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Abstract
Extended Producer Responsibility (EPR) directives such as the draft on Waste Electrical and Electronic Equipment (WEEE) have significant implications for manufacturers on costs and profitability. Research by Chiodo has shown that using ‘Active Disassembly’ for component separation and disassembly of electronic products is a feasible EoL WEEE strategy. Significant cost benefits may be realised by adopting active disassembly techniques at varying points within the design process. Effective education and enabling is needed for this to occur, thus guidelines have been designed to enable assimilation of these techniques by an organisation into an effective EoL strategy. This work completes a two-year study funded by the EPSRC initiated by Chiodo.

Introduction

While concern for End of Life (EoL) issues is increasing due to combined forces of legislation and market perception, economic considerations are significant drivers of Original Equipment Manufacturers (OEM’s), for the implementation of any new environmental guidelines [1]. Consequently, one effective way to encourage manufacturers to embrace Design for the Environment (DfE) tools is to demonstrate a positive cost implication.

The design stage of any product significantly influences it’s environmental impact [2]. Therefore there is a necessity for designers and producers to determine on a product level, an EoL system that is technically and economically feasible [3]. If an organization can shift its perception to view technological waste as an asset rather than a liability, substantial competitive advantages exist [4][5]. This can provide a positive driver for DfE strategies to be adopted. In order to implement a successful DfE policy, a strategic, business oriented approach must be included with the development of EoL electronic waste management activities [6]. It will also require both well-designed tools and an understanding of the organisational context in which the practice is embedded [1][4][6].

Research has shown that when using DfE procedures, firms are not using detailed analytical tools due to time constraints [6], but rather guidelines and checklists, with these being the third most used resource by designers involved in DfE practices [1].

If products are to be recycled quickly and effectively, with a significant cost benefit, disassembly will be needed. While mass shredding is used as a recycling technique [7], this is becoming a less feasible option or at least an option that will need some form of prior disassembly to meet current legislative targets. Research has shown that the most significant cost benefits of EoL strategies can only be achieved if disassembly and recycling is considered early in the design process or even prior to this process [8-10]. Whilst further research has shown that this ‘earlier is best’ scenario needs to be expanded to allow for differing types of projects and environmental issues [11], this has perhaps made the decision making process for DfE even more convoluted.

Active disassembly as a “Design for” concept was introduced in 1997 [12]. Notable work has been carried out into its development, [12-21]. These investigations have shown that many of the difficulties facing organisations and designers in implementing DfE in terms of an EoL strategy may be circumvented by active disassembly methods. This is due to the process being applicable as a step change process rather than a paradigm shift.

A Design tool for Active disassembly?

This design tool is intended to support designers in a relatively new field. For this end, a set of guidelines and a basic methodology for design has been developed upon prior work [22-25]. Firstly, to aid designers in assessing the value and feasibility of active disassembly for EoL issues (Table 1.0). Secondly, to provide tools for implementation of the results of this assessment and a set of design guidelines for designing for active disassembly (Table 2.0).

Design issues such as quality, cost, schedule, manufacturability, assembly, installation, reliability, performance, testing, and maintenance, are of prime concern for a companies viability (and thus a designers position within such a company!).

There are a wide variety of tools available such as Life Cycle Analysis (LCA), Design for Disassembly (DfD), etc. and emergent recycling technologies. We therefore find that the addition of EoL issues adds another burden to an already pressured system. Therefore any DfE tool must be easy to use, quick to deliver results and allow for ease of technical implementation [6].

Within DfE methodologies, the “Three R’s: Reduce, Reuse, Recycle” are a recognised tool for analysis and development of EoL scenarios. DfD is the main enabler for Design for Recycling (DfR) and concentrates on specific design issues, rather than the broader DfR guidelines, such as fastener types and orientation of product components. Disassembly strategies for electronic products are of necessity, multi-disciplinary because of the complexity and multiplicity of the interconnections in assemblies and subassemblies [26].

Products taken back from customers could be any product that the company has ever manufactured, for recyclers the situation is even worse. As a result the disassembly process is difficult to be automated and has to remain mostly manual [27]. Some systems for automated disassembly do exist [7] but these are mainly, of necessity, fairly product specific and thus less useful to industry than a non-specific dismantling regime. Labour costs for disassembly can therefore, be a major part of the total cost structure for a DfR strategy [27]. Non-specific, multi-stream, mass disassembly techniques that could potentially reduce the economic impact of EPR supporting legislation will in consequence be of importance to manufacturers. It can therefore be seen that in order to realise DfE EoL issues effectively, disassembly, dismantling, debonding, detachment or disconnection of an assembly with ease is the critical issue [14].
Whilst DfD has been traditionally associated with the ‘Recycling’ phase of the 3 R’s, it’s possible significance in contributing towards both ‘Re-use’ and ‘Reduce’ should not be overlooked.

Active Disassembly Design Tools

The table below outlines the four basic steps tp assess the use of active disassembly as a DfE tool.

Table 1.0
Guidelines for Feasibility Assessment

Necessity:
Why Active Disassembly?

What significant drivers are there towards disassembly?

Is manual disassembly an option?

Will destructive/alternative recycling suffice?

Viability:

What Active Disassembly recycling facilities are available?

Is recycling/reclamation of materials profitable?

Is waste stream large enough for return logistics to be developed?

Is waste stream large enough to generate sufficient returns?

Is there an economically alternative solution?

Methodology:

Convection, infra-red, immersion, induction or microwave?

Re-use – will activation method affect Re-use

Re-cycle –Will activation method contaminate re-cycle fraction

Re-claim – will actuator materials contaminate the re-cycle fraction

Level:

Corrective design: Consider first the application of active disassembly of one or two elements with minor design changes. Can existing products be easily adapted to use this technology, Can the fastening system of an existing product be substituted for an active solution.

Incremental design: Consider the redesign of critical sub-assemblies. Incorporate a small number of significant changes: Can modularisation or standardisation also assist in this process.
Innovation design: Consider complete redesign for orchestration: ie: temperature controlled hierarchical dismantling of macro and sub assemblies.

If the designer is satisfied that active disassembly is necessary justified amore detailed examination using the table below will give a more decisive picture of feasibility and guidelines for implementation.

Table 2.0
Guidelines for Designing for Active disassembly
([17,18])

Disassembly Methods

The temperature for activation of smart materials to provide activity is the 'Trigger Temperature' (Tx). Tx is dependent on the materiel. The proven technologies for increasing the localised temperature of the fastener/actuator include;

Convection heating- Locate devices near surface or design convection channels.

Immersion heating- Corrosion of subassemblies or contamination possible.

Microwave heating- Subassemblies may be destroyed or ignite

Induction heating- May compromise further re-use of some elements

Infra red heating- May compromise integrity of some elements.

Where the active element is not the fastening element, place in or around the fastening element for a specific localised force or release activation.
Actuator Material Choice: 

Smart materials offer the choice for the active component to aid disassembly by providing force or by  controlled loss of mechanical properties.

Force Requiring Applications - 'Shape Memory Alloy' (SMA) used for the actuator design.

1-way 'Shape Memory Effect' (SME) is typical of NiTiX SMA actuators for high force applications. This SME from mechanical deformation recovery at Tx

2-way or fully recoverable SME is typical of Cu-based SMA actuators for low force applications. No mechanical deformation of the actuator needed.

Current commercially available trigger temperatures between ≈ -190.0˚C to +190.0ºC.

Active forces must surpass tensile forces of assembly fastening elements.

Active force location is important where product assembly tolerances may inhibit complete intended dismantling sequence.

No Force Applications - 'Shape Memory Polymer' (SMP) used for the design of releasable fasteners, snap fixtures and or component release systems.

Current commercially available trigger temperatures between +25.0 - +55.0ºC

Other polymers may be employed to allow active temperature triggered release.

Conventional materials may be used with smart materials in order to provide biasing forces, levers or other functions in order to improve assembly and/or disassembly.

Actuator Design

Sliding contact under pressure should be avoided.

Active component's should avoid obstacles interfering in the transformation or deflection. 

Where necessary, active elements guided by locators and/or seats for clean separation. 

Integrated design of clean actuation passage for separation to ensure full disassembly.

Active device to deflect/deform sufficiently for biasing forces of assemblies to be surpassed

Upper limit for assembly tolerances not to exceed maximum deflection of active elements

If possible ‘training’ of the actuator/release mechanism should be an integral part of the manufacturing process rather than an additional step.

If possible actuator/release mechanism should reduce the number of component parts. 

Wherever possible the materials choice for ‘active’ components should match the materials that they are combined with.

Wherever possible ‘active’ components should be made non-contaminating materials

Orchestration

Actuators placed for variation in actuator Tx to correspond to hierarchy of sub-assemblies

Temperature/time balance affects the integrity of the planned disassembly procedure.

Trigger temperatures must be specified for a timely active disassembly.

Use Phase

Tx of active devices designed to be outside of ambient temperature range whilst product in use phase.

Active components will lie dormant during product use phase and only provide an activity when exposed to their Tx.

Output Logistics

Active components can be re-cycled or re-used.
Non-specific, high volume, disassembly line will optimise the economic potential.
Completely non-destructive disassembly is possible with an optimised process.
High purity of output fractions is possible. Average disassembly times reduced as EoL active disassembly batch sizes increase.

Conclusion
The full potential of active disassembly can only be realised if the move to adopt such techniques is widespread allowing for mass disassembly to maximise the cost effectiveness of the technique. As discussed earlier one way to facilitate this is the following set of design guidelines. Implementing active disassembly design tools and guidelines as a route for DfE within an organization by building upon inherent strengths allows for less internal, organizational and technical resistance to any new DfE proposals [1]. The flexibility of active disassembly allows for DfD as a corrective measure for DfE, incremental improvement to a product or product lines or innovative redesign and re-examination of current design methods. However the most significant benefit of active disassembly is that it may result in the implementation in a step change scenario allowing designers and organizations to become familiar with the concepts and possibilities of this new technology. This approach allows designers to move beyond a product specific view for EoL strategies [28] and examine the implementation of concurrent solutions for a cost effective EoL strategies across a range of products.
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