004 

12 0.3744 34 0.0828 3,6/13 −0.012042 5 0.01232 

13 0.0684 35 0.0684 2,3,7/13 −0.011574 6 0.00042 

14 0.0684 36 0.0756 1,2,7/13 −0.012528 7 0.00308 

15 0.1368 37 0 3,7/13 −0.011286 8 0.04158 

16 0.2556 38 0 3,7/9,11/13 −0.01125 9 0.23716 

17 0.1872 39 0.0684 8/13 −0.011196 10 0.00002 

18 0.0684 40 0.0828 2,7/13 −0.011556 11 0.00008 

19 0.0684 41 0.1872 7/13 −0.011268 12 0.1232 

20 0.3744 42 0.0684 8,9,11/13 −0.01116 13 0.0009 

21 0.0684 43 0.0684 9,11/13 −0.010188 – – 

22 0.1872 – – 8,9,13 −0.008136 – – 

By applying the formula in equations (11)–(13), linear programming model for the hair 
clipper disassembly problem is as follow: 
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1
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3

43

Max 0.01 0.02383 0.0363 ... 0.00577
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Z x
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43

1 1 1 ... 0 0
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0 0 0 ... 0 0

x
x
x
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− − −
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1
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3

43

{0 or 1}.
...

x
x
x

x

=  (18) 

Table 6 Transition matrix 

The template for searching the optimum disassembly sequence is shown in Figure 9 and 
the result is shown in Figure 10. 
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Figure 9 Template for searching for the optimum disassembly sequence (see online version 
for colours) 

Figure 10 Optimum disassembly sequence report (see online version for colours) 

The developed software has the ability to find the optimum sequence for the selective and 
total disassembly operations. For the selective disassembly sequence, the optimum 
sequences is 1-9-15-22-23-24-29-32-34-37-41 producing profit Z = $0.63396 and for the 
total disassembly sequence, the optimum sequence is 2-4-12-18-21-26-29-30-31-35-36-
39, yielding a profit Z = $0.33265. 

Based on the result of the case study, some redesign alternatives are suggested  
for improving the end-of-life performance of the hair clipper. According to Figure 6,  
the coil and upper cover have the potential to be improved. The scenario for redesign  
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is to reduce the number of screws of these two components. In the current design,  
the upper cover has four screws; it can be reduced into two screws. The coil has  
two screws; this can be reduced into a single screw. By applying this, the disassembly 
time of the upper cover and coil will be reduced to 9.36 and 4.68 second. Table 7 shows 
the disassemblability evaluation for redesigning the lower cutter. It will also reduce  
the disassembly cost of the upper cover and coil to $0.01872 and $0.00936, respectively. 
The disassembly times of these two components are estimated by using the 
disassemblability evaluation template of the developed software, as shown in Figure 3. 
The optimum disassembly sequences of the redesigned hair clipper are the same as the 
sequence before redesign is done for both, selective and total disassembly, respectively 
but it yields a higher profit, $0.64332 and $0.34957, respectively. Table 8 summarises the 
result of the redesign. 

Table 7 Disassemblability evaluation of the redesigned upper cover 

Design attribute Design attribute/parameter Score 
Force Push with hand 1 

Component dimensions 2 
Magnitude of weight 2 

Material handling 

Symmetric components are easy to handle 0.8 
Requirement of tools Exertion of force 1 

Dimensions/length, breadth, depth, radius, angle made 
with surface 1Accessibility 

Location/on plane surface 1 
Positioning Symmetry 1.2 

Total 10

Disassembly time = Total × 10 × 0.036 = 10 × 10 × 0.036 = 3.6 s 

Disassembly cost = Disassembly time (s) × Labour cost ($/s) = 3.6 × 0.00005 = $0.00018 

Table 8 Redesign result 

Current design Redesign 
Disassembly revenue Disassembly revenue 

Comp.
Disassembly 

time Selective Total 
Disassembly 

time Selective Total 
Coil 18.72 s $0.63396 $0.33265 9.36 s $0.64332 $0.34957 

6 Sensitivity analysis 

In most practical applications, problem data are known exactly and are often estimated  
as best as possible. It is, therefore, important to study the effect on the profit gained from 
disassembly and recycling activities to variations in certain data. In this work, the effect 
of the quantity of components disassembled and the percentage of the material extracted 
to the current solution will be explored. Figure 11 shows the change on revenue to the 
variation of the number of components disengaged. It shows that disengage components 
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4, 5, 6 and 10, together with components 1 and 2, will decrease the revenue gained.  
This is because components 3, 4, 6 and 10, which have a value of removal rate lower than 
the disassembly cost. Although components 1, 2, and 5 have value removal rate higher 
than the disassembly cost but it cannot compensate for the negative revenue accumulated 
by components 4, 6, and 10. If it is decided to continue the disassembly process,  
by disassembling component number 10 or 9, the revenue will increase enormously. This 
is because of component 9 which has the highest value of removing rate. But if it is 
decided to totally disassemble the product, the revenue gained will decrease because 
components 10, 11 and 13 are  not economical to disassemble. 

Figure 11 Revenue as the function of quantity of components disassembled 

From Table 9, it can be concluded that by increasing the share of polymer to be 
disassembled from the product the revenue will be decreased. Increase in the revenue 
from 0.559260 to 0.633972 is not caused by the increase of polymer extracted from the 
product (6.32–18.18%) but it is caused by the decision to disassemble 7.11% metal 
without alloy coming from component 8. 

Table 9 Effect of the share of material extracted to the revenue gained 

Revenue ($) Material released (%)
Before
redesign

After
redesign

Feasible
sequence

Component
released

Metal with 
alloy

Metal without 
alloy Polymer

0.023832 0.037494 2 1 7.11 0.00 0.00 
0.029600 0.043262 2,6 1,2 9.22 0.00 0.00 
0.022872 0.036534 2,6,42 1,2,4 9.22 0.00 0.53 
0.025399 0.039062 1,10,14,19 4,1,5,2 11.33 0.00 0.53 

−0.011332 0.021050 2,4,14,19,25 1,4,5,2,6 11.33 0.00 6.06 

−0.016462 −0.016462 1,9,17,18,21,27,
28,32 4,6,1,5,2,10 11.33 0.00 6.32 

0.559260 0.582282 1,9,17,18,21,27,
28,32,33 4,6,1,5,2,10,9 51.91 0.00 6.32 

0.633972 0.602778 1,9,15,22,23,24,
29,32,33,40

4,6,1,2,7,10,9,8,
13 50.33 7.11 18.18 

0.33265 0.365024 
2,4,12,18,21,26,
29,30,31,35,36,

39

1,4,6,5,2,10,8,11,
9,3,13,12,7 73.52 7.11 19.37 
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In disassembly problem, the disassembly cost also has an effect on the selection  
of the optimum disassembly sequence. Figure 12 shows that the solution of the model 
suggests to not disassemble the hair clipper if the labour cost is higher than 0.0135 $/s. 
Otherwise, the recycling and reuse value of the material can compensate the cost  
of disassembly process. 

Figure 12 Revenue as the function of disassembly cost 

7 Discussion 

The main outcome of this work is the methodology developed to aid product  
designers to analyse the disassemblability and recyclability of end-of-life products.  
The methodology was also converted into a computer software and expected can deliver 
a dynamic characteristic in order to comply the change in legislation, cost and 
technology. 

In general, there are two main attributes required to be considered in treating the  
end-of-life products, cost attributes and environmental attributes. The cost attributes  
are expenditure required to take back, disassembly and reprocess the end-of-life product. 
Meanwhile, the environmental attributes address the global requirements and issues such 
as recycling target decided by the government in the legislation. The main contribution  
of this work is to provide a methodology or tool to compromise the trade-off of these two 
attributes. 

This work integrated the three important aspects of the disassemblability  
and recyclability analysis of end-of-life products in one framework. These aspects are 
end-of-life option determination, disassemblability and recyclability analysis, and 
disassembly sequence. These aspects need to be analysed to comply with the 
requirements of the legislation to take back and recycle the end-of-life products and the 
cost incurred for taking back, disassembling and reprocessing the end-of-life products. 

The end-of-life option determination will guide the designer to choose the appropriate 
end-of-life option of the product. The end-of-life value calculation will show the value 
which can be achieved from the appropriate end-of-life option decided for the 
components. The disassemblability evaluation will aid the designers in reducing  
the difficulty for disassembly, disassembly time and disassembly cost required.  
The recyclability analysis will show whether the design meets or does not meet the 
legislation at feasible expenditure in terms of recycling target. The search for the 
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optimum disassembly sequence will minimise the disassembly cost and maximise  
the end-of-life value and, finally, increase the profitability which can be achieved from 
the end-of-life treatment. 

Integrating the end-of-life concept into the early design of product is one of important 
aspects that need to be considered in decreasing impact of end-of-life products to the 
environment. The choice of product concept, structure, material and process during 
design stages has consequences for the environment during the entire life cycle of the 
product. It is essential to integrate recycling criteria into all phases of the product 
development process in order to ensure the design of an environmentally compatible 
product, optimised for recycling (BMW Group, 2002). The proposed software was 
developed specially to assist product designers to evaluate product design with respect to 
legislation, recycling and economic value. It also can be used to explore the ‘what if’ 
scenario that can possibly exist due to the design that is being developed in order to fulfil 
the legislation and ensure that it is achieved at feasible expenditure. 

In order to verify and validate the developed software, an end-of-life product was 
introduced with the intention to investigate the appropriate end-of-life option for its 
components, disassemblability, suitability for recycling, recyclability and optimum 
disassembly sequence. 

8 Conclusion 

EDAS, a software to analyse the disasembability and recyclability of the end-of-life 
product, is presented here. It consists of three elements, end-of-life option determination, 
numerical evaluation of disassemblability and searching for an optimum disassembly 
sequence. This software can be used by product designers and manufacturers to evaluate 
the disassemblability of their design, asses the suitability of recycling and check the 
recyclability. It will aid product designers and manufacturers to know which materials in 
their product may be recycled at feasible and reasonable expenditure. For the recycling 
and dismantling companies, the ability of the software to search for the optimum 
disassembly sequence will be beneficial to them in reducing the disassembly cost of the 
end-of-life products. 

For further research, Multi-Criteria Decision Analysis (MCDA) can be integrated into 
the methodology or software to select the appropriate end-of-life option of the product’s 
components because the selection of the end-of-life option is also subject to the law, 
economic, environmental, and social factors. 
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