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ABSTRACT 

 

Life-cycle thinking in the development of new products has led design engineers to 

rethink the way they design sustainable products. One of the most viable approaches is 

designing products for multiple life-cycles. For this purpose, a sustainable design tool that 

has a broader perspective in providing design guidelines to enhance end-of-life product 

recovery for multiple life-cycles is necessary. However, there are too many design 

requirements, some of which are conflicting. Designers are not supported by specific 

methodologies or tools to evaluate the weightage and importance of the design elements. 

Therefore, an extensive review of the design requirements of remanufacturable products 

was conducted in order to identify the design elements for multiple life-cycle products. A 

modified Analytical Hierarchy Process method was developed based on the design 

strategies in order to obtain the weightage that indicates the importance of each design 

element. The proposed approach is capable of refining and setting priorities in strategic 

decision-making during the design phase of a multiple life-cycle product. Verification of 

the strategic factors was based on an in-depth interview with an automobile engine 

remanufacturer. Based on the study, disassemblability and assemblability were found to 

be the two most important criteria in designing automobile engines for multiple life-

cycles.  

 

Keywords: Multiple life-cycles; design for X; design guidelines; weightage.  

  

INTRODUCTION 

 

There has been a shift in developing sustainable products by extending their useful lives 

through multiple life-cycle [1]. In contrast to single life-cycle products, which are 

disposed of by the consumer after a single use, multiple life-cycle products are reused by 

the remanufacturer and consequently by the consumer, as a whole or as a reusable part of 

a remanufacturable product [2]. A diagrammatic representation of the Single Life-Cycle 

processes is shown in Figure 1 as an open-loop material flow and the Multiple Life-Cycle 

(MLC) processes is shown in Figure 2 as a closed-loop material flow. It can be clearly 

observed from Figure 2 that the 6Rs concept (Reduce, Reuse, Recycle, Remanufacture, 

Redesign and Recover) plays an important role in enabling multiple product life-

cycles[3]. Reuse, Recycle and Remanufacturing do not require first-use materials in the 

closed-loop material flow, therefore, reducing the need for virgin materials and saving 
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resources. Recycling may also involve materials that are processed out of one form and 

Redesigned into another new product. 

 

 
Figure 1. Single life-cycle processes (adapted from [4] ) 

 

 
Figure 2. Multiple life-cycles processes [5] 

 

Therefore, creating sustainable value requires product, process and systems level 

innovations to enable near-perpetual closed-loop material flow across multiple life-

cycles[6]. Designing products that are never discarded could be a new concept for a near 

future trend [7]. However, most traditional design is focused on functionality and cost at 

the expense of environmental issues [8], and designers lack knowledge and awareness of 

multiple life-cycle considerations in their work. Therefore, it is imperative for a design 

engineer to acquire the capability to build components or modules that will support 

Multiple Life-Cycle Products (MLCP) [9]. 

 

End-of-Life Vehicle 

An end-of-life vehicle (ELV) is a specified vehicle that is discarded, or is to be discarded, 

by its registered owner as waste [10]. ELVs can be categorised as natural or premature. 

A natural ELV reaches the end of its useful life after an average life span, while a 

premature ELV reaches the end of its useful life before its average lifespan owing to 

damage from a heavy accident [10, 11] . The number of vehicles disposed of annually in 

the USA is 8–10 million, 14 million in Europe and about 30 million in other parts of the 

world [12]. The Malaysian Automotive Association [13] pointed out that Malaysia is also 

facing the same issue as the number of vehicles has increased continuously from 1980, as 

shown in Table 1. Therefore, the automotive industry is responsible for considerable 

quantities of waste in the country [14]. Moreover, [15] indicated that automobiles affect 

the environment through their entire life-cycle, thus recovery strategies for automobiles 

are becoming important owing to energy and environmental issues. One of the recent 

trends in automotive design is aimed at improving environmental-friendliness [16]. 

Furthermore, Malaysia’s 2014 National Automotive Policy (NAP) was launched with a 

vision to enhance the competitive advantage of the local automotive industry and also to 

develop an environmentally friendly automotive manufacturing ecosystem and outputs 

[17]. Therefore, industrial application of environmentally conscious design should lead 
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to a growing awareness of the need for a more sustainable approach to the current 

practices in order to solve the problem of the growing amount of waste generated by 

ELVs. One way to improve the life-cycle utilisation of products is to extend their 

longevity [18] by allowing products to have more than one life-cycle.  

 

Table 1. Production of vehicles in Malaysia in 2007–2015 [13]. 

 

Year Passenger vehicles Commercial vehicles Total vehicle 

2007 442,885 44,291 487,176 

2008 497,459 50,656 548,115 

2009 486,342  50,563 536,905 

2010 543,594 61,562 605,156 

2011 535,113 65,010 600,123 

2012 552,189 75,564 627,753 

2013 576,657 79,136 655,793 

2014 588,341 78,124 666,465 

YTD June 2015 286,533 35,651 322,184 

 

Motor Teknologi & Industri Sdn Bhd (MTI) in Malaysia provides remanufacturing 

services that extend the life of equipment, engines, vehicles and machinery, enabling them 

to operate in “as-good-as-new” condition [19] in their second life-cycle. Caterpillar 

heavy-duty engines can be remanufactured as many as six times, thereby providing seven 

life-cycles [20]. The advantages of engine remanufacturing include savings in virgin 

materials leading to a significant profit while providing opportunities for manufacturing 

energy savings [21]. Even though automotive manufacturers implicitly conduct life-cycle 

planning and product design from a life-cycle perspective, specific methodologies have 

not been deployed [20, 21] owing to the fact that design and development of an 

automotive engine involves complicated processes [22]. To acquire the best performance 

and optimise the engine design in any operating condition, many analytical tools and 

experimental works are needed to find the optimum structure for the engine design [23]. 

 

Design for Multiple Life-Cycles and Design For X 

In this study, a Multiple Life-Cycle Product (MLCP) is defined as a product that has the 

potential to extend its asset life through secondary or multiple life-cycle usages. Gao [24] 

developed a methodology to complete the disassembly levelling and assignment decisions 

in demanufacturing and later implemented them in a demanufacturing module of a Multi-

Life-Cycle Assessment and Analysis tool. Huang and Tzeng [25] developed a forecast 

methodology to allow for predictions of the product lifetime and the annual shipment of 

products during the entire product life-cycle of the multiple generation products. 

presented a delayed differentiation for the MLCP in order to provide guidance on the 

evolutionary nature of the push–pull boundary and potential cost savings over full 

disassembly. Sayin and Canakci [26] conducted a study on the planning of multiple-

generation product lines using dynamic variable state models with data input from similar 

products. Dunmade [27] proposed design features and service life operations to facilitate 

MLCP. Previous studies have also indicated that more than 70% of the product life-cycle 

cost is determined at the end of the product design stage[28, 29]. Thus, it is imperative 

for the generation of MLCP to be projected correctly and in a timely manner at this stage 

in order for an end-of-life (EOL) product to be remanufactured viably. Therefore, a new 

design approach will be vital for this new design strategy.  
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Table 2. The various levels of design for multiple life-cycles (DFX). 

 
DFX Objectives  

DFMLC Design for Multiple Life-Cycles 

[1] 
 To design for longevity 

 To design for component recovery 

 To design for modularity 

 To design for serviceability 

 To promote multiple utilisation of 

component 

DFE Design for Environment  

[30] 
 To reduce or eliminate environmental 

impacts from cradle to grave 

DFMR Design for Material Recovery 

(Design for Recycling)  

[31-33] 

 For better materials recovery 

 To promote materials that can be recycled 

 For easier materials identification 

DFCR Design for Component 

Recovery (Design for Reuse & 

Design for 

Remanufacturing)  

[34-37] 

 To promote reuse of components 

 To ensure reliability of the multiple 

utilisation of component is not lower than 

the original requirements 

 To lead to savings in energy, production 

costs and volumes of virgin material in 

production 

DFA Design for Assembly 

[5, 31]  
 To minimise the time required to 

reassemble the product 

 To prevent damage during part insertion 

DFD Design for Disassembly  

[5, 36, 37] 
 To minimise the time required to 

disassemble the product 

 For a complete disassembly 

DFU Design for Upgrade [38]  For upgrades particularly relevant to 

remanufacturing 

 For upgrading product functions to meet 

customers' requirements from time to time 

DFR Design for Durability [39]  To make sure components are robust 

enough to reuse  

DFMo Design for Modularity  

[26, 40, 41] 
 For ease of upgrading  

 For ease of serviceability 

 For ease of disassembly 

DFMa Design for Maintainability  

[41] 
 For enhanced serviceability 

 For ease of repairs and to provide longer life 

 To maintain quality of the product  

 To minimise disposal of non-working 

products 

 

However, the existing product design guidelines comprising eco-design 

requirements are still fragmented and not integrated to support the generation of a product 

for multiple life-cycles. It is now necessary to work at the interfaces of the various 

disciplines of Design for X (DFX) guidelines in order to address complex issues that are 

brought about by the requirements of multiple life-cycles. Table 2 summarises the various 

DFX objectives in order to promote Design for Multiple Life-Cycles (DFMLC). 

According to [42], product and process design to facilitate remanufacturing are the 

challenges in remanufacturing research. Most of the developed tools require too much 

technical data and are either too complex to be used in the early design stage, or by the 
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time the product specification has been defined, it is too late to make substantial changes 

to the design [42]. Therefore, in order to recover value from an ELV, this study provides 

a framework for evaluating design strategies during the design of an automotive 

component with the multiple life-cycle concept. The objective of this paper is to discuss 

and analyse the design elements that enhance the ability of a product to undergo more 

than one life-cycle. Priority determination of MLCP design elements based on proactive 

strategies is also presented and discussed. 

 

MATERIALS AND METHODS 

 

The Proposed DFMLC Framework 

A research framework for the development of an MLC design tool is presented in 

Figure 3. The framework enables a designer to identify important design elements and 

compute the priority of these design elements during the development of a multiple life-

cycles product. DFMLC is recommended to be implemented as early as the conceptual 

design stage in which design decisions are made. 

 

 
 

Figure 3. The proposed DFMLC framework. 

 

Elements of the Framework 

The proposed framework consists of the following steps: 

 

Step 1 

A comprehensive study of the requirements for remanufacturable products was conducted 

based on 25 publications, as shown in Table 2. The study was aimed at identifying the 

design elements for a multiple life-cycle product. The 25 publications were found in 

several databases, such as Elsevier, Springer, ISAHP and ASME, during the period of 

2007–2016. The MLCP requirements were compiled as shown in Table 3. The data 

presented in Table 4 was analysed using IBM SPSS Statistics 23 to compute their ‘t 

Start

Step 1: Determine Product Life-Cycle Requirement for Recovery 

Step 2: Identify Relevant DFMLC Guidelines

Step 3: Perform Weightage determination for design elements of MLCP

Step 4: Verify the Proposed Elements and Their Weightage

End
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Statistic’ from the one-sample t-test. The test statistic of the one-sample t test is calculated 

by dividing the mean difference by the standard error mean. 

 

Table 3. A Compilation of Studies Related to Remanufacturing in 2007–2016. 

 

No Author(s) Year Database 

1 [42]  2016 Springer 

2 [43]  2016 Elsevier (SCOPUS) 

3 [44]  2015 Elsevier (SCOPUS) 

4 [45]  2015 Springer 

5 [46]  2015 Elsevier (SCOPUS) 

6 [47]  2015 Springer 

7 [1]  2015 Elsevier (SCOPUS) 

8 [48]  2015 Springer 

9 [49]  2015 Elsevier (SCOPUS) 

10 [50] 2015 Elsevier (SCOPUS) 

11 [51] 2014 Elsevier (SCOPUS) 

12 [52] 2014 Elsevier (SCOPUS) 

13 [53] 2013 ISAHP 

14 [54] 2013 Elsevier (SCOPUS) 

15 [26] 2013 IJERA 

16 [55] 2012 Intech 

17 [56] 2011 Elsevier (SCOPUS) 

18 [57] 2011 Springer 

19 [28] 2010 Elsevier 

20 [58] 2010 Taylor & Francis (SCOPUS) 

21 [59] 2010 ASME 

22 [60] 2008 Inderscience (SCOPUS) 

23 [61] 2007 Elsevier (SCOPUS) 

24 [62] 2007 CRR 

25 [63] 2007 Inderscience (SCOPUS) 

 

Step 2  

DFMLC design guidelines are proposed via a critical review of literature related to DFXs. 

The relevant guidelines are categorised as ‘provision’, ‘maximisation’, ‘minimisation’, 

‘avoidance’ and ‘location’.  

 

Step 3 

A weightage determinant method for MLCP design elements was developed based on the 

Analytical Hierarchy Process (AHP). AHP was selected as a weightage determination 

tool as it is a quantitative method for decision formulation and analysis that can determine 

the weights of all assessment factors [64]. It has been used by many researchers in 

applications related to design problems [65]. AHP was invented by Prof. Saaty in the late 

1970s in the USA [66]. Zhang, Ouzrout [66] summarised AHP into four elements: 

i. Structuring multiple choice criteria into a hierarchy,  

ii. Assessing the relative importance of these criteria,  

iii. Comparing alternatives for each criterion, and  
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iv. Determining an overall ranking of the alternatives. 

 In this study, a four-level hierarchy structure for designing MLC products was 

proposed, each level representing the main goal, design criteria, DFX and design elements 

respectively.  

 

Table 4. Mapping between design elements with References. 

 

No Author(s) Year 
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1 [42] 2016 1 1 1 1 0 1 1 1 

2 [43] 2016 1 1 1 1 1 0 1 0 

3 [44] 2015 1 1 1 1 1 1 0 0 

4 [45] 2015 1 1 1 1 0 0 1 0 

5 [46] 2015 1 1 1 1 0 0 1 0 

6 [47] 2015 1 1 1 0 0 0 0 0 

7 [1] 2015 1 1 1 1 1 1 1 0 

8 [48] 2015 1 1 1 0 0 0 0 0 

9 [49] 2015 1 1 1 1 0 0 1 0 

10 [50] 2015 1 1 1 1 0 1 0 0 

11 [51] 2014 1 1 1 0 0 0 1 0 

12 [52] 2014 1 1 1 0 0 0 0 1 

13 [67] 2013 1 1 1 1 0 0 0 0 

14 [54] 2013 1 1 1 0 0 1 1 1 

15 [26] 2013 1 1 1 1 1 1 1 1 

16 [55] 2012 1 0 1 1 1 0 1 1 

17 [56] 2011 1 1 1 1 1 1 1 1 

18 [57] 2011 1 1 1 0 1 0 1 0 

19 [68] 2010 1 1 1 0 0 1 1 0 

20 [58] 2010 1 1 1 1 0 1 1 1 

21 [59] 2010 1 0 1 0 1 0 0 0 

22 [60] 2008 1 1 1 0 1 1 1 1 

23 [8] 2007 1 1 1 1 1 1 1 0 

24 [62] 2007 1 1 1 1 0 1 1 0 

25 [63] 2007 1 1 1 0 0 0 1 0 

 

Step 4  

In order to verify the proposed weightage, an in-depth interview with a Malaysian 

automotive remanufacturer was conducted. There are essentially three different types of 

remanufacturing company. The first is the Original Equipment Manufacturer (OEM), 

which remanufactures its own products. The second type is the subcontractor company, 

which remanufactures products made by other companies (usually the OEMs). Lastly, the 

Independent Remanufacturer (IR), which remanufactures products without much contact 

with the OEMs. They also have to buy or collect core components for their 

remanufacturing process. For the purpose of this study, the interview was conducted with 
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a subcontractor engine remanufacturer. The interview was aimed at collecting 

information to verify the design elements for MLCP and their weightages. 

 

RESULTS AND DISCUSSION 

 

Products can achieve multiple life-cycles through reuse, remanufacturing or recycling in 

order to prevent them from becoming waste, that is, by diverting them into another 

economically viable useful life. It applies mainly to durable products that are placed into 

service for some period of time and then retired or discarded. There are several 

automotive components that have potential for multiple life-cycles, such as clutches, 

brake shoes, engine block, starters, alternators, water pumps and carburettors [37, 69]. 

Besides that, the remanufacturing of automotive products is an effective strategy to 

promote sustainability in the automotive industry because, compared to new products, 

remanufactured products only cost 50% of the cost for new products, utilise 60% of 

energy and 70% [70], Therefore, an engine was used as a case example in this study. As 

there are too many design requirements and some of the requirements are conflicting [56], 

the design requirements have been analysed from a review of 25 publications as shown 

in Table 3. Table 5 presents the ‘t statistic’ of the design elements that are summarised. 

Since disassemblability and assemblability have been mentioned in all 25 publications, 

the standard deviations of these two design elements are equal to 0, hence their “t statistic” 

cannot be calculated. These two elements are significant in supporting ease of 

remanufacturing. The order of importance of the design elements is summarised in Table 

8.  

Table 5. ‘T-test values’ of the design elements. 

 

Design Elements t Statistic 

Cleanability 16.613 

Commonality 6.000 

Modularity 4.707 

Serviceability 7.856 

Durability 3.361 

Accessibility 3.361 

 

The critical review of design guidelines from DFX provides directional criteria on 

designing for multiple generation life-cycles. There are still a number of problems and 

issues that the guidelines do not sufficiently address, such as conflicts with other design 

interests, subjectivity and guidelines customisation [56]. Therefore, the relevant 

guidelines have been categorised into five groups, as mentioned in the section titled “The 

Elements in Framework”. Table 6 provides some examples of the design guidelines; for 

full details of the design guidelines, please refer to [1]. 

 Figures 4 and 5 represent the AHP hierarchy for a remanufacturable engine from 

a critical literature review and an interview with a remanufacturer, respectively. The 

design strategies of remanufacturable automobile engines described in [58] were referred 

to in which from the House of Quality (HOQ), 41 design strategies were used in were the 

design of automobile engines for remanufacture. The mapping between the 41 design 

strategies and proposed design elements in order to determine the pair-wise comparison 

for AHP is shown in Table 7. Then, the weightage of the design elements were determined 

by using AHP, as shown in Figure 4. 
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Table 6. Examples of design guidelines according to category. 

 
Guidelines 

Category 

Design Guidelines 

Provision  Provide product performance from failure mode and 

effect analysis 

 Provide a clear indication of recyclable components 

within the product  

Maximisation  Increase commonality and upgradability of 

components 

 Increase compatibility of ink where printing is 

required on parts 

Minimisation  Reduce the variety of parts 

 Reduce the number of different testing samples for test 

and inspection equipment pieces needed and the level 

of sophistication required 

Avoidance  Avoid the use of toxic materials; enclose poisonous 

substances in sealed units 

 Avoid incompatible paints on parts  

Location  Locate unrecyclable parts in one subsystem for ease of 

removal 

 Locate parts that may wear relatively quickly close to 

one another so that repair or replacement can be done 

without wasting time 

 

 
 

Figure 4. AHP hierarchy for remanufacturable engine generated from HOQ from [58]. 
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Table 7. Example of mapping between the design strategies [60] and proposed design 

elements. 

 

No 

   

 Design Elements 
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DS 1 
Accessing the test points should 

be easy 
1 1 0 0 1 0 1 1 

DS 2 
Determining the test points 

should be easy 
1 1 0 0 1 0 1 0 

DS 3 
Not to contact with harmful 

materials while testing 
1 1 0 1 1 0 1 0 

DS 4 

Determining the outworn parts 

and the conditions of the parts 

should be easy 

1 1 0 1 1 0 1 0 

DS 5 
Accessing the parts to be cleaned 

should be easy 
1 1 1 0 1 0 1 1 

DS 6 
Parts should not get and keep 

dirty 
1 1 1 0 0 0 0 0 

DS 7 
The surfaces to be cleaned 

should be smooth 
1 1 1 0 0 0 0 0 

DS 8 
The surface should not be 

damaged during cleaning 
1 1 1 0 0 0 0 0 

DS 9 
Residue from cleaning should 

not be collected on parts 
1 1 1 0 0 0 0 0 

DS 10 
The marks on the parts should be 

durable for cleaning 
1 1 1 0 1 0 0 0 

DS 11 
The number of the parts should 

be low 
1 1 0 0 1 1 1 1 

….          

 

As mentioned in the section entitled “Elements of the Framework”, an in-depth interview 

with a subcontractor for engine remanufacturing was conducted. Based on the interview, 

the weightage of the design elements were determined, as shown in Figure 6. According 

to [71], ease of access, ease of identification, wear resistance and ease of handling are the 

most important properties for the design of remanufacturable products. A comparison of 

the order of importance of design elements from the three studies was carried out and is 

summarised in Table 8. It can be observed that disassembly and assembly are the two 

most critical requirements in the design of multiple life-cycle products. Both design 

criteria are strongly related to the properties of ‘ease of access’ and ‘ease of handling’, as 

suggested by research in [71].  
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Figure 5. AHP hierarchy for remanufacturable engines based on interview. 

 

Table 8. A comparison of the order of importance of design elements obtained from 

literature review and in-depth interview. 

 

No Design Elements Review of 25 

Related Papers 

Case study on [58] In-depth 

Interview 

1 Disassemblability 1, 2 2 1 

2 Cleanability 3 4 5 

3 Assemblability 1, 2 1 2 

4 Commonality 5 8 8 

5 Modularity 6 7 7 

6 Serviceability 4 6 6 

7 Durability 7, 8 5 4 

8 Accessibility 7, 8 3 3 

 

CONCLUSIONS 

 

This paper has introduced a comprehensive framework for determining and evaluating 

design elements in the development of multiple life-cycle products, using an engine block 

as a case example. For this purpose, the AHP method was deployed, and the weightage 

for each of the design elements were established. Results from the study can be applied 

in design evaluation techniques, such as the Weighted Decision Matrix, and assist 

designers in making effective decisions on design concepts. This study has proposed a 

methodology on DFMLC that is capable of contributing significantly towards sustainable 

development as it retains non-renewable resources in circulation during the multiple 
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lifetimes of the products. The proposed method can be implemented as a decision-making 

tool that will guide designers in the development of environmentally responsible 

automotive components. 
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